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lUFRO Working Party 7.02.09Phytophthora Diseases of Forest Trees

SUMM ARY OF THE MEETING

The inaugura meding of Working Group 7.02.09, “Phytophthora
Diseases of Forest Trees,” under the auspices of the Internationa
Union of Forestry Reseach Organizations, brought together 44
scientists from 10 countries in Grants Pass Oregon. The mnvening
committee of Dr. Clive Brasier, Forestry Authority, Grea Britain, Dr.
Everett Hansen, Oregon State University, and Dr. Ken Old, CSIRO,
Australia, had noted that despite adive reseach and management
programs on Phytophthora diseases in forest emsystems on three
continents, there has been no forum for scientists to gather and share
information. These Procealings document the breadth and depth of
the dialog that was established in Grants Pass during this First
International meding on Phytophthoras in Forest and Wildland
Ecosystems.

The meeting was orsored by the Department of Forest Science,
Oregon State University and the USDA Forest Service Southwest
Oregon Forest Insed and Disease Technicd Center. Wendy Sutton
managed the many detail s of the meeing and Ellen Goheen provided
locd arrangements. Their collaboration assured a smoath, relaxed
meding in comfortable surroundings, with ample opportunity for
socia as well as professional exchange. Don Goheen, Katy Marshall,
and Pete Angwin, with the ssdstance of their coll eagues in the Forest
Service organized and led a field trip focused on the challenges of
managing Port-Orford-cedar, Chamaecyparis lawsoniana, under the
threa of the exotic pathogen Phytophthora lateralis. Together with a
pre-meeting general forest pathology field trip, an afternoon in the
redwoods of northern California, and an evening jet boat trip on the
Rogue River, participants were exposed to a diverse aray of forest
easystems and forest management objedives.

The meeting began with three summary papers, presenting a broad
view of the history and current understanding of the ew®logy of
Phytophthora spedes and the dfeds they have on forest and
wildland ewsystems in Austrdia, Europe, and the Americas.
Phytophthora cinnamomi continues to demand attention in Austraia,
as athred to emlogicd as well as econamic values. This pathogen,
with its enormous host range spanning many genera of rare and
endemic plants, has been named ore of 5 “Key Thredening
Proceses’ endangering easystems and emlogicd processes on the
continent. A more diverse aray of pathogenic spedes affect
European trees. Phytophthora cinnamomi is present and causing hew
concerns in cork oak in the Iberian Peninsula, as well as its more
familiar role & cause of roat diseases of chestnut and red oek. In
addition, newly described spedes threaen alders in northern Europe,
and are implicaed in ok dedine in Germany and surrounding
courtries. Little is known about Phytophthora spedes in American
forests, espeddly in the tropics, but old records suggest that P.
cinnamomi devastated chestnut forests in the southern United States
long before it attraded attention in ather parts of the world and in the
SE United States as cause of littleled disease. Today, the multi-
faceted reseach and dsease management program aimed at P.
lateralis in Oregon and nathern California dtrads the most
attention.

The opening sesson addressd the eology, epidemiology, and
impads of Phytophthora spedesin forests through a series of papers,

poster presentations, and lively discusson. The evidenceimplicating
severa spedes of Phytophthora in European ok dedine, in a new
disease of ader, and in cork oak dedine was presented. There were
also descriptions of previousy poaly understood spedes with
saprophytic or perhaps opportunistic behaviors in European forest
soils. Hypotheses to explain the recvery of susceptible vegetation
many yeas after the passage of a P. cinnamomi killing front in
Australian forests were presented. Several presentations described
new diagnostic tools for P. cinnamomi and P. lateralis based on
moleaular markers, and improved haiting techniques for recovery of
Phytophthora spedes.

The second sesdon addressed Phytophthora biology and genetics.
The hybrid neture of the dder Phytophthora was described and the
implicetions of this newly recognized route to spedation were
explored. Other presentations focused on genetic variation in
populations of P. lateralis, P. quercina, and P. cinnamomi, with
discusson of implicaions for epidemic origin and dsease
management. These themes were revisited in the Business Meding
and resulted in aresolution from the Working Group.

The sesson on disease management focused on P. lateralis in
western North America and P. cinnamomi in western Australia The
determination and multifaceted efforts of a private mining company
and their cooperators in University and government agencies in
Australiato reverse the impads of Phytophthora cinnamomi in Jarrah
forests were espedally impressve. The program to halt the spread of
P. lateralis on Federaly managed forest lands and restore Port-
Orford-cedar through resistance breeding in Oregon and California
provided interesting paralels and contrasts to the Austraian
stuation. The field trip alowed meding participants to see P.
lateralis and root rot up close, and appredate the dallenges of
stopping further spread. Visitors were aked to wash their boots
before moving from infested to hedthy stands. The importance of
human vedors was demonstrated later when Don Goheen reported
that P. lateralis was isolated from the wash water of the group!

The meeting concluded with a business gsson. It was dedded that
the next meding will be in two yeas (August 2001) in western
Australia.  Giles Hardy will assume leadership of the Working
Group, with Everett Hansen, Clive Brasier, and Ken Old continuing
to serve & an advisory exeautive ommittee. Giles will be joined by
colleggues from CSIRO, ALCOA, CALM, and dher Austraian
Universities in organizing the meding. Severa recommendations
and resolutions, described in the Minutes of the meding (see below),
were presented, discussed, and voted upon. These resolutions have
subsequently been forwarded to IUFRO and to dfficias in the United
States Forest Servicer Members are encouraged to dstribute the
resolutions as useful to reduce the risks that Phytophthora spedes
pose to the world’ s forests.

Everett M. Hansen
Professor and
Chair, IUFRO Working Party 7.02.09



MINUTES OF FIRST BUSINESSMEETING GRANTS PASSOREGON, SEPTEMBER 3 1999

IUFRO Working Party 7.02.09 Phytophthora Diseases of Forest Trees

Present, 40 members of the working party plus Chairman and
deputies

Agendaitem 1

Proceedings of first working party meeting

Everett Hansen oulined the proposals for publicaion o the

proceedl ngs by Oregon State University press
Papers from al contributions (including posters) will be
publi shed

e The full versions of ead paper should be sent to Everett as
Email attachmentsin MS Word.

e There will be minimal editing so authors (espeddly nonnative
English spe&kers) should arrange for a mlleague, fluent in
English, to chedk the text for language use and grammar.

*  Format will befixed upwhere needed.

» Text of offered papers and posters sould be limited to 4500
words plus no more than 1 page of tables or figures.

*  Proceadingswill be bound and sent to all participants.

»  Depending on costs the print run will provide for extra mpies
which will be made available to libraries and an ISBN number
will be obtained.

« Dedline for text will be October 31, publicaion of papers
recaved after that date will not be guaranteed.

e Abstrads may be pubished in the Phytophthora Newsletter and
put on the [UFRO Web page.

Item 2

Report to lUFRO by Chairman

Everett Hansen agreed to send a short report of the meding to
the [IUFRO Secretariat.

Item 3

Remmmendationsto |lUFRO from Working Party 7.02.09

Ken Old proposed three draft recommendations based on isaues
raised and dscussed during the workshop:

Remmmendation 1

Issue

There is a need to asessthe cgadty of “wild’ Phytophthora spp.,
newly emerging spedes (including hybrids) and spedes with
currently limited geographicd ranges (e.g. P. lateralis), to cause
disease in forests and aher vegetation in countries where they are not
known to occur.

Remmmendation

Germplasm shoud be made wvailable between courtries for
pathogenicity testing of a broad range of related and ron-related host
genera and spedes against Phytophthora spedes which infed forest
trees and retive vegetation in their known range. Diagnostic methods
need to be improved and communicaed widely so that the
distribution and impads of Phytophthora spp in forests and wildland
eosystems can be determined.

Remmmendation 2

Issue

Global warming and associated climate change patterns are likely to
favor Phytophthora-induced diseases.

Remmmendation

Robust data is needed on the distribution and impads of
Phytophthora spp on forests and other vegetation worldwide and an
the dimatic requirements of the pathogens. Such information should
then be used to modd the potentia effeds of climate dhange on
Phytophthora epidemicsin forests and wil dlands on aglobal basis.

Remmmendation 3

Issue

There is circumstantial evidence that, despite internationally agreed
protocols, Phytophthora epidemics and passhly the formation o
novel hybrids between Phytophthora spp. have been initiated by
movement of diseased planting stock between and within countries.

Remmmendation

To reduce these risks, and in view of the limited knowledge of the
consequences of genotype variation on disesse, the iswe of
phytosanitary certificates for planting stock should be based on more
comprehensive and effective diagnostic testing. In addition, concepts
of “area freedom” shoud be gplied with grea caution to
Phytophthora diseases.

The aove draft recommendations were discused and met with the
support of the meeding. Improved versions will be submitted to
IUFRO with the report of the meding.

Item 4

Communication out of session

Clive Brasier led a discusson of ways in which to maintain

communicétion within the working party.

The foll owing suggestions were made;

o Email addresses of al participants and most other members of
the working party will be maintained and will be avail able.

* A request was made that aress of interest of members oud be
appended to Email addresses.

e There was little enthusiasm for a separate Web site for the
working paty as much can be adieved with an Emall
corresponding group.

* Forpath. An existing Website is available for open letter
correspondence

*  Theorganizer or working party No 2 can be mntaded on isaues
to beincluded on the program.

Item 5

Next meeting

There was genera suppat for the next meeting to be held in
September or October 2001 in Perth , Australia, with a posshility of
an extension d the program to Melbourne for field trips to sites of
Phytophthora damage to netive vegetation within read of the dty.
Giles Hardy of Murdoch University WA offered to be the principal
organizer of the meding.

This offer was accepted.

Item 6

Vote of thanksto the organizers of the Grants Passworkshop.

At the end o the morning's adivities, Thomas duing gave avote of
thanks on behalf of al participants to Everett Hansen and his team
(espedaly Wendy Sutton and Ellen Goheen) for organizing and
running what has been an extremely successful workshop
scientificaly and socially. Thanks are dso due to USDA Forest
Service staff wholed or participated in the field day.

Ken Old

9/9/99



THE ROLE OF PHYTOPHTHORA PATHOGENSIN FORESTS AND SEMI-NATURAL
COMM UNITIESIN EUROPE AND AFRICA

Clive M. Brasier

Forestry Commisgon Research Agency, Alice Holt Lodge, Farnham, Surrey GU10 4_H, UK

Dedicaed to W.C.T. (Bill) Young and R.G. (Bob) Strouts of the FC Pathology Advisory Service who recognised in the 1960s a need for

grealy increased reseach into Phytophthora diseases of trees.

Europe before 1990

Until the beginning of the 1990s, emnomic and environmental
concen about Phytophthoras on forest trees in Europe was focused
mainly on roat and collar rot, or ‘ink disease’, of native European
chestnut, Castanea sativa. Between 1900 and 1950, C. sativa
suffered heary mortality in the main chestnut growing areas of
southern Europe, espedally Italy, France and Iberia, dueto the spreal
of Phytophthora cambivora and P. cinnamomi (Peace 1962; Moreau
& Moreay, 1952). This epidemic paraleled a destructive epidemic
on retive chestnuts in the south eastern USA, also caused by the
spread of P. cinnamomi (Crandal, Gravatt & Ryan, 1945; Hansen,
this volume). In nathern Spain, c. 75% of the testnuts were kill ed
(Urquijo Landaluze, 1936; and Artaza 1949) while in Portugal the
deah of several milli on chestnuts was reported (Del Canizo, 1942).
Both P. cinnamomi and P. cambivora are mnsidered introduced to
Europe. P. cinnamomi was probably introduced in the late 18th
century from a centre of origin in the Papua New GuineaCelebes
region; (seeFig. 3). Possbly, P. cambivora was introduced at arourd
the sametime.

There is confusion in the European literature of the mid 1900s over
the identity of these two spedes (e.g. Moreau & Moreau, 1952;
Urquijo Landaluze 1947). However Grente (1952 found no
appredable difference in aggressveness between them, C. sativa
being highly susceptible to bah. Multiple gidemic waves probably
occurred aaoss Europe @& a result of their separate patterns of
introduction and spread (Brasier, 1993). Day (1938) concluded that,
at its most severe, the disease was consistently associated with high
soil moisture @ntent. Certainly P. cambivora appeas to require
heavier, more moisture-holding soils. P. cinnamomi may aso be
very active on seasonally dry soils. Today, the two pathogens remain
a problem in the main commercia chestnut growing regions; and
continue to be responsible for deah of C. sativa aadoss many other
parts of Europe, from southern Britain (where the disease partly
restricts the aea aailable for chestnut coppice ailtivation; Peace
1962) to Greece Programmes of seledive brealing and genetic
manipulation o chestnut for resistance ae in progress in severa
courtries (e.g. Rohin, Capron & Capdevidl e, this volume).

Ancther higher profile Phytophthora disease is Phytophthora stem
canker of American red oak, Quercus rubra, in south western France
This is caused by P. cinnamomi (Moreau & Moreas, 1952).
Although 'ink diseese' is often used as an informal name for this
disease, this is in fad a misnomer (Peace 1962). Both host and
parasite ae introduced, the oak being used in the woperage industry.
The pathogen produces multiple neadoses of the phloem and
cambium around the trunk of the tree Microclimate (espedally
frost) and topography have a significant impad on disease
distribution (Marcais, Dupuis & DesprezLoustau, 1996a; Levy, this
volume). Since the initial inoculum probably comes from the soil,
the pathogen is, by implicétion, likely to be adive on Q. rubra roots.
Pathogenicity tests show that fine roats of Q. rubra are susceptible;
but the seandary root tisaues are less sisceptible than are those of
the cllar and stem (Marcaset al., 1996h).

Somewhat outside the main scope of this paper, but of econamic
and epidemiologicd importance is a damaging epidemic of P.
cinnamomi root disease on conifers and woody ornamentals that
occurred in nurseries and gardens aaossEurope during the 1960s and

70s. Particularly affeded were rhododendrons, azdess, heahers
(Erica spp.) and horticultural varieties of Chamaecyparis lawsoniana
(Port Orford Cedar or Lawson Cypress) (e.g. Smith, 1988). The
epidemic probably reflected the spread of P. cinnamomi within the
nursery trade and from there out into the landscgpe. By the 1980s,
the goidemic was largely under control in north western Europe due
to management procedures such as containerisation of planting stock;
while fungistatic chemicals have been widely used to suppress
symptoms. Nonetheless losses of susceptible ornamentalsin gardens
and shelterbelts, including small to large C. lawsoniana, remains a
frequent occurrence acoss ®uthern Britain, the disease often
appeaing some years after initial planting out from anursery.

Other reards of Phytophthorason treesin Europe

The spread of P. cinnamomi in horticulture, together with routine
disease enquiries indicding that Phytophthora diseases of trees were
more widespread than previously considered, led the UK Forestry
Commisdgon dsease alvisory serviceto initiate routine isolation from
suspeded cases of Phytophthora damage in forests and in urban
situations (cf. Strouts, 1981). Between 198 and 1990, these
investigations yielded many new records of haost-Phytophthora
asciations. Some of these records are summarised in Table 1;
native European hosts are shown in bold type, non-native hosts in
norma type. It should be noted that only for abou 30% of these
asciations have Koch's postulates been carried aut.  Also, some of
these assciations were dready known from the pre-1960s literature.
Thus, in addtion to problems with chestnut and ornamentals
described above, it was aso known that P. syringae and P.
cambivora caused root and collar rot of European beed (Day, 1938
1939); that P. cactorum attacked beed seedlings in the forest and in
nurseries (Liese, 1926); and that Taxus was very susceptible to P.
cinnamomi (Buddenhagen, 1955).

Notable anong the new records were the susceptibility of Aesculus
hippocastanum to collar rot and aegia stem cankers caused by P.
megasperma, P. cactorum and P. citricola (Brasier & Strouts, 1976);
the susceptibility of Tili a spp. to collar rots caused by P. citricola and
P. megasperma; and the susceptibility of Acer (especialy A.
pennsylvannicum) to P. cambivora, P. citricola and P. megasperma.
Other unusual records included the occurrence of P. hibernalis on
foliage of C. lawsoniana (Brasier & Strouts, 1978); the occurrencein
Irdland o P. eruigena sp. nov. on the same host (Clancy &
Kavanagh, 1977); and the first European record of P. ilicis on leaves
and young shoots of ornamental hally (Strouts, Rose & Reffold,
1989).

Many of the recrds involving hardwood trees refleded locdly
severe gisodes of root and collar rot, e.g. collar rots of Tilia, Acer,
Platanus, Sorbus and Populus. Such episodes were often associated
with heary clay soils, soil compadion around stem bases, or high
nitrogen inputs due to undergrazng by cattle. P. megasperma and P.
citricola are espedally associated with wet or waterlogged soil s.

Many of these hardwood remrds are dso from roadsides, parks,
pastures or gardens where the trees tended to be subjed to a variety
of streses in addition to climate.

The records in Table 1 largely represent cases of overt or aaute
disease reported to the alvisory service, rather than instances of mild
disease. Nor do they encompass many potential European hosts of
Phytophthora that occur only outside Britain or north-west Europe.



Nonetheless they indicaed that a wide variety of tree spedes were
potentially susceptible to Phytophthoras, given appropriate mnditions
for infedion and dsease development. It is likely, therefore, that a
grea ded of chronic and even severe Phytophthora root damage on
trees in Europe remains unnoticed or uninvestigated becaise the
symptoms are only 'moderate’; becaise the damage is mainly below
ground level and therefore unseen; or becaise they are atributed to
other causes auch as Armillaria root rot, or to general dedine
phenomena.

It is aso notable from Table 1 that certain tree genera, such as
Aesculus and Chamaecyparis are susceptible to a wide range of
Phytophthora spedes. Indeed, C. lawsoniana in particular is attadked
at its roots, collar and foliage axd appeas to be something
approaching a 'universal suscept’. Likewise, certain Phytophthoras
such as P. cinnamomi, P. citricola and P. megasperma have rather
wide host ranges; while others auch as P. ilicis are gparently very
host spedfic.

TABLE 1. Phytophthora-host associationsin Europe pre-1990 (compare also Table 2).

Phytophthoral
= s E § T s o g % g é g 8
=2 s f3rTo, 2 iy EorEost
F 555 88 282 Fs 8 g s
Host" a o a o a a & o a o a a a o o o a o
Acer spp. = o L=
Aesculus hippocastanum o D = o
Castanea sativa o L ] L
Chamaecyparis lawsoniana = * o O L= - o
Crataegus sp. = o =
Eucalyptus spp. =
Fagus sylvatica o D = =
Ilex aquifolium o o
Larix sp. £
Malus spp. L =
Nothofagus spp. £ o DO L=
Olea europea =
Platanus 9. = o
Populus sp. o =
Prunus 9. o o o
Quercusrubra »*
Salix spp. o o D
Sorbus sp. o o =
Taxus baccata o o D
Thuja picata o DO
Tilia spp. o o
Ulmus sp. o

Based mainly on records of UK Forestry Commisson disease advisory services (R.G. Strouts and coll eagues) 1970-1990; also including well known, published

records for Europe pre-1970.

“Bold type, native European host; normal type, non-native host. 1=New taxa shown in bold. 2=Clancy & Kavanagh (1977). NB Formal description incomplete.

3= Pathogens @ far confined to the UK. 4=Disease so far confined to France.

¥, Occasional record; 4, economicdly or environmentally important disease, or potentially so.
Other recordsinclude P. cinnamomi on Abies; P. citricola on Sambucus, Liquidambar, Pseudotsuga menzeisii, Cupressocyparis and Abies; P. megasperma on

Sambucus etc.



TABLE 2. New Phytophthora-host associations recorded in Europe since 1990 (compare also Table 1).

Phytophthora’
> (2]
(=) >
= 8 B3 S £ 3
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Myrtus communis o°
Olea europaea * *’
Quercusilex L
Quercus robur L L L L L L L
Quercus spp.* L L L L L L L
Quercus suber L =

*Bold type, native European host; normal type, non-native host.

1=New taxa shown in bold. 2=Alder Phytophthora: not yet formally designated; 3= Pathogen so far confined to France; 4= Disease so far confined to Spain;

5=Pathogen so far confined to Italy (Ref).

4, Occasional record; #, economicaly or environmentally important disease, or potentially so.
*includes Q. petraea, Q. ceris, Q. pubescens, Q. frainetto and other Quercus spp. Seefor example Jung et al., (1999 and Hansen & Delatour (1999)

Europe since 1990

Between 199 and 2000, the profil e of Phytophthoras in forests and
natural easystems in Europe has risen appredatively as a result of
three prominent 'new developments (Table 2). These will now be
summarised.

P. cinnamomi assciated mortality of evegreen oaks in the
Mediterranean region

In 1991 a widespread mortality of native ark oak, Q. suber, and
halm oak, Q. ilex(Q. rotundifolia) in central and south western Spain
was reported by Spanish government authorities. Symptoms ranged
from sudden dedh, usually in spring or autumn, to dedine over
severa yeas. Concern was expressd in Spain about the possble
arrival of North American oak wilt, Ceratocystis fagacearum. Until
this time, this and similar dedines in Portugal and Itay had been
ascribed to fadors auch as drought and attads by inseds, Hypoxylon
mediterraneum and Armil laria.

When representative sites were investigated in May 1991, affeded
trees were foundto have substantial 10ss of fine feeder roats, while
some had extensive lesions on major roots. Deal and dying trees
were often in groups and asoociated with valleys, seasonally lying
water, depressons and disturbances sich as ploughing. Maguis
spedes such as Cistus and Lavendula were dso affeded. P.
cinnamomi was isolated from root neadoses on oaks at a number of
sites (Brasier, 1991, 1992); and further investigations confirmed that
P. cinnamomi was commonly associated with roots of dedining oaks
at dedine foci acoss ®uthern Spain and Portugal (Brasier, Robredo
& Ferraz, 1993; Tuset et al., 1996). A dedine hypothesis was
presented, proposing a variety of interadive dedine fadors. These
included the spread of P.cinnamomi from chestnuts onto 0aks;
locdly explosive build-up of P. cinnamomi inoculum in the soil;
reaurrent drought stress and urseasona heavy rains snce the ealy
1980s; changes in landuse; depleted mycorrhizag and secondary
attadks by other fungi andinseds (Brasier, 1993, 1996).

In a further study using apple baits to sample fine feeder roots of
oaks in Alentjo, central Portugal, in February-June 1994, E. Sanchez

(personal communicaion) obtained P. cinnamomi from eight of
thirteen Q. suber trees tested at different dedine sites; but no P.
cinnanomi from nine Q. suber tested at various 'hedthy' sites.
Similarly, three of five Q. ilex trees from dedine sites yielded P.
cinnamomi; but only one of seven Q. ilextrees from 'healthy" sites did
so. Overall, therefore, ¢.62.5% of trees from dedine sites but only
4.5% of trees from hedthy sites yielded P. cinnamomi. All the soils
were very dry at the time of sampling. In ancther study, Gallego, De
Algaba & Fernando-Escobar (1999) planted Q. ilexseeallings in soils
colleded from oak dedine sites in Extremadura, Spain. A mgority
of the oak seedlings died, and P. cinnamomi was consistently isolated
from their roots. P. cinnamomi has aso been isolated from a range of
maquis understory spedes in Portuga (A.C. Moreira, personal
communicaion) and from oak dedine sites in France (Robin et al.,
1998) and Italy (N. Luisi, personal communication).

In experimental inoculations, P. cinnamomi was sown to be
pathogenic to bark of standing Q. suber and Q. ilextreesin the field
in Spain (Cobos et al., 1993; Tuset et al., 1996). When roots of
potted seedlings of Q. ilexand Q. suber were exposed to a ospore
inoculum of P. cinnamomi, those of Q. ilex were rather more
susceptible than thase of Q. suber, while the latter showed increased
susceptibility with floodng (Moreira et al., this volume; Gallego et
al., 1999; Robin et al., 1998). To dete, there ae no reports of how
these oak spedes respord if subjeded to drought stress foll owing
inoculation. Roots of maquis understory shrubs, including Cistus and
Lavendula, however, have dso been shown to be susceptible to
zoospore inoculum of P. cinnamomi in pot inoculations (A.C.
Moreira, personal communicétion).

In fungicide trials, mist spraying of abaxia leaf surfaces of heavily
dedining Q. suber trees in Portugal with phosphonate-containing
fungicide (Aliette ®; at 80 g/tred is reported to have led to their
recovery within 6 months compared with similarly dedining
unsprayed control trees (Rhone Poulenc Agro, Lisbort Commercial
ledlet, 1995). In addition, in Spain, Q. suber trees given single dired
trunk injedions of potassum phosphonate or another fungicide
showed a significent improvement in vegetative growth within two



yeas and some recovery by the third yea (FernandezEscobar et al.,
1999).

Elicitin proteins (‘cinnamomins) produced by P. cinnamomi have
recantly been puified and shown to induce ahypersensitive resporse
in young Q. suber sealings, indicaing that they may have arolein
pathogenesis.  The genes encoding the dicitins have dso been
sequenced. These sequences may provide aPCR-based method for
diagnosing the pathogen in roots of oaks and other tree spedes
(Coelho et al., 1997 and this volume, Duclos et al., 1998). With
regard to seledion o resistant Q. suber material for future planting,
an investigation  DNA markers linked to P. cinnamomi resistance
is in progress and Q. suber plantlets suitable for genetic
transformation had been regenerated from cdlus tissue. In addition,
three polypeptides produced in roots or leaves of Q. suber following
infedion with P. cinnamomi are under investigation as potentia
resistance markers (A.C. Coelho and A. Cravador, persond
communicétion).

On the whole, roots of oaks are probably considerably more
resistant to P. cinnamomi than those of their close relatives, the
chestnuts. (cf. Crandall et al., 1945; Marcais et al., 1996b). Equaly,
however, it is clea that some oaks such as Q. ilexare potentially very
susceptible to P. cinnamomi; that P. cinnamomi is closely associated
with dedine sites of Q. suber, Q. ilex and other oak spedes in the
Mediterranean region; and that P. cinnamomi can be frequently
isolated from their roats. It is likely, therefore, that this pathogen has
a significent role, whether primary or interading with ather fadors,
in the arrent mortality and dedine of evergreen aeksin the region.

Phytophthoras and dedduous oak dedine in central and western
Europe

Episodes of reaurrent, severe dedine of native dedduous oaks, in
particular Q. robur and Q. petraea, have occurred aaoss centra
Europe from Britain to the Caucasus snce ¢1900. Like evergreen
oak mortality in the Mediterranean, this has been ascribed previously
to various biotic and abiotic factors (Delatour, 1983; Luisi, Lerario &
Vannini, 1993); Dreyer & Aussnac 1996. The demonstration that
P. cinnamomi was asciated with the Mediterranean cek dedinesled
inevitably to a proposal that P. cinnamomi or other Phytophthoras,
might be involved in the oak dedines aaoss centra Europe dso
(Brasier, 1993).

A reseach programme initiated in Germany, subsequently extended
to severa other European countries, has resulted in many new and
interesting dbservations. Sample surveys from roots of dedining
oaks led to the demonstration that a number of Phytophthoras could
be isolated from neaoses on feeder and secondary roats (Blashke,
1994; Blashke & Jung, 1996; Jung, Blashke & Neumann, 1996; T.
Jung, et al., this volume). These included well-known spedes gich
as P. cambivora, P. citricola, P. syringae and P. gonapodyides,
together with severa new spedes, including P. quercina sp. nov.,
which appeasto be relatively spedfic to Quercus (Jung et al., 1999).
In addition, at least three other previoudy unknown taxa have
recantly been found associated with cak roots in Poland, France and
Germany (Hansen & Deélatour, 199, and T. Jung, persona
communicaion). It now appeas that P. cambivora, P. quercina, P.
citricola, P. gonapodyides and P. syringae are associated with roots
of dedduous oaks acossmuch of Europe, from the UK to Hungary.

In Germany, a positive rrelation has been demonstrated in Q.
robu between crown debad level and loss of feeder roats. It has
also been demonstrated that there is a 2—4 fold increase in the risk of
oak dedine when Phytophthora is present in the soil (T. Jung, this
volume). In France it has been olserved that the presence of
Phytophthoras in the soil is not consistently associated with the
crown condtion of oaks, the Phytophthoras also being present on
'hedthy' oak sites (Hansen & Delatour, 1999).

In pathogenicity tests on roots of potted Q. robur seadllings
involving zoogpore inoculum of a range of Phytophhoras, P.
guercina, P. cambivora, P. cactorum and P. citricola caused the most
root rot among the spedes tested (Jung et al., 1999). Root infedion

by P. quercina and P. cambivora aso led to foliar symptoms.
Overdl, P. quercina was considered the most aggressve pathogen in
these tests (though the incubation temperature of c. 20° used would
probably nat favour P. cambivora). In a similar test (C. Delatour,
personal communicaion, and Delatour this volume), P. cinnamomi (a
spedes not tested by Jung et al., 1999) caused more damage to roots
of potted Q. robur than P. quercina, P. citricola and a Phytophthora
from oak in France (Phytophthora "spedes 6", Hansen & Delatour,
1999). P. quercina produces €licitin proteins, cdled ‘Quercining
that cause neaosis of leaves of excised oek shods; similar €licitins
are produced by P. gonapodyides and P. citricola. The posshility
that they ad as trandocatable ‘toxins', inducing foliar symptoms in
affeded oak trees, is under investigation (Heiser et al., 1999;
Osswald et al., this volume).

It has recently beaome dear, therefore, that central European
dedduous oaks are haost to a remarkably wide range of root-rotting
Phytophthora spedes (though probably not often to P. cinnamomi
because of climatic constraints, seebelow). Their asociation with so
many different Phytophthoras, some with apparently restricted and
some with wide distributions, makes elucidating the role of
Phytophthoras in these dedines espedally difficult. Some may be
co-evolved endemic Phytophthoras, that, under unstressed or normal
condtions, live in a reasonable balance with the host. If the host is
stressed, however, they could well become a citicd fador in its
survival. They could aso predispose oaks to attadk by other
organisms guch as Armillaria, Collybia and Agrilus spp.. Other
Phytophthoras may be introduced spedes able to cause more aaite
damage.

Again, different Phytophthoras may have different eclogicd
strategies. Some spedes, such as P. quercina, may be fine-root
‘nibblers’ with afurther potential to produce toxins that reduce aown
vigour. Others, such as P. cambivora, might tend to infed the larger
roots and collar, and be able to inflict substantial bark injury. In
addition to such passbiliti es, much has yet to be leaned about the
influence of host resistance site fadors and climate change on
Phytophthoraroat rots of oak.

The new hybrid alder phytophthoras

In 1993, a serious new Phytophthora disesse of the cmmon
riparian Alder, A. glutinosa, was diagnosed in Britain (R.G. Strouts,
unpublished). The disease was sonshown to be widespread, locdly
severe, and sprealing, along UK river systems. It also occurs in
some horticultural shelterbelts and woodland dantings of alder,
including A. cordata and A. incana (Gibbs, 1995). The symptoms
are generally those of a dassc oollar rot, with bark lesions sometimes
spreading wp the trunk to aheight of c. 0.5-1.5 m. The airrent rate of
lossof alder along UK riversis estimated, from annual surveys, to be
C. 2% per annum (Gibbs, Lipscombe & Peace 1999).

Surveys have shown the disease to be present in other parts of
Europe. In the Netherlands, it occurs among alders in the mees or
swampy wetlands (C. van Dyck and H. De Gruyter, persond
communicaion). In France it is causing serious damage to alder on
the major rivers of the north-east, and is also present elsewhere
(Anon, 1997; J. C. Streito & J. N. Gibbs, thisvolume). The diseaseis
locdly severe in parts of northern and southern Germany and in
Austria (Hartman, 1995; S. Werres, T. Jung & T. Chezd, persona
communicaions). It also occurs locdly in western Sweden (Olson,
1999). Given this wide distribution, the disease is probably present
in some neighbouring countries aso. However, despite caeful
investigation, it has not so far been fourd in Norway, Denmark and
Finland, nor in eatern Sweden. Nevertheless this new disease
appeas to represent a serious threa to natural and planted alder
stands in Europe and to the stability of riparian ecosystems (Gibbs, et
al., 1999). It may aso represent a thred to alders outside Europe,
such as those of North America.

Phytophthora has not previously been reported to be apathogen of
alder. An initial study of the caisal Phytophthora showed that it
superficially resembled P. cambivora, but differed from it in many



unusual fedures. These included different cardinal temperatures for
growth, self-fertility rather than heterothalli sm and an unusually high
level of zygotic aortion. On this evidence it was siggested that the
Phytophthora might be aspedes hybrid involving P. cambivora as
one of the parents (Brasier, Rose & Gibbs, 1995).

When the spedes hybrid hypothesis was investigated, it was
demonstrated that the dder Phytophthora comprised a range of
heteroploid spedes hybrids (Brasier, Cooke & Duncan, 1999). A
common, ‘standard’ hybrid occurs aaoss much of Europe, from
Scotland and Sweden to Austria and southeast France. This type is
nea-tetraploid and is apparently unable to complete meiosis beyond
metaphase |.  Standard isolates also have dimorphic ITS sites
(duplicate DNA bases) in their rDNA genes, representing the DNA
signatures of more than ore spedes. These observations are
consistent with their being alopadyploid hybrids between P.
cambivora and another Phytophthora close to P. fragariae.

Phenotypicdly and geneticdly distinct alder phytophthoras,
colledively termed ‘variants’ also occur naturaly in parts of
Sweden, UK, Germany and the Netherlands. These have unique
combinations of colony morphdogies, gametangia morphologies
(including either smooth-walled or ornamented oogonia and either
amphigynous or paragynous antheridia), and temperature-growth
relationships. Some ae highly unstable in culture. The chromosome
numbers of variants tend to be intermediate between diploid and
tetraploid, and some of the 'lower chromosome number' variants are
able to complete meiosis. Their ITS profiles are dso dfferent from
the standard type, tending to be more similar to those of P. cambivora
or those of P. fragariae. The variants may be genetic breakdown
products of the standard nea-tetraploid hybrid, or badkcrossproducts
(Brasier et al., 1999).

Pathogenicity tests on freshly cut logs siow the standard hybrid to
be a highly aggressve pathogen of ader bark, whereas the two
putative parent spedes, P. cambivora and P. fragariae, are not. In
addition, the standard hybrid is non-pathogenic to bark of a range of
other hardwood and conifer hosts, indicaing that it is relatively host
spedfic. The different variant types, on the other hand, range from
being weakly to highly aggressve to alder bark, consistent to their
widdly differing genotypes(C. M. Brasier & S. Kirk, unpublished).
In another test, young ader seedlings inoculated with zoospores of
the Dutch variant exhibited masdve roat rot compared with the
controls. A P. citricola isolate, obtained from the water of an alder
mee in the Netherlands, also caused substantial root rot of alder
seallings (C. van Dyck, personal communication).

As a whale, the dder phytophthoras appea to be a swarm of
relatively recent spedes hybrids that are till in the process of
evolution. This process includes continuing recombination and
homogenisation d their ITS arrays (Brasier et al., 1999). During the
hybridisation process the new alder phytophthoras may also have
aayuired the aility to attadk a new haost that the parent spedes could
not attack (Brasier, et al., 1999). Together with the likelihood that
the new alder Phytophthoras have aisen via hybridisation between
two introduced Phytophthoras, this raises important quarantine issues
(Brasier, 2000). It also raises criticd taxonamic issues. Whileit is
intended that the new alder Phytophthoras will be described as a ‘ new
spedes (probably as ‘P. alni‘; seeTable 1), the existence of a range
of unique hybrid genotypes and phenotypes means that it will reguire
unuwsually careful definition (Brasier et al., 1999).

Other new recordsin Europe

In addition to the &ove developments, a new spedes of
Phytophthora, P. italica, has been described on young Myrtus
comnunis in nurseries (Cacdola, Magnano di San Leo & Bédlisario
1996; P. italica was previously assgned to P. iranica by Belisario,
Magnano di San Leo & Cacdola, 1993); Phytophthora sp. ‘ O-group’
(Brasier, Hamm & Hansen, 1993; also to be described as a new
spedes) has been found, along with P. megasperma, to be acausal
agent of root and collar rot of olive trees in southern Spain (E.
Sanchez & C. M. Brasier, unpublished); and P. lateralis has been
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found o sealling Chamaecyparis lawsoniana at a nursery in France,
probably as a result of its introduction from North America (C.
Delatour and E.M. Hansen, personal communicaion). (Table 2).

Phytophthorain forests and semi-natural communities of Africa

In South Africa P. cinnamomi was once suggested to be an endemic
pathogen (von Broemsen & Kruger, 1985). However, molealar
fingerprinting studies have shown that the South African population
has very limited genetic variability, and the pathogen is now
considered to be introduced, as in Europe (Linde et al., 1997; Linde,
1999). P. cinnamomi is causing significant damage to the famous
Gondwana-origin feginbcs (mediterranean heah) vegetation o the
southern Cape aea The native Proteaceaera espedally susceptible.
It has dso been isolated from native treespedes in Transvad, to the
north-east (Von Broembsen & Kruger, 1985). In the Transvad, P.
cinnamomi is a serious pathogen of establi shed plantation Eucalyptus
spp., espedaly E. fastigata and E. fraxinoides. Asaresult, the use of
these high eevation spedes in commercia forestry is greatly
restricted (Wingfiedld & Knox-Davies, 1980). In field-based
pathogenicity tests, P. cinnamomi shows a significant range of
variation in its pathogenicity to E. smithii (Linde et al., 1998).
Breeading and seledion programmes for resistance in these aicdypts
arein progress In addition to the @ove, P. nicotianae causes a roct
and collar rot of introduced blad wattle, Acacia mearnsii, in South
Africa (Zeijl emaker, 1971); whil e various other Phytophthoras cen be
isolated from roat tips of native South African trees (Jolanda Roux,
personal communicaion).

The situation regarding Phytophthoras on trees in other parts of
Africais very uncertain. A serious dedine of cork oak, comparable
to that in Iberia, has been reported in North Africa, from Morocco to
Tunisa To the authors knowledge, its aswociation with P.
cinnanomi has not been investigated. Computer models predict
considerable adivity for P. cinnamomi in parts of eat, central and
west Africa (see below). However, the situation in much of the
African continent isgrealy in need o investigation; particularly with
regard to native forests. This could well harbour many interesting
locd or introduced phytophthoras.

Influence of global war ming on Phytophthora activity in Europe,
Africa and worldwide

The question whether P. cinnamomi might be & adive apathogen
on ok in central asin southern Europe led Brasier & Scott (1994) to
model the distribution and adivity of P. cinnamomi in Europe (i)
uncer current conditions and (ii) under conditions of global warming.
The model utilized as its variables the known dstribution o the
pathogen in south-western Australia; known climatic constraints on
the pathogen’s aurvival, such as its sensitivity to frost: and the
pathogen's reported optimal temperatures for growth rate and
pathogenicity of c. 25-30°C. Details of the model are given in
Brasier & Scott (1994).

Activity predicted for P. cinnamomi under current climatic
condtions in Europe (Fig. 1) represented a good fit to the known
adivity of the pathogen (IMI distribution map, Anon, 1984).
Significantly, it indicated that the pathogen was not likely to be adive
in those mntinental areas of Europe subjed to intense winter cold.
Indead, Marcas et al. (1996; and see &so this volume) have dso
demonstrated that the distribution of P. cinnamomi on red ocek in
south-western Franceis constrained by frost.

Given the arrently predicted moderate dimatic warming of ca
+1.5°C (mean annual temperature) for the yea 2050 and the more
severe warming of c. +3°C for the yea 2100, the model suggests a
significent increase in the adivity of P. cinnamomi in maritime and
coastal regions of Europe (Fig. 2). Its adivity will probably incresse
in central Europe dso, but winter cold will still continue to be a
significent constraint. It isimportant to caution here that an increase
in P. cinamomi adivity would aso depend upon availability of
susceptible hosts; and on dher emlogicd constraints, such as il



pH, competition for the host resource from other pathogens and the
natural biologicd control adivity of microbia antagonists. It should
also be noted that general stress effeds imposed by global warming
could render some airrently resistant hosts more susceptible to P.
cinnamomi, and ather Phytophthoras (Brasier & Scott, 1994),

FIGURES 1-5. Activity of Phytophthora cinnamomi as predicted by
computer models. In Figs. 1-4, activity level is indicated by the relative size
of the dot. In Fig. 5: open circles, reduction in activity predicted; closed
circles, increase in adivity predicted.
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FIGURE 2. Activity in Europe assuming an increase of +3°C in mean annual
temperatures - a current climate dange prediction for arourd 2100.

Based on this model, further predictions have been produced for P.
cinnamomi adivity in Africa and in the rest of world (J. Scott & C.
M. Brasier, previousy unpublished). The predicted adivity of P.
cinnamomi world-wide under ‘current’ climatic condtions (Fig. 3) is
again a good fit to the known dstribution of P. cinnamomi (IMI
distribution map; Anon, 1984). Note the high levels of adivity
predicted for P. cinnamomi in the highlands of Papua New Guineg
southeastern China and Taiwan, consistent with the view that P.
cinnamomi is native to PNG and possbly aso to China and Taiwan.

An increase in mean annual temperature of +1.5°C (not shown) and
+3°C (Fig. 4) is predicted to lead to a general reduction in adivity of
P. cinnamomi in equatorial west Africa but an increase in its adivity
in east Africa, in central southern Africa and along the north Africen
coast. Indeed, a similar trend is predicted worldwide (Fig. 4): a
genera reduction in adivity in P. cinnamomi aaoss the equatoria
zone; acompanied by an incresse in its adivity in temperate and hot
temperate 2nes, espedally in some maritime regions. The details
must again be treaed with some caition in view of other influential
factors mentioned above; and in view of the simplicity of the model.
It is interesting to nae, however, that a projeded mean increase of
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+3°C (Fig. 4) appeas to make littl e difference to the adivity of P.
cinnanomi in PNG or in south-east China. Fig. 5 summarises the
contrast in predicted outcomes between the ‘current’ and the +3°C
models worldwide. Open circles represent a predicted reduction and
closed circles an increase in P. cinnamomi adivity given a mean +3
°C warming. It more dealy ill ustrates the shift in adivity from the
equator to the temperate zones.

Climate change is likely to influence the behaviour not only of P.
cinnamomi but of many other Phytophthora tree pathogens. Indeed,
Jung et al. (1996) have suggested that increasingly milder winters
(and aso increased nitrogen deposition) of recent decales may have
influenced the role of Phytophthoras in dedduous oak dedine in
Europe by enhancing the size and adivity of Phytophthora
populations in the soil. The result may have been more frequent
infedion d non-mycorrhizd oak roots.

IGURE 3. Activity worldwide under current climatic conditions.
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FIGURE 4. Activity worldwide assauming a 3°C increase in mean annual
temperatures.

FIGURE 5. Contrast between datain Figs. 3 and 4. Figs. 1 and 2, redrawn
from Brasier & Scott (1994). Figs. 3-5, JK. Scott (CSIRO Division d
Entomology, Perth, Western Australia) & C. M. Brasier, previously
unpublished.



Concluding comments

Prior to 1990, a solid foundation d knowledge a@ou Phytophthora
diseases of trees in Europe was laid down through much caeful
observational and descriptive work. Since 1990, our understanding
has accéerated through an emphasis on experimental investigation
and on the investigation of Phytophthoras in forests and aher semi-
natural communities. In consequence of the latter, a remarkable new
range of Phytophthora taxa have been recorded. Which of these taxa
are endemic and which are introduced is yet to be determined.
However, it is clea from developments in lberia that aggressve,
introduced pathogens such as P. cinnamomi continue to play a major
role; and this and other developments including human dsturbance
factors, such as climate change, changes in land wse and nitrogen
deposition may be acentuating the adivity of both introduced and
endemic Phytophthoras. It has also beaome gparent since 1990 that
accéerated evolution of ‘tree Phytophthoras' may be occurring, as a
result of genetic exchange between endemic and introduced (or
introduced and introduced) spedes.

The gplicaion of moleaular methods has led to many new insights
into the population and evolutionary biology of Phytophthoras on
trees. They now promise further insights into their eclogy, detedion
and host-pathogen interadions. Hopefully the new techndogy can be
used to elucidate the geneticd and physiologicd basis of
aggressveness and host spedficity. This in turn may provide
information for use in resistance breeding. It could aso enhance our
meagre understanding of Phytophthora emlogicd strategies.

In generd, the rise in the profil e of Phytophthorasin trees in Europe
since 1990 hes been acompanied by good pogress in scientific
uncerstanding, but it is clea that thereislittl e room for complacency.
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SUMMARY

Information is siImmarised on Phytophthora spedes associated with
forest trees and retive vegetation in Austraasia (including Papua
New Guinea (PNG)), South East and Eastern Asia Only a few
spedes appea to dfer significant threds, namely P. cinnamomi, P.
citricola, P. cryptogea, P. drechderi, P. megasperma and P.
nicotianae, with P. cinnamomi being by far the most severe. Genetic
variability in poulations of A1 and A2 mating types of P.
cinnamomi differs markedly. The A2 mating type in Austrdia and
PNG shows little variation, only two isoenzyme genotypes being
foundin more than 400 isolates tested. This is consistent with the
low variability deteaded world wide in A2 isolates. In contrast, 8
separate genotypes were foundin ten PNG Al isolates indicating that

the two mating types may not share centres of origin. Evidence from
isoenzymes and DNA markers suggests that P. cinnamomi does not
undergo sexual exchange of markersin field populations. Impads on
softwood and hardwood pantations have been relatively small,
though locdly significant where dimatic and edaphic conditions are
conducive and susceptible spedes are planted. Damage to native
esystemsin several regions of southern Australiais very severe and
Phytophthora cinnamomi has been recognised by the Federa
Government as one of five ‘Key Threaening Processes endangering
spedes and emlogicd processes. Summaries are given of
approadhes to managing Phytophthora diseases in native vegetation
in Australia.

INTRODUCTION

In this overview we do rot propose to review in detail the huge
amourt of work carried ou on this topic in Australia, New Zedand,
Papua New Guinea(PNG), South East Asia, and Eastern Asia(in this
paper, referred to coll edively as the “region”), primarily in Austraia.
There have been at least 11 thorough reviews at the State, national, or
regional level over the last 30 yeas (Newhodk and Podger1972;
Podger 1972; Old 1979; Weste and Marks 1987; Sheaer and Tippett
1989; Davison and Sheaer 1989; Newhodk 1989; Marks and Smith
1991; Weste 1994; Irwin et al. 1995; Erwin and Ribeiro 1996).
Instead we will summarise information that has become available
over the last 25-30 yeas on the spedrum of Phytophthora spedes
asciated with netive vegetation in Australasia and Eastern Asia,
introduce some apeds of the population structure of some of these
pathogens and provide a brief acount of the impads of P.
cinnanomi on native vegetation in Australia axd approaches to
management and mitigation o disease impads.

Phytophthora spp. asciated with native vegetation and forest
plantations.

Table 1 lists Phytophthora spedes associated with native vegetation
communities and forest plantations in the region. The information
avalable is heavily weighted toward Australia where a whole
generation o forest and retive vegetation pethologists has been
drawn into the seach for ways to mitigate damage to plant
communiti es inflicted by P. cinnamomi.

With the eception of New Zedand (Newhodk 1970; Podger
andNewhodk 1971) and PNG (Arentz 1986 Arentz and Simpson
1986), information on forest trees and retive vegetation for other
parts of theregion, e.g. South East Asia, China, Taiwan and Japan,
is fragmentary. Despite Sumatra having been the locaion o the
original type isolate of P. cinnamomi (Rands 1922), there ae very
few records of Phytophthora in native plant communities in South
East Asia. It may be significant that two recent reports, from
northern Sumatra (Anggraeni and Suharti 1997) and from West Java,
(Intari et al. 1995) cite unidentified Phytophthora spp. as causing roct
damage on Eucalyptus urophylla and Dalbergia latifolia respedively.
The ayptic nature of root disease espedaly on forest trees and an
absence of spedalised taxonamic suppat in forest pathology may
contribute to this ladk of recent records.

This sortage of information is in contrast to the many records of
Phytophthora disease in Indonesia and Malaysia on a wide variety of
plantation crops such as rubber (Tan 1979), cocoa (Kueh 1985),
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cloves (Lee 1974), pepper, vanilla, and nutmeg (Kobayashi and Oniki
1993). In a monagraph prepared by Kobayashi and Guzman (1988)
ontreediseases in the Philippines, Phytophthora spp. are not listed as
agents of significant disease. With the exception of a number of
records from China, of Phytophthora spp. on Cedrus deodora,
Robinia pseudoacacia, and in forest soils, Phytophthora records for
forest spedesin the south-east and eastern parts of Asia (Table 1) are
mostly from nurseries as ubiquitous damping-off and root-rot
pathogens and are not further discussed in this paper.

Note, in addition to the &ove recrds, Arentz isolated severa other
Phytophthora spedes from soil under rainforest in PNG. These
included P. katsurae Ko and Chang, P. megasperma var. sojae
Hilderbrand, and P. palmivora (Butler) Butler. There was no
indication that these fungi were asciated with dsease. Thereisalso
a small number of recent unpublished records of P. cactorum and P.
gonapodyides in native vegetation landscapes in Austrdia.  An
undetermined Phytophthora sp. has been asociated with debad in
Eucalyptus tetrodonta at Nhulunbuy in the Northern Territory,
Australia (Dept. of CALM 1999.

Severa descriptions have been published of marine Phytophthora
spedes asciated with mangrove ecosystems in eastern Austrdia
(Pegg and Alcorn 1982; Gerrettson-Cornell and Simpson 1984), but
these spedes have since been assgned to Hal ophytophthora (Ho and
Jong 1990). Weste et al. (1982) aso attributed P. nicotianae to
diebadk of mangrovesin Queensland.

Table 1 indicates that forests and retive vegetation ecsystems in
the region harbour a large number of Phytophthora spedes. Podger
(1979) listed ten spedes rearded in Austrdia from nurseries,
plantations and netive forest, but Weste considered that only eight
different taxa of Phytophthora were ssociated with diebad of native
vegetation in Western Australia (Weste 1994). Davison and Sheaer
(1989) indicaed that 11 spedes of Phytophthora were known from
Queendand rainforest, but only P. cinnamomi and P. heveae were
widespreal. Carstairs and Stukely (1996) examined 433 field isolates
of Phytophthora, colleded in Western Australia, and compared their
morphdogy and isoenzyme profiles with standard isolates. The
isolates fell i nto six taxonomic groups and use of isozymes was fourd
to improve the spead and acairagy of diagnosis for spedes other than
P. cinnamomi. The total number of records of Phytophthora spp. in
forest and retive vegetation emsystems in Australasia, eastern and
south-esst Asia is unlikely to represent the adual number of
Phytophthora spp. present and is also confounded by variation in
taxonamica combination and nomenclature.



Despite likely differences in their environmental and host
adaptation, only a few of the spedes present in the region appea to
offer significant threas to forest plantations and native vegetation
namely: P. cinnamomi, P. cryptogea, P. drechderi, P. megasperma,
P. citricola and P. nicotianae.

Variation in field populations of Phytophthora spp.

In the ontext of forests and wildlands, the main focus of
Phytophthora population genetics in the region has been on P.
cinnanomi, with some work on variaion within the P.
cryptogea/drechderi complex. In addition, the report by Carstairs

and Stukely (1996 casts ome light on variation in isozyme markers
used to asdst identificaion o field isolates of Phytophthora.
Whereas isolates of P. cinnamomi and the P. nicotianae complex
matched known standards with a high degree of fidelity, matches of
the P. megasperma, P. drechderi/cryptogea, and P. citricola
complexes were very variable. The relationship of variability in
isozyme charaderistics to disease impads in the field, for these latter
groups, isunknown.

TABLE 1. Phytophthora spp. associated with forests and retural vegetation in Australia, New Zedand, Papua New Guineg South East and

Eastern Asiawith seleded records.

Phytophthora sp. Locaion Vegetation type References
P. cinnamomi Rands Australia Pine plantation Gerrettson-Cornell 1977; Bumbieris 1981; Chevis and Stukely 1982
Hardwood plantation 1.W. Smith, Department of Natural Resources and Environment,
Victoria, Australia (pers. comm.)
Native forest Podger 1972, Podger and Brown 1989; Shearer and Tippett 1989
Heathland Peggand Alcorn 1972; Weste 1974; Hill et al. 1994; Weste 1994;
Shearer and Dillon 1996
P. cinnamomi New Zealand Pine plantation Newhook 1970; Newhook and Podger 1972
Hardwood plantation Hill 1979
Native vegetation Podger and Newhook 1971; Gadgil 1974
P. cinnamomi PapuaNew Guinea  Pine plantation Arentz and Simpson 1986
Native vegetation Shaw et al. 1972; Arentz 1983; Arentz 1986;
Arentz and Simpson 186; Ash 1988
P. cinnamomi Indonesia Cinnamomum burmannii (native ~ Rands 1922
spedes grown for spice)
P. cinnamomi China Variety of wild pantsand crops ~ Zheng and Lu 1989
Forest plantations Ho et al. 1983, 1984; Ho 1996
P. cinnamomi Japan Ornamental rhododendron Hagiwara et al. 1980
P. cinnamomi Taiwan Hardwood plantation Chang 1993
P. drechdleri Tucker Australia Pine plantation Hesather and Pratt 1975; Bumbieris 1976
Native forest Shepherd and Pratt 1973
P. cryptogea Pethybr. Australia Pine plantation Cannon 1978
& Laff. Hardwood plantation Gerrettson-Cornell 1978a
P. cryptogea PapuaNew Guinea  Pine plantation Arentz 1986
Hardwood plantation Arentz 1986
Native vegetation Arentz 1986
P. citricola Sawada Australia Pine plantation Chevisand Stukely 1982
Native forest Gerrettson-Cornell 1983; Shearer et al. 1987; Shearer 1990;
Bunny et al. 1994
P. nicotianae Breda Australia Native forest Davison and Tay 1983
deHaan Mangroves Weste et al. 1982
P. nicotianae PapuaNew Guinea  Pine plantation Arentz 1986
Hardwood plantation Arentz 1986
Native forest Arentz 1986
P. megasperma Australia Pine plantation Chevisand Stukely 1982
Drechdl. Native forest CSIRO (unpubl. records)
Hesathland Carstairs and Newcombe 1997
P. heveae Thomson Australia Hardwood plantation Gerrettson-Cornell 1976
P. heveae New Zealand Native vegetation Gadgil 1974
P. heveae PapuaNew Guinea  Hardwood plantation Arentz 1986
Native vegetation Arentz 1986

P. cambivora (Petri)
Buisman

P. cambivora

P. gonapodyide
Petersen (Buisman)

P. boehmeriae Sawada

Australia

Papua New Guinea
Augtralia

Austraia

Hardwood plantation

Native vegetation
Native vegetation

Pine plantation
Hardwood plantation
Native vegetation

Gerrettson-Cornell 1978b

Ash 19838
Dept. of CALM 1999

Oxenham and Winks 1963; Gerrettson-Cornell 1976
Gerrettson-Cornell 1976
D’Souza et al. 1997

Prior to 1984, work on variability in those spedes of Phytophthora
assciated with disease in forests and retive vegetation was restricted
to mating type, morphdogicd and physiologicd properties (Chee
and Newhodk 1965; Shepherd and Pratt 1974; Shepherd et al. 1974,
Ann and Ko 1985), and more commonly to studies of pathogenicity.
There was much speaulation regarding the origin of P. cinnamomi
although the theory espoused by Shepherd (1975) that the fungus was
an ancient immigrant to Austradia, and epidemic disesse was
primarily the outcome of site disturbance, has receaved littl e support.
I soenzyme markers which are relatively unequivocd in interpretation
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and not subjed to large environmental influences for their expresson
were sean by Old et al. (1984) as providing a powerful new tod for
investigating the population structure of P. cinnamomi in Australia
and PNG. Variation was assessd initially in 183 isolates from that
region (later extended to more than 400 isolates). Low levels of
variation (total of 4 genotypes) were foundin both A1 and A2 mating
types isolated within Austrdia. The A2 isolates tested from PNG
were identicd to those from Australia but of the aght Al isolates
from this urce seven dstinct genotypes were found This provided
evidence since @nfirmed by Dobrowolski et al. (1999) using DNA



markers, that the population of P. cinnamomi in Austrdia is of very
restricted lineage. Considering the relative rarity of the A1 mating
type worldwide, with naable exceptions such as Taiwan (Ko et al.
1978) and some aeas of South Africa(Broembsen 1984; Linde et al.
1997), this high level of variation in the A1 population in PNG
suggests that the centre of origin of the A1 mating type of the
organism may lie in the PNG/Indonesian archipelago.  This
hypaothesis is further developed by Arentz and Simpson (1986), and
Zentmyer (1988).

The gparent ladk of interadion of the two mating types was further
noted by Old et al. (1988) who showed that populations of A1 and
A2 coexigting within a native forest in south-eastern Austraia
showed no evidence of recombination at 6 variable loci. Intensive
studies of field populations at 4 locations in the south-west of
Western Australia by Dobrowolski et al. (1999) using DNA markers
has confirmed the &sence of sexual reproduction in the field.
Although distinct lineages of two A2 and ore Al populations were
present, variability which was attributable to asexual mechanisms
could be deteded within these strains. Similar conclusions were
readed by Chang et al. (1996) for P. cinnamomi in Taiwan.

In addition to examining the distribution of mating types of P.
cinnanomi in Austraia (Shepherd and Cunningham 1978) two
distinct eatypes of P. drechderi were designated by Shepherd and
Pratt (1973). Isolates from northern Australia generally differed in
their upper temperature limit for growth (36-37°C) from isolates that
originated from southern Australia (33-36°C). However, more recent
knowledge suggests that the P. cryptogea/drechsleri complex appeas
to consist of several distinct spedes (Erwin and Ribeiro 1996).

A further potential asped of variability in P. cinnamomi has been
addreseed using the large lledion of Australian and PNG isolates
of the oomycete maintained at CSIRO, Canberra. Reseach over the
last three decales has established the widespread occurrence of
double-stranded RNA elements in funga thalli of plant pathogenic
fungi including Phytophthora infestans (Newhouse et al. 1992) and
Pythium irregulare (Gillings et al. 1993). Consequences for
phenotypic variability vary from undetedable to maor, including
modification o the pathogenic cgadty of the infeded strain (Nuss
and Koltin 1990).

A total of 160 isolates of P. cinnamomi representing a broad range
of geographic and host origins and the isozyme genotypes and mating
types present in Australia were examined to determine the presence
of dsSRNA. A further 20 oversess isolates, including 17 from PNG,
two from Japan and one from the USA were dso examined. |solates
of P. irregulare were used for comparison and a number of dsRNA
spedes have been cloned from this gedes. However, despite
numerous attempts, virus particles were not deteded in isolates of P.
cinnanomi (A. Davidson, Department of Microbiology, Monash
University, Victoria, Australia, pers. comm.).

Pathogenic variation in Phytophthora cinnamomi

Zentmyer (1980 reviewed avail able information on P. cinnamomi
and the diseases it causes, presenting a picture of a pathogen with an
extremely wide host range acoss many taxa, espedaly perennial
plants, shrubs and trees. The extreme manifestation d host range and
vegetation impads is found in southern Australia (Weste 1994,
espeddly in the megadiverse native heah and shrubland
communities of the south-west of Western Austrdia. For example
Wills (1993) suggested that as many as 2000 of the 9000 spedes
foundin that region may be susceptible to P. cinnamomi, and Weste
and Taylor (1971) considered that 50%-70% of the woody perennial
understorey spedes of the Brishane Ranges in Victoria ae
susceptible.  Podger and Brown (1989) studied the impads of P.
cinnamomi on temperate rainforest communities in Tasmania and
concluded that 30% of the 142 spedes present were highly
susceptible and lessthan 5% resistant. However, evidence of intra-
spedfic resistance within susceptible aicdypts has been recorded in
Western Australia and Victoria

Compared to the wedth o information on the range of spedes
susceptible to the pathogen, there ae very few studies of variation in

16

pathogenicity of P. cinnamomi. The avail ability of the large CSIRO
colledion of isolates of known mating type, isozyme genotype,
geographicd and host origin has been used by Podger (1989) and by
Dudzinski et al. (1993) to assss pathogenic variation in P.
cinnamomi. Podger compared the pathogenicity of fourteen isolates
on transplants of Tasmanian temperate heahland spedes. He found
that al were pathogenic, with no evidence of strong differences in
pathogenicity between isolates grouped acwrding to isoenzyme
charaderistics, geographic origin of isolates or host source. Podger’s
conclusions with resped to the groupings of isolates were borne out
by Dudzinski et al. (1993), who inoculated E. marginata plantlets,
produced by tisuue alture, under controlled environment condtions,
but significant differences between individual isolates with resped to
pathogenicity were dealy demonstrated. The pathogenicity of 42
isolates was tested in six successve trials. When isolates were rated
acording to days nealed to inducefirst visible symptoms and to kill
plantlets, consistent differences in pathogenicity between isolates
were shown. These data were anfirmed using two further clones of
the host and by stem-inoculating seedlings of five alditional
susceptible aucdypt spedes.

I mpacts on native vegetation and plantations

As noted above, the spedes present in the region which appea to
offer significant threas to forest plantations and netive vegetation are
P. cinnamomi, P. megasperma in some aess of coastal vegetation o
Western Australia (Bellgard et al. 1994), and P. citricola in
rehabilit ated mine sites in the jarrah (Eucalyptus marginata) forest
(Bunry et al. 1994). Phytophthora cinnamomi is by far the spedes
most damaging to indigenous forests and also causes root rot of
exotic Pinus spp. in plantations established on sites conducive to
diseae. In Austrdia and New Zedand P. cinnamomi has been
asciated with shelterbelt mortaliti es in mature P. radiata (Newhodk
1970; Batini and Podger 1968) and sometimes in yourg plantations
on wet sites before canopy closure (Chevis and Stukely 1982. A
range of other Phytophthora spp. has aso been occasiondly
assciated with deahs of pines, also usualy in water-gaining sites,
e.g. P. drechderi and P. cryptogea (Davison and Bumbieris 1973).
Phytophthora heveae was associated with damage in the native kauri
pine, Agathis australis, in New Zedand (Gadgil 1974). An
undetermined Phytophthora sp. has recently been associated with
foliar disease in advanced plantations of Eucalyptus saligna and E.
botryoides treesin the North Island of New Zedand (Dick 1997).

There ae many examples in the region where Phytophthora spp.,
including P. cinnamomi, can be realily isolated from forests and
other vegetation that show littl e evidence of significant disease (Pratt
et al. 1973; Bunny et al. (1994) (P. citricola)). In other instances tree
diebadk and/or understorey symptoms appea to be coincidental with
presence of Phytophthora spp., with attempts to establish any causal
relationship proving inconclusive in some aucaypt forests (Blowes et
al. 1982; Gerrettson-Cornell 1973) and in Nothofagus forest in PNG
(Arentz and Simpson 1986).

Successve reviews have summarised the available information
impads of P. cinnamomi on forests and retive vegetation in
Australia, New Zedand and PNG. The published proceedings of the
Symposium on Plant Diseases in Ecosystems: Threats and impactsin
south-western Australia (Withers et al. 1994) provide the most recent
comprehensive assembly of information onsevere impads of disease
on ore of the world's emlogicdly most diverse aeas, from the point
of view of land management and ecwsystem conservation.
Phytophthora impads and management constitute amgjor part of the
Volume. Papers by Sheaer; Wills and Keighery; Crombie and
Bunry; Keighery, et al. (all 1994) are of particular relevance to this
workshop, with a paper by Wilson et al. addressng the issue of
impads of plant disease on faunal communities at the caastrophic
scde aurrent in the south-west of Western Australia.

Sheaer has used a cmmprehensive database on dsease incidence
asembled by the Western Australian Department of Conservation
and Land Management to show the distribution of P. cinnamomi in
that State. Thiscoversa aescent shape including the aeawest of the



600 mm annual rainfal isohyet from Eneaba north of Perth (Lat.
315°S) (Hill et al. 1994) including the mastal plain (Sheaer and
Dill on 1996) and the range of low hill s ©outh-east of Perth, which are
covered by jarrah forest to Walpadle, in the most southerly part of
Western Austrdia (Lat. 35°S). The eatern dstribution o the
pathogen in the State then continues many hundreds of kil ometres, to
the eat of Esperance Impads of the pathogen are minor to severe
throughout this region, depending partly on edaphic fadors and
vegetation compasition. There ae severa significant National Parks
through this area including the Stirling Range National Park; the
impads of P. cinnamomi on the vegetation d the Park were studied
by Dudzinski (datain Will s 1993) and Will s (1993). The mgjority of
spedes from the Proteaceag Epaaidaceae ad Papili onaceaewere
found to be highly susceptible to the pathogen. Myrtaceae on the
other hand were found generally to show less sisceptibility. Losses
in these famili es, which include many spedes (e.g. Banksia spp.) of
gread ewmlogicd significance including a role & food for
nedarivorous birds and mammals, could acceéerate the rate of
eaosystem coll apse.

Weste (1994) has provided the most recent summary of the situation
for other parts of Australia where impads are significant, including
cetain areas of South Australia, Victoriaand Tasmania. She has also
provided detail ed acmunts of vegetation changes over more than two
decales in National Parks in Victoria dfeded by P. cinnamomi
(Weste and Ashton 1994; Weste and Kennedy 1997). Whereas
among the large number of susceptible plant taxa it appeas that six
rare shrub spedes in the Brishane Ranges are vulnerable and may
becme endangered (Peters and Weste 1997), there is also evidence
of regeneration d some susceptible spedes even in the presence of
the pathogen (Weste et al. 1999). The impad of lossof susceptible
spedes on small mammal populations has also been recorded for the
Brisbane Ranges (Newell and Wilson 1993).

In Tasmania, Podger and Brown (1989) showed that disturbed
rainforest at elevations below 900 m is at risk from invasion by P.
cinnamomi. About one third of the spedes which make up these
codl-temperate rainforest communities are highly susceptible to
infedion. The lad of disease in undisturbed forest appeas to be
related to soil temperature. Outbresks of disease in regenerating
rainforest after fire gopea to be due to increased soil temperatures
with removal of the forest canopy. Phytophthora cinnamomi, already
present as cryptic infestations or possbly introduced duing fire
suppresson adivities, becomes invasive and incites disease. Podger
et al. (1990) caried out a comprehensive survey of Tasmania for the
presence of the pathogen and generated climatic profiles for more
than 1400 sites. The aaysis suggested that damage by P.
cinnanomi is unlikely on sites in Tasmania where annual mean
temperature does not exceal 7.5°C and annual mean rainfall is <600
mm. They were @le to identify twelve substantial areas of native
vegetation in climates slited to infedion by the pathogen. Such
information is of criticd value in planning forest and land
management to limit spread of P. cinnamomi into uninfested areas
where vulnerable vegetation exists.

Impads of P. cinnamomi have dso been significant in restricted
areas of rainforest in Queendand nea Ingham and Maday in
Australia s tropicd north. Brown (1976) reported some patch deahs
where P. cinnamomi could realily be isolated from dead plants and
from soil samples taken within patches. Severa arees of tree deah
could ot be related to road-making or logging adivities. These
appeaed to be assciated with wallows used by feral pigs. Re-
colonisation of the sites by spedes less sisceptible to Phytophthora
appeas to have occurred over the last two decales and impad is not
significant. The cessation o tropicd rainforest logging in Australia
is likely to reduce opportunities for the pathogen (which is widely
distributed in most east coast forests) to cause disease. There is,
however, some @mncern that population resaure on forests outside of
reserves, through soil disturbance aciated with development, will
be sssciated with locd impads by soil pathogens.

In terms of lossof forest timber production from native forests the
only areas where P. cinnamomi is considered to be significant are the
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south-west of Western Australia (jarrah forest) and coastal forests of
eastern Victoria (Davison and Sheaer 1989). In Victoria many of the
severely affeded production forests have had a dhange of land wse
and are now within areas zoned as National Parks.

M anagement of Phytophthora diseases

Management of soil borne diseases of even the most intensively
managed crop is a mgjor chalenge. For pathogens of forests and
native vegetation the task is at the least daunting; neverthelesscontrol
or management to reduce impads of disease is the raison détre of
forest pathdlogists. Approaches to management are influenced by the
value of the aop and the extent of the resource to be proteded, and
its intensity of management. When native vegetation is considered,
espedaly from a @nservation standpoint, non-commodity values
bemme paramount with attendant difficulties in integration o
dedsion-making within an ecnomics-driven society.

Phytophthora diseases of woody hosts impad aaoss the whole
value spedrum from nursery operations, amenity plantings and
orchard trees, commercia plantations, native forests managed for
timber, and retural ecsystems managed for conservation and
preservation o amenity and public good values. Attemptsto develop
and apply management to forests and retive e@systems have been
focused in southern Australia, espedaly south-west Western
Austrdia. Efforts in aother regions of Austraia have been modelled
on the Western Australian experiences with variation based on locd
circumstances.

The threeland management systems that will be touched on here ae
native forests managed for multiple use (timber and non-wood
values), rehabilitation o grosdy disturbed native eosystems
(asociated with mineral mining) and management of National Parks
and other reserves.

Native forests

The neal to manage Phytophthora disease of forest trees and
understorey in the jarrah forest of Western Austraia followed the
demonstrationin 1964 d an association between P. cinnamomi and a
progressve diebadk of Eucalyptus marginata (Podger et al. 1965).
Studies of the diology of the disease were later summarised by
Podger (1972). The next two decales ssw an ungecealented level of
reseach adivity, amed at elucidating the dynamics of the disease in
the forest environment, on which attempts to ameli orate the impads
of the disease muld be based. Investigations were carried ou by a
successon d reseachers from the Department of Conservation and
Land Management, Western Australia and staff and graduate students
of institutions of higher educationin the Perth region. The outcomes
of this work were summarised and integrated by Sheaer and Tippett
(1989). Management has been based on extensive surveys of the
whole jarrah forest using agial photography and photo-interpretation
to map the distribution of disease.

As part of the dfort to map the distribution of the pathogen in
Western Austraia, in the mid-1970s areas of the northern jarrah
forest with littl e disease were quarantined. This had the dual benefits
of increasing mapping acairacy by allowing time for existing recent
infedions to become symptomatic in a suite of highly susceptible
uncerstorey spedes (espedaly Banksia spp.) and reducing vehicular
transfer of the pathogen into disease-free aeas (Sheal979. During
the ealy 198Gs a site hazad rating system was developed based on
disease expresson, landform, geology, soils, vegetation site history,
and vegetation compasition and structure (Shearer and Tippett 1989).
Hedthy areas of forest are rated for disease hazad and managers are
able to systematically predict the dfed of disturbance on hazad level
and what the ansequences will be of introduction o P. cinnamomi
into any particular locaion.

The hazad rating is used to asdst in the gplicdion of hygiene
measures with regard to accessto particular aress of forest, espedally
by vehicles. These measures include washing down of vehicles when
moving from areas of high infestation to low; harvesting operation
planning e.g. confining coupes within a single cdchment; and



restriction o movement of vehicles and/or implementation o road
closures during wet weéher to reduce movement of infested soil .

Other approaches to control include the locd and strategic use of
phosphonate (Komorek et al. 1995; Peters and Weste 1997) athough
this has found more gplicaion in the protedion of rare and
endangered spedes in woody heahland communities, and in
nurseries.

The @ove gproach to managing forests affeced by Phytophthora
has been used on a much reduced scde, and with variations to suit
locd conditions, in Central and East Gippsland, Victoria. Many of
the aucdypt spedes in that region, particularly the “ash group’
spedes, are highly susceptible to disease caused by P. cinnamomi
(Podger and Batini 1971) but the dimatic condtions in the upland
forests are not suited to epidemics and significant disease impacts
have been limited to the mastal forests (Marks and Smith 1991). The
silvertop ash/stringy bark coastal forests are dominated by eucdypt
spedes in the informa sub-genus Monccalyptus and are moderately
to highly susceptible to dsease caised by P. cinnamomi. Seledive
logging in these forests snce European settlement appeas to have
resulted in a change in spedes composition towards susceptible
spedes. Althouwgh the rainfal is not strongly seasond there ae
occasiona combinations of very wet summers followed by dry
autumn seasons.  Tregonring and Fagg (1984) attributed a marked
increase in debadk severity in East Gippsland to such events
oceurring during 1971-72.

Although P. cinnamomi is ubiquitous throughout the coastal forests,
vigorously growing regrowth stands, even those dominated by the
susceptible spedes Eucalyptus seberi, are hedthy. Sites previousy
showing a high level of diebadk have been successully regenerated
with indigenous edesincluding mixtures of disease susceptible and
tolerant spedes (Fegg 1987). The dense stocking of these sites,
despite high ealy mortdity, appeas to have resulted in
environmental condtions less conducive to disease and twenty-four
yeas after the first eucdypt seeding trids were initiated all
indigenous eucdypt spedes have been successfull y establi shed.

Native vegetation communities

Appredation d the level of impads of P. cinnamomi on native
vegetation other than production forests was low urtil the ealy 198G
when pioneeing work was carried ou in several Nationa Parks in
Western Australia (Will s 1993 and by Podger in Tasmania (Podger
and Brown 1989). Since that time the enormity of the problem has
been defined and major efforts are being made to mitigate further
damage and to put in place @propriate management pradices. For
Western Australia, summaries are provided by Sheaer (1994), Will s
and Keighery (1994, and Gillen and Napier (1994) on various
aspeds of the impads of disease on retive plant ecosystems and
attempts to find management solutions.

Measures include the integration o disease management with more
broadly based landscape management, including the development of
a GlS-based dedsion support system, management of access by
vehicles and foat traffic for reaedion puposes, and strategic use of
agialy applied phosphonate fungicide to proted rare and endangered
spedes. In addition amajor program of exsitu conservation hes been
mourted.

In Tasmaniaimpads of P. cinnamomi on native vegetation are more
cryptic, but locdly severe, with locd populations of both common
and rare axd endangered spedes being threaened. Communities
affeded include heahs, dry sclerophyll forests, moorlands and
disturbed rainforests below 600 m elevation. Management aress have
been sdleded and designed for the purpose of safeguarding 44
spedes that appea on state and national li sts of rare and endangered
spedes (Barker et al. 1996).

Management of Phytophthora in areas affected by mining
operations

Particular fegures of disease eidemiology and management of
Phytophthora diseases in Western Australia relate to the
consequences of former mineral exploration and mining operations
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for the spread of Phytophthora spp. in the jarrah forest. Having
recognized the potential of these operations to exacebate the impads
of disease, preventative and remedia measures have significantly
impaded on the mining industry. Two major mining companies
incorporate Phytophthora management into their operations. The
companies are Alcoa World-Wide-Alumina Australia Limited (which
mines bauxite deposits of the northern jarrah forest) and RGC
Mineral Sands Limited which mines and processes minera sands on
the wastal plain about 300 km north of Perth to produce il menite,
rutile and zircon (Colquhoun and Petersen 1994).

Major costs associated with Phytophthora management programs,
for these two operations, were estimated hy the eove aithorsto bein
excess of A$1m and $3)0,000 respedively. These wsts included
construction o vehicle deaning fadliti es (A$30Q000 ead), diebadk
interpretation and mapping (A$200,000 and A$20,000 annually), site
vegetation mapping and hazad prediction, and support of research
caried ou in Universities and aher institutes of higher educaion
(A$201,000 and A$10,000 annually).

A further cost to the mining industry is incurred duing mine-site
rehabilitation, which involves the regeneration of the site with
indigenous vegetation (including Phytophthora-susceptible spedes).
In 1994 it was estimated that Alcoa rehabilit ates in the order of 450
ha of forest eat year (Colquhoun and Peterson 1994). Many of the
operations carried out during stripping of overburden prior to mining
and during rehabilitation include diebad control measures. For
example, dite rehabilitation ams to crege soil conditions
unfavourable for the adivity of Phytophthora by avoiding water-
gaining micro-sites. Although P. cinnamomi has been isolated from
ded jarrah trees and soils in trials established in rehabilit ated sites
during 1986 and later, survival of jarrah in these aeas up to the late
1990s has been high. Spedes richnesshas also been maintained at a
level which meds management objedives (Colquhoun and Petersen
1994).

Future

Phytophthora-related diseases are airrently the most damaging
influence on the hedth and future wnservation o native vegetation
in Austraia, adthough the impad varies from mnor to severe,
depending on climate, edaphic fadors, vegetation composition and
land management. This review has not found evidence of damage on
a mmparable scde in ather parts of the region athough the ayptic
nature of root disease on vegetation, which is concurrently affeaed
by more obvious agencies e.g. cleaing, soil and site degradation, and
wil dfire, often escapes detedion.

The unique extent of the threa of Phytophthora spp. to Austraia’'s
biodiversity is reagnized by the Comnonwealth Endangered Spedes
Protedion Act of 1992 as one of five “Key Threaening Proceses’
endangering spedes and emsystems, on a par with feral pests aich as
foxes and rabbits. The Act caries with it an oHigation by the
Federal agency, Environment Australia, to develop and implement a
“Threa Abatement Plan” and in July 1999 a draft plan was released
for pubic comment. Other State and Federa initiatives in Australia
include the Review of Phytophthora Diseases in Australia (Cahill
1994); and the Report on Diebadk in Western Australia (Podger et al.
1996).

These initiatives have aeaed a policy environment that should
asdst in maintaining the level of R&D effort on these pathogens.
State governments resporsible for forest and land management in
southern Australia have supported reseach on these diseases snce
the 1970s although, with the posshle exception d Western Australia,
adivity has waned over the last decale. The unprecedented level of
resources afforded to mitigation o impads of the diseases on retive
easystems by mining companies in Western Australia has also been
a lynchpin of pradicd measures to reduce impads in highly
disturbed sites.

It seams likely that for production forestry in Australia enough is
known regarding the biology of P. cinnamomi and the epidemiology
and etiology of disease to successully manage forests in the presence
of the pathogen with accetable levels of disease impads. Other



Phytophthora spedes do not appea to have impads on the scde of
P. cinnamomi, and measures to control the mgjor threa should render
effeds of lesser pathogens to be of little mnsequence The outlook,
however, espedaly in Western Australia and parts of Victoria, for
susceptible understorey spedes in forests and for the highly diverse
woody shrub communities of coastal and hinterland regions is far
from promising. Vast changes have drealy occurred in spedes
diversity and abundance, following incursions of P.cinnamomi,
which are likely to be irreversible. The damage inflicted by the
pathogen has gone hand in hand with changesin land wse, e.g. partial
cleaing, construction d roads and access tradks, grealy increased
reqediona use and in some aeas commercial harvesting of wild
flowers. Some of these adivities can be artail ed, but the widespreal
changes in vegetation petterns in the landscgpe ae probably
irreversible.

On the maaoscde in some parts of Australia, global warming may
render vulnerable to damage aeas that are aurrently littl e fected by
Phytophthora, through increasing soil temperature and changing
patterns of predpitation (Chakraborty et al. 1998). Depending on
modes of reproduction of susceptible spedes after perturbation, e.g.
seal regeneration versus vegetative recvery, natural seledion may
partly offset the impads of Phytophthora on vegetation communities.
For example in East Gippsland there is sme evidence that the
successful regeneration o forest sites by the strongly sealing E.
sieberi may partly be ssdsted by natura seledion for P. cinnamomi-
tolerant individuals. In the Brisbane Ranges, aso in Victoria, Weste
and Kennedy (1997 have dronicled some re-colonisation o former
diebadk sites by Xanthorrhoea australis and other susceptible
spedes. Whether this is disease tolerance or escgoe is yet to be
ascertained.

The outlook for native plant communities in other areas of high
disease hazad is, however, lessthan promising. Podger, reported in
James (1994, considered the invasion by P. cinnamomi esentially
unstoppable so that it will ultimately affed &l the vulnerable plant
populations on the Australian continent. Some of the work
summarised above has shown that reduction in the spread of disease
aaoss a wide range of land tenures and wses can undoubtedly be
adhieved if resources are made available. In the time scde relevant
to conservation d native eosystems, however, these measures will
delay invasion rather than prevent it.

Hardy et al. (1994) reviewed the wntrol options available for
Phytophthora and other pathogens impading on native plant
communities in south-west Austrdia ad pesented a more
encouraging picture in the light of rapidly developing molealar
techndogies. Most of these strategies at their present stage of
development present options for only seledive gplicaion and the
potential for broad-scde use acoss the hundreds of thousands of
hedares in Western Austraia affected by Phytophthora disease
remains small.
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PHYTOPHTHORAIN THE AMERICAS
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Phytophthora began in the Americas - at least the scientific world's
first awareness of this genus of “plant killers’ began - when an
inconspicuous wild American Phytophthora on wild and retive
cultivated spedes of Sdanum stormed European shores in 1845. The
potato late blight pathogen set the standard for destruction by an
exotic pathogen. The story of Phytophthora in forests of North and
South America as in aher parts of the world, is largely one of
devastating introduced pathogens. Phytophthora lateralis, officia
mascot of this meding, exemplifies the dangers. The omnivorous,
and seamingly ubiquitous Phytophthora cinnamomi provides
dramatic courterpaint through severa examples. There ae other
spedes of Phytophthora in the forests, but we know very little bout
either their pathology or their emlogy. In contrast to gowing
attention in other parts of the world, there ae few active reseach

programs in North o South America focusing on forest
Phytophthoras.

EXOTIC PATHOGENS
Phytophthora lateralis. Port-Orford-cedar, Chamaecyparis

lawsoniana, is a unique forest tree growing wild orly in the
geologicdly and climaticdly distinctive Klamath eclogicd province
in SW Oregon and NW California. It has been planted widely as an
ornamental, however. It is the largest spedes of its genus, and its
wood s probably the most valuable of any conifer in the world. POC
tolerates high concentrations of heary metals in the ultramafic soils
scattered throughout the region. In the southern part of its range, POC
is usualy found pimarily along streams and aress with yea-round
segpage. It often grows within the adive stream channel. In the
north, POC commonly grows mixed with ather conifers, in upland as
well asriparian areas (Zobel and Hawk 1979.

Phytophthora lateralis was introduced for sure. It colonizes trees
rapidly, advancing upward from infedion points on fine roots until it
reades the main stem. The demarcation between infeded and
hedthy tisale is clealy marked as the fungus advances up the stem.
While we know approximately when and where the eidemic began,
thereis only suppasition about the origin of the fungus. In 1923, John
Boyce, author of the first and till the best American textbodk on
Forest Pathology, was working for the Forest Service in Portland
Oregon. He receved aletter from an ornamental nursery nea Sedtle
Washington, describing a serious “fungus disease” of POC in the
nursery and in landscgpe plantings in western Washington state. He
visited the nursery and olserved that “any disease which is ©
virulent as this one gpeas to be is potentially dangerous’ (Zobel et
al. 1985). He noted that the disease was also present in Portland,
Oregon, and went on to describe the international trade between
Europe and the United Statesin haticultural varieties of POC. More
than 200 named cultivars have been seleded and propagated, mostly
in Europe. In 1923, the Sedtle nursery in question was roating
cuttings from stock plants of several cultivars imported from France
There was no implicaion that the disease originated in Europe, and
indeed we ae nfident that it did not, but here is another
documentation d a system of unregulated international plant
movements in the horticultural trade that was undoubtedly
responsible & some point for the introduction.

There have been reports of P. lateralis from other parts of the world,
but only one has been confirmed. It isreported as a pathogen of kiwi
in New Zedand, rhododendron and other ornamentals in North
Carolina (Abad et a. 1988), and Chamaecyparis in Germany. The
first two reports cannot be nfirmed becaise no cultures sirvive.
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The German report proved to be amisidentificaion, and the others
probably are @& well (Hansen et a. 1999). The fungus was recently in
the nursery industry in France (Hansen et a 1999), probably
imported from the United States or Canada on haticultural stock. As
with ather Phytophthora spedes, identificaion d P. lateralis is not
eay. Oospores are seldom formed in culture and the sporangia ladk
distinguishing feaures, except they are dehiscent under some ailtural
condtions, and thisisn’t noted in the literature (Tucker and Mil brath
1942). It comes down to the charaderistic lateral chlamydospores.
With pradice P. lateralis is reaily distinguished from other
chlamydospore-forming spedes such as P. gonapodyides.

Taxus brevifolia, Padfic yew, is aso susceptible (DeNitto and
Kligjunas 1991), but is naturaly infecded orly when growing together
with POC aong streans in the forest (Murray and Hansen 1997). A
limited field survey foundyew kill ed by Phytophthora only where it
was growing in close awciation with dead and dying POC. In a
streamside survey, 46% of the celar was dead, compared to 10% of
the yew. The moderate susceptibility of Padfic yew does highlght the
posshility of other unknown hosts, perhaps elsewhere in the world.
Other Chamaecyparis spedes are dl much more tolerant of infedion
than C. lawsoniana, athough C. obtusa from Japan is ometimes
killed in artificial inoculaton and in the landscape when growing
mixed with POC (Torgeson et a. 1954). C. nootkatensis, from
western North America, is regularly infected bu seldom killed
(Torgeson et a. 1954, Hansen and McWilli ams, unpublished deta),
even after dired inoculation. Eastern Asiaisthe evolutionary center
for the genus, and the tolerance of the Asian spedes supports this
region as origin for the pathogen.

It was 30 yeas before the fungus was introduced to POC in its
native range. By the ealy 195G P. lateralis was killi ng POC aong
the southern Oregon coast. It spread quickly into the mourtains,
following road construction and timber harvest. POC regenerates
prolificdly in dsturbed soil, and is espedaly abundnt, and
vulnerable, immediately adjacent to roads. In a recet survey, four
stretches of long-infested forest road were mapped. Cedars were till
present along the roads in al aress, but mortality continues and
inoculum from these roadside trees has goreal further along the roads
as well as downdope. The situation along streams is espedally
criticd. Esentialy al POC growing with their roots in contad with
normal winter high water flows are killed within a few yeas of
introduction of the pathogen to the stream. In a 1993 survey of 3
infested streams, mortality of larger POC growing within 3 m of the
streams ranged from 65% to 92 (Hansen et al. 1999).

Today the rate of disease increase has dowed dramaticdly, becaise
most of the most vulnerable stands of cedar are drealy infeded. A
large, expensive, and multifaceed disease management and reseacch
effort has been launched by the Federal land management agencies.
The gods are to hdlt the further spread of the pathogen, proted the
remaining significant uninfeded stands of POC, and to bring cedar
badk in the aea drealy infested. The strategies include road
closures, sanitation, silviculture including targeted planting and
spadng of POC, and genetic resistance

DISEASE MANAGEMENT

Most of the dfort to date has been direded at road management.
Yea-round road closures provide the gredest protedion against the
spread o the disease. Wet season closures, enforced by gates, are
used in many areas in order to preserve motorized access In places
official vehicles and maintenance and harvesting equipment are



washed before passng between infested and uwinfested aress.
Sanitation reduces the probability of spread and intensificaion by
reducing inoculum loads along roads. The most vulnerable celar
trees growing adjacent to roads are auit.

Heritable resistance to P. lateralis was first demonstrated in 1989
(Hansen et a. 1989). Richard Sniekxo (USDA Forest Service
cdculated family mean resistance heritabiliti es of 0.21 and 091 for
stem and root resistance tests, respedively. The family correlation
between tests was low, suggesting the posshility of independently
inherited resistance mechanisms. The ealiest replicated ouplanting
test of trees Eleded for resistanceto P. lateralisis now 10 yeas old.
Survival of resistant families ranges from 25% to 8%, while
mortality is nea 100 for susceptible families. In a ntinuing
program to screen, propagate, and lreed resistant trees from the
forest, candidate trees are chalenged using a stem lesion test on
excized branches. Trees that score well are vegetatively propagated,
and will be retested before entering a breeding program to provide
planting stock adapted for the broad range of forest conditi ons where
POC grows.

Phytophthora cinnamomi. About the same time & the export of P.
infestans to Europe, or maybe ealier, P. cinnamomi arrived in North
America unannounced, and spreal silently but with lethal effea
aaoss the SE United States. Nothing is known of the landing,
athough it seems fair to asume that fascination with plants from
foreign lands was mehow to blame. Any one of a thousand
plantation ovners aaossthe South in their pre-Civil War aristocratic
glory might have imported the lethal cargo; travel and trade within
the region asaured its further spread. Regardlessof where or when it
began, by 1824 there were dea reports of sudden and unprecalented
mortality of American chestnut and related Castanea spedes in
forests and woodands aaoss the southern range of these spedes.
Nealy al of the treesin valleys and coves died within 2 a 3 years,
with mortality extending upslope more slowly and trees surviving on
dry ridgetops (Crandall et al. 1945). This was 75 yeas before the
introduction of the Chestnut blight fungus, Cryphonedria parasiti ca,
into the northern part of the tre€ srange, and about the same time that
Ink Disesse became a o©ncen in Europe on Castanea sativa.
Chestnut was aready largely gone from the southern Appalachian
foothill s before dhestnut blight readed that region.

Phytophthora was first associated with dying chestnut in 1932, and
P. cinnamomi was convincingly shown to be the the caise in 1945.
Roat lesions, with neaotic phloem sometimes extending above the
root collar and inky black exudations, were described on both
naturaly infeded and inoculated trees. It is perhaps sgnificant that
northern red oak (Quercus borealis) was reported dying where it
grew in assciation with chestnut, athough Phytophthora was
apparantly never isolated from the oaks. The pathogen was isolated at
that time from 20 additiona tree spedes in nuseries from
Pennsylvania and Delaware to Louisiana (Crandall et al. 1945).

Phytophthora cinnamomi continues to attrad attention in forestry in
the SE United States, today primarily as the cause of Phytophthora
root rot of Frasier fir- a Christmas tree disesse (Kuhiman and
Hendrix 1963). The pathogen is gpparantly not present in native
stands of Abies fraseri, found on organic soils above 1500m
elevation, but it is present in transplant nurseries at lower elevations
in the Christmas tree growing areas (Benson and Grand 1999). One
infedted sealling per hedare may trigger an epidemic in dowvnslope
areas following heavy rains.

When P. cinnamomi isn't enough. On some hosts, such as
Castanea, P. cinnamomi can aggressvely colonize the roct system,
like P. lateralis does on POC. In cther (most?) cases, it is confined
to the fine roots and the role of the pathogen is less easily
demonstrated. Littleled diseese exemplifies this stuation in North
America

Littleled disease of shortled pine (Pinus edchinata) first attracted
attention in the 1930s (Hepting et a. 1945). Shortled pine has a
broad geographic range acossthe southern United States. It becane
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an increasingly abundhint spedes after abou 1900 as the tree
colonized abandoned agricultural lands in the Piedmont and Coastal
Plain of the SE United States. An ealy map of locd disease
incidenceindicates that symptomatic trees were first evident adjacent
to roads and forest tradks (Campbell and Copeland 1954). Littleled
disease was most destructive in stands older than 20 yeas on
severely eroded soils in this region (Tainter 1997). At its height, the
disease was present aaoss abou one third of the trees range, and
forced changes in management on about 2 milli on hedares of forest
land (Campbell and Copeland 1%4). Above ground disease
symptoms include dlorosis, stunted neelles, and progressvely
reduced nealle retention. Symptoms gradually intensify, with many
trees dead within 2 to 16 yeas of first symptoms. Exhaustive
seaches for causa agents, addressng decy fungi, nematodes,
viruses, nutrient deficiencies, and bark bedles led in 1948 to the
isolation of P. cinnamomi from symptomatic shortled pine trees
(Campbell 1948). Even with a pathogen in hand, however, many
puzzles, and skeptics, remained. For one thing, P. cinnamomi was
seemingly everywhere acoss the south, in soil beneah hedthy as
well as diseased stands (Campbell 1949 and 1951, Campbell et al.
1963). It took careful, quantitative surveys to show that populations
were greater beneah diseased trees than beneah neaby hedthy trees
in a stand, and greder in littleled stands than in adjacent hedthy
stands (Table 1).

Table 1. Occurrence of P. cinnamomi in soil samples collected benegh
healthy and diseased trees in healthy and diseased stands of shortleaf pine in
Georgia and South Carolina (Campbell 1949).

TREE STAND SAMPLES WITH P. CINNAMOMI
CONDITION CONDITION (N=480)

Hedthy Hedthy 4.6%

Hedthy Littl el eaf 146 %

Littl el eaf Littl el eaf 41.7%

Semnd, while sealling inoculations confirmed the pathogenicity of
P. cinnamomi, symptoms were less severe on inoculated dder trees.
Only normmycorrhizd, norsuberized roct tips were kill ed, and trees
redily regenerated new roctlets. Third, nitrogen fertili zation led to
tree rewvery, and the dose field correlation with severely eroded,
nutrient depleted sites was very strong. But experiments with
nutrition alone did na replicae the disease syndrome dther, and
gradually it was acceted that P. cinnamomi playsa centra rolein
littl eledf disease. The disease is explained today as the mnsequence
of roatlet mortality (incited by P. cinnamomi) on stressed trees that
are unable to efficiently replace those rootlets. Nutrient deficiency
from lossof the fertil e topsoil s is exacebated in dder stands that are
under maximum intertree @mpetition for light and soil resources.
Phytophthora also benefits on the eoded soils. Littleled sites
charaderisticdly have very poa interna soil drainage. Today
littleled disease is dill evident, but in fewer locdities. In many
stands susceptible trees have been replaced by tolerant ones, and soil
structure and microbia adivity have improved as a result of forest
succesgon, to the detriment of P. cinnamomi. To a plant pathologist
appredative of Phytophthora diseases, littleled provides a dassc
example of the interadions highlighted in the disease triangle with an
emphasis on the soil environment as it impads both pathogen and
host (Zak 1961). A by-product of the littleled research program was
the demonstration by Marx (1973) of the important role that
edomycorhizae ca play in proteding hedthy trees from fine root
pathogens.

What limits P. cinnamomi?

With Phytophthora cinnamomi the important question might be
“Why aren’t there more examples of forest destruction?” It has been
introduced to most forested areas of the western hemisphere,
espedally on danting stock from nurseries, but with few and mostly
locdized exceptions, it has not become established outside of the
southeastern U.S. In the Padfic Northwest, it is almost ubiquitousin
the ornamental nursery industry. From the nursery centersit has been



caried throughout the region by homeowners, and regularly kills
susceptible landscape plants. It is present, although seldom causing
significant damage, in the forest tree nurseries. But despite the
widespread occurance of susceptible genera in the forest, including
Rhododendron, Taxus, Chamaecyparis, and even Pseudotsuga, the
fungus has never been recvered from plants in the forest (but see
Middleton and Baxter 1955). In one of the first studies of its kind,
Drs. Lewis Roth and George Kuhiman (1966) showed why P.
cinnanomi has not become a forest pathogen in this region of
Mediterranian climate. In short, it istoo cold in the winter when it is
wet, and too dry in the summer for this pathogen. Mortality resulted
from soil infestation only when soil temperatures excealed 16
Celsius. It is not a problem of pathogen short-term survival but of
pathogenic adivity (Table 2).

Table 2. Effect of temperature and moisture of infested field soils on
cumulative survival of P. cinnamomi and mortality of Douglas-fir seallings
after 27 months (Roth and Kuhlman 1966).

TREATMENT P. CINNAMOMI DOUGLAS-FIR
RECOVERY MORTALITY
Unmodified environment 40 % 5%
Summer water 42% 27 %
Winter heat 39% 72%
Both hea and water 49% 88 %

Port-Orford-cedar is also susceptible, and in an ealy survey of POC
mortality in landscgpe and nursery plantings, P. cinnamomi was
isolated from abou 30% of the dea trees (Torgeson et a. 1954). P.
lateralis kill ed the rest. Thirtyfive years later, in a similar survey, P.
cinnamomi was assciated with lessthan 2% of the POC mortdlity
(Hansen and Hamm 1996. When POC was being widely
transplanted from the ornamenta nurseries, both Phytophthora
spedes were being distributed with it. After the ollapse of the POC
ornamental trade caused by P. lateralis, the calar hedgerows
continued to die from P. lateralis, but P. cinnamomi gradualy
disappeaed.

It is much lessclea why there ae so few reports of P. cinnamomi
from tropicd forest soils in the Americas. The pathogen is reported
from plantation crops, espedaly Persea and Cinchona, in severa
courtries. Certainly lad of systematic sampling must be afador, but
George Zentmeyer (1988 went looking on severa occassons, and
came back with very limited success. Over 400 samples were
colleded from native spedes of genera known to be susceptible,
espedally Persea and Cinchona, throughout tropicd America, with
most samples from wet soils in areas remote from cultivation. The
only recveries of P. cinnamomi came from disturbed arees adjacent
to cultivated land.

PHYTOPHTHORA IN ALASKA, HAWAII, AND ARGENTINA

Forest dedine, in the mysterious nse of Waldsterben, is a largely
discredited topic in North America But there ae legitimate dedine
type diseases, of complex etiology (Manion 1992). Phytophthora has
figured in at least four of these: Alaska cedar dedine; Mal des cipres,
Ohia dedine; and and the previously described littleled disease.
Alaska cedar dedine began in the late 1800s on the islands of SE
Alaska (Hennon et a. 1990).
Phytophthora disesse. Mortdity is centered around bogs or
muskegs, and progreses dowly into surrounding stands on better
drained soils. Alaska calar trees of al ages are affeded bu other
spedes are not. Symptoms include progressve phloem necaosis
extending from roots up the stem, often marked by a distinct
demarcdion between neaotic and hedthy inner bark. Indeed one
initial hypothesis was that P. lateralis might be the caisal agent. A
substantial multifaceed reseach effort starting in 1980 has © far
failed to establish an unambiguous etiology, but it has eliminated
many posshilities, including P. lateralis (Hennon et a. 1990). That
fungus is smply naot present in these stands. There is a widespreal
Phytophthora spedes in the water and bog soil, but it is P.
gonapodyides (initially misidentified as P. drechderi, Hansen et al.

It “looks’ like it might be a
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1988). It was never isolated from lesions or roots, however, and we
never succealed in inducing symptoms in pathogenicity tests. P.
gonapodyides does not cause Alaska celar dedine, but it is a most
interesting fungus (see below). Best current thinking on the dedine
invokes ome triggering climatic event, such as a hard freeze in a
winter withou protedive snow, that killed many bog trees outright
and injured others. With loss of the protedive canopy, new trees
were eposed to future events, and mortaity “sprealds’ in a
continuing abiotic cascade of injury.

Mal des cipres pulls us “down under,” to Pategonia in Argentina.
Austrocedrus chilensis, cipres, forms pure, even-aged stands as well
as mixed stands with Nothafagus pumil o, covering about 200,000 ha
in the Andes and adjacent piedmont. Abou 50 yeas ago a
distinctive pattern of slow mortality was first recorded, that came to
be cdled Mal des cipres (Baccada € a. 1998). Again the pattern is
suggestive of Phytophthora involvement. Mortality is aggregated
and appeas to be mntagious. It is concentrated on porly drained
soils where water acawmulates during winter rains.  Severd
pathogens have been identified on deal trees, but they are ather nat
regularly associated with the disease, or are fourd only after trees are
dead. Recently, however, Phytophthora pseudotsugae was associated
with the disease (Rajchenberg 1998). It was recovered from soil by
baiting with Citrus leaves, and from fine roots by dired plating on
seledive media. P. pseudotsugae was isolated from both soil and
rootsin 6 of 33 dedining stands of Austrocedrus, and from 2 or 3 of
23 adjacent hedthy arezs.

The aithors are gpropriately cautious in their interpretation,
identification reeds to be nfirmed and pethogenicity tests
completed, but the results are very interesting nore the less This is
apparantly the first report of P. pseudotsugae outside of the Padfic
Northwest, where we described it as a pathogen of conifer seallings
in forest tree nurseries (Hamm and Hansen 1983). A number of
Northwest conifers have been tried in Argentina and ponderosa pine
is widely grown. It seems possble that P. pseudotsugae was
introduced to Argentina on conifer nursery stock imported from the
Northwest. It is morphologicdly similar to P. cactorum, and
phylogeneticdly it is very closdly related to that spedes. It differsin
having noncaducous gorangia and rather lax sporangiophores.

Now to Hawaii and Ohia dedine. Here we have both undisputed
pathogen and susceptible host (Kleijunas and Ko 1973), and it till
doesn’t add wp to a ompletely satisfying Phytophthora disease. P.
cinnamomi was presumably introduced to the Hawaii an Archipelago,
perhaps with the first colonizing Padfic Islanders (Zentmeyer 1988.
It is now widespreal, in hedthy as well as diseased areas, spread by
wild pigs as well as human adivities (Table 3) (Klejunas et al.
1977). Ohiagrowsin many forest situations, on a variety of soils and
in association with several other forest trees. It is particularly
important as an ealy seral colonizer of lava flows from the island's
severa adive volcanos. These ae the stands that have been
devastated by mortdlity, espedaly on the “pahoehoe” type of lava
Ohia on the better drained & alava flowsis generaly hedthy. Stands
on recent lava flows tend to be even aged, depending on the aye of
theflow. A puzZing factor isthat in many dedine stands, understory
ohia, or trees regenerating after deah o the overstory, do not die
(Hodges et a. 1986). This is a disease of mature trees. In one
posshle scenario, drainage in the dense pahoehoe flows
progressvely deteriorates as organic matter and decomposing rock
gradually plugs the aadks in the otherwise dense and uniform flow.
Trees are progressvely stresed by poar drainage, and mature trees,
with their greaer demands, are unable to replacerootlets kill ed by P.
cinnamomi. As the stressintensifies, the trees become susceptible to
sendary agents, including awood boring beetle.

A competing ewlogicd theory of Ohia dedine is labeled
“synchronous cohort senescence” suggesting that entire whorts or
generations of trees are established together, grow old together, and
die together, naturaly, in response to some aiotic stress agent
exacerbated by intertree ompetition (Hodges et al. 1986). In this
view, P. cinnamomi is only a seconday agent, invading only
weakened and cead roats.



Table 3. Populations of P. cinnamomi in soil from threeareas of ohia decline
and adjacent healthy ohiaforest in Hawaii (Kligjunas and Ko 1976).

LOCATION HEALTH PROPAGULES/g
1 Decline 2.0a
Healthy 24a
5 Decline 0.9a
Healthy l.1a
3 Decline 3.8a
Healthy 2.4b

WILD PHYTOPHTHORAS

We know that some Phytophthora spedes can cause grea econamic
and emlogicd destruction when introduced to new forest easystems.
But what does an endemic Phytophthora do in its land of origin?
Could we even deted its presence? There is amost no systematic
survey information avail able for most of the western hemisphere, but
what exists s1ggests that Phytophthoras are widespread bu not often
abundant in many temperate forest emsytems, in the asence of
dramatic disease (Table 4). P. gonapodyides is the best documented.
It seems to be ubiquitous in forest streans of the western United
States, including very remote aeas, never disturbed by European
man, in Alaska and Oregon. We recver it abundantly in al seasons
from forest streams nea Corvallis. It is harder to make a ¢aim for
“undsturbed” in Europe, but P. gonapodyides is at least as
widespread in water in the forest, including ephemeral puddles
(Hansen and Delatour 1999). We dso rever it from soil in riparian
hardwood stands in Oregon (and in France). P. gonapodyides has a
reputation as a we&k pathogen, and is cgpable of a saprophytic
existance, but when circumstances are right, at least in artificial
inoculation, it can induce significant disease. What is this abundant
organism doing in the forest? Evidently not inciting disease, in most
placs most of the time. Are there drcumstances, however,
combinations of climatic and botic stress perhaps, in which it could
play a more dedsive role? P. gonapodyides is aso interesting
becaise of questions about its evolutionary history. It is gerile, at
least under norma lab conditions (Brasier et a.1993), but it is
closely related to the homothalli ¢ P. megasperma s.s. and an array of
related isolates (Cooke d@ a. 1999). It is aso commonly
misidentified as P. drechderi, P. cryptogea, or even P. lateralis.

Table 4. Phytophthora spedes (other than P. cinnamomi and P. lateralis)
isolated from forest soils or from forest trees in the Western Hemisphere.

SFECIES HABITAT LOCATION

P. cactorum Hardwood forest soil Eastern and SE
USA

P. cactorum Hardwood forest soil Oregon USA

P. cactorum Austrocedrus roots and soil Argentina

P. citricola Hardwood forest soil, roats,  Oregon and SE

streams USA

P. drechderi Pine forest sail SE USA

P. gonapodyides  Streams and soil Alaska, Oregon
USA

P. hevea Hardwood forest soil SE USA

P. parasitica Pine forest soil SE USA

P. pseudatsugae  Austrocedrus roats and soil Argentina

Phytophthora cactorum is another spedes reported with some
regularity from forest soil's, espedally beneah hardwoods (Darmano
et al. 1991, Campbell and Hendrix 1967, Jeffers and Aldwinkle
1988). In most cases thereis no dsease ssciated, but Todle (1951)
isolated P. cactorum from basal bleeding cankers on maple trees in
the eatern U.S. forests and Campbell (1965) associated it with
cankers on red maple, espedally in wet areas and after heavy rains.
Rajchenberg (1998) recvered it occasionaly beneah Austrocedrus
in Argentina. P. citricola has been isolated form soil in the SE
(Campbell 1965) and from cankers on aders in Oregon (Brasier and
Hansen unpubl.). We dso recover P. citricola from forest streams
with some regularity. There ae scattered reports P. hevea (Campbell
and Gallegly 1965, and P. parasitica and P. drechderi from forest
soils in the south (Campbell 1965). And there ae more; in our
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continuing work in Oregon, we regularly recover isolates that cen not
be realily assgned to any known spedes (Hansen and Hamm 1988).

There ae dso the very poaly understood spedes P. quininea from
quinine trees (Cinchona spedes) in Peru (Crandall 1947), and P.
inflata from elms in the midwestern United States (Caroselli and
Tucker 1949. Are these forest spedes that strayed into civili zation
and were spotted? Why are there so few reports of Phytophthora
spedes from tropicd forests? Certainly there ae pathogenic spedes
in the plantations of rubber, avocado and Cinchona. Zentmeyer
(1988) hypothesized from indired evidence that P. palmivora
originated in the American tropics with its hosts. Yet he failed to
isolate it from forest plants or soil. We must conclude that we know
almost nothing about the potentially very important occurance and
plant interadions of Phytophthora spedes in forests, espedally
tropicd forests.

It is perhaps relevant (and cetainly fortunate) that most
Phytophthora pathogens of agricultura crops, including forest trees
grown in nurseries, canna often survive in forest condtions. In
Oregon and Washington nrealy al forest regeneration is
acomplished by planting seallings raised in nurseries. Until about
1980, Phytophthora spedes were unreaognized limiting fadors in
nursery production. They are still present, but masked by better soil
management and fungicide gplicaion (Hamm et al. 1981). At least
6 spedes are owmmon (Pratt et al. 1976). To aswess the risk to
forestry, we planted Phytophthora-infeded seedlings together in the
same planting hole with hedthy seedlings on severa forest sites
(Hansen et a. 1980). After two years, Phytophthora was isolated
from 14% of the initially diseased seedlings that were till aive (5%
recovery from dead seallings), but was reavered from only 2 of 720
hedthy trees planted in the same hole and we failed completely to
isolate Phytophthora from hedthy seedlings planted 0.6 meter
downdope. The reasons for ladk of Phytophthora spread were not
elucidated, but clealy the nursery/agricultural environment is more
conducive to Phytophthora survival and parasitism than forest soils.
Candidate fadors include yea-round water and a relative lak of
microbial competitionin the nursery soils.

We ae left then with a very uneven picture of Phytophthora in the
Americas. We can conclude that exotic pathogens are extremely
dangerous in forest ecsystems; that Phytophthora spedes, including
undescribed spedes, are widespread in forests; and that it takes more
than the proximity of a dangerous pathogen and a susceptible host in
the same spot to trigger disease. Most significantly, we must
adknowledge how littl e we know abou the interadions that regulate
disease in the forest.
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DISEASE
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ABSTRACT

In 1996 and 1997 a survey was made in 35 oak stands on a range of
different sites in Bavaria on the occurrence of Phytophthora spedes
in the rhizosphere. The most widespread spedes were Phytophthora
guercina sp. nov., P. citricola and P. cambivora. Seven other
Phytophthora spedes were isolated infrequently. The results of an
intense study concerning the hedth condition of the aowns and fine
root systems of 217 aks in these 35 stands indicate that there ae &
least two dfferent complex diseases being referred to under the name
‘oak dedin€'. In stands with a mean soil-pH (CaCl,) > 3.5 and silty,

loamy or clayey soil-texture Phytophthora spp. were @mmonly
isolated from rhizosphere soil and an extremely significant
correlation existed between the hedth condition of the aown and
different root parameters, whereas no such correlation was foundin
stands without Phytophthora on sandy-loamy to sandy soils with a
mean pH < 3.9. Considering their high aggressvity to osk
Phytophthora spedes are most likely to be heavily involved in oak
dedine on reutral to moderately addic sites. Anthropogenic nitrogen
input as well as climatic changes are discussed as triggering fadors.

INTRODUCTION

Oak dedine is a serious and frequently reaurring threa to European
forestry. Above-ground symptoms include diebadk of branches and
parts of the aown, formation d epicormic shoas, high transparency
of the aown, yellowing and wilti ng of leaves and tarry exudates from
the bark (Siwedki & Liese, 1991 Luis et al., 1993), all symptoms
indicative for water stressand poor nutrition. Mortality rates reach 2
to 5 trees per hedare and year (Hartmann et al., 1989). An
assssment of roat systems of dedining and hedthy oaks in 33 stands
of 5 European ok spedes al over Central Europe reveded a
progressve destruction d the fine root system, diebad of longroats
and reaotic lesions on suberized and nonsuberized roots. These
symptoms had been present in bah hedthy and dedining oaks, but
the etent of damage was obviously higher in dedining ones
(Blaschke, 1994; Jung, 1998). Isolations from fine roots and
rhizosphere soil samples showed the widespread occurrence of
severa Phytophthora spedes including P. cactorum, P. citricola, P.
cambivora, P. gonapodyides, P. undulata and the new spedes P.
quercinain 29 out of the 33 stands (Jung, 1996 & 1998; Jung €t al.,
1996 & 1999). Up to now Phytophthora spp. have been isolated from
soil samples of 68 aut of 98 cak stands (69.4%) in 10 Central- and
Western European countries. The most widespread spedes have been
P. quercina (41 stands in 7 countries) and P. citricola (36 standsin 7
courtries) (Jung et al. in prep.). Severa soil i nfestation tests siowed
P. quercina and P. cambivora being the most aggressve spedes to
root systems of young Quercus robur plants (Jung, 1998; Jung et al.,
1996&1999). In a soil infestation test with dfferent Phytophthora
spedes and a range of broadled spedes P. quercina proved to be
host spedfic to the genus Quercus (Jung et al. in prep).

The d@m of this projed was to study in detail the influence of site
factors, espedally geologicd substrate, soil-pH and soil -texture on
the distribution of Phytophthora spedes. Furthermore, the root status
of hedthy and dedining oaks on a broad range of sites and psble
correlations between crown transparency and fine and wed rooct
spedfic parameters shoud be investigated.

MATERIALSAND METHODS

In 1997 and 1998 3-4 hedthy (crown transparency <25%) and 34
dedining oaks (crown transparency =35%) per stand were sampled in
35 ek stands on a broad range of typicd oak forest sites (Tab.1) (in
total 106 hedthy and 111 dedining oaks). In August 1997 crown
transparency was assessed acording to EC-UN/ECE (1994) and
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Anorymus (1996. The mean crown transparency of the dedining
oaks was 63.2% compared to 21.0% in the hedthy oaks.

Sampling procedure, isolation method and root analysis

Root samples in ead stand were taken at the first sampling date
whereas il for isolations was smpled 2-3 times. The sampling
procedure was as follows. 3-5 soil-root-monoaliths (20x30x30cm)
were taken in gpposite diredions around the treein a distance of 50-
150cm from the stem base. Most fine and wesk roots of oak in the
mondiths were forwarded to root anadysis. Abou 1 liter of
rhizosphere soil of al mondiths was bulked and used for the
isolation tests.

Isolations were caried ou using 2-5 d-old ledlets of Q. robu
sedllings as baits floated over flooded soil (Jung 1998; Jung et al.,
1996). Infeded brownish ledlets were aut into pieces, plated onto
seledive PARPNH-agar (V8A amended with 10 pg mi™ pimaricin,
200 pg mit ampicillin, 10 pg mi? rifampicin, 25 pg mit
pentachloronitrobenzene (PCNBY), 50 pg ml™ nystatin, and 50pug mi™
hymexazol) and incubated a 20°C in the dark. After 2448 h
Phytophthora hyphaewere transferred under the stereomicroscope onto
V8A.

Root samples of each cek were analysed as foll ows: The percentage
of root damage was estimated visually, and the number of living fine
roots (O <2mm) per m nother root (=we& roats; 0 2-5mm) was
courted. After drying at 65 °C fine rocts were weighed and scanned.
Using the omputer program DeltaT Scan 204 (DeltaT Devices
Ltd., Cambridge, UK) the total fine root length was measured and the
number of roat tips counted. Afterwards the spedfic fine root length
(SFRL; = fine root length/fine root dry weight [cm/g]) and the
spedfic roat tip density (SRTD; = fine roct tips/fine roat dry weight
[n/g]) could be cdculated. After drying at 65 °C the length and dy
weight of the mother roots was also measured. With these data the
parameters fine roat length/mother root length (FRL/MRL), fine root
tips per m mother root and fine roat length/dry weight mother root
could be cdculated.

Statistical analysis

The root samples of different stands have been taken at different
dates and dfferent weather condtions. Since the fine root system is
underlying a strong seasona and weaher-induced turnover, the
absolute values of the roct parameters of hedthy and dedining trees
can certainly be ampared within one stand but comparisons between
stands sould be interpreted with caution. Therefore, the asolute
values of al root parameters of eah ok were transformed into
season and weaher correded relative vaues. For this purpose for



ead root parameter the mean value of the 3-4 hedthy sample trees of
a stand was considered as gand internal standard and set 100%. Then
the single values of all hedthy and dedining sample trees of the stand
were related to this standard. The statisticd analysis was made with
the dsolute and the relative values. The data of all Phytophthora
infested stands and the data of al Phytophthora free stands were
combined, and the two colledives were analysed separately. The
significance of the difference between the mean values of the hedthy
and the dedining oaks was tested using the non-parametric Mann-
Whitney test. Furthermore, using the non-parametric Speaman
Correlation, it was tested whether there was a significant correlation
between crown transparency and the different root parameters. The
relationship between the presence of P. quercina and Phytophthora
spp. in the rhizosphere and the risk of an ocak to develop above-
ground symptoms was tested with contingency tables. Furthermore,
the relationship between crown status and presence’absence of P.
quercina was analysed using a logistic regresson. All datisticd
analyses except of the logistic regresson (programme SPSS for
Windows 6.1) were made using the programme InStat 3.01 for
Windows 95/NT (GraphPad, San Diego, USA).

RESULT S

Distribution of Phytophthora spedes and correlation with crown
status and site factors

Ten dfferent Phytophthora spedes have been isolated from
rhizosphere soil of 73 (out of 124) oaks in 19 (out of 35) stands. P.
guercina was the spedes with the widest geographicd distribution
(18 stands in 5 growth regions) and the highest isolation frequency.
P. quercinawas recovered from 41 ou of 65 dedining (=63.1%) and
from 14 out of 59 hedthy oaks (=23.7%). P. cambivora was isolated
from 9 and P. citricola and P. undulata from 7 stands, whil e the other
spedes ocaurred only sporadicaly (Tab.3).

The statisticd analysis of a contingency table reveaed that an osk
with P. quercina in its rhizosphere has an extremely significent 2.1
fold higher relative risk to develop crown symptoms than an oak
withou P. quercina (Tab.1). Considering all 10 Phytophthora spedes
the relative risk increases to 28 (Tab.2). A logistic regresson
analysis revealed an extremely significant correlation between crown

status and the occurrence of P. quercina in the rhizosphere (r =
0.2870; p < 0.0001).

TABLE 1. Contingency table: occurrence of P. quercina/crown status

Quercina Declining ceks Healthy oaks Tota
Q. present 41 14 55
Q. absent 24 45 69
Tota 65 59 124

Relativerisk =2.143
95% - Confidenceinterval: 1.498-3.066
Fishers exad test: p<0.0001

TABLE 2: Contingency table: occurrence of Phytophthora spp./crown status.

Phytophthora Declining ceks Healthy oaks Tota
P. present 52 21 73
P. absent 13 38 51
Tota 65 59 124

Relativerisk = 2.795
95 % - Confidence interval: 1.709-4.568
Fishers exad test: p<0.0001

The distribution of Phytophthora spedes siowed a dea relationship
to the geologicd substrate and the texture and pH of the soil (Tab.3).
Phytophthora spp. were isolated from soil samples on a broad range
of geologicd substrates with silty, loamy or clayy soil-texture and a
mean soil-pH (CaCl,) between 35 and 7.0, whereas isolations failed
on Triassc and Jurassc sandstones, Pleistocene gravels and chalk
with mean soil-pH values <3.9 and mainly sandy or sandy-loamy
soil-texture. The satisticd analysis reveded that soils of
Phytophthora infested and Phytophthora free stands differed
significantly (p<0.0001) in their pH (4.16 + 0.85 versus 3.56 + 0.28)
and their cdcium content (28.35 + 37.36 ppm versus 5.54 + 4.61
ppm). Nitrate cncentrations have been quite high in both stand
colledives (35.60 + 40.49 & 31.0 + 25.7 ppm). Table 4 shows that P.
guercina (3.53-7.0) has the highest plasticity to the soil -pH followed
by P. citricola (4.49-6.63), whereas P. syringae (3.39-3.85; only 1
isolate & 6.02) and P. undulata (3.3-3.75) seem to be restricted to
addic soils.

TABLE 3: Occurrence of Phytophthora speciesin Bavarian oak stands on dff erent geologicd substrates and soil types.

No. of standswith occurrence of ©

Geé)sltogtcd ’s\ltO. 3; Main soil types (FAO) Texture® pH-eh
substrate an ang Que Cac Cam Cit Gon Meg Syr Und sp2 sp5
Triassc and 13 Dystric & ferric cambisals, (sb)-IS 3941
Jurassic sandstones cambic & orthic podzals, -S -
Pleistocene gravels 1 Dystric cambisol IgS—-gS 34-35
Pleistocene gravels 1 Calcaric canbisol sL-uL 3660 1 1 1 1
Chalk 2 Dystric canbisols uls-s 35-37
1 Eutric canbisol sL-uL 4551 1
Trlasgc and 7 Vertic cambi sqls, vertic luvisals, ucic 3.4.6.9 4 1 1 2 > 1 1
Jurassic daystones® gleysols, stagnic gleysols
L Vertic cambisol, uL-cL
Triassc gypsum 1 autric cambisol sL-uL 3541 1 1
Triassc and Orthic rendzinas, chromo-cdcic,
Jurassio limestones” 4 ( uvoj& gleyo-) chromic ugL-uL  3.7-67 4 1 1 1
cambisols
Tertiary deposits’ 1 Dystric canbisols sgL 3537 1 1 1 1
. . . suL,
Loess 3 Orthic, sagnogleyic& gleyic - 3554 3 2 2 1 13
luvisols, stagnic gleysols oL
Allvial deposits 1 Calcaic fluvisol E‘i"'cL 5670 1 101 1
Tota 35 18 2 9 7 3 1 3 7 2 1

#=: g=gravely; s=sandy, u=dlty, | =loamy, c = clayy, S=sand, L = loam, C = clay.
®=: pH measured in CaCl,.
¢ =: CAC=Phytophthora cactorum; CAM=P. cambivora; CIT=P. citricola; GON=P. gonapodyides;, MEG=P. megasperma; QUE=P. quercing;

SYR=P. syringae; UND=P. undulata; sp.2=Phytophthora species2; sp.5=Phytophthora spedes>5.
d4=: some standsin parts with layers of loess
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TABLE 4. pH-range of oak forest soils with occurrence of different
Phytophthora species

Phytophthora spp. No. of isolates pH - range (CaCl,)
P. cactorum 2 449 - 671
P. cambivora 8 3.65-4.39
(1 isolate 6.95)
P. citricola 11 3.53-6.63
P. gonapodyides 4 3.62 — 602
P. megasperma 1 6.85
P. quercina 55 353-70
P. syringae 7 3.39 - 385
(1isolate 6.02)
P. undulata 6 3.3-375
Phytophthora sp.2 2 6.02
Phytophthora sp.5 1 6.85

Health status of the root systems and correlation with the crown
status

The results of the root analyses including statisticd analysis are
summarized in Table 5. Considering the ésolute values of all root
parameters except of root rot, it is obvious that both hedthy and
dedining oaks in the 16 Phytophthora free stands on sandy to sandy-
loamy sites with lower nutritional levels have higher values than
those in the 19 Phytophthora infested stands on silty, loamy and clayy
sites with higher nutritional levels. This is congruent with the results
of Meyer (1987 for damaged and hedthy spruce stands on limestone
and sandstone, and with the results of Thomas & Hartmann (1998)
for oak stands on sandy and clayey soilsin Germany.

In the Phytophthora infested stands the diff erences between hedthy
and dedining oaks for absolute values of the root parameters root rot,
number of fine roots per m mother root, FRL/MRL, fine roct tips per
m mother root and FRL / dry weight mother roots have been
extremely significant. The norsignificance for the parameters SFRL
and SRTD is not astonishing becaise their absolute values are
heavily influenced by season and wedaher. In the Phytophthora free
stands no or only weakly significant differences have been found
between hedthy and dedining trees.

Considering the season and wedaher correded relative values, the

totally different situation of the two stand colledives is bemming
even more obvious. The differences between hedthy and dedining
oaks in the Phytophthora infested stands have been extremely
significant for all parameters, whereas in the Phytophthora freestands
the differences for nealy al root parameters were only wegly or not
significant.
The nonparametric Speaman-correlation analysis revealed for the
Phytophthora infested stands extremely significant correlations
between crown transparency and the @solute values of five and the
relative values of all roct parameters (Tab.6).

On the other hand, in the Phytophthora free stands there was nealy
no significant correlation ketween crown transparency and the
absolute values of al root parameters, and even for the relative values
significant correlations existed only for the parameters root rot,
FRL/MRL andfineroat tips per m nother root.

DISCUSSON

Oak dedine is at least since the beginning of the 20" century a
frequently recurring threa to European forestry (von Hey 1914;
Falck 1918; Skoric 1929; Delatour 1983; Oleksyn undPrzybyl 1987).
Being a shorttime phenomenon d locd or regional importancein the
past, oak dedine in its current phase has been going on since the
beginning of the 1980s and is occurring al over Europe (Delatour,
1983; Hartmann et al., 1989; Ragazi et al., 1989 & 1993; Siwedki &
Liese, 1991 Luis et al., 1993). In 1998 29% of the oaks in Bavaria
showed severe aown damage (crown transparency >25%;
Anorymus, 1999. A lot of causa agents as frost, droughts, air
palution, sinking goundwater levels, silvicultural mistakes, leaf
defoliators, bark bedles, Ophiostoma and Ceratocystis spedes,
baderia, MLO and viruses have been discussed, but all of them fail ed
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in explaining more than locd or regional problems (Delatour, 1983;
Nienhaus, 1987; Oleksyn & Przybyl, 1987; Hartmann et al., 1989;
Siwecki & Liese, 1991; Luis et al., 1993; Bittner & Fuhrling,1993;
Scorticchini et al. 1993; Ragazz et al., 1993; Ahrens & Seamdlller,
1994; Schlag, 1995). In Spain and Portugal a strong association of P.
cinnamomi interading with prolonged drought periods and rapid
mortality and dedine of cork (Q. suber) and holm oaks (Q. ilex
which dsplay similar disease symptoms as dedining peduncul ate (Q.
robur) and sessle oaks (Q. petraea) in Centra and Western Europe
could be shown (Brasier, 1993; Brasier et al., 1993a&b; Cobos et al.,
1993; Gallego et al., 1999). In Southeastern France P. cinnamomi
could also be isolated from cork and holm oak. Its pathogenicity
towards both oak spedes was proven, and a possble involvement in
the dedine process sipposed (Robin et al., 1998). In Spain dedining
cork and holm oaks have been revitaized by trunk injedions of
potassum phosphonate, quinosol and carbendazm confirming that
Iberian oak dedine is a Phytophthora disease. Also in Central and
Western Europe fine root destructions have been found in oeks
(Néveke & Meyer, 1990; Eichhorn, 1992; Blaschke, 1994; Jung,
1998). In 1990 Galoux & Dutreqy isolated a Phytophthora spedes
from fine roats of dedining oaks in France and from 1993-1996 a
survey in Central Europe concerning the root status of hedthy and
dedining oaks reveded the widespread occurrence of different
Phytophthora spedes in the rhizosphere. Soil infestation tests proved
P. quercina and P. cambivora to be the most aggressve spedes to
fine roats of Q. robur and Q. petraea (Jung et al., 1996; Jung, 1998;
Jung et al. in prep). Schlag (1994) mentioned that oak dedine is a
complex of different diseases. This hypothesis could be nfirmed by
the results of this gudy.

It could be shown that Phytophthora spedes are widespread on a
range of different geologicd substrates with silty, loamy or clayey
soils with a mean pH (CaCl,) between 35 and 7.0. P. quercina was
by far the most frequently isolated spedes with an obviously higher
isolation frequency from dedining (63.1%) than from hedthy oaks
(237%). The statisticd analysis reveded that an oak with P.
quercina in its rhizosphere has a 2.1 fold higher relative risk to
develop above-grourd disease symptoms compared to an ocak without
P. quercina. In the Phytophthora infested stands highly significant
correlations between crown transparency and al root parameters
asessed existed. The transformation o the ésolute values of the
root parameters into relative values eiminated the influence of the
seasona and wheaher-induced fine root turnover, thus proving to be
a suitable method for comparing the fine root status of oaks from
different stands. From soil samples of sites with sandy to sandy-
loamy soil -texture and a mean soil-pH <3.9 no Phytophthora spedes
was rewmvered. In these stands correlations between crown
transparency and most root parameters have been na or only weakly
significant. The soil-pH seems to be a limiting fador for the
occurrence of Phytophthora spedes. In this dudy no Phytophthora
could be isolated from soil samples with a pH (CaCl,) <3.4 (= c4.2
measured in water). This is congruent with the data of an in vitro
sporangia test in soil leadate with a pH (H,0) row from 3.5-7.0. All
Phytophthora spedes tested failed in producing sporangia & pH
values <4.0 and had an exponential increease in sporangia formation
with increasing pH. Exceptions had been P. cinnamomi which
produced sporangia even a 3.5 and P. syringae which had an
optimum at 5.0 (Jung et al. in prep.). These results fit well the
statement of Ribeiro (1983) who mentioned that sporangia may not
form at pH values <4.0. This is probably caused by the inability of
Phytophthora oospores to germinate & low pH vaues (Ribeiro,
1983). In apH range from 3.4 to 3.9 Phytophthora spp. were isolated
from silty, loamy and clayey soil s but not from sandy to sandy-loamy
soils. An explanation could be that in sandy soils even after heavy
rains the period with free water is too short to alow sufficient
production d sporangia and relesse of viable zospores at these
unsuitable pH values.



TABLE 5: Differences of root parameters between healthy and declining caks and their significance (Mann-Whitney test).

Roat damage Fineroats/ m FRtips/m FRL/dry weight
(%) mother roct SRTD SFRL FRL/MRL mother roct mother roots
19 Stands with Phytophthora (59 healthy and 65 declining ceks)
Absolute values H D H D H D H D H D H D H D
Mean 60.4 82.1 59.2 44.6 7025 6152 6148 5313 35 22 4000 2500 1210 76.1
Standard deviation  19.1 135 24.8 198 3209 3682 2650 2793 23 17 2600 2000 66.8 52.2
Signifi cance® ok ok n.s. ns. Sk ok ok
Relative values H D H D H D H D H D H D H D
Mean 1000 1449 999 784 1000 859 1000 858 99.9 646 1000 651 1000 64.1
Standard deviation ~ 29.9 39.5 28.0 353 215 30.3 19.0 28.3 321 38.1 34.6 40.3 34.0 445
9‘ gl"ll fl Cmcea *kk *kk *kk *kk *kk *kk *kk
16 Stands without Phytophthora (47 healthy and 46 declining ceks)
Absolute values H D H D H D H D H D H D H D
Mean 62,5 68,6 62.8 573 9233 9688 8147 8634 5.2 39 5400 4100 1741 1446
Standard deviation 148 111 48.3 35.1 360.1 4040 2787 2970 43 35 4300 3200 1206 1215
Significance” * n.s. n.s. n.s. n.s. n.s. n.s.
Relative values H D H D H D H D H D H D H D
Mean 1000 1147 1000 958 1000 1100 1000 1126 1001 850 1000 868 1000 909
Standard deviation 16,5 29,5 30.3 30.0 233 40.7 24.6 38.7 40.2 65.0 41.2 86.8 38.6 70.0
Significance” * ns. ns. ns. * * *
#=:n.s. = not significant
TABLE 6: Correlations between crown transparency and dff erent root parameters and their significance
Roat damage Fineroats/ m FRtips/m FRL/dry weight
(%) mother roct SRTD SFRL FRL/MRL mother roct mother roots
19 stands with Phytophthora (59 healthy and 65 declining ceks)
Absolute values
Spearman 0.5691 -0.3231 -0.1462 -0.1389 -0.3154 - 0.3006 -0.3949
Correlation rS
9‘ gl"ll fl Cmcea *kk *kk n.S. n.S. *kk *kk *kk
Relative values
gpearm"’.‘” 05453 -0.3265 -0.3024 -0.3238 -0.45% - 0.4442 -0.4545
orrelation rS
s' gr“ fl cmcea *kk *kk *kk *kk *kk *kk *kk
16 stands without Phytophthora (47 healthy and 46 declining oaks)
Absolute values
gpearm"’.‘” 02473 - 0.0080 0.0240 0.0129 -0.07048 -0.0575 -0.0570
orrelation rS
Significance® * ns. n.s. ns. n.s. ns. n.s.
Relative values
Spearman 0.3265 - 0.0159 0.05060 0.0883 -0.2750 -0.2870 -0.1976
Correlation rS
Significance® ** n.s. n.s. n.s. ** ** n.s.

&=:n.s. = not significant

The isolation of Phytophthora spedes from soil samples of 68 ou
of 98 ak stands in Germany, France England, Scotland,
Luxembourgh, Poland, Switzerland, Italy, Slovenia and Hungary, and
similar relationships between soil-pH and soil-texture and the
occurrence of Phytophthora spp. (Jung et al. in prep.) indicae that
the Bavarian results might have genera validity for Central and
Western Europe.

From our data we mnclude that there ae & leeast two dfferent
diseases being referred to under the name ‘oak dedine':

On sites with a mean soil-pH (CaCl,) 23.5-7.0 and silty, loamy or
clayey soil-texture dedine of oaks is primarily a Phytophthora fine
root disesse with highly significant correlations between crown
transparency and most roct parameters, in which P. quercina plays
the major role becaise of its widespread occurrence, the high
plasticity concerning site cnditions and soil-pH, and the haost
spedfity and high aggressvenessto oak spedes. Normally, this fine
root disease is causing a dronic diebad of the aown. However, in
combination with high or periodicdly fluctuating water tables,
summer droughts or heavy defoliations dramatic and rapid mortality
in groups of trees can occur (Oosterbaan & Naabuurs, 1991; Malaise
et al., 1993; Block et al., 1995; Hartmann & Blank, 1998; Thomas &
Hartmann, 1998; Jung et al. in prep.).

On sites with a mean soil-pH (CaCl,) <3.9 and sandy to sandy-
loamy soil -texture oak dedine generally is a dronic disease withou
highly significant correlations between root and crown status, and
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with most members of the stand suffering equally. On these sites,
Phytophthora spedes have not been isolated and, therefore, canna be
considered as causal agent of the dedine. Also on these sites
prolonged droughts can lea to rapid mortality because of the low
water retention cgpadty of the sandy soils. In this case mortality is
starting on or even restricted to the most shallow and sandy parts of
the stand or the upper slope.

If the hypothesis is put forward that the onset of this dedine-type
disease (Manion and Lachance, 1992) is triggered by root-diebad,
the question arises, which environmental changes in Central and
Western Europe during the last decales have unbalanced the host-
parasite relationship between the oaks and the naturally occurring
soil-borne Phytophthora spedes. The following ideas are presented
for discusgon:

Forest soils in Centra Europe ae getting oversaturated with
nitrogen (Kreutzer, 1991; Mohr, 1994; Thomas & Kiene, 1995).
Excess nitrogen input into forest soils (Nihlgard, 1985; Thomas &
Kiehne, 1995) |eads to the observed reduction d mycorrhiza (Zare-
Maivan, 1983; Jung & Blaschke unpublished data), which is known
as effedive medhanicd and biochemicd barrier against infedion by
Phytophthora spedes (Zak, 1964). In genera, the dfeds of nitrogen
on Phytophthora diseasses vary with dfferent host-pathogen
combinations and with the nitrogen form applied (Huber & Watson,
1974; Schmitthenner & Canaday, 1983). It is known that crown rot of
apple trees by P. cactorum (Utkhede & Smith, 1995), roct rot of



citrus trees by P. parasitica (Klotz et al., 1958) and littl eled disease
of pinesin New Zedand (Newhodk & Podger, 1972) areincreased by
nitrogen fertilization espedaly if the nitrogen/phosphate ratio
beomes imbalanced, but there ae dso many examples of nitrogen
deaeasing disease severity (Schmitthenner & Canaday, 1983). In an
in vitro sporangiatest in soil | eadate with nitrate cncentrations of 2,
25, 50 and 100 ppm P. quercina, P. citricola, P. cambivora and 3
other Phytophthora spedes dhowed an exponentia increae in the
numbers of sporangia formed with increasing nitrate cncentrations.
The mean nitrate oncentration of the soils of the Phytophthora
infested oak stands in this gudy was 35.6 + 40.5 ppm, indicaing
favourable conditions for sporangiaformationin the field.

The frequent occurrence of mild-humid periods during wintertime
and springtime of the last decales indicaed by arise in mean winter
temperature of 0.03 K per yea and a seasonal shift of predpitation
from summer into wintertime (Rapp & Schoérwiese, 1995) has
favoured the infedion o nonmycorrhizd roots by zoospores during
the ®ad season thus triggering an increasing population of
Phytophthora and a progressve destruction d root systems from year
to yea. Thisis confirmed by the faa, that the isolated Phytophthora
spedes in this dudy are ale to form sporangia ad to release
zoospores in soil leahate & temperatures between 2- 8°C (Jung,
1998). During the frequently occurring droughts in summertime the
oaks are naot sufficiently able to regenerate their fine root systems
thus showing aboveground symptoms of waterstress and
malnutrition. Brasier and Scott (1994) suggested that a further
increase of the winter temperatures by global warming might favour
spread o root rot of oaks caused by P. cinnamomi from |beria to
Central Europe.
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SUMMARY

Presence of Phytophthora spp. in the rhizosphere of hedthy looking
and cedining Castanea sativa and Quercus ceris trees was
investigated in different forest sitesin Central Italy.

Five different spedes of Phytophthora have been isolated from soil
in chestnut stands affeded by "ink disease”. Among these, only P.
cambivora was constantly associated with symptomatic trees and
isolated from infeded tisaues.

Surveys carried ou in ok stands in Central ltaly reveded the

presence of a number of Phytophthora spedes present in the
rhizosphere of both hedthy looking and dedining trees. Among the
spedes isolated P. citricola, P. gonapodyides, P. cactorum, P.
cinnamomi and P. cambivora were identified.

INTRODUCTION

The role of Phytophthora spedes in dedine and ceah of broad-
leaved trees has been widely investigated in different areas of the
world. P. cinnamomi Rands is cause of the dedine of Jarrah
(Eucalyptus marginata) in Australia (Old, 1979), "ink disease" of red
oak (Quercus rubra) in Europe (Moreau and Moreau, 1952), dedine
of Q. ilexand Q. suber in Spain and Portuga (Brasier and Ferraz,
1993). Lately a new spedes of Phytophthora has been found to be
responsible of alder dedinein Europe (Brasier et al, 1995).

In Italy high mortality of swee chestnut (Castanea sativa Mill.) by
“ink disease” has been recatly reported from different aress,
suggesting a new epidemic spread o the disease (Ansemi et al.,
1996). The disease, probably caried by humans and animals,
commonly starts from trees along roads and trails. Due to the high
eonanic and environmental value of sweet chestnut in Italy,
regiona and locd authorities dedded to dedicae reseach fundng to
study the diology and epidemiology of the disease and to define
efficient prevention and control methods. Beside this alarming
epidemic on chestnut, particular attention has been put in the recent
yeas on the role of Phytophthora spp. in the dedine of Quercus spp.
in Europe (Jung et al., 1996). Since Italy is one of the untries
where oak dedine is present with the highest incidence, particularly
on Q. cearis L., it has been dedded to investigate the awciation o
Phytophthora spp. with the syndrome of dedine in dfferent oak
stands.

With the present work we report the recent advances in studies on
the presence of Phytophthora spp. in the rhizosphere of hedthy
looking and dedining C. sativa and Q. ceris trees from different
forest sitesin Central Italy

MATERIALSAND METHODS

Areasinvestigated

Chestnut

The destnut areas investigated are locdized in Central Italy, the
first in the Northern Latium on the Monti Cimini, one of the largest
chestnut areas in Italy; the secondin the Eastern Latium on the Monti
del Cicolano. Both the aeas are dharaderized by extensive mppice
stands and orchards devoted to fruit production that extend at an
altitude ranging from 400to 1000 msl. Surveys have been carried ou
in the period March — July 1998 and 1999 in the Monti Cimini and
Monti del Cicolano chestnut areas by colleding soil samples from
different forest sites where the disease was previously recorded
(Anselmi et al., 1996). A total of 99 soil samples were mlleded
under symptomatic and hedthy looking trees, from areas devoted as
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depasit for chestnut logs and from seasonal streambeds crossng
chestnut forest.

Oak

Sampling of soil in cek forests was performed with a different
design. A 600 square meter plot, representative of the average
vegetative mndtion o thetreesin the stand, was delimited in ead of
6 oak forest sites in Centra Italy. Six more plots were delimited, 2
for eath of 3 sites, representing one of the most dedining and one of
the hedthiest situations of the stand. Totally 12 dots distributed in 9
sites were wnsidered. From ead plot soil under 4 Q. caristrees was
sampled. Seven plots over 9 sites have been surveyed twicefor atotal
of 84 soil samples.

Phytophthoraisolation

Soil samples were moistened and incubated at 20°C for 3 days.
Abou 200 ml of soil was then flooded with 500 ml of distill ed water
in plastic containers. Five fresh picked leaves of Rhododendron spp.
or 2-4 days old leaves of Q. robur were placal dredly on the water
surface and incubated at 20°C up to the development of spots or
discoloration on the leares but not longer than one week. The leaves
were then blotted on filter paper, cut in small pieces and daceal on
PARBhy (Robin, 1991). Phytophthora isolates were maintained on
carot agar (CA) (Brasier, 1969) at 20° in darkness and sub-cultured
at 4 wk intervals.

Isolate identification

Colony morphdogy assessment was carried ou on 10 d cultures
grown in 9 mm Petri dishes at 20°C in darkness Sporangia were
produced in soil extrad acording to Chee ad Newhodk (1965).

Tests for sexua compatibility type were caried ou diredly on
microscope dides by pladng a plug of the "unknown" isolate in
contad with a plug of the A1 or A2 tester isolates. The dlides were
incubated in the dark at 20°C and RH nea saturation and scored by
opticd microscope for oogonial formation after 10-15 d. Oogonia
and antheridia of homothalli c spedes were produced diredly on CA.

RFLP patterns of ITS1- 5,8S- ITS2 region d rDNA were generated
acarding to the methodology reported by Cooke and Duncan (1997)
with some modifications, among which the use of Rsa | instead of
Tag | restriction enzyme.



RESULTS

Chestnut

Phytophthora spp. was recvered in the chestnut forests investigated
from 26 soil samples over 99 attempted (25.7%). In particular,
isolation of Phytophthora spp. was obtained from 21 soil samples
colleded under symptomatic trees, over 68 attempted (30,3%); from
2 soil samples colleded uncer hedthy looking trees, over 23
attempted (8,7%). Moreover positive isolation was obtained from 1
(25%) and 2 (50%) soil samples coll eded respedively under chestnut
log material and in streambeds crossng chestnut forests.

Five spedes of Phytophthora were recognized. According to
colony, sporangia, oogonia and antheridia morphology and presence
or absence of hyphal swelling and chlamidospores, they were
preliminarily identified as P. cambivora, P. citricola, P. cactorum, P.
gonapodyides and P cryptogea. Comparison d RFLP patterns of
isolates with standard strains confirmed the morphdogicd
clasdfication with the exception of the isolates referred as P.
cryptogea whose dassficaionremainsto be confirmed.

All the P. cambivora isolates belonged to the A2 sexua
compatibility type; the 3 isolates referred as P. cryptogea belonged to
the Al sexual compatibility type. No oagonia were obtained from the
isolate dassfied as P gonapodyides.

As $owed in Table |, isolates of P. cactorum were obtained from
symptomatic (33) and hedthy looking (2) trees, and from streambeds
(12); isolates of P. citricola were obtained from symptomatic (60)
and hedthy looking (17) trees, streambeds (17), and areas devoted as
deposit of log material (6). P. cambivora was isolated orly from
symptomatic trees (93 isolates totaly). Finally the three isolates
related to P. cryptogea and the single isolate of P. gonapodyides were
obhtained from soil sin an areadevoted to deposit of log material.

TABLE |. Number of isolates of the 5 species of Phytophthora obtained from
different sourcesin chestnut stands.

N° of isolates
Phytophthora  Period of Sympto- Healthy Logging Stream Total
Species sampling matic looking ares bed
trees trees
cactorum March-July 33 2 0 12 47
1999
citricola March-July 60 17 6 17 100
1999
cambivora May 1999 93 0 0 0 93
cryptogea ? June1998 O 0 3 0 3
gonapogides June1998 0 0 1 0 1

Oak

Phytophthora spp. were recmvered in 4 oak sites of 9 investigated in
Centra Italy. Furthermore 11 soil samples of 84 attempted (13,1 %)
gave positive isolation. In particular isolation of Phytophthora spp.
was obtained from 5 soil samples colleded under symptomatic trees,
of 28 attempted (17,8%); from 6 soil samples colleded under hedthy
looking trees, of 56 attempted (10,7%).

A total of 22 isolates of Phytophthora spp. were recovered from the

baiting. According to the methodology reported above for chestnut, 1
was clasdfied as P. cactorum; 13 as P. citricola; 2 as P.
gonapodyides; 1 as P. cambivora, mating type A2; 1 as P. cryptogea,
mating type A2; 2 isolates from dedining trees in Ladispali were
classfied as P. cinnamomi Rands. bath mating type A2; finaly 2
isolates belong to Group VI acording to Waterhouse, but still have
not been assgned to any spedes.
As down in Table 11, the single isolate of P. cactorum was obtained
from an hedthy looking tree the isolates of P. citricola were
obtained from symptomatic (11) and hedthy looking (2) trees; the
isolate of P. cambivora was remvered from an hedthy looking tree
as well as the isolate of P. cryptogea, the 2 isolates of P.
gonapodyides and the 2 Phytophthora spp. isolates. Finaly the two
isolates asdgned to P. cinnamomi were recovered from 2 distinct
dedining treesin the same aeain Ladispali.
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TABLE Il. Number of isolates of the 6 species of Phytophthora from
declining and healthy looking Q. cerristrees

N° of isolates
Species Period of sampling  Declining Heathy Total
trees looking
trees
P. cactorum June 1998 0 1 1
P. citricola March & June1998 11 2 13
P. cambivora May 199 0 1 1
P. cryptogea ? December 1998 0 1 1
P gonapodyides March 1998 0 2 2
P. cinnamomi December 1998 2 0 2
Phytophthora spp.  March 1998 0 2 2
DISCUSSON

Phytophthora spp. frequently occur in the rhizosphere of both
hedthy looking and dedining chestnut and oek trees in Italy. The
same spedes were revered uncer chestnut and oak trees but at
different frequencies. One exception is represented by P. cinnamomi
that surprisingly was not isolated from chestnut stands where it is
constantly associated with ink disease in Europe.

The frequency of isolation o Phytophthora spp. from chestnut soils
was much higher under symptomatic trees then under hedthy looking
trees. P. cambivora was constantly associated with diseased trees
and it was the only spedes isolated from symptomatic tisles also
(Vannini, unpublished). However P. citricola and P. cactorum also
were mainly recovered from soil samples under symptomatic trees. P.
citricola together with P. cactorum, do not seam to be ale to cause
serious damage when present alone. However bath the spedes were
often present in soil samples and associated with P. cambivora in
May when the latter spedes could be isolated. The possbility of a
synergism among Phytophthora spedes in inducing “ink disease” on
chestnut should be further investigated.

The difficulty to isolate P. cambivora from soil and streambeds
during most of the yea could be aciated with the ladk of resting
structures. In fad the presence in the population of a single mating
type (A2) suggests a prevalently clonal population and the asence of
oospore formation. Furthermore from the 93 isolates colleded, no
chlamydospores have been ever deteded. The dove mnsiderations
would suggest that P. cambivora has the opportunity to spread from
infeded trees only for alimited period d the yea when the dimatic
condtions are favorable to the zospore surviving in the
environment.

Particularly alarming is the presence of Phytophthora spp. in ares
devoted to deposit of log material that coud ad as surce of
inoculum.

Concerning oak, it should be highlighted that Phytophthora spp.
were present but not abundant in soils from oak stands. At the
moment it is difficult to find any association between isolation o
Phytophthora spp. from soil and hedth status of the trees in Central
Italy. Asreported before, 5 of the dassfied spedes were dso found
in chestnut soils. However P. cambivora, considered the most
aggressve to chestnut, was isolated under a hedthy vigorous Q.
caristreesuggesting adifferent behavior of this gpedeson oak.

P. cinnamomi, generaly reported as the main spedes causing Q.
suber and Q. ilexdedine in Spain and Portugal (Brasier and Ferraz,
1993) and Q. rubra "ink disease" in France (Moreau and Moreau,
1952), was the only spedes isolated under clealy dedining trees in
the Ladispali site. However this steis saondly subjeded to natural
floodng since the water table level increases during spring and fall
forming natural pods cdled "piscine”. Tests on pathogenicity of these
Phytophthora spedes on Quercus spp. are adually ongoing.

In conclusion, the high mortality of sweet chestnut in Centra Italy
by "ink disesse" is particularly alarming. Locdizaion d infeded
trees mainly in proximity of roads siggests a posshle start of a new
epidemic. Different spedes of Phytophthora other then P. cambivora
shoud be caefully studied to understand their involvement in the
development of the disease. We trust in the posshility to control this
disease taking in acourt the behavior of the most pathogenic spedes



present, P. cambivora, whase spreading in the environment seems to
be restricted to a short period d the yea.

No conclusions can be drawn at the moment on involvement of
Phytophthora spp. in oak dedine in Central Italy, except that a
number of potentially dangerous gedes are naturally present in oak
soils dthough at low rate of inoculum.
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A previously unknown dsease of common alder Alnus glutinosa
(L.) Gaetn. was discovered in 193 in southern United Kingdom
(Gibbs, 1995). As described by Brasier et al. (1995), it is caused by a
fungus resembling Phytophthora cambivora but differing from it in
some important particulars. This pathogen is now known to comprise
a range of interspedfic hybrids involving P. cambivora and an
unknown taxon similar to P. fragariae (Brasier et al., 1999). At the
present time this Phytophthora is known in United Kingdom, France
Germany, Netherland, Sweden and Austria. Damage is sgnificant in
United Kingdom and in France but less ® in other countries. This
paper presents French and English studies concerning detedion,
distribution, damage and kology of the dder Phytophthora.

1. Experience of the Phytophthora disease in France : symptoms,
isolation method and distribution.

Before 1993 no virulent disease had been observed on common
alder in France dthough cases of dedine, principally caused by
environmental factors, had been reported from time to time.

Studies on the ‘ader Phytophthora’ began in 1996  with
confirmation that the disease occurred in the country. The main
problem that was encourtered was the frequent failure of isolation
attempts. In 1997, 151 samples from neaotic bark lesions were
proceseed but only 15 isolates of the dder Phytophthora were
obtained. In 1998 several aspeds of the isolation procedure were
studied in order to improve its siccess As srown below the choice of
sample material and the adivity of the fungus within the sample
appeaed to have the greaest influence Success rates improved
markedly and from 173 tark samples, 108 ader Phytophthora
isolates were obtained. In addition to sampling from diseased aders,
an attempt was made to bait for the fungus in rivers bordered by
diseased trees. A more complete acourt of some apeds of the work
described here has already been pulbished. (Streito et al., 1999)

1.1. Treesymptoms.

From a distance diseased aders attrad attention becaise the leares
are dnamaly smal, yellow and sparse. The stem base is often
marked with tarry or rusty spots ssmetimes occuring up to 2 meters
above ground level; these being formed through the gradual drying of
drops of blad fluid that have exuded from the bark. Under the tarry
spats, neaotic lesions can be found in the inner bark. Usually these
lesions are mnneded with neaotic roots but on ore occasion the
alder Phytophthora was obtained from an isolated bark lesion on a
lower branch. When found in combination, tarry spots associated
with a ontinuous basa lesion and the presence of the aown
symptoms described above ae highly characteristic of the disease.

The condtion of the neaotic lesions is very important for isolation
success Tarry spats can remain for along time on the trunk and often
overlie lesions which are old and dry: isolation from such tisaues is
very difficult. By contrast, isolates of Phytophthora are obtained
easly from fresh adive lesions. In these the neaotic tisaues are moist
and are continuous with hedthy tisaies. Commonly, old neaosis and
fresh neaosis occur together on the same lesion.

In 1997 adive lesions were not observed in the North-East of
Francebefore July and the best period for sampling was in September
and October. In 1998 fresh bark killi ng was observed as ealy as May
and successul isolations were made & this time. The success rate
continued high wntil the end of October. This suggests that the
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adivity of the pathogen can vary from yea to yea. In 199 it was
isolated from Charentes (West of France) in January.

1.2. Method of isolation from bark lesions.

If the necosis is fresh and the pathogen adive, isolation is easy and
severa techniques (apple baiting, dired isolation on agar etc.) can be
used. The method wsed by the LNPV (Laboratoire National de la
Protedion des Végétaux), and described below, is smple and
efficient :

Sampling.

As indicaed above there is no particular time of yea for taking
samples, as the adivity of the fungus varies from yea to yea.
However, adive lesions are usually present in the autumn. The
location of fresh neaotic lesions is determined by cutting into the
inner bark with aknife. A pieceof bark and attached wood d 10 cm
x 10 cm x 3 cm is taken from the outer edge of the neaotic lesion,
placel in a plastic bag and brought to the laboratory at ambient
temperature.

Storage.

Samples are usually wrapped in damp paper, left at room temperature
(25£5°C) overnight and analysed the next day. However, it is
possbleto kegy samplesin the fridge & 7+4°C for up to amonth.

Washing and dsinfedion.

The outer bark is removed with a knife, and the sample is then
washed for afew minutes under tap water and died with filter paper.
The whole surfaceis disinfeded quickly with 70% ethanol and diied
again under sterile conditions.

Isolation.

Very smal pieces of inner bark tissue from the outer edge of fresh
neaotic lesions are plated dredly onto a seledive medium
(compositionin Table 1) or corn med agar (15g/liter).

TABLE 1. Composition of culture media (for one liter) :

Corn Meal Agar Selective media

17 gCorn Meal Agar per liter 17 gCorn Meal Agar per liter
0.1 mg Pimaricin
10 mg Rifampicin
250 mg Ampicilin
15 mg Benomy! (Benlate 50 %)
50 mg Hymexazole (Tachigaren 75 %)

Incubation.

Plates are incubated under the following condtions : 12 hours day
light 20£3°C, 12 hours dark 18°C+3°C. Colonies are observed after 3
days, by dired observation through the bottom of theplate
(magnified X 100), and then orce aweek for threeweeks. The alder
Phytophthora is easily remognised by its gametangia morphdogy
(Brasier et al., 1995).

1.3. Baiting methodto deted the dder Phytophthora in river water.
Two kinds of baits were tested: ader leaves and ader twigs.

Succes<ul isolations were made using twigs but not leaves. The
techniqueisasfollows:



Twigs, abou 1 cm in diameter and about 10 cm long, are joined
together to form a raft, moored to the bank and left to float on the
surface of the river. After about one week (in summer) and abou
four weeks (in winter),neaosis appeas in the bark at the ends of the
twigs and around injuries. Isolation for Phytophthora spedes is then
conducted using the method described above.

In 1998 the dder Phytophthora was isolated once from the river
Sarre and severa times from the Mosele (between May and
September). However, the number of positive isolations was very
low: in total lessthan 1% of fragments of neaotic bark yielded the
ader Phytophthora. Other fragments yielded a variety of
Phytophthora spedes: principaly a spedes of the 5" or 6"
group (Waterhouse,1963) with nan-papill ate sporangia, internal and
external proliferations, and no ogoniain single alture. Athough the
successful isolation of the pathogen from river water is of interest, it
seems that the dder twig tisaues may not be seledive enough for
much use to be made of the ‘raft technique' in emlogicd and
pathologicd studies of the disease.

FIGURE 1. Distribution of alder diseasein France:

= several sites with alder Phytophthora in these departments;
] one site with alder Phytophthora;
Qo alder decline without alder Phytophthora detected

1.4. Digtribution o the disease in France

The known dstribution of the disease acoss France is iown in
Figure 1. The dder Phytophthora is evidently very widdly distributed
in the north-east of France It has been isolated from more than 110
different sites, and all the main rivers and most of their tributaries are
affeded. On the Sarre system, the decayed condtion d the ded trees
indicaes that the disease may have been present for a long time and
damage levels are very high. In some places more than 50 % of trees
are diseased or dead. On the Mosdle, Meurthe and Meuse the
damage is less gvere but can be locdly important. In Alsace the
alder Phytophthora has been found an some of the Rhine tributaries,
but there has been no ‘scouting’ for the disease dong the Rhine itself.
The dder Phytophthora is also present in the Oise axd Marne
systems. In north-east France, only upper regions of the Vosges
mourtains eem to be freefrom disease.

Although the majority of records have @ncerned riparian alders,
some cases of disease on lake banks and in seasonall y-flooded forest
stands have dso been deteded. All examples have involved A.
glutinosa; other alder spedes not being common in this region. Trees
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of al ages can be dfeaed - from threeto more than 60. On the same
river-bank dead, diseased and hedthy trees are often found side by
side.

Elsewhere in France the dder Phytophthora has been isolated in the
Landes, nea Bordeaux (C. Rohin, persona communicaion). Several
cases of damage associated with the dder Phytophthora have been
observed in the west of the @untry, along the Charente river and in
Deux-Sévres. In addition the fungus has been recently isolated on the
Rhére river nea Avignon Several cases of dedine in Brittany, and
in the west and centre of France were observed by staff of the
“ Département de la santé des Foréts” but the Phytophthora has not
been isolated yet. No data ae avail able for the rest of the cuntry.

2. The alder Phytophthora in the United Kingdom : distribution,
impact on the riparian population of alders.

2.1. Distribution d the disease in the United Kingdom.

As has been made dear in the introduction, it was in the United
Kingdom that the disease was first recognised and the dder
Phytophthora isolated. It was $on established that it was widespread
in England and Wales (Gibbs, 1995) and it has snce been found in
Scotland, at two sites from the River Spey.

The vast majority of diseased trees are to be fourd on the banks of
streams and rivers or on sites subjed to flooding from adjacent
watercourses. However it has aso been found in orchard shelterbelts
and accasionaly in new woodand plantings. In these site-types there
is no pashility of floodng. Most of the caes have involved the
native A. glutinosa but the disease has also recorded on the grey alder
A. incana (L.) Moench and Itdian ader A. cordata Desf.
(Gibbs,1995).

2.2. Impad of the Phytophthora disease in riparian population of
common alder.

In 1994 a survey was established to oktain quantitative data on the
impad of the disease on riparian alder and on its subsequent
development. A full description of the work has recently been
published (Gibbs et al.,1999) and only a brief acourt will be given
here.

Within an areaof 70 000 km?, 63 olservation plots were set up on
stretches of river over 8 m wide. Average dder density varied widely
in different parts of the survey area, from 0.7 to 22.2 trees per 100 m
of river. From the density figures and from data on the total length of
rivers over 8 m wide within the survey areg it was estimated that
there were gproximately 585 000 alder trees growing on the banks
of suchrivers.

At the first survey, 1.3% of trees were dassified as deal i .e. they
posessed no living stems over 7 cm diameter. Not al of these had
been killed by Phytophthora athough close assciation with trees
showing crown symptoms suggested that most of them had been.
3.6% of the trees had at least one stem with Phytophthora crown
symptoms and approximately half of these showed clea evidence of
tarry spots or bark deah at the stem base. The largest number of trees
with Phytophthora crown symptoms was foundin the south-east of
England. If these measures of disesse ae related to the tota
estimated pqoulation d 585 000 an estimate of 7000 cead trees and
22800 trees with Phytophthora crown symptoms is produced. A
limited study suggested that disease incidence on smaller water
courses was only between 10% and 20% of that found an larger
rivers.

Disease devel opment from 199 to 1998.

All the plots containing alder at the first survey in 1994 were
resurveyed in subsequent yeas. However in 1998 a thange was made
to make better use of staff resources and orly the 31 plots containing
at least 15 alders were surveyed. Table 2 contains the data from those
plots for eah of the years 199 to 1998. It can be seen that the
number of trees with Phytophthora crown symptoms increased from




51 to 112 over the five yeas and that the number of deal trees
increased from 22 to 54. Examination o the data showed that the
increase was entirely due to the deah of trees that had shown crown
symptoms of the disease in previous yeas. If the data ae expressed
in relation to the dder population at the time of assessment, it is
found that the percentage of the dder population affected by the
disease increased from 4.3% in 1994 to 9.7% in 1998. If one takes
acourt of the missng diseased trees, between 109 % and 251% of
previoudy asymptomatic trees became diseased ead yea between
1994 and 1998.

Diseae incidence in relation to various host attributes and site
factors.

There was no dfference between single stem trees and multiple-
stemmed trees in disease incidence However, when the incidence of
symptoms was examined in relation to the distance of the trees from
the water edge, a strong negative asociation was found Among trees
within 1 m of the the river bank 5.4 % showed disease while among
thaose further away (1-10 m) only 0.7 % were affeced.

The relationship between disease incidence and water quality was
examined becaise of the posshility that the prominence of the
disease in some aeas might be linked in some way to pdlution. A
significant positive awciation was found with total oxidized
nitrogen bu not with other indices of water quality. This association
is intriguing because of evidence that nitrogen fertilizaion can
enhance some well-known Phytophthora diseases guch as crown rot
of apples caused by P. cactorum. However, the severity of other
Phytophthora diseases is reduced by increased nitrogen and much
more reseach is required before a casa relationship can be
inferred.

TABLE 2. Summary of data on Phytophthora disease from riparian plotsin
southern England and east Wales.
Data from 31 plots
(Plots with a minimum of 15 trees)
194 199% 19% 1997

1998

Category of alder
Number of trees assessed
(n)

Number missng since
thelast survey

Number with
Phytophthora crown
symptoms

Number dead (of which
no. Long dead)
Number with
Phytophthora crown
symptoms or dead (d)
Number missng since
last survey which had
Phytophthora crown
symptoms and were dead
Percentage of
symptomatic and dead
trees

Annul incidence of
disease derived from :
di+m—dis

1679 1716 1717 1720 1712

5 46 53 37

51 62 86 101 112

22 28 40 44 54

73 90 126 145 166

4.3 52 7.3 8.4 9.7

1.09 251 1.62 1.65

ni+m—di

PROGNOSIS

In Europe, common alder (A. glutinosa) is an important comporent
of the riparian emsystem, and hes gred conservation value. It
provides food and protedion for many organisms, from birds and fish
to inseds and fungi. In association with adinomycetes of the genus
Frankia, ader is grongly nitrogen fixing and its root system helps to
stabilize the river banks. The loss of ader would affect the
appeaance of the landscgpe and there would be a wide range of
biologicd repercussons. Even if, in the long term, other tree spedes
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took over the places previously occupied by alders, the nature of the
easystem would be different.

Given the nature of the host and o the pathogen, a sanitation
approac to control isnot considered feasible. Experiments have been
established in the United Kingdom and in France to determine if
there ae awy benefits to be gained from the ealy coppicing of
diseased trees. Also in the United Kingdom, a range of European
alder provenances is being evauated to determine if differences in
disease resistance ae present. However, at present no technique can
be proposed for disease management and control.

ACKNOWLEDGEMENTS

We would like to thank The European Community for financing the
Conceted Action “ Phytophthora Disease Of Alder” : this has
provided valuable opportunities for the exchange of information. In
addition, we would thank the Agence de |'eau Rhin-Meuse for
financing part of our studies in France and the Forestry Commisson
and the Environment Agency for financing the reseacch in the UK.
We ae grateful to Anne Giraud and Steven Hendry for criticdly
reading the manuscript.

REFERENCES

Brasier C.M ., Rose J., Gibbs J.N., 1995. An unusua Phytophthora
asociated with widespread alder mortality in Britain. Plant Pethol.
44, 999-7007.

Brasier C.M ., Cooke D.E.L., Duncan J.M., 1999. Origin of a new
Phytophthora pathogen through interspedfic hybridizaion. Proc.
Natl. Acad. Sci. USA Vol. 96, 5878-5883.

Gibbs J.N., 1995. Phytophthora root disease of ader in Britain.
EPRO Bull. 25, 661-664.

Gibbs J.N., Lipscombe M.A., Peace A.J., 1999. The impad of
Phytophthora disease on riparian populations of common ader
(Alnus glutinosa) in southern Britain. Eur. J. For. Path. 29 39-50.
Streito J-C., de Villartay G. and Tabary F.,1999. Une nouvelle
espéece; cede Phytophthora s attaque al’ aulne. Phytoma 519, 38-41
Waterhouse G.M., 1963. Key to the spedes of Phytophthora de
bary. Mycologicd Paper 92, Commonwealth Mycologicd institute,
Kew.



REGENERATION AFTER DIEBACK DUE TO PHYTOPHTHORA CINNAMOMI —
ARE SUPPRESSVE SOILSINVOLVED?
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ABSTRACT

Regeneration d highly susceptible plant spedes was observed 20
30 yeas after infection o native forest that resulted in epidemic
diebadk disesse due to Phytophthora cinnamomi lasting
approximately twenty-thirty yeas. We hypothesise that an increase
in antagonistic soil microbe spedes was involved in this regeneration.
This was tested with hioassays of suppressve and conducive soils
using Lupinus albus, and inhibition tests involving antagonists
isolated from the soil s over atwo year period. Soil s were fourd to be
suppressve to dsease due to P. cinnamomi in lupins, as indicated by

significantly higher seedling emergence rates, lower mortality, and a
higher frequency of hedthy plants in non-sterili sed inoculated soils
compared with sterile inoculated soils. Many antagonistic microbes
were present in the soil, with fungi the most antagonistic group. A
model of microbia successon is proposed for the involvement of
microbes in the regeneration d highly susceptible spedes in this
area

INTRODUCTION

Diebadk due to Phytophthora cinnamomi Rands is a serious
problem in bah native vegetation and crops worldwide. It is the
pathogen responsible for jarrah diebad in Western Australia and is
estimated to cause losses of up to $200 milli on annudly in Australia
(Irwin et a. 1995). A significant proportion d Australian spedesis
susceptible to the pathogen, making it a serious threa to timber
supdies and retive flora, particularly endangered susceptible spedes.

Control of the disease is difficult asit has a wide host range and is
able to survive in non-haosts for long periods of time (Zentmyer 1980;
Weste 1994). Disease management aims to prevent spread of the
pathogen from infested areas into uninfested areas. However,
biologicd control and phosphonate ae amerging as promising
methods of disease management in aress where the pathogen has
been introduced.

The Pathogen

P. cinnamomi has a disease cycle that makesit a particularly serious
thred to vegetation. The disease is often introduced into areas in the
form of thick walled chlamydospores; these can be introduced in
infested soil s, gravels, or plant material. Chlamydospores are formed
in soil or plant tisuue during dry condtions, and are cgable of
surviving in gravel for up to five years (Weste and Vithanage 1979).
Chlamydospores are vulnerable to soil microbes; high soil microbe
populations may result in suppresson of chlamydospore germination
or their eradication.

Chlamydospores germinate in moist conditions to form mycdia,
sporangia and zoospores, which alow P. cinnamomi to move within
a host and between hasts through root-root contad. Mycelia ae
cgpable of surviving in moist soils for up to six yeas (Zentmyer and
Mircetich 1966). The persistence of myceliain soil is reliant on soil
microbia populations; if large numbers of microbes are present, rapid
lysis of mycdium occurs (Kuhiman 1964 Mircetich and Zentmyer
1967). Lysisof mycdium is frequently associated with formation o
chlamydospores and sporangia (Tsao 1969).

Sporangia production and subsequent zoospore release ae dfected
by temperature changes, moisture levels, chemicd fadors, and soil
microorganisms. In forest soils, P. cinnamomi is dependent on the
presence of microbes to stimulate production d sporangia (Zentmyer
1965); all forest soils tested stimulate sporangia production (Weste
and Vithanage 1979). High microbial populations may result in
antagonism of sporangia, resulting in suppresson o sporangial
production, abortive sporangia, or suppresson of zoospore release
(Tsao 1969. Under favourable nditions, sporangia release
biflagell ate 200spores.
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Zoospores are caable of being moved grea distances by the
movement of water through soil. In addition, zoospores are
chemotadically attraded to root exudates (Hinch and Weste 1979.
When a Dospore readies aroot surface it attaches itself and encysts.
The cyst isresistant to microbes but germinates on any roat to form a
germ tube, or under unfavourable cnditions, a sporangium and
secondary zoospore. In close proximity to a root, a germ tube will
arise from the cyst and penetrate the roat, initiating infedion. By
nature of their motility and their ability to be transported in water
moving through soil, zoospores are the main infedive propagule of P.
cinnamomi. However, as zoospores have only a cdl membrane and
are short-lived, they are more vulnerable than chlamydospores to
microbial antagonism and predation.

Host plants

Many Australian plants are susceptible to the pathogen. In ore
study, al hosts and non-hosts investigated could be infeded by P.
cinnamomi zoospores, with resistant plants able to contain infedion
or replaceinfeded roots (Hinch and Weste 1979). Susceptible plants
show charaderistic semndary symptoms of chlorosis, wilting,
diebadk, and ceah. Infeded plants may collapse rapidly, but
depending on climate, may persist for several yeas.

There is a range of resporses to this pathogen, ranging
from fully resistant spedes that do not show symptoms of infedion
under any environmental condtions to highly susceptible spedes in
which deah occursrapidly after infedion.

Suppressve soils

The term “suppressve soilS” refers to soil s where disease is limited
or absent despite the presence of the pathogen and d condtions
favourable to dsease. Soils suppresdve to various diseases have
been found in many forest ecosystems (Broadbent and Baker 1974)
as well asin many moncculture aops, e.g. take-all disease of whea
(Cook and Baker 1983). In many cases, the suppressve nature of soil
is believed to be of microbial origin, as gerili sation of suppressve
soil renders the soil conducive to disease (Broadbent and Baker
1974). Higher populations of antagonistic microbes are present in
suppressve than in conducive soil s (Malgjczuk 1983).

The Brisbane Ranges National Park (BRNP)

The BRNP islocaed 8(km southwest of Melbourne CBD, Victoria,
Audtraia, and was first infeded with P. cinnamomi in the 1960s
following the wnstruction of a road through the park. The gravel
used for the road was evidently infested with P. cinnamomi, which
during subsequent rains, was washed into surrounding vegetation.
Approximately 75% of the vegetation in this forest is susceptible to
P. cinnamomi; as a result, a disease gidemic occurred during which



large aeas of the understorey and some spedes of the overstorey
were destroyed. Highly susceptible spedes were kill ed and replacel
with resistant colonisers such as grasses and sedges. In particular, the
dominant understorey spedes Xanthorrhoea auwstralis (Austral Grass
Tree was nealy eradicaed from areas infested with the pathogen.
This edes is highly susceptible to the pathogen, and ro record of
resistance has been fourd in the spedesto date.

In the mid-1980s, regeneration d this gedes was recorded in an
area previoudy devastated by the disesse. Between 197 — 1998,
incressed and hghly significant regeneration d this spedes was
recrded in some aeas despite the cntinued presence of P.
cinnamomi in the soil (Weste & al. 1999). Scatered isolations of P.
cinnanomi were made from soil and roots srrounding the
regenerating plants. The mgjority of plants were not diseased, despite
environmental condtions being favourable to disease.

One hypothesis for this regeneration was that over time the
microbial population d soilsin the aeahad altered such that disease
was aippresed. The am of the work presented here was to
investigate whether suppressve soils were implicaed in the
regeneration o highly susceptible spedes after diebadk, and to
propose amodel of microbial successon to acount for development
of suppressve soils.

METHODS

Soil suppresson bioassay (1)

A total of forty 2 x 1 metre quadrats were established in two
adjacent areas of the BRNP. The first areawas an urinfested area
from which P. cinnamomi had not been isolated. The second area
was an infested areain which regeneration was occurring. Nine soil
samples were lleded from beneah regenerating X. australis plants
in the regenerating area For comparison, soil was aso colleded
from the uninfested area which had never been exposed to the
disease. Half of each soil sample was autoclaved twice (at 121°C for
20 minutes) with aweek in between each sterili sation.

The inoculum for the bioassay was an isolate of P. cinnamomi (18d)
that had proven in pathogenicity biocassays to be the most virulent
isolate on lupins compared with ather isolates obtained from the
Brisbane Ranges. Inoculum was prepared by pladng lupin seeds
(Lupinus albus) into 9cm glass petri dishes. Distilled water was
added and the lupins autoclaved twice with a day in between eah
sterilisation.  Seeds were inoculated with seven 0.5cm squares of
carot agar on which P. cinnamomi had been grown for 5 days.
Controls consisted of lupin seeds inoculated with urcolonised carot
agar. Inoculated seeds were incubated for 2 weeks at 20°C before
use.

Sedlling trays (15 x 10 x 5cm) were lined with alayer of soil. Ten
P. cinnamomi-inoculated seeds were sown into ead pot and covered
with alayer of soil. Twenty 2-day old lupins with radicles of 5mm or
lesswere sown into holes prepared using a sterile test tube. A fina
layer of soil was added and the trays watered. Trays were kept
separate from each ather. Soil samples were asigned randam letters
from A — Jto remove bias.

Four trays were set up for ead soil sample, with the following
tregments:

Soil treament Inoculated with P. cinnamomi?
Sterili sed Yes
Sterili sed No
Non-sterile Yes
Non-sterile No

Trays were kept in a greenhowse & 20°C and watered daily for 20
days, after which emergence of seallings and hedth of seedlings
were recorded.

Soil suppresgon bioassay (2)
A seoond hoassy was used to investigate the dfed of increasing
amourts of inoculum on soil suppressveness The method wsed was
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as described above, with one modification. Five trays were used for
eah soil sample. These five trays contained different levels of
inoculum: 1, 2, 4, 8, or 16 P. cinnamomi -inocul ated seeds were used
respedively.

Isolation of antagonists

Soil samples from the regeneration area were mlleded seasonaly
for two years. Eac soil sample was sridly diluted and plated onto
agar. Four seledive ayars were used:

AGAR Organism isolated

PDA Fungi

King'sB Fluorescent pseudomonads
Water agar Actinomycetes

Nutrient agar Endospore-forming baderia

Dilutions used for endospore-forming baderia were heged to 8C°C
for 10 minutes before plating. Agar plates were incubated until
colonies formed. Colonies were isolated into pue allture and tested
against P. cinnamomi in agar plate inhibition tests. This involved
pladng four 0.5cm plugs of agar on which the antagonist had been
grown for four days onto a PDA plate centrally inoculated with a
0.5cm plug of P. cinnamomi. A control was created by sham-
inoculating a plate with plain agar plugs and a central 0.5cm plug of
P. cinnamomi. After four days, the diameter of the P. cinnamomi
colony was determined and inhibition of growth rate determined as
percentage of control diameter. Symptoms of antagonism were
observed microscopicdly; these included increased hyphal swelli ngs,
abnamal growth petterns, formation o chlamydospores, and lysis of
hyphae

Fungal antagonists were identified with mycologicd keys and the
assstance of Dr. Alan Woodgyer (Microbiologicd Diagnostic Unit,
Parkville).  Identification o other antagonist groups was not
attempted.

Statistical analysis

All gtatisticd analysis was performed onMinitab ™ using ANOVA
and Fisher's or Tukey's multiple cwmparison method Frequency
data was subjeded to Chi-square analysis based on contingency
tables. All data was analysed at the 0.05 probability level unless
otherwise stated.

RESULT S

Soil suppressveness

There were significent differences in seadling emergence, hedth,
and mortality of lupins exposed to sterile or non-sterile inoculated
soils. Emergence was sgnificantly higher in non-sterile inocul ated
soil s compared with steril e inoculated soils (Figure 1).

Emergence of seedlings

No. plants
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FIGURE 1: Average emergence of lupin seallings in infested tregments.
Shaded bers represent the expected emergence value for the preceding bar,
based on Chi-square aalysis.

There were significant differences (p = 0.01) in the frequencies of
hedthy, dying, and deal plants in sterile axd non-sterile inoculated



soils, indicating disease suppresgon (Figure 2). Sterile inoculated
soil s contained fewer hedthy plants and more dying and cead plants
than expeded, whereas the non-sterile inoculated soils contained
more hedthy plants and fewer deal/dying plants than expeded.
Mortaliti es were significantly higher in sterile inoculated soils than
non-steril e inoculated soils (Fig. 2).
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FIGURE 2. Average numbers of healthly, dying and deal lupin plantsin each
treatment. Shaded bers represent the expected seeding emergence value for
the preceding bar, based on Chi-squared analysis.

When increasing inoculum was added to soil, the suppressve nature
of the soil was overcome & the 8-seed inoculum level (Figure 3).
This is based on a cmmparison d the observed frequency of hedthy
or dying/dead plants and the expeded value predicted by Chi-square
analysis.
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FIGURE 3: Number of. hedthy plants in treatments exposed to different
levelsof inoculum.

Isolation and effect of antagonists

In agar plate inhibition tests, fungi were the most antagonistic
microbe group d al isolated. Generaly, fungal antagonists caused
extreme inhibition d P. cinnamomi growth as well as causing severe
symptoms such as lysis of hyphae Other groups of microbes
(baderia, adinomycetes) were not as effective & inhibiting P.
cinnamomi growth or causing symptoms of antagonism in vitro.
Penicillium and Aspergillus were the most commonly isolated
fungal genera (Table 1). These genera usually caused complete lysis
of P. cinnamomi hyphae in agar plate inhibition trias. Other
common genera isolated included Absidia, Trichoderma and
Paedli omyces (Table 1).

DISCUSSON

Soils in the regeneration area ae suppressve to diseasse caised by
P. cinnamomi in lupin seallings. Autoclaving abolished the
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suppressveness Mortaity was sgnificantly lower in nongerile
inoculated soil s than in sterile inoculated soils. Disease suppresson
appeas to ocaur at al stages of lupin development, ie & juvenile
stages (emergence data) and post-juvenile stages (mortality/hedth
data).

When antagonists were isolated from the soil and tested against P.
cinnamomi in in vitro tests, fungi were foundto have the greaest
effed on P. cinnamomi growth and behaviour. Many fungi caused
complete lysis of the P. cinnamomi colony, while others caused
extensive clamydospore formation. The most common fungi
isolated were spedes of Penicillium and Aspergillus, which caused
complete lysis of P. cinnamomi hyphae |In relating the result of these
in vitro tests to in vivo conditions, it is necessary to consider the
microhabitat occupied by the pathogen and the antagonist.
Antagonists that exist in microhabitats disjunct from the pathogen are
lesslikely to affect the growth and kehaviour of the pathogen. Fungi
may inhabit similar microhabitats to thase occupied by P. cinnamomi
and are therefore more likely than baderiato affea the pathogen. As
a result, it is likely that fungi are the most antagonist group of
microbesin vivo aswell asin vitro.

TABLE 1: Summary of fungal genera identified. Number of different

species of each genera is shown.
GENERA
Pestalotia
Rhizoctonia
Coniothyrium
Botrytis
Mucor/Aphaphyces
Cunninghamella
Torulomyces
Oedocephalum
Monilia
Chaetophoma
Aureobasidium
Mycelia sterilia
Candida
Absidia
Phymatotrichum
Eupenicillium
Mortierella
Acremonium
Penicillium
Aspergillus
Paeciliomyces
Trichoderma
Unidentifiable

No. isolates obtained

KNrONRrRrRrPRrONRRRRRRRRNNRR

The suppressve soils in the regeneration areamay have developed
over time as a result of both dired and indired changes caused by P.
cinnamomi. This may have occurred in threestages:

In the first stage, P. cinnamomi invaded the aeg changing the
vegetation structure by reducing spedes diversity and % cover of
susceptible spedes, resulting in incressed soil temperatures and
exposure to the dements. As usceptible hosts were diminated, P.
cinnamomi was less frequently isolated bu dormant and fungistatic
propagules of P. cinnamomi incressed. Deamposition of plants
killed by P. cinnamomi is associated with an increase in soil organic
matter, microbial populations and biologicd adivity.

In the second stage, a new vegetation structure emerged, as resistant
plants colonised bare ground; there was an increase in quantity and
quality of root exudates. Plant root exudates are known to have a
seledive effed on microbia populations (Yip and Weste 1985); it is
likely that the new vegetation structure caused both quditative ad
quantitative changes in soil microbial populations. The reduction in
root diversity during the epidemic as pedes diversity deaeased may
have resulted in changes in microbial populations smilar to thase
sea in intense moncculture over time. It is possble that the
combination o reduced root diversity and the dteration in root
exudates changed microbial populations, possbly lealing to an
increase in antagonistic soil microbes and the formation o
suppressve soils.



In the third stage, highly susceptible plant spedes regenerated in the
presence of an atered, more antagonistic microbe population. The
root exudates of susceptible plants are known to stimulate P.
cinnamomi; at this dage, dormant propagules of P. cinnamomi may
have begun to germinate.  However, the dtered microbia
environment may have resulted in antagonism of the germinating P.
cinnamomi propagules, resulting in small scatered populations of P.
cinnanomi and reduced plant infedion. Regenerating plants may
also vary in susceptibility to the pathogen and be @le to tolerate low
population levels.

It would appea that a dynamic equilibrium exists in the
regenerating area of this forest such that soil microbes suppress
populations of P. cinnamomi to alevel low enough to be tolerated by
potentially less sisceptible regenerating spedes. This equili brium is
not uniform; disease still occursin scattered plants, which may reflea
the heterogeneity of soil microbe populations or a shift in the
environmental condtions that favours the pathogen and disfavours
the plant.

It is possble that the anplitude of the disease cycle is reduced as a
result of the varying microbial numbers outlined above. Over time, it
may be that P. cinnamomi bewmes integrated into the soil
microbiota, and that disease only occurs within a narrow range of
disease-condiive mnditions.

The results of this sudy support the ideathat in investigating plant
pathogens, it is esential to consider all sides of the “disesse
triangle”. Diseae eidemics are a product of the pathogen,
environment, and hast, and interadions between these fadors. It is
necessry when investigating disease epidemics to consider all
interadions between the fadors, as well as considering ead fador
individually.

It is not possble to caegoricdly state that the recovery seen in this
forest will occur in other ecosystems affeded by the pathogen, due to
the differences between forests in bah hiotic and abiotic fadors.
However, this is the first record of sustained regeneration after
epidemic; investigating the mechanisms involved may lead to a better
uncerstanding of the disease and ultimately to rehabilitation of
affeded aress.
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INTRODUCTION

Quercus suber easystems in Portuga present symptoms of dedine
resulting ead yea on the deah of thousands of trees. The caises
have been ascribed to several fadors, like drought, damage of the
roats by the ploughing techniques, insed attad or diseases caused by
fungus and also to the poverty of the soil in arganic matter. Although
some of these factors sem to contribute to the dedine, the hypothesis
of their involvement is based on mere asumptions that are not
supported by any serious ientific study.

Since 1993, severa researchers made the hypothesis that the
aggressve filamentous silborne fungus Phytophthora cinnamomi
was probably the major contributory factor for cork oak dedine in
Portugal (Brasier et al., 1993). This hypothesis was suppated by the
isolation of this fungus from roats of diseased trees and associated
soil, and also by the charaderization d disease symptoms exhibited
by the trees (Ferraz& Moreira, 1996).

Traditional methods of isolation and detedion of Phytophthora in
oak roats, based mainly on heiting methods are of relatively low
effediveness and reliability. They also require knowledge of fungal
taxonamy.

Other methods for identificaion d P. cinnamomi on roots of
eucdyptus and avocado using hybridisation techniques with DNA
probes and/or PCR have been developed by Dobrowolski & O'Brien
(1993) and Judelson & Messenger-Routh (1996). The targets for
DNA amplification were the regions ITS | and ITS Il of ribosomal
DNA. All these systems turn to the labelling of DNA probes with
radioi sotopes.

Commercial diagnostic kits based on immundogicd techniques
have been dfered in recent yeas for the rapid dagnosis of severa
fungi in plant tissue, soil and water. Targets for kits include
Phytophthora spp., Pythium spp and others. The sensitivity of these
kits for andysing infeded pant samples depends on the
host/pathogen-system. Ali-Shtayeh et al. (1991) applied these
commercia kits to the detedion of Phytophthora spp. in soil and
water samples and olserved that some kits could not distinguish
among individual fungal spedes. They show some aoss readivity.
This author reports also that the sensitivity of the detedion can
change with the fungal structure and that different fungal structures
can have different quantities of detedable antigens. The intensity of
the readion can be different between spedes and also between
isolates of the same spedes.

Highly spedfic and sensitive non-radioactive molecular method
to identify P. cinnamomi

In response to the neeal for a faster and more reliable method for
identifying Phytophthora cinnamomi we have developed a
colorimetric detedion system, which targets a 349 bpamplified DNA
product, partialy covering the 3'-trandated and 3-untranslated
regions of the dnnamomin gene (Coelho et al., 1997). Our approach
is based on an assay that has been developed for the identification of

44

infedious agents in clinicd spedmens (Mansy et al., 1996 and
Fauvill e-Dufaux et al., 1995).

This colorimetric detedion system combines an amplification assay
with a sandwich hybridisation readion where the target DNA is
captured by a spedfic oligonucleotide probe, covaently linked orto
the surfaceof an adivated microplate. The hybridised DNA is then
recognised by a multi fork-like oligonucleotide probe carying eight
biotin groups. This dructure cmposed o three single-stranded
hybridising DNA moleaules (cgpture probe, target DNA, multi-
biotinylated detedion probe) is complexed by the streptavidin-
horseradish peroxidase mnjugate that reads with a cromophore.
The opticd density can then be measured in a microplate reader. The
target DNA is a 349 bpDNA fragment partially covering the 3'-
trandated and 3'-untranslated regions of the dnnamomin gene. This
target was defined by sequencing the dnnamomin gene and its 3'
downstream region. Our detedion system has the alvantage of
providing an additional level of spedficity since it uses cgpture and
detedion probes internal to the anplified PCR product, delimited by
the position of the spedfic primers.

The spedficity of the detedion system was evaluated on DNA
isolated from four P. cinnamomi isolates and eight other reference
spedes. The results were @nsidered positive when the OD was
greder than the aut off value, defined as 3 standard deviations above
the mean of the blank samples, consisting of PCR mixtures without
target DNA. Only P. cinnamomi isolates gave a positive signal,
whereas al the isolates from other spedes of Phytophthora gave a
negative signal. The assay has the sensitivity of abou 2-5 genome
equivalents of P. cinnamomi and is about hundred times more
sensitive than the widely used agarose gel electrophoresis method
(Coelho et al., 1997).

The evauation d the performance of the detedion system was first
caried ou on thirty isolates previously identified as P. cinnamomi
isolated from roats of Q. suber and associated soil s of affeded aress
from the Algarve region (Portugal). Twenty-six samples out of thirty
gave a tea positive resporse. The P. cinnamomi isolates named VI-
3RfM, V-4SM, IV-3SM and II-1RMS gave a tea negative response
corresponding to that of the aut-off. The four negative isolates were
rechecked for affinity to P. cinnamomi using a range of routine
diagnostic tests. They showed no evident differences from the other
twenty-six P. cinnamomi isolates and were ajain considered to fall
within the normal range of variation for the traditional P. cinnamomi
morphaspedes (Coelho et al., 1997).

The spedficity of the identification method was further evaluated
with twenty-eight isolates from other regions of the world. The
analysis was performed on dehydrated mycdium from isolates
suppied dead and withou identification o the spedes (Table 1). All
the isolates from spedes other than P. cinnamomi, including a new
recatly isolated spedes (Brasier et al., 1999), gave negative
resporses. Eighteen out of twenty P. cinnamomi isolates gave a
positive response (fig.1). These results $how that our method is
spedfic for the identification o P. cinnamomi.



Table 1. Isolates of Phytophthora from other part of the world tested by the method.

Isolate Code Spedes Mating Host Country
number number Types Result
P 118 1 P. cinnamomi A2 + Taxus, roots/soil U.K.
P 216 2 P. cinnamomi A2 + Pinus, roots U.K.
P 402 3 P. cinnamomi A2 + Avocado Canary Islands
P 404 4 P. cinnamomi A2 + Clove Malaysia
P 416 5 P. cinnamomi Al Neg Robinia pseudoacacia China
P 596 6 P. cinnamomi A2 + Quercusilex, roots/soil Spain
P612 7 P. cinnamomi Al + L. comosum South Africa
P 613 8 P. cinnamomi A2 + Avocado South Africa
P 709 9 P. cinnamomi A2 + Quercus suber, soil Portugal
P 799 10 P. cinnamomi A2 + Quercus sp., sail France
P 825 11 P. cinnamomi A2 + Arbutos unedo Portugal
P 900 12 P. cinnamomi ? + Rhododendron, soil Japan
P901 13 P. cinnamomi Al Neg Nothofagus p., soil Papua New Guinea
P 902 14 P. cinnamomi Al + Unknown, soil Papua New Guinea
P 903 15 P. cinnamomi A2 + Araucaria cunninghamii, soil Papua New Guinea
P 904 16 P. cinnamomi Al + Eucalyptus marginata Westen Australia
P 905 17 P. cinnamomi A2 + E. pilularis, soil New South Wates, Australia
P 907 19 P. cinnamomi ? + Jarrah Australia
P 909 20 P. cinnamomi ? + Banksia atenuata, soil South Australia
P 966 21 P. cinnamomi ? + Persea 5. California, USA
P 820 22 P. camvivora - Neg Raspberry U.K.
P821 23 P. cambivora - Neg Cagtanea sativa Italy
P 822 25 P. fragariae - Neg Raspberry France
P772 26 P. sp. alder - Neg Alder bam U.K.
P770 27 P. sp. alder - Neg Alnus glutunosa Netherlands
P 535 28 P. drechderi - Neg Cherry California, USA
P 426 29 P. megasperma - Neg Poplar U.K.
P714 30 P. gonapodyides - Neg Quercus suber, sail Portugal
3000
250 +
2000 -
~—
S
c
8
< 1500 +
(a)
@)
1000 +
500
0
© © N ¥ © © N M O O WO o3 N MM T LW N~ OO O Q d N N o 1w 9 ¥
4 4 O O 4 00 4 4 © o & © O O © O © 0 & © N N &~ K o 49 5
Isolatess @ § § ¥ 2 ¢ ¢ ¥ ¥ ® 2 @ @ 9 @ 9 9 R P o N~ O Y T L
£ £ £ £ £ £ £ £ £ £ £ £ £ £ £ £ £ £ £ £ E E 95 5 & PS5 3
O O © © © © 0O v © v © vV © © v © Vv ©o o o 8 8 g % % T g O

FIGURE 1. Spedficity analysis of P. cinnamomi isolates from various regions of the world by the colorimetric hybridisation assay. The origin of theisolatesis
shown on Table 1. The ait-off value was defined as 3 standard deviations above the mean for the blank PCR mixtures.
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Analysis of P. cinnamomi isolatell -IRM S

In order to elucidate whether there is production o cinnamomin by
the P. cinnamomi isolate II-1RMS that is negative in ou detedion
assy, the allture growth medium of this isolate was sibmitted to a
western immunoHdotting analysis. Polyclonal antibodies raised
against cryptogein (anti-B cryptogein, TercéLaforgue et al., 1992)
and polyclonal antisera ajainst B-cinnamomin  and against
recombinant B-cinnamomin were used. A positive readion was
deteded in all cases dowing the presence of cinnamomin or of a
cinnamomin-like polypeptide in the growth extrad (fig. 2).
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FIGURE 2. Western bot performed with polyclonal rabbit antibodies anti-
beta-cryptogein. Lane 1, protein molecular weight marker; lane 2, crude
extrad of thetotal secreted proteins from P. cinnamomi isolate P910555; lane
3, crude etrad of the total secreted proteins from P. cinnamomi isolate Il-
1RMS.

However, genomic DNA anaysis by AFLP (Amplified Fragment
Length Polymorphism’'s) showed that this isolate has a distinct
pattern from that of threeother isolates positive to the detedion assay
(P910555, XIV-4R and XI-4S). AFLP is a recently described
techndogy for DNA fingerprinting that is based on sdedive
amplificaion o arestricted number of genomic fragments (Vos et al.
1995).

Fingerprint analysis was performed with two EcoRI/Msel primer
combinations (EcoRI-AAG, Msel-CAG; EcoRI-AAG, Msel-CAC).
The AFLP patterns of the isolates P910555, XIV-4R and XI-4S
showed to be very similar between ead ather presenting a low level
of restriction polymorphism whil e twenty one polymorphic fragments
were identified between the isolate II-1RMS and the other three
positive to the detedion assay (fig. 3). These results suggest that the
isolate 1I-1RSM may have a poymorphism asciated to the
nucleotide sequence of the dnnamomin gene that inhibits recogniti on
by the primers of the PCR readion, giving a negative resporse to the
detedion assay. The high number of polymorphic fragments shown
in the AFLP pattern o the isolate 1I-1RMS, compared to the other
threeP. cinnamomi isolates siggests that 11-1RMS could be ahybrid
derived from an interspedfic aoss

Does P. cambivora producean €licitin cambivorin?

The nuclectide sequence deduced from the pubished amino add
sequence of cinnamomin (Huet & Pernollet, 1989) is not a spedfic
target for the identificaion o P. cinnamomi. We showed that it is
also atarget for P. cambivora and that the 257 bp regions amplified
in eath of those spedes with the same pair of degenerated primers are
96 % homologous (Coelho et al, 1997). This observation suggests
that P. cambivora contains nuclectide sequences coding for a
hypatheticd “cambivorin”.
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In order to investigate whether P. cambivora produces "cambivorin”
or not the extrad from the growth culture medium was analysed by
western immunolotting. Antiserum raised against recombinant (3-
cinnamomim and against B-cryptogein dd not recognise proteins
with the expeded moleaular weight of 10 kDa. The readion with
these antisera reveded the presence of two proteins with moleaular
weights of 25 and 35 kDa (fig.4). Whether these proteins correspond
to other elicitors saring amino add sequences with cinnamomin
remainsto be shown.
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FIGURE 4. Western hlot performed with polyclonal rabbit antibodies anti-
recombinant-beta-cinnamomin. Lnae 1; protein molecular weight marker;
lanes 2 and 3, total secreted proteins from P. cinnamomi isolate P910555;
lanes 4 and 5, total secreted proteins from P. cambivora isolate IM1-340633.
Lanes 3 and 5 refer to a 50 fold concentration from the original culture
medium.

Elicitin gene duster in P. cinnamomi

The presence of other €elicitin genes in P. cinnamomi genome was
further studied using the “vedorette” PCR method (Arnod &
Hodgson, 1991). The gplicaion of this method using initiating
primers direced to the internal region o the dnnamomin gene led to
the production and isolation of four DNA fragments Cl 6, Cl 13, Cl
16 and Cl 17. ClI 6 is a 646 bp fragment composed of a part of the
coding (256 bp) and the 3' non coding region (390 bp) of the
cinnamomin gene. It has 99.6% homology with the fragment
obtained by PCR amplification with the degenerated primers. The
deduced amino add sequence of the ading region perfedly matches
with residues from 15 to 98 of the published amino add sequence of
cinnamomin.

The Cl 6 fragment was used as a probe to screen a genomic library
of P. cinnamomi constructed in I-FIX Il (Duclos et al., 1998). One
positive phage was isolated and extensively studied by restriction
enzyme and southern hybridisation analyses. Several restriction DNA
fragments of the positive phage insert hybridised to the Cl 6 probe,
suggesting that several copies of the gene encoding cinnamomin or
related eli citin genes are present in the genome of P. cinnamomi.

The sequence analyses of the insert DNA showed that it exhibits
four open realing frames that are identicd to the sequences that we
had previously isolated, namely Cl 6, Cl 13, Cl 16 and ClI 17.

These four genes are dustered in tandem pairs. Each pair contains
an elicitin isoform gene followed by a highly addic dicitin gene (fig.
5). This positioning is smilar to that observed in P. cryptogea,
suggesting a nservation d the dicitin cluster structure through the
Phytophthora spedes (Panabiéres et al., 1995).

The Cl 6 and Cl 16 genes may encode proteins of 118 ag including
the signal peptide. The protein encoded by the Cl 6 gene is identicd
to cinnamomin. The deduced amino add sequence of Cl 16 ORF is
more dosely related to the addic dicitins. The Cl 13 and Cl 17 genes
would encode distinct proteins of 124 and 123 amino adds,



respedively. Moreover, the deduced amino add sequences of these
two genes show higher identiti es to the HAE proteins of P. cryptogea
(Duclos et al., 1998).
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Fig. 3. Andysis of P. cinnamomi isolates by AFLP. Lanes 1, 2 and 3 correspond to templates of the isolates P910565, X1V-4R and X1-4S
respedively, pasitive to the identification system; lane 4 corresponds to the isolate I1- IRM S that gave anegative resporse. | and Il are primer
combinations EcoRI-AA G, Msel-CAG and EcoRi-AAG; Msel-CAC, respedively.

Cl6 Cl 13 Cl 16 Cl 17
51 3l
l 989 bp 2060 bp l 671 bp
B-cinnamomin a-cinnamomin
HAE-a HAE-B

Fig. 5. Cluster organisation d the dicitin genes from P. cinnamomi. The four sequences are dustered in tandem pairs and ead pair contains an
eli citi n isoform gene (B-cinnamomin/O-cinnamomin) followed by highly acidic dicitin gene (HAE-O/HAE-(). Numbers refer to regions
between the @ding regions.
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FIGURE 6.Restriction analysis of cDNAs of the four dlicitins isoforms genes from P. cinnamomi. Separation on 2% agarose gel electrophoresis gained with

ethidium bromide.

A. a-cin: lanes 1,8 —molecular weight marker (123 DNA ladder); lane 2 — groduct of amplification digested with Pmll, incomplete digestion (1U); lanes 3,4 -

product of amplification digested with Pmll (20U); lanes 5,6,7— cDNA not digested (negative control).

B B-cin: lanes 1,8 — molecular weight marker (123 DNA ladder); lanes 2,4,5,6 —product of amplification dgested with il ( 2 U); lanes 3, 7 — cDNA not
digested (negative control).

C hae-a: lanes 1,12 —molecular weight marker (123 DNA ladder); lane 13 - molecular weight marker (1kb DNA ladder); lane 4 —product of amplification
digested with Sca | (3U); lane2 35 - cDNA not digested (negative control); lanes 6,8,10 — plasmidic dones containing cDNA digested with Scal (1U);
laness7,9,11 - plasmidic dones not digested (negative control).

D hae-B: lanes 1,4 - molecular weight marker(123 DNA ladder); lane2 —cDNA not digested (negative control); lane 3 —product of amplification dgested
with Secll (1 U).
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Thefour elicitin isoforms of P. cinnamomi are expressed

The expresson o the four dicitin isoforms was evaluated by RT-
PCR using primers pedfic for ead isoform gene ad restriction
analysis of the four products. Briefly, total RNA was isolated from P.
cinnamomi grown in in vitro culture medium. cDNA was synthesised
by RT-PCR using primers gedfic for eat isoform gene. The ©NA
corresponding to ead of the mRNA was cloned into a plasmidic
vedor. To confirm their identity, we raised the restriction site map of
the four dicitin genes and caried out a restriction analysis with
enzymes that remgnise sites gedfic for eadh of the four genes.
Enzymes Pmll, Sil, Scal, and Sacll spedficdly digest a-cin, B-cin,
haea and hae, yielding fragments of 62 bp, 276 bpand 16 bp (a-
cin), 70 bpand 287 bp (B-cin), 319 bp and 56 bp (haea) and 2 bp
and 337 bp (haeB) respedively. (fig. 6).

Our results indicate that al of these dicitins isoforms are expressed
ininvitro culture of P. cinnamomi.

Work is underway that will establish the expresson level of these
genes.

ACKNOWLEGEMENTS

We ae grateful to Profesoor C. M. Brasier for kindly providing
Phytophtora isolates and for information about their identificetion.

We aknowledge Fundac® para a Ciéncia e Temologia (FCT)
(PRAXISXXI 3/3.2/[FLOR/2112/95, INTERREG 14/REG 11/6/96)
and NATO (SfS PO-CORKOAKS 11) for financia suppat. ACC
thanks Funda¢® Luso Americana para 0 Desenvolvimento and
Fundacé@® Calouste Gulbenkian for her travelling gant and MGH
thanks FCT for their PRAXISXXI reseach grant (BIC J17089/98).

REFERENCES

Ali-Shtayeh, SM. (1991). A method for using commercial ELISA
tests to deted zoospores of Phytophthora and Pythium spedes in
irrigation water. Plant Disease, 75 (3), 305-311

Arnold, C. & Hodgson, 1.J. (199]). Vectorette PCR: a nove gpproach
to genomic waking. PCR Methods and Applications 1, 39-42.

Brasier, C.M., Robredo, F. & Ferraz, J.F.P. (1993). Evidence for
P. cinnamomi involvement in Iberian oak dedine. Plant Pathoogy,
42, 140-145.

Brasier, C.M., Cooke, D.E.L. & Duncan, J.M. (1999). Origin of a
new Phytophthora pathogen through interspedfic hybridizaion.
Proc. Natl. Acad. Sci. USA, 96, 5878-5883.

49

Coelho, A.C., Cravador, A., Ballen, A., Ferraz, J.F.P., Moreira,
A.C., Fauconnier, A. & Godfroid, E. (1997). Highly spedfic and
sensitive nonradioadive moleaular identificaion d Phytophthora
cinnamomi. Mycological Research, 101, (12), 1499-1507.
Dobrowolski, M. P. & O'Brien, P. (1993). Use of RAPD-PCR to
isolate aspedes gedfic DNA probe for Phytophthora cinnamomi.
FEMS Microbiology Letters, 113, 43-48.

Duclos, J., Fauconnier, A., Coelho, A.C., Bollen, A., Cravador, A.
& Godfroid, E. (1998). Identificaion of na Elicitin Gene Cluster in
Phytophthora Cinnamomi. DNA Sequence, 9, (4), 231-237.

Ferraz, J.F.P. & Moreira, A.C. (1996). Le dépérisement des foréts
de Quercus suber au Portugal associé ai champignon Phytophthora
cinnanomi. Ora communicaion, Colloque Naciona sur le
Dépérissment des Foréts au Maroc, 28 and 29 February, Rabat-
Maroc.

Fauvill e-Dufaux, M., Maes, N., Severin, E., Farin, C., Serruys, E.,
Struelens, M ., Younes, N., Vincke, J.-P., De Vos, M .-J, Ballen, A.
& Godfroid, E. (1995). Rapid identification d Mycobacterium
xenop from baderial colonies or “Batec” aulture by the polymerase
chain readion and a luminescent sandwich hybridizaion assay.
Research in Microbiology, 146, 349-356.

Huet, J.-C. & Perndllet, J.-C. (1989). Amino add sequence of
cinnamomin, anew member of the dicitin family, and its comparison
to cryptogein and cgpsicein. FEBS Letters, 257, 302-306.

Judelson, H.S. & Messenger-Routh, B. (1996). Quantificaion o
Phytophthora cinnamomi in avocado roots using a spedes-spedfic
DNA probe. Phytopathology, 86, 763-768.

Mansy, F., Hoyais, B., De Vos, M .-J., Van Elsen, A., Bollen, A. &
Godfroid, E. (1996). A colorimetric solid phase cature
hybridization assay for detecion d amplified Borrelia burgdoferi
DNA. BioTedhniques, 21, 122-125.

Panabiéres, F., Marais, A., LeBerre, J.-Y., Penat, |., Fournier, D.
& Ricd, P. (1995). Charaderisation o a Gene Cluster of
Phytophthora cryptogea which codes for dlicitins, proteins inducing a
hypersensitive-like respornse in Tobac®m. Moleallar Plant-Microbe
Interactions, 8, (6), 996-1003.

TercélLaforgue, T., Huet, J.-C. & Pernollet, J.-C. (1992).
Biosynthesis and seaetion o Cryptogein, a protein €licitor seaeted
by Phytophthora cryptogea. Plant Physiology, 98, 936-941.

Vos, P., Hogers, R., Bleeker, M., Reijjans, M., Van de Lee, T.,
Hornes, M., Frijters, A., Pot, J., Peleman, J., Kuiper, M. &
Zabeau, M. (1995). AFLP: anew technique for DNA fingerprinting.
Nucleic Acids Research, 23, (21), 4407-4414.



VARIATION IN PHYTOPHTHORA LATERALIS
Michad G. McWilli ams

Forest Hedth Management, Inseas/Diseases, Oregon Department of Forestry, Salem, Oregon 97310 USA

INTRODUCTION TABLE 1. Host, origin, and date of isolation of isolates used in this gudy.

Phytophthora lateralis (Tucker and Milbrath) is a soil borne fungal

(All isolates are Phytophthora lateralis unlessotherwise stated.)

pathogen that causes a serious root disease and mortality of Port- Isolate Host Origin Date Isolated
Orford-cedar (Chamaecyparis lawsoniana [A. Murr] Parl) in the 366 Chamaecyparis ~ Gasquet RD.,  ?
Padfic Northwest. The disease was first reported in a letter from a lawsoniana ___ Shelly Crk., CA
commercial oramentals nursery in 1923. In the origina report it ~ "OC2 Chamaecyparis ~ Kdmiopsis Aug-95
u ) - lawsoniana Wilderness OR
was noted that “...The diseasse prevails throughout the whole YEW2 Taxls Kamiong AUGO5
- . . . psis ug
North\{v&st, k||||. ng cypress in the prlvate gardens as vyeil asin al brevifolia Wilderess OR
nurseries, causing vast loss as this Lawson cypress is used very 11 Chamaecyparis _ Vancouver, Oct-95
much here...” (Hunt, 1957). Althowh perhaps overstated in this lawsoniana B.C.
communicdion, it is clea that the fungus was present in the Padfic 1-10 Chamaecyparis  Vancouver, Oct-95
Northwest for some time before 1923 lawsoniana B.C.
The fungus has been reported twice outside North America P. 20-1 Chamaecyparis ~ Bellingham, Oct-95
lateralis and three other Phytophthora spedes were reported lawsoniana WA
asociated with roat, crown, and collar rots on Kiwifruit (Actinidia 212 Chamaecyparis  Bellingham, Oct-95
chinensis) in New Zedand (Robertson 1982). Inoculations using lawsoniara WA
maceated mycdium mixed with soil were atempted, but none of the 8% Cramaec.ypa”s Johnson Mt Jun-94
. T . R awsoniana OR
Phytophthora spedes produced “significant levels of infedion 6248 Chamaecyparis  Quosatana Crk,,  Jun94
although some vines showed root rot symptoms. Zoospores were nootkatensis ~ OR
difficult to produce in the isolate of P. lateralis. More recently, P. 6900 Chamaecyparis  QuosaianaCrk.,  Jurv94
lateralis was reported from France (Hansen 1999), where it had been nootkatensis OR
isolated from symptomatic C. lawsoniana growing in nuseries. The 7144 Chamaecyparis ~ Johnson Mt., Jun-94
two French isolates and North American isolates were reported to lawsoniana OR
have identicd 1TS-1 sequences and colony morphdogy in culture. 7354 Chamaecyparis ~ QuosatanaCrk.,  Jun-94
Within North America P. lateralis has been reported twice outside nootkatenss  OR
the Padfic Northwest. In North Carolina P. lateralis was isolated 8041 C?}i’;‘tak‘;%’rf]’ggs 8;owtanaCrk., dur-94
from diseased creguing juniper (_Junlpergs_ horlzonta}lls), aza(_aa Bl Chamaecyparis  France 5
(Rhododendron spp.), Frasier photinia (Photinia X fraseri), mourtain lawsonana
laurel (Kalmia I_atafolla_l), and Madagascar periwinkle (Abaq et aI 980093.1 Chamaecyparis _ France >
1994). P. lateralis was isolated from Rhododendron crowns in Ohio lawsoniana
and Pennsylvania (Hoitink and Schmitthenner 1974) and identified Phytophthora  Chamaecyparis  Oregon 2
onthe basis of laterally attached, thin wall ed chlamydospores. It was cryptogea lawsoniana
noted that these isolates differed from the original description in that Phytophthora ~ Chamaecyparis  Cottage Grove,  Jun-94
they grew well at high temperatures, and dd nd form sporangia cinnamomi lawsoniana OR
when flooded with nonsterile soil extrad water. Isolates from the
Padfic Northwest generally form sporangia reaily and abundantly. MATERIALSAND METHODS
Inoculations on Rhododendron caused “only slight root damage”.
Only the report from France has been confirmed. All other reports  Growth Rate

from beyond western North America ae @parently based on
misidentifications.

Limited variation hes been found in previous gudies of P. lateralis.
In a omparison d sporangia production in ten isolates from Oregon,
nine isolates were similar and ore isolate produced fewer sporangia
when grown on peabroth and then rinsed and flooded with distilled
water (Trione 1957). Chlamydospore production varied grealy
among isolates, and all isolates produced oospores equally well.
Isozyme banding patterns of 11 isolates from Oregon and California
were identicd (Mills et a. 1991). Tota protein banding patterns of
severa isolates colleded in Oregon and California were identicd
(Hamm and Hansen, unpubli shed).

The present study focused onvariation in growth rate, virulence and
DNA fingerprint among isolates coll eded from Oregon, Washington,
Cdifornia, and British Columbia (Table 1). Isolates were from 3
hosts: Chamaecyparis lawsoniana  (Port-Orford-cedar), C.
nootkatensis (yellow cedar), and Taxus breviforlia (Padfic yew).
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Fifteen isolates of P. lateralis , including two from France were
transferred from storage tubes to 100mm petri plates containing corn
med agar (Difco) amended with 20 ppm B-sitosterol. After 9 days of
growth at 18C, plugs were ait with a #2 cork borer and placal on
100mm petri plates containing 20 ml of corn med agar amended with
20ppm B-sitosterol. After 3 days of growth at 20C, the elge of the
advancing colony margin was marked on 4radii per plate, and 2
plates of ead isolate were placed in eat of 3 covered plastic boxes.
Boxes were placal in Sorvall constant temperature incubators held at
average temperatures of 12C, 18C, and 24C. The elge of the
advancing colony was marked at 4, 7 and 11 days, and a growth rate
per day was caculated from these measurements. The experiment
was repeded orce, and small eledronic temperature loggers were
included in ead box. The measured average temperature in eah
incubator was 12.2C, 18.8C, and 24.8C in the second experiment.

Growth rates were analysed using ANOVA (SAS Indtitute Inc.,
1989), and dfferences among isolates were determined using
Duncan’s multi ple range test.

Virulence Comparisons Using Stem Inoculation with Mycdium
Virulence of isolates of P. lateralis was compared in 3 tests. In the
first test cuttings of individual Port-Orford-cedar trees were made and




rooted under mist. After root formation, cuttings were potted in 3
gdlon round plastic pots in a standard soilless mix containing
approximately 2 parts Douglas-fir bark, 1 part pea, and 1 part
pumice and grown for an additional year with periodic fertili zation
with an encepsulated time release fertilizer. All cuttings were
produced and grown by the USFSDorena Tree Improvement Center
nea Cottage Grove, Oregon. Trees were moved to Corvalli s, Oregon

and inoculated on January 29 and 3Q 1997. All cuttings from a
single treewere analyzed as afamily.

Ten isolates of P. lateralis and ore isolate P. cinnamomi were
grown for one week on cornmed agar amended with 20ppm B-
sitosterol. Plugs cut from the alvancing edge of colonies were then
transferred to peabroth (150 g dry split peas per liter, autoclaved for
3 min and strained through a double layer of cheesedoth, then
autoclaved for 20 min at 121C). Colonies were grown for an
addtional 7 days (5 days for P. cinnamomi), rinsed in deionized
water, and used for inoculation.

Trees were inoculated by cutting a longitudinal 1.5 cm dlit in the
bark, and dadng a small weft of mycedium (approx 1mm°) under the
bark. Slits were then seded with sterile petroleum jelly. Tree
number, family, isolate, height of inoculation, cdiper of stem at
inoculation site, and total tree height were rewrded for eath
inoculation. Mean height of inoculation was 32 cm (range 13-57),
and mean cdiper at inoculation site was 7 mm (range 2.5-12) Each
treewas inoculated with oreisolate, and there were threereplicaions
per isolate per family. Eleven tree famili es were used for a total of
34linoculations. Total extent of neaosis was measured after 7
weeks. Lesion length was analyzed using the Genera Linea Modd
procedure (SAS Ingtitute Inc., 1989) rather than ANOV A becaise of
unequal cdl sizes.

Virulence Comparison Using Zoaspore Inoculum

Two additiona tests were carried ou to compare virulence among
isolates using zoospore inoculation d stems and roots. Five isolates
of P. lateralis were grown for one week on cornmed agar amended
with 2Qopm B-sitosterol. 3X3mm plugs cut from the alvancing edge
of colonies were then transferred to peabroth and grown for 7 days.
Medium was then removed, plates were rinsed with deionized H20,
and sporangium formation and zoospore relesse was induced by
filli ng plates with filtered water from alocd creek. One day later the
water containing the mlonies and zoospores was poured from plates
and placal in 1 gquart glassjars. Water from one plate of ead isolate
along with an additional 40ml deionized water was combined in eah
jar to an approximate depth of 1 cm.

Stem Inoculations with Zoospores

In the second test, Port-Orford-cedar seedlings were grown for one
yea by the U.S. Forest Service Dorena Tree Improvement center
from open-pollinated seed colleded from trees with potential
resistanceto P. lateralis. These seallingswere ecised at the ground
line, wrapped in plastic bags, and stored in a styrofoam box for
transportation. On the day foll owing excision, 10 excised seedlings
were placal in ead inoculation jar containing freshly prepared
zoospore suspension for 24 hours, and then were placal in 4X20 cm
plastic tree growing tubes fill ed with perlite. The excised seallings
were watered every other day for 20 a 21 days. Length of necosis
was recorded by measuring the distance between the excised end and
upper limit of discoloration inside bark, and mm per day lesion
extension was cdculated for the analysis. Twenty seven treefamili es
were used for atotal of 386 inoculations.

Roat Inoculation with Zoaspores

In the third test, Port-Orford-cedar seedlings were grown and
inoculum was prepared as gated above. Intad seallingsin 4X20 cm
plastic treegrowing tubes had projeding roots trimmed at the bottom
of the container, and the growth medium was fully hydrated at the
time of inoculation. The distal cm of the seedling container was
immersed in zoospore suspension in  plastic aups for 24 hours.
Seven sedllings were inoculated in ead cup. Tree ontainers were
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replacal in pastic raks and watered every other day until
measurements were made. The time until measurement 65 a 66
days. Lesionlength was recorded by measuring the distance between
the bottom of the root massand the upper extent of discolored roots,
and mm per day lesion extension was cdculated for this anaysis.
Twenty six tree famili es were used for atotal of 339 inoculations.

Lesion length was analyzed using the General Linea Models
procedure (SAS Ingtitute Inc., 1989).

DNA Fingerprint Analysis

DNA fingerprints were obtained from 13 isolates of P. lateralis, and
oneisolate eab of P. cinnamomi and P. cryptogea. DNA extradion
was dore twice using different methods from isolates grown in
different media.

For the first extradion, isolates were grown for 10 days on cornmed
agar amended with 20ppm B-sitosterol. 3X3mm plugs were ait from
the alvancing edge of colonies and gacel in 125ml Erlenmeyer
flasks containing approximately 50ml of clarified V-8 juice broth
(125ml V-8 juice mixed with 1.8g CaCOs;, centrifuged at 12000 rpm,
supernatant removed and krought to 1 L with deionized water and
autoclaved for 20 minutes at 121C). Cultures were grown at room
temperature for 15 days. The mntents of ead flask was then poured
in a Buchner funnel with a miradoth filter, vaauum was applied and
colonies were rinsed with sterile deionized water. The miracloth
filter was removed, dried on paper towels, and the mycelium scraped
off and dacel in an eppendorf tube. Eadc tube mntained 0.1g to
0.17g fresh weight of mycelium. Tubes were then lyophylli zed.

DNA was extraded by pladng lyophilli zed mycdium in a mortar
with abou 5ml of liquid N, grinding, then adding a small amourt of
autoclaved sand and grinding in 7 ml of an extradion bufer
containing 3% CTAB, 2% NaCl, and 1% PVP, 100mM Tris-HCl,
20mM EDTA pH 8, 1% 2-mercgptoethanol. Ground mycelium and
buffer was placal in a 15ml plastic conicd bottom tube to a final
volume of 7ml and incubated at 37C for 3.5 hours. An equal volume
of chloroform:isoamyl acohd (24:1) was added and mixed, then
centrifuged at 7000 rpm for 5 min. The ajueous layer was removed,
an equal volume of chloroform:isoamy alcohd was added, mixed,
centrifuged, and the agjueous layer removed. This was repeded ore
additional time. After the remova of the ajueous layer, 2/3 volume
of isopropanol was added, and tubes were stored in a refrigerator for
9.5 hours. Tubes were then centrifuged at 7000 rpm for 10 min, the
supernatant was removed, and 8nl 80% ethanol added. After 5 min.
tubes were centrifuged at 7000 rpm for 5 min, liquid was removed,
and the resulting pellet was dried in a laminar flow hood. After all
ethand had evaporated, the pellet was redislved in 100ul of TE
buffer , placed in an eppendorf tube, and stored until used for
readionsin a-20C freeze.

For the second extradion, isolates were grown for 10 days on
cornmed agar amended with 20ppm B-sitosterol. 3X3mm plugs
were ait from the alvancing edge of colonies and placed in 125ml
Erlenmeyer flasks containing approximately 50ml of glucose-yeast-
peptone-broth.  Cultures were grown a room temperature for 21
days. Mycelium was harvested as gated above.

Mycdium was placed in a 15ml conicd bottom plastic tube with 3
6mm glassbeals and about 5ml liquid N, and vortexing about 90 sec
to grind mycelium. 7 ml of JEB buffer (100mM Tris-Hcl pH 7.5,
125 mM xanthogenate, 10 mM EDTA, 700 mM NaCl) was added
and tubes were incubated at 65C for 40 min. Then 2/3 volume
choroform: ispamyl acohd (24:1) was added, tubes were inverted to
miX, and then centrifuged at 7000 rpm for 15 min. Supernatant was
removed, and 0ul RNAse (10mg/ml) was added and incubated at
35C for 15 min. An equal volume of chorform:isoamyl alcohd was
added, and tubes were centrifuged at 7000 rpm for 10 min.
Supernatant was removed and 325 ml isopropand was added, and
tubes were incubated at room temperature for 19.5 hours. Tubes
were centrifuged at 5000 rpm for 5 min, then 7000 rpm for an
additional 5 min. Supernatant was removed, and 6 ml ice ®ld 70%
ethand was added, incubated for 5 min at room temperature,
centrifuged for 5 min a 7000 rpm, supernatant was removed and




pellet was dried for 12 hours. Pell et was then resuspended in 6Qul TE
buffer.

PCR primers for DNA fingerprints were based upon inter-simple-
sequence-repeds (ISR) and obtained from the University of British
Columbia (UBC Primer Set #9) One hundred primers were screened
for ability to amplify sequences and produce readable bands with P.
lateralis DNA. Forty five primers were chasen and used to amplify
DNA from 13 isolates of P. lateralis and ore isolate eab of P.
cinnamomi and P. cryptogea. Amplifications were performed in 28ul
reagion volumes containing 1.4mM MgCl, 0.7X amplification
buffer, 112uM dNTPs, 0.04% DM SO, 18ug BSA, 0.38 urit Tfl DNA
poymerase (Epicentre Tedndogies), 0.6uM primer, and
approximately 80ng DNA in 2ul TE buffer. Amplificaions were run
on an MJ Reseach PTC-100 thermocycler with a 1 minute initial
denaturation at 94C, 40 cycles of 45 second cknaturation at 94C, 30
sec aneding at 52C, and 1 min extension at 72C, followed by afinal
extension step of 7 minutes at 72C. Products were run on 20X20cm
2% agarose gels containing 0.57ug ethidium bromide for
approximately 1 hou at 148 volts. Gels were then visualized on an
ultraviolet transilluminator, and bands were read from phaographs.

Moleallar weight of bands was estimated by comparison to a 100
kilobase DNA ladder, and scored for presence or absence of eah
band. A total of 189 kends were scored. A distance matrix was
constructed using Jaccad's smilarity coefficient which only takes
positive matches into acount. From the distance matrix, a
dendrogram was constructed using the neighbor-joining agorhythm
in PAUP (Swofford).

RESULT S

There were significant differences in growth rates among isolates
grown oncornmed agar (Figure 1). For any spedfic temperature or
time period there were & least two and as many as four groups of
isolates that differed significantly from other groups. Although
relative growth rates of most isolates differed among temperatures
and growth period, two isolates (980093.1 and 20-1) were dways
among the slowest growing, and Yew2 was usually among the
fastest. Some isolates semed able to tolerate 24C, while other
isolates had reduced growth rates at this high temperature. Most
isolates grew faster at 24C than 18C during the O to 4 day time
period, and slower at 24C during the 4 to 7 day time period. This
was likely due to drying of the medium or nutrient depletion as the
test progressed.

Comparisons of virulence anong isolates

Lesion length dffered significantly among isolates in both
inoculation tests (Figure 2 and 3). In the stem mycdia inoculations
one isolate, Yew2, caused significently shorter lesions than ather
isolates. All P. lateralis isolates caused significantly longer lesions
than the one isolate of P. cinnamomi tested. In the tests using
zoospore inoculum on roots, Yew2 caused significantly shorter
lesions than ather isolates tested. On excised stems Yew?2 caused the
shortest lesions, athough these were not significantly different from
2 other isolates. The differences among other isolates, although
statisticaly significant, were small. There was no evidence of isolate
X family interadions. There were more marked differences among
isolates in the root inoculation than in either of the stem inoculation
tests.

DNA Fingerprints
All P. lateralis isolates had realy identicd banding patterns, with

only two hbands polymorphic. All P. lateralis isolates that had an
additional band with primer 808 also had an additional band with
primer 835 The P. lateralis isolates had no bands in common with
the P. cinnamomi or P. cryptogea isolates. This causes al P.
lateralisisolates to group together very closely when analyzed by the
neighbar joining algorhythm of PAUP (Figure 4). DNA from the two
French isolates were amplified with 8 primers and hed fingerprints
identicd to the North American isolates (data not shown).
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FIGURE 1. Comparison d growth rates of 15 isolates at 3 temperatures on
Cornmeal Agar. Bars with the same letter are not significantly (p=.05)
different.



Lesion L ength with Mycelial Inoculation

AB AB AB

AB AB

D
o

N W s U
o O O O

Lesion Length (mm)

YEW2
Cinn

Isolate

Figure 2. Comparison of isolates when stems were inoculated with mycelium.
Bars with the same letter are not significantly (p=.05) different
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Figure 3. Comparison of stem and roat inoculation with zoaspore suspernsion.
Bars with the same letter are not sigrificantly (p=.05) different.

DISCUSSON

The heterogeneity among isolates of P. lateralis is driking.
Althowgh some differences in growth rate on a weak artificia
medium were deteded, the importance of growth rate on artificia
media is questionable, and may be due to such fadors as age of
culture, storage mndtions, and stochastic fadors as much as genetic
factors affecting potential growth rate. There was much more
variation in growth rate on cornmed agar than on V-8 juice aar
(data not shown). In P. cinnamomi growth rate on PDA was
positively correlated with virulencein field inoculation tests (Linde &
al. 1999), and isolates that had been in culture for longer periods had
slower growth rates than isolates that had been more recently
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isolated. This does not appea to be the cae with P. lateralis. The
isolate that caused the shortest lesions (Yew2) in three inoculation
tests was among the fastest growing isolates at all temperatures.
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Figure 4. PAUP Neighbor Joining dendrogram showing relationships among
isolates of P. lateralisl.

The nea uniformity of ISR profiles among all isolates indicaes an
extremely low level of genetic variation. These data, combined with
the previously published uniformity of isozyme profiles (Mill s et al.
1991), and the complete homology of ITS1 sequences among four
isolates (Winton, this volume), suggests very limited genetic
variability in the spedes (if this is a native fungus), or a single or
limited number of introductions (if this fungus was, in fad,
introduced to North America). Other studies using ISR
amplificdion (sometimes referred to as RAMS for Randamly
Amplified Microsatellit es) have shown considerable variation among
isolates of P. cactorum in Europe (Hantula & al. 1997) as well as
among isolates of other fungi (Hantula and Muller 1997, Vainio et al.
1998).  When lad of variation was found among isolates of P.
cactorum from strawberry it suggested existence of a single done on
that host (Hantula @ a. 1997).

Given the extreme genetic uniformity of this fungus, it is interesting
that there ae significant differences in virulence anong isolates on
the primary host. In well controlled experiments only one isolate
shows deaeased virulence, even though this isolate was among the
isolates with the fastest growth rates at all temperatures tested. This
difference may be due to attenuation because of storage ndtions or
other fadors, or some dange in virulence caised by growing in
Padfic yew. More isolates from yew shoud be tested for pathogenic
ability to determine whether this phenomenonis common.

The eistence of variation in virulence suggests that isolates of
known pathogenic ability shoud be chasen when performing tests to
deted resistance in Port-Orford-cedar. The differences among
isolates when roots and shoots are exposed to zoospore inoculum
may be due to dfferences in the susceptibility of roots and stems,
differences in host mechanisms to limit growth in the different plant



tisaues, or becaise of variations in the inoculation technique or
number of zoospores in the inoculum. In testing Eucalyptus for
resistance to P. cinnamomi family ranking based onsurvival in field
plantings and lesion length with stem inoculation tests were equal,
and stem tests were recommended for screening for resistance
(Stukely and Crane, 1994). Given the greaer variation among
isolates using a root inoculation, and the difficulty of measuring
lesions on root systems, stem inoculation using isolates of known
pathogenic &bility is most likely to yield reproducible and relisble
results. However, the arrelation between stem lesion length and
survival in infested sites must be determined.
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SUMMARY

Phytophthora cinnamomi is often geneticdly diverse in diseae
fronts and dseased aress. P. cinnamomi has considerable aility to
produce awide range of pathogenic phenotypes measured from * plant
clone by isolate by environmental factor interadions' in ead of the
threepathogen clonal lineages of P. cinnamomi isolated in Australia
P. cinnamomi lineages are defined by microsatellite types. In afew
disease aess, despite both mating types occurring in the same square
metre of soil, or 50 g soil sample or bait plant, no evidence of sexual
reproduction (genomic recmbination) has been found in the field.
Isolates are sexually competent in the laboratory and al lineage

combinations are strongly outcrossng. Hence the substantial
variation in linegyes in a range of traits associated with disease
development must be aising asexualy. Preventing movement of any
P. cinnamomi contaminated material is criticd to maximising disease
control and minimising risks of introducing new strains which may
thregen plant communities, their diversity and the integrity of these
emsystems. Phosphite or other intended phytophthoradde usage,
which does not diminate P. cinnamomi in plant nurseries can, by
camouflaging disease, incresse potential risks and threds by
spreading different strainsin dseased materials.

INTRODUCTION

Phytophthora diseases are major problems in wil dlands where the
pathogen isintroduced, or asin the cae of the dder Phytophthora, it
is a hybrid between introduced spedes (Brasier et al. 1999; Hansen
2000). Some other major forest diseases, such as white pine blister
rust and Dothiostroma disease of Pinus radiata, are dso the result of
recent host jumps. None of these devastating diseases have smple
control measures.

Disease caused by P.cinnamomi has often been cdled ‘diebadk’,
but it is more atly termed ‘Phytophthora root and collar rot’
(Colquhoun and Hardy 2000). P. cinnamomi is a pan gobal pathogen
which has most probably been dispersed by trade and with human
migration. Most of its host plant spedes are noncoevolved
asciations and the number and diversity of hosts are very large (see
eg. Gerrettson-Cornell 1973; Brown 1976; Zentmeyer 198Q
Broembsen 1984; Broembsen and Kruger 1985; Weste and Marks
1987; Podger and Brown 1989; Will s and Keighery 1994). The host
range of P. cinnamomi for Australian plant spedesis espedaly large
including many woody perennia spedes, and some rare and
endangered spedes for which P. cinnamomi is a major thred to their
continuing existence in their ‘native vegetation' (Peters and Weste
1997; Weste 1994; Sheaer and Tippett 1989; Wills 1993; Sheaer
and Dillon 1995). The term ‘wildlands equates to ‘natural
vegetation' in European usage or ‘native vegetation' in Australian
usage and as this paper is gsbstantialy abou impads of
P. cinnamomi on Australian vegetation, ‘native vegetation' will be
used frequently. In south western Australia, it is estimated that
approximately 2000 d the 9000 plant spedes are susceptible (Will's
1993). In plant communitiesin thisregion, disease isamajor disaster
becaise there ae up to 40 susceptible spedes per ha (Sheaer 1990).
Rare and endangered animal spedes are dso pu at increased risk by
P. cinnamomi when their habitats have apredominance of susceptible
host plants.

Disease impads are large on susceptible plant communities and
some landscapes due to losses of genetic resources, plant community
structure and key spedes which are animal food (Figs 1, 2). As well
as high spedes diversity, genetic diversity within spedesis high and
exists as a mosaic within landscapes of south western Australian
P. cinnamomi susceptible flora (Hopper 1992; Keighery et al. 1994).
This may also apply to communitiesin Tasmania The mnsequences
of P. cinnamoni disease in native eosystems for biodiversity are far
greaer than just the losses of plants and larger animals (Wilson et al.
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1994). For the myriads of small organisms, (fungi, baderia or
inseds) asociated with shoots, roots and litter, which are the major
comporents of biodiversity, the repercussons are largely unknown.
Indicaions of the posshle etent of dedine in smal organism
biodiversity can be gauged by analogy. These include inseds
asociated with individual Eucalyptus tree caopies (Majer et al.
1999) and the diversity of edomycorrhizd associates in the
vegetation d 3 ha of E. marginata forest, Eucalyptus woodands or
heahlands (Bougher and Tommerup 1996; Tommerup and Bougher
1999; Glen et al. 2000a, b). P. cinnamomi disease caters may have
low impact on ground dwelling inseds in south eastern Austraia,
however effeds are largely unknown in south western Australia
where the disease impads are often greaer than in the south east
(Will's 1993; Sheaer 1994; Sheaer and Dillon 1995, 1996; Newell
1997).

Figure 1. Death of Banksa and many understorey shrubs due to a
Phytophthora cinnamomi diseasefront on either side of a track in a
Bassendean sand community

In wildlands, considerable management chall enges are raised when
P. cinnamomi has large impads on highly diverse communities and
threaens ecosystem integrity. It is a soil borne disease and the ealy
development stages in roots and butts are often camouflaged. This
increases the challenges for broadscde management over large trads
of land. Effedive means of reducing the spread of the pathogen are
quarantine, restricting access including for logging operations, to
only dry seasons, and adherence to hygiene with a high level of
public cooperation (Brandis and Batini 1985; Sheaer and Tippett
1989; Colquhoun, 2000). More recently the strategic goplication of
phasphite has been used to control P. cinnamomi disease in some rare
and endangered plant communities (Hardy et al. 2000). The
posshility of introducing naturaly resistant lines of some susceptible



plant spedesis being investigated (McComb et al. 1994; Colquhoun,
2000). Plant breading programs <lecting for resistance to
P. cinnamomi should take acourt of the considerable genetic and
pathogenic phenotypes in the pathogen (Tommerup 1995; Tommerup
et al. 1997; Dobrowolski et al. 1998c; Hiberli et al. 2000b).
Fundamental fadors to disease management and control are (i) how
much genetic variability is in a pathogen population, (ii) how and
when that variability flows through the population and (iii) how it
affeds the pathogen's capadty to cause disease, survive and
reproduce

Figure 2. Spasmodic seedling regeneration of Eucalyptus marginata (jarrah),
Banksia spedes. and ather susceptible understorey species ssmetimes occurs
after Phytophthora cinnamomi disease.

We hypothesise that the basis of the adaptive variability of
P. cinnamomi is that it has a large anount of genetic variation in
pathogenesis charaders relative to ather charaders (Tommerup 19%;
Tommerup et al. 1997). In order to identify genetic diversity and
relationships the development of markers is a prerequisite to
discriminate amongst strains and make mparisons among locd,
regional and retional isolates of P. cinnamomi. Unequivocd markers
are dso a prerequisite for examining mechanisms of genetic
exchange, determining the extent of genetic variation due to asexual
and sexua reproduction and providing distinct charaders linked to
guantitative traits.

GENETIC MARKERSIN P. CINNAMOMI

Old et al. (1984, 1988) showed that the A1 mating type of
P. cinnamomi had nine different isozyme types and the A2 had two.
Oudemans and Coffey (1991) examined more world-wide isolates
and probably found additional variation in the Al isozyme type and
still only two isozyme types for A2. Whether there is additiond
variation in the South African P.cinnamomi isolates can not be
discerned as referenceisolates were not used (Linde et al. 1997).

As an initial classof markers for analyzing variation in populations
of P. cinnamomi in netive vegetation we used RAPD-PCR (random
amplified pdymorphic DNA-polymerase chain readion). We used
700 arbitrary primers including primers with and without
microsatellite sequence achoring at the 3 or 5 end to anayse
variation in 100 isolates from all known Australian and Papua New
Guinea ad a few Asian and USA isozyme types (Fig. 3; Tommerup
1995). The Papua New Guinea A1l isolates, which are distinctly
isozymicdly different to the Australian A1, (Old et al. 1988) had
distinctly different RAPD-PCR patterns and they also differed from
isolates from other regions. The RAPD—PCR investigations have (i)
reveded considerable homology amongst al isozyme types; (i)
shown unique bands consistently associated with ead isozyme type
and other unique bands associated with mating type; (iii) raised the
posshility that some genome regions of Al isozyme type 1 and A2
isozyme type 2 may be more dosely related to eat ather than they
are to A2 isozyme type 1; (iv) reveded bands associated with some
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pathogenesis fadors and supported the hypothesis that pathogenicity
factors and isozyme types are not closely linked; (v) demonstrated a
substantial genetic variability within ead mating and isozyme type in
some regions of the genome and indicaed that variation die to
asexua and/or possbly infrequent sexual mechanisms have occurred;
and (vii) provided evidence from 2000 markers suggesting clonal
relationships among some isolates within isozyme types in Australia
(Tommerup 195; Fig. 3). However, this gudy showed RAPD-PCR
would most probably not provide sufficient genetic information for
fine scde popuation genetic analysis.

Taiwanese isolates of P. cinnamomi examined for genetic diversity
with RAPD—PCR DNA appea to have similar patterns of variation
andto be geneticdly limited, although distinction at the isozyme type
level was not anayzed. Taiwanese isolates did not cluster into
groups corresponding to their mating types, however, bands
asociated with A1 and A2 mating types were found (Chang et al.
1996). Genetic differentiation among isolates from the same location
was sgnificantly high between the mating types, indicaing that no
hybridization occurred between Al and A2 mating types in that
situation. Although genetic differentiation between isolates from
avocado and those from other sources was sgnificantly strong
indicaing that host spedfied races might occur in P. cinnamomi
asociated with some aop spedes Chang et al. (1996). An
unexplored posgbility is that particular isozyme types have
developed in avocado fdantations, probably due to anthropocentric
induced founder events, as in Pagpua New Guinea (Arentz and
Simpson 1986; Old et al. 1988).

Due to the posshility that isozyme types of P. cinnamomi in native
vegetation represented clona lineages (Tommerup 195), we cose
to develop microsatellit e markers. Unlike RAPD—PCR markers, they
ae odominant (i.e. can distinguish heterozygotes from
homozygotes), which is important for a diploid organism. Once
developed, they are easily used and require minimal materia unlike
RFLP markers. They are more polymorphic than isozymes and
RFLPs and being PCR markers they are efficient to use in large
populations (Dobrowol ski et al. 1997, 1998a).
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Figure 3. RAPD—PCR variability within isozyme types of Australian isolates
of P. cinnamomi. Arrows indicate variable bands (- ) within isozyme types
and isolates representing distinct patterns (1) (after Tommerup 1995).

SEXUAL RECOMBINATION IN OOSPORES.

Old et al. (1984, 1988) found both mating types of P. cinnamomi in
southern and eastern Australia and they co-occurred in the same
patches of native vegetation. Indeed they were fourd in the same 50
g soil sample. Their isozyme analysis s1owed no evidence of sexua
recombination in isolates from agricultural or native e®systems.
However, isolates of these isozyme types are sexually competent
(Dobrowolski et al. 1997, 1998b). Dobrowolski et al. (1997, 1998b)
studied the inheritance of microsatellite markers and demonstrated
unequivocdly for the first time that genetic exchange ad
recombination accurred in single oospore progeny. They used
progeny (Fig. 4) from four controlled crosses of the A1 isozyme type
1 with two isolates of the A2 type 1 and two of A2 type 2 produced
and germinated axenicdly (Tommerup and Catchpole 1997).

Analysis of sexual progeny aso all owed them to test if the markers
were inherited in a Mendelian fashion, prior to analysing field
populations. The maority of progeny inherited aleles at the
microsatellite loci in a non-Mendelian manner, that is, showed
aberrant sexual recombination sometimes at al loci (Fig. 5). In



Phytophthora infestans genetic markers linked to mating type were
prone to duplicaion, transposition, deletion and other aberrant sexual
recombination (Judelson 1996). In their study, mating type was not
linked to any microsatellite locus 9 it is unlikely to explain the
aberrant sexual recombination (Dobrowolski et al. 1998b).
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Figure 4. Phenotype variation in growth of eight single oospore progeny of a
par of Al and A2 parent isolates of Phytophthora cinnamomi (after
Tommerup and Catchpole 1997).
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Figure 5. Histogram of numbers of progeny of Phytophthora cinnamomi from
each cross having aberrant and non-aberrant inheritance of aleles at the
microsatellite loci tested (after Dobrowolski et al. 1998h).
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All 200 progeny analyzed in detail were outcrossed as determined
by the inheritance of dleles at the microsatellite loci tested
(Dobrowolski et al. 1998h). High levels of heterozygosity at these
loci in the parents and progeny show that P. cinnamomi is basicdly
diploid and this supports the oytologicd evidence of Brasier and
Sansome (1975 and Sansome (1980). Dobrowolski et al. (1998b)
concluded that the high level of aberrant sexual recmbination in this
diploid pathogen could be explained by a high frequency of imperfea
meiosis (e.g. nondisunction, unequal crossng over) lealing to
additions and deletions in the dcromosome @mplement of the
sexually derived progeny.

Dobrowolski et al. (19984 aso developed microsatellite
mitochondial markers for P. cinnamomi to determine if and haw
they vary in Australian and non-Australian isolates. For the loci
examined, the Australian isolates were uniform for al mating and
isozyme types. Interestingly, al the A2 isozyme type 1 and type 2
isolates from throughout the world had no variation in the

57

microsatellite loci. The only variation found was in Al isolates from
Japan and Papua New Guinea Because the loci are uniform in the
Austrdian paulations they are not vauable for anaysis of
mitochondial inheritance in sexual progeny of the three isozyme
types. They obviously may be valuable for analyzing recombination
amongst pairs of isozyme types differing at these loci.

The potential exists for oospore production in the wild. This could
be due to interadion between A1l and an A2 mating types, or selfing
including for the Trichoderma effect, or by intraspedfic interadions
(Brasier 1971; Shepherd 1978, Zentmeyer 198Q Old et al. 1984;
Chambers et al. 1995). Ladk of evidence for sexua reproductionin
the field (Old et al.1984, 1988; Dobrowolski et al. 1998c) may not
necessrily indicae its failure to ever occur. The progeny may not
persist becaise they are may be lessemlogicdly fit than their parents
or unable to compete with the vast numbers of propagules of the
parent types and not persist (Dobrowolski et al. 1998c, 2000).

ASEXUAL VARIATION: A PREDOMINANT MECHANISM
OF CHANGE IN P. CINNAMOMI IN WILD POPULATIONS?

Two fadors contributed to our hypothesis that considerable
variationin Australian populations of P. cinnamomi may be asexually
derived: (i) the pattern of variation in RAPD—PCR seen amongst
isozyme types; and (ii) the ladk of sexua reproduction in wild
populations (Dudzinski et al. 1993; Old et al. 1984, 1988, Tommerup
1995; Dobrowolski et al. 1999). Morphologicd variation in isozyme
lineages is continuous e.g. colony morphdogy under defined
condtions, asexua and sexua reproductive structures (Hiberli et al.
1997a, b, 2000b). We have not found any of these phenotypic
charaders to be sufficiently distinct for genetic analysis based on
studies of either field populations in Australia or isolates from most
of the isozyme types identified world-wide, or of 200 single spore
progeny of crosses from al Austraian isozyme types. Clealy
genetic andysis of field paoulations was needed to test our
hypothesis that variation is derived asexually. The microsatellite
markers developed on sexual progeny could be used to distinguish
clondl lineages (Dohrowolski et al. 1999, 2000)

Genetic diversity of P.cinnamomi in disease fronts of native
vegetation

To survey the genetic structure of P. cinnamomi in disease fronts of
south western Austrdia axd assss the potentiad for sexud
reproduction Dobrowolski et al. (1998c, 1999) hierarchicdly
sampled three disease fronts. Tissue (bark or lesion in wood) and
adjacent soil samples were taken from diseased plants; up to 100 per
disease front. P. cinnamomi was isolated by dired plating of tissue
on seledive ggar and xiting of flooded soil samples with Eucalyptus
sieberi cotyledors. Mating type was determined by pairing with
known Al and A2 tester isolates. DNA extractions of 640 isolates
were analyzed with four microsatellit e loci.

The isolates grouped into three donal types as indicated by their
multil ocus microsatellit e genatypes, two of A2 and ore of A1 mating
type. One dond type was common to al three disease fronts, and
the other two were found ony at site three Becaise no recombinants
were found Dobrowolski et al. (1998c) concluded that any variation
was asexua in origin, despite recovering an Al isolate from tissue
and an A2 isolate from the aljacent soil sample on one occasion, and
Al and A2 isolates were obtained from soil samples within 1Im
proximity. A size cange in ore dlele (but no recmbination)
distinguished the site one isolates from site two and some site three
isolates. With few exceptions, our hierarchicad sampling showed that
multi ple isolates from a single tissue or soil sample were identicd.
No assciation was evident between haost spedes and P. cinnamomi
clondl type & any disease front.

Dobrowolski et al. (1998c) concluded that founder effects gave rise
to the genetic diversity of P. cinnamomi in the three disease fronts.
Sites one and two were the result of single introductions of
P. cinnamomi which are donaly related bu asexually divergent. The
disease front at site three was caused by the introduction of three



clonal types. Although the potential for sexual reproduction existsin
disease fronts, we found noevidencefor it. However, we have found
genetic variation within clonal types (Dobrowolski et al. 2000). The
significance of this to management in wildlands is that every new
introduction of the pathogen has the potential to be geneticdly
different and with new capadties to cause disease.

PATHOGENESIS: A QUANTATIVE TRAIT

Dudzinski et al. (1993) unequivocdly showed pathogenesis varied
among isolates and that the range in phenotypic diversity in
pathogenesis was unrelated to mating or to bah A2 isozyme types
and an Al isozyme type. They founda greaer variation among the
A2 isozyme types than the Al type. This confirmed ealier research
indicating variationin pathogenesis among isolates (Zentmeyer 1980;
Sheaer et al. 1988) and it has been reconfirmed in Australia, France
and South Africa (Huberli et al. 1998, 2000b; Robin and Desprez
Loustau 1998; Linde et al. 1999). Variation in pathogenesis is broad
and continuous within mating types and within isozyme types
indicaing that the trait is quantitative (Fig. 6) (Dudzinski et al. 1993;
Tommerup et al. 1997; Tommerup 1998; Hiberli et al. 2000a,b).

A series of disease sociated phenotypes have been described
involving variation in isolate pathogenesis, physiology and inoculum
production. Presently, no trait has been shown to be unequivocdly a
genetic one and no genetic marker has been urequivocdly associated
with any phenotype variation. P. cinnamomi isolate phenotypes vary
from a biotroph to an aggressve neaotroph (Huberli et al. 2000a, b).
This has now been shown for 120 isolates in 1-5 different clones of
E. marginata in field experiments with 57 yea old trees, controlled
environment and glasshouse eperiments (Dudzinski et al. 1993;
Huberli et al. 2000a,b). Whether the variation is arising by episodic
or progressve evolution is as yet unknown. Host variation impads
on dsease expresson so that some isolates in host clona lines or
seallings produce a ‘biotrophic’ response with large aeas of
colonized tisaue with no maaoscopicdly visible lesions (O’ Gara et
al. 1997; Huberli et al. 2000a). This behavior, if it occurrsin awide
range of spedes, is sgnificant to reagnising disease in wildlands
and to quarantine procedures where acarate disease assessment and
disease free cetificaion are aiticdly important.

Environment-by-pathogen isolate mmbinations produce variable
interadions which are part of the total complexity. Large shiftsin the
behavior of isolates due to interadions changing with environmental
factors can pose difficulties for diagnosing disease levels becaise the
host response may vary from nil to a large disease expresson. That
individual isolates from apopuation have relatively large variationin
disease epresson in E. marginata clones under standardized
condtions means that there ae likely to be cncomitantly large
interadions between environment and dsease expresson in the
forests. Which environmenta fadors are most influential is more
difficult to define in native ewmsystems than in controlled
environment interadions.
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Figure 6. Pathogenesis phenotypes of Phytophthora cinnamomi A2 mating
type isolates from the northern Eucalyptus marginata forest grow at up to
five-fold dfferent ratesin E. marginata (after Hiiberli et al. 2000b).
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Inheritance of resistance to P.cinnamomi is aso probably
quantitative (Tommerup et al. 1997). It has long been recgnized
that spedes of Eucalyptus vary in their resistance to P. cinnamomi
(Marks et al. 1972). Variation in resistance of half sib famili es of
Eucalyptus regnans and E. marginata is continuous (Harris et al.
1983; Harris et al. 1985; McComb et al.1990; Stukely and Crane
1994). Magjor differences among spedes in susceptibility to
P. cinnamomi occur in many genera including Eucalyptus, Banksia
and Acaia and between codominant woody spedes in plant
communities (Marks et al. 1981; McCredie et al. 1985; Tippett et al.
1985; Wardlaw and Palzer 1988; Noble 1989).

Defining resistance-susceptibility responses in clonal E. marginata
lines is drongly dependent on environmenta fadors and
pathogenesis-by-environment interadions. Host water avail abili ty
and temperature ae two fadors for which interadion effeds have
been defined to some extent. Temperature changed resistance of
clond E. marginata, sealing E. marginata and sealling
E. calophylla, and the pathogenesis phenotypes of severa
P. cinnamomi isolates (Grant and Byrt 1984; Huberli et al. 1998).
One-yea old E. marginata clones €leded as resistant or susceptible
at 20° C using oneisolate were (i) equally susceptible & 25-30° and at
15° C and, (ii) for clone 2 susceptible not resistant at 20° C when
tested against ancother isolate (Fig. 7) (Huberli et al. 1998). Lesion
size in roots of E. marginata in the forest is aswociated with
temperature (Sheaer et al. 1987a,b; Tippett et al. 1983). Cold soils
were unfavorable to inoculum build up and to disease development
by P.cinnamomi in susceptible tree spedes, and dsease was
markedly reduced below 15° C (Fagg et al. 1973).

80

’:; L OClone 1 Susce ptible
§ OClone 2 Resistant

©

; 40 4 OClone 3 Resistant

5

%]

G

<, O s

15 20 25 30

Temperature (° C)

Figure 7. Temperature dhanges resistance of susceptible and resistant E.
marginata clones to P. cinnmamomi (after Huberli et al. 1998).

Many different forest and laboratory studies involving inoculation
of moderately resistant Eucalyptus spedes gems and roots have
shown that high bark and phloem moisture favors lesion development
by P. cinnamomi (Tippett and Hill 1983; Smith and Marks 1985,
1986; Tippett et al. 1987; Bunny et al. 1995) Also viahility of
P. cinnamomi in 10week-old and 1-yea-old lesions was deaeased
as tree water deficits incressed (Bunry et al. 1995). Impeded
dranage ad any form of water-logging can exacerbate
predisposition of susceptible tree ad shrub spedes to P. cinnamomi
and increase Phytophthora root and collar rot disease hazad rating
for sites (Christensen 1975; Marks et al. 1975; Shea et al. 1983;
Colquhoun 2000; Old and Dudzinski 2000). Management of soil
moisture and soil temperature have implicaions for land hygiene
measures during logging and cleaing operations (Kassby et al.
1977). Under a dosed canopy, low soil temperatures resulted in poor
establi shment of P. cinnamomi and low disease expresson.

Increased disease in resistant hasts at higher temperatures and high
phloem and bark moisture has large implications for disease wntrol
with globa warming, espedally if summer rainfal increases.
Disease management strategies in wildlands may need to be revised
based on long term predictions.

Undefined soil fadors have an effed on dsease development in
native vegetation (Marks and Smith 1983). Susceptible host spedes
in some soil types very rarely have disease, as in the Quindulup or



Speawood dune systems of the Swan coastal plain (west coast of S.
W. Western Australia) where no dsease centres were found Banksia
attenuata was apparently disease free yet on the ajacent Basendean
dure system 60% of B. attenuata was devastated hy disease (Hill et
al. 1994; Sheaer and Dillon 1996). The reasons for the low disease
impad are airrently unknown and they are dearly important to
disease management.

CONTROL OF P. CINNAMOMI IN LONG LIVED WOODY
PLANT SPECIES

Disease @ntrol and rehabilitation pose mnsiderable challenges in
wildlands where disease impad is greaest such as in Bassendean
dure systems or Tasmanian or Victorian hegh communities. Disease
alters eamsystem functions and the pathogen persists for several years
after plants die (Hill et al. 1994, 1995). P. cinnamomi will probably
not be diminated from disessed wildlands. Resistant hosts and
strategic use of chemicals may reduceitsimpads.

Breeding and seleding for resistance

Resistance seledion has been succes<ul in several spedesincluding
E. marginata, E. regnans, Castanea sativa and Pinus echinata
(Ruehle et al. 1984; Harris et al. 1985; Sadeses et al. 1993;
Colquhoun 2000). Brealing and seleding for resistance may be
more durable if screening stages take accourt of P. cinnamomi
pathogenesis variation (Tommerup et al. 1997; Tommerup 1998).
The ayptic nature of lesion development by some isolates, even in
pathogen clonal lineages, and the host-pathogen interadion variation
induced by some environmental condtions are aparticular challenge
to experimental design (Dudzinski et al. 1993; Dobrowolski et al.
1998c, 1999; Huberli et al. 2000a,b). If resistance is aufficient to
enable resealing and regeneration then not only will rehabilit ation be
improved bu the possbility of natural seledion for enhanced
resistance by geneflow through the community will be enhanced.
Geneflow in dsjunct and widely separated popuations of Eucalyptus
spedes may have occurred for up to a maximum of 50 km, however,
in forests it may occurr over greater distances (Sampson et al. 1995
Adams 1997. Future tree generations may evolve sufficient
resistance to not only complete alife cycle but to perpetuate. Only
then will it be known if resistanceis durable. Development of mature
plants of dominant spedesisimportant to ecosystem rehabilit ation.

Natural regeneration o some susceptible plant spedes, following a
major dedine in the population due to P. cinnamomi, has occurred in
open forest, woodland and heahland of the E. marginata forest in
Western Austrdia and the Grampians, Victoria, Australia. Whether
the host resistance in reseeding spedes has increased or whether it is
disease escgpeis not known (Weste and Kennedy 1997; McDougall
1998; Weste et al.1999). As for outplanting of deliberately selected
resistant individuas, the potential for naturally evolving resistance
offers hope of increasing the diversity of indigenous edes in
disease sites. Rehabilitation o plant community structure has
benefits which flow on to other biodiversity that depend onthe plants
for survival. Self reproducing and sustaining communiti es offer the
greaest long-term protedion of genetic diversity within spedes.

Chemical control

Phosphite (phosphonate) has been succesdully used to control
P. cinnamomi in E. marginata and Banksia spedes in forests and
woodands (Komorek et al. 1997; Sheaer and Fairman 1997ab).
Recent reseach with ather native vegetation spedes in different plant
commuities has indicaed two emerging complexities. Firstly the
chemicd may neal to be gplied every 1-3 yeas, as a spray
treament, to control the pathogen in some spedes on some sites
rather than only every four or more yeas as found for injedion of
E. marginata and Banksia spedes ( Komorek et al. 1997; Sheaer and
Fairman 199&b;Wilkinson et al. 1999a, 2000; Hardy 2000.
Seaondy, evidence of P. cinnamomi resistance to phosphite treaed
plants is increasing among isolates from native vegetation which has
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not been exposed previously to phosphite (Wilkinson et al. 1999b;
Huberli et al. 2000b) and among isolates from phosphite treaed
orchards (Duvenhage 1994). Phosphite does not kill P. cinnamomi in
soil and does not aways kill the pathogen in plants (Ali and Guest
1998). Phaosphite or intended phytophthoradde usage which dces not
eliminate P. cinnamomi in plant nurseries can, by camouflaging
disease, incresse potential risks and threds to native plant
communities. These increased risks and threds are caused by
spreading P. cinnamomi, having different pathogenic phenotypes or
strains with other emlogicd adaptations, in dseased materias.
Should phosphite and any phytophthoricide which does not kill the
P. cinnamomi be banned from use in nuseries unless there is
adequate testing to demonstrate that the pathogen has been
eliminated? Or shoud those demicds be banned from plant
nurseriesif they allow P. cinnamomi to evolve strains which are more
phosphite resistant?

Disease prevention and minimising its pread

Rapid dispersal of P. cinnamomi occurs when infested soil i s caried
from infested to uninfested sites. Hygiene management can reduce
spread of P. cinnamomi (Batini and Cameron 1971; Kassaby et al.
1977; Colquhoun 2000). Any new introductions of the pathogen
have the potential to introduce new genetic variation (Dobrowolski et
al. 2000) including new pathogenicity types and increesse disease
impad onremaining or regenerating vegetation.

Quarantine

In wildlands at the locd, regional, national and international scade
quarantine deds with similar issues, namely minimizing risks of
introducing new P. cinnamomi strains. That leals to reduced threas
to plant communities, their diversity and the integrity of their
emsystems.

Ladk of evident lesions due to biotrophy or phosphite treament are
a thred to quarantine and disease free cetificaion. These threds
could be minimised in the plant nursery trade but may be less
tradable to management in wildlands (Huberli et al. 2000a). Visual
inspedion as the main criterium for assessment as ‘disease-free’ is
inadequate for resistant and susceptible plant spedes. Testing for
disease-free cetificaion reals to be aigmented by moleaular probe
methods with or without baiting and plating (Dobrowolski and
O’'Brien 1994; Brasier et al. 1999; Cooke et al.2000; Huberli et al.
2000a). Diagnostics are virtualy avail able for routine use to deted
importation o these pathogens. Diagnostics to deted current
pathogens and new pathogens introduced by globa trade ae
available in research laboratories. They have enabled e.g. detedion
of hybridizaion between Phytophthora spedes and the resulting
disease in trees which previously had no known Phytophthora
disease (Brasier et al. 1999).

Scale of the management problem

The st of disease caused by P. cinnamomi in native vegetation o
wildlands is probably in the hillions. It has colonized a vast range of
woody plants; in a wide range of emsystems world-wide (Zentmyer
1980; Hansen 2000; Old and Dudzinski 2000). It thredens the
survival of biodiversity in large aess of land and its control is
difficult. There ae eonamic costs adding to athers due to its impad
on ewmsystems such as degradation and erosion. Forest, nature
conservation, tourism and wild horey harvesting are other examples
of industries negatively impaded upon by the pathogen.

Opportunities for P.cinnamomi to vary in Australian native
vegetation, and probably other wildlands, are @undant. The
pathogen has a mosaic distribution in forests, woodands and woody
heahs, al of which are very geneticdly diverse. These host
communiti es inhabit a range of soils and climates. Host resistancein
some Eucalyptus spedes, interads with climate, such as in drought
induced resistance, and possbly soil nutrition and may leal to
evolution in P. cinnamomi. We have shown the pathogen produces
vast numbers of zoospores in disease fronts under conducive
condtions e.g. at least one per 40-200 um sand grain (Tommerup and



Dobrowolski pers. comm.). This creaes a huge potential for
fostering rare pathogen variation in host-environment circumstances
new to the pathogen. Has P. cinnamomi evolved with new hosts, and
in new environments? If it has what are the implicaions for disease
management? We have developed a suite of microsatellite todls to
test these hypatheses and are in the processof developing additional
suites of them to begin mapping the P.cinnamomi genome and
linking pathogenicity phenotypes and chemica resistance traits to
markers.
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IMPACTS OF ROOT INFECTION CAUSED BY PHYTOPHTHORA CINNAMOMI ON GROWTH
AND WATER RELATIONS OF YOUNG CHESTNUTS GROWN IN A SPLIT-ROOT SYSTEM
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INTRODUCTION

Alteration o plant water relations during root infedion caused by
Phytophthora cinnamomi has been reported in several studies
(Dawson and Weste 1982). A deaease in predawn leaf water
potential and stomatal conductance was observed in field studies in
mature Eucalyptus marginata (Crombie axd Tippett 1990), in
Eucalyptus macrorrhyncha (Dawson and Weste 1982) and in
avocaldo trees (Sterne @ a 1978) infeded by P. cinnamomi. The
same results were obtained in infeded Eucalyptus deberi seallings
(Dawson and Weste 1984) in controlled conditions. As there is no
avalable data on water relations of chestnuts infeded by P.
cinnanomi, the am of our study was to investigate the water
relations of young chestnuts infeded by P. cinnamomi and to relate
them to roct infedion levels. Plants were submitted to two watering
condtions: norma watering (field cgpadty) or restricted water
suppy. Because of the difficulty to control the level of root infedion
in potted plants, particularly due to the production d sewmndary
inoculum under moist conditions, chestnuts were grown in a split-
root system with four compartments which allowed to inoculate only
some parts of the root system.

MATERIALS AND METHODS

In mid-February 1998 chestnut seals (Castanea sativa) were placel
on wet filter paper to germinate. When taproot was about 2 cm long,
it was cut to alow the formation o new roats. After one month of
growth on mrlite, seadlings were gently taken out and for ead of
them, four roots of equivalent length and dameter were seleded, the
others being cut. Four pots (ead with a cagadty of 2.5 I) were
clipped together to constitute one split-root pot with four watertight
compartments. Each root of a sealling was put into one cmmpartment.
Sedllings were grown in a greenhowse ad were transferred into a
plastic tunnel in June 1998.

Seallings were inoculated with an aggressve isolate of P.
cinnanomi (isolate 9) in mid-July 1998 and in mid-May 1999 ty
putting 5 ml of infeded millet seeds per compartment into the
substrate (2 ml.1"). Five inoculation levels were obtained as follows.
Oneg, 2, 3 or 4 compartments per sealling were soil i nfested, none for
controls. After inoculation, pots were saturated with water to enhance
the production of secondary inoculum.

All yea in 198, dl the plants were maintained at field cgpadty.
Watering was made by drip irrigation (two capill ary tubes of 1 1. h*
per compartment).

In 1999, half of the plants in ead inoculation treagment were
submitted to water stress (0S, 1S, 2S, 3S, 4S), in two periods. On
June 15, a moderate water stress was applied for 20 days by
providing half of the water given to the well watered plants (OW, 1W,
2W, 3W, 4W). One caill ary tube was removed in ead compartment
for stresed plants (0S, 1S, 2S, 3S, 49). Stresed pants were
rewatered at the end d the stress

On July 13, asecond water stresswas applied onthe same plants by
withading watering for one week. Plants were then rewatered at the
end d the experiment.

In 1998, predawn led water potential was measured every other
week with a presaure camber and stomatal condiwctance was
measured twice aweek with a steady-state porometer (“ LI-1600",
Li-Cor Inc., Lincoln, NE, USA).
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In 1999, predawn and midday leaf water potentia and stomatal
conductance were measured on the same days twice aweek. Plant
transpiration per led areaunit was measured orce aweek in 1998
and 1999 hy the lossof weight of pots over threedays. Transpiration
was cdculated onaled areabasis by estimating the total led areaof
ead pant by a length-arearédationship. In 1999, shoat growth and
stem diameter growth at 10 cm height were measured. Final led area
was estimated by a linea weight-surface relationship.

Soil moisture was measured twice aweek in the four compartments

of eahy pa with a ThetaProbe ML2 (DetaT Devices Ltd,
Cambridge, U.K.).
At the end o the experiment, in July 1999, dl the plants were
harvested. For eath compartment, roots were caefully washed and
hedthy and reaotic roots were separated. The percentage of roat
infedion per plant was assessed by the ratio : dry weight of infected
roots/ total root dry weight.

RESULT S

At the end d the experiment, a wide range of roct infedion was
obtained and the percentage of root infedion incressed with the
number of infested compartments (Figure 1). The same range of root
infedion was obtained in the plants with one or two infested
compartments (1-21%). For three out of four plants with three
infested compartments, the percentage of root infedion was
approximately 40%. The percentage of roat infedion readed varied
from 50% to 100% in all the plants with four infested compartments.
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Figure 1. Final percentage of roct infection (dry weight of infected roots/total
roat dry weight) of C. sativa plants grown in a split-roat system and submitted
to the following treatments : 0, 1, 2, 3 or 4 compartments infested with P.
cinnamomi combined with two watering condtions : watered or stressed.

No agial symptoms appeaed except in the plants with four infested
compartments that displayed a delay in bud bre&k in 1999 and
developed a low number of leaves with a reduced area Only one
plant with four infested compartments (4W treament) died in 1999
on July 16. In this plant, root infedion readed 100%. Y ellowing of
leaves and cedine occurred just before dying.



TABLE 1. Soil moisture content of non infested compartments and compartments infested with Phytophthora cinnamomi of Castanea sativa plants grown in a
split-root system and submitted to the following treatments: 0, 1, 2, 3 or 4 infested compartments combined with two watering conditions : watered (W) or

stressed (S). Measurements were made on July 20 (1999). Values are means + SD.

ow w 2w 3w 4w 0S 1S 2s 3S 4S
Non infested 264+ 38 241+ 14 221+45 20+ 15 _ 89+ 1.3 78+ 16 54+ 0.1 53+18 _
compartments n=16 n=6 n=4 n=2 n=16 n==6 n=4 n=2
Infested _ 315+18 298+ 1.7 293+ 23 312+ 49 _ 315+ 09 131+121 167+38 24+ 11
compartments n=2 n=4 n=6 n=_8 n=2 n=4 n=6 n=8

The soil moisture @ntent of OW plants and of non infested
compartments of 1W, 2W and 3N plants was kept around 20% or
higher (Table 1). 4W compartments (al infested) kept high values,
around 30%. During the stress the soil moisture mntent of 0S plants
and d the non infested compartments of 1S, 2S and 3S plants
deaeased. The deaesse was much lower in 4S plants which
remained at approximately 25% soil moisture. In ead treament, soil
moisture of infested compartments was always higher than soil
moisture of non infested compartment. Soil moisture values were
amost the same & all dates of measurements than values sown in
Table1.

The dfects of root infedion an growth were visible during the
second yea of the experiment. Root losswas compensated in plants
with less than 20% fina roat infedion as their fina hedthy root
biomass was identicd to that of non inoculated plants. Plants with
more than 20% final root infedion displayed a reduction in shoot and
stem diameter growth. Above 50% final roct infedion, final led area
was reduced. This reduction was a mnsequence of both the deaease
in the number of leaves and the deaease in the mean leaf area.

In 1998, there was no effed of inoculation on predawn led water
potential. In 1999, during al the measurement period, OW, 1W, 2W
and 3V plants kept their predawn led water potential above —0.2
MPa (Figure 2). The mean predawn leaf water potential of the 4W
plants deaeased sharply from June 29 to —2.5 MPa because of one
individual which eventually died (July 16) with 100% root infedion.
The other 4W plant (with 86% fina root infedion) kept a high
predawn led water potential until the end of the experiment. During
water stress mean predawn leaf water potentia of al stressd
treaments deaeased. At the two peeks of stress(July 2 and 20, there
was a dignificant effect of water stress and inoculation (with
interadion) on predawn leaf water potential. Three groups could be
differenciated : the watered treaments kept high predawn led water
potential values whereas those of 0S, 1S and 2S deaeased sharply.
The deaease was lessimportant for the 3S and 4S plants. After the
secondrewatering, all plants regained a good water status, except one
0S plant and the two 1S plants.

The same trends were observed for midday leaf water potential.

In 1998, a deaeae in stomatal conductance in relation to the
number of infested compartments was observed. Differences were
significant between the noninoculated plants and plants with threeor
four infested compartments. Throughout June 1999, stomatal
conductances remained at low and stable level (50-100 mmol. m?. s
) for al treaments except for the 4W plants which showed the
lowest stomatal conductances during all the season (Figure 3). During
the first haf of July, the mean stomatal condwtance of watered
plants deaeased in relation to the number of infested compartments.
From July 13, the stomatal conductances of 3W and AW plants were
significantly different from those of OW plants. On July 20, al the
inoculation treaments (watered or stressed), except 1W plants, had
stomatal condictances sgnificantly lower than those of OW plants.
Stresed plants of all inoculation treaments kept low vaues of
stomatal condictance (30-70 mmol. m2. s, similar to those of 4W
plants. Values were significantly different from those of OW plants
during the second stressperiod. There was a highly significant effed
of treament (inocCktresy, of time and d the interadion between time
and treament on stomatal condtctance
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Predawn leaf water potential
(MPa)
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FIGURE 2. Time course of predawn leaf water potential of C. sativa plants
grown in a split-root system and submitted to the following treatments : O, 1,
2, 3 or 4 compartments infested with P. cinnamomi, combined with two
watering conditions : watered (W) or stresed (S). S1 and S2 : dates of the
beginning of the stressperiods, R1 and R2 : dates of rewatering. n = 2 except
for OW and 0Sn = 4. At the last measurement dates, n = 1 for 4W because one
plant died (discontinuous curve).
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FIGURE 3. Time course of stomatal conductance of C. sativa plants grown in
a split-root system and submitted to the following treatments : 0, 1, 2, 3 or 4
compartments infested with P. cinnamomi, combined with two watering
conditions : watered (W) or stressed (S). S1 and S2 : dates of the beginning of
water stressperiods, R1 and R2 : dates of rewatering. n = 2 except for OW and
0S n = 4. At the last measurement dates, n = 1 for 4W because one plant died
(discontinous curve).

In 1998, a trend of deaeasing transpiration per surface unit in
relation to the number of infested compartments was observed
athough no significant difference between treaments could be
demonstrated. During the second half of June 1999, transpiration of



al watered treaments remained stable & 0.2-0.37 mmol. m? s?
except for the 4W plants for which transpiration deaeased on June
28 (Figure 4). A rising trend was observed duing the first half of July
for al watered plants except again 4W plants. Transpiration of
inoculated plants tended to deaease with the number of infested
compartments : the reduction of transpiration in comparison with the
OW plants was 58%, 53%, 65% and 8Q% in 1W, 2W, 3W and 4V
plants, respedively, but differences were not significant. At the
beginning of the stress transpiration of all stresstreaments deaeased
except in the 4S plants. These latter had the highest values at the first
measurement. They kept high transpiration vaues during al the
experiment. This could be explained by a border effed as they were
exposed for longer to light and more to wind. Nevertheless the
transpiration course was quite simil ar to that of 4W plants. For the 3S
plants, the reduction was about 55%. There was more than 80%
reduction in transpiration at the last date for the 0S, 1S and 2S plants
in comparison with the watered treaments. There was a significant
effed of the interadion between time and stresson transpiration.

Transpiration (mmol. m2 s™)

19-jun 24-jun 29-jun 04-jul 09-jul 14-jul 19-jul
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FIGURE 4. Time course of transpiration of C. sativa plants grown in a split-
root system and submitted to the following treatments : 0, 1, 2, 3 or 4
compartments infested with P. cinnamomi, combined with 2 watering
conditions : watered (W) or stressed (S). S1 and S2 : dates of the beginning of
the stressperiods, R1 and R2 : dates of rewatering. n = 2 except for OW and
0Sn=4andfor IWn=1.

CONCLUSION

The split-root system allowed us to dotain a wide range of root
infedion (1-100%) and gave us a mean to relate, a pasteriori, the
effeds observed on growth and water relations and the fina
percentage of rocot infedion. Growth was reduced in plants with more
than 20% final root infedion.

In well watered plants, the first effed observed on water relations
following root infedion was adeaease in stomatal conductance This
deaease ocaurred in very early infection stages, as it was observed
since the first yea of the experiment. Moreover, this effed was
observed even at very low final infedion rates as it was observed in
plants with one or two infested compartments. As expeded, the
deaease in stomatal condwtance was related to a deaease in
transpiration per surface aeaunit.

However, the stomatal closure was not asociated with a dedine in
led water potential (predawn and midday). A dedine in water status
occurred only in the plant with 100% final root infedion. The others
kept a high predawn led water potential (above —0.2 MPa) until the
end d the experiment, even in the plant with 86% final root infedion.
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When water suppy was restricted, soil moisture content of the non
inoculated plants and of the non infested compartments of plants with
one, two o threeinfested compartments deaeased. But soil moisture
remained higher in most of the infested compartments. This is likely
to be explained by the reduction (or the lad) in water absorption
following root destruction by the pathogen. But some water
absorption did occur in these mmpartments (at least in 2S, 3S and 4S
plants) as $rown by the reduction in soil moisture content (Table 1).
The stomatal closure following root infedion may aso have
contributed to keeping a better water status by the reduction of water
loss As a mnsequence stress intensity was not the same for all
inoculation treaments. Only non inoculated plants and plants with
one or two infested compartments (1-21% final root infedion)
experienced severe water stress as shown by the sharp deaease in
predawn and midday leaf water potential. No conclusion can be
drawn on a posdble lower resistance to water stress in inoculated
plants because of the little number of plants. Moreover, it is likely
that the 1S plants behaved in the same way as the 0S plants sncethey
had the same hedthy roct biomassand nofunctional roots in infested
compartments. Finaly, no effed of inoculation on stomatal
conductance and transpiration could be observed in streseed plants as
effedsinduced by water stress were predominant.

The striking result of our study is the deaease in stomatal
conductance from very low infedion rates withou a deaease in led
water potential. Though the deaeese in stomatal condictance had
been previoudly observed in eucdyptus after P. cinnamomi infedion
(Dawson and Weste 1984, Crombie and Tippett 1990) and in
avocado trees (Sterne and al. 1978), it was further acaompanied by a
dedinein led water potential. As water status was not affected over
a wide range of roat infedion, the processes indwcing stomatal
closure may not be the same & those involved in drought stress
resporse. Furthermore, the reduction in stomatal condictance
observed in pants with less than 20% root infedion which had
compensated for root biomass sippats the hypothesis that stomatal
closure may be triggered by root infedion and na by root loss The
involvement of several mechanisms may be suggested : hormona
imbalance (Dawson and Weste 1982, Dawson and Weste 1984,
Cahill and al. 1986), phytoalexins produced hy the host in response to
pathogen attadks (Will mer and Plumbe 1986).
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SUMMARY

Five week old oak seallings were infected with Phytophthora
quercina under controlled conditions. Gas exchange, root infedion
and root destruction were measured after ead floodng event over a
period of six months. Significantly reduced rates of CO, asgmilation
and transpiration as well as a deaease in stomatal conductance were
deteded after the seaond flooding. At that time, the root system was
arealy heavily infeded by Phytophthora quercina causing a severe
loss of fine roats and roat tips. During the last two months of the
experiment the fungus was no longer detectable in fine roots. At that
time strong regeneration o the root system started, and

photosynthesis readed levels comparable with those of control
plants.

We further showed that P. quercina released small proteins into the
culture medium, which caused wilting and recosis on tobac®
leaves. Transmisson eledron microscopy studies clealy showed that
membrane structures espedally of chloroplasts were destroyed. The
Phytophthora quercina proteins drongly crosseacted with an
antibody raised against the Phytophthora cryptogea protein
cryptogein. Therefore, the P. quercina peptides might belong to the
family of Phytophthoraled necaotic proteins cdl ed €licitins.

INTRODUCTION

Phytophthora spp. are anong the most serious il borne pathogens.

In 1993 Brasier et a. reported the presence of Phytophthora
cinnamomi Rands in a number of Iberian oak sites and suggested that
this pathogen could be involved in dedine of Quercus suber and
Quercusilex Recently P. cinnamomi was also recorded on dedining
cork and holm oaks in France (Robin et al., 1998)
We showed that several Phytophthora root rot pathogens such as
Phytophthora quercina, Phytophthora citricola and Phytophthora
cambivora are the primary cause of oak dedine in the field at certain
stands (Jung et al. 1996; Jung et a., 1999 in preparation). These root
rot pathogens restrict the uptake of water and rutrients finally causing
wilting and ggment degradation o leaves in the aown of affeced
trees. Soil infestation tests proved that P. quercina, which was
described by Jung et a. (1999 ) turned ou to be the most aggressve
pathogen towards oak (Jung and ORwald, 1999 in preparation).

There ae only some few reports in literature wmparing aterations
in root morphology caused by Phytophthora pathogens with
biochemicd and physiologicd changes in stems and leaves. Cahill et
al. (1986) reported on changes of cytokinin concentrations in xylem
exudates of Eucdyptus <seallings following infedion with
Phytophthora cinnamomi. They found a significant reduction o the
zedin-type and isopentyladenine-type cytokinin in the xylem exudate
of susceptible Eucalyptus marginata, wheress no reduction was
measured in the xylem exudate of the field resistant spedes
Eucalyptus calophylla. The aithors suggest that failure of cytokinin
transport from the root system may be resporsible for the falure in
water transport and symptoms of P. cinnamomi infedion olserved in
infeded susceptible aucdyptus. Ploetz and Schaffer (1988 showed
that root rot of avocado seellings caused by the infedion o
Phytophthora cinnamomi resulted in a rapid reduction in net CO,-
asgmilation, transpiration and stomatal conduwctance for CO, after
floodng. Similar results were reported by Luque & al. (1999)
infeding cork oak plants with P. cinnamomi.

A charaderigtic feaure of Phytophthora spedes is the release of
small proteins of 98 amino adds cdled dicitins into the culture
medium (Yu 1995; Terce-Laforgue & al. 1992). Besides this ®vera
defense reactions were turned on in tobac® leaves treaed with these
peptides. Wendehenne & a. (1995) proved that spedfic, high-affinity
binding sites for cryptogein, an dlicitin of P. cryptogea, are locdized
within tobac@m plasma membranes. The recognition d the dicitor by
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a plasma membrane receptor leals to a cacade of events known for
other general and spedfic dicitors, including cadcium influx, protein
phosphorylation, adivation of the NADPH oxidase and of mitogen-
adivated protein kinase homologues and finally gene adivation
(Lebrun-Garcia, 1999. Besides this, cryptogein was shown to induce
led neaosis and arapid brek down of tobaca chloroplasts (Zanetti
et al. 1992). We recently showed that Phytophthora quercina aso
released small peptides into the ailture medium which strongly
crosgeaded with the antibody raised against cryptogein (Heiser et
al., 1999). Therefore these peptides might belong to the family of
Phytophthoraled neaotic proteins cdled €licitins.

MATERIALSAND METHODS

1. The time shedule of the soil investation experiment.
The whole experiment was carried out as outlined in figure 1.

a bcd cd cd cd cd cd
|l |lll u ll| l|l l+ u
April | May | June | July [August| Sept. | Oct.

T

| oo
a— Sowing
b— Planting seedlings into infected substrate
c— Flooding for 48 hours
d—» Photosynthesis measurement and harvest of oak seedlings
e—» Adding fertilizer

f— Fault of the growth chamber (35°C for 24 h)

FIGURE 1: Soil infestation experiment of oak seedlings with P. quercina

The plants were grown seperately in root trainers filled with an
autoclaved soil mixture @nsisting of ped, vermiculite and sand
(1:1:1, viviv). The sedllings were infested with P. quercina inoculum
during the flooding cycles as was described by Jung et al (1999). The
plants were kept in a growth chamber at 18-22°C and 65% relative
humidity. During the flooding procedure in September, a failure in
phytotron control caused the dr temperature to increase to 35 °C for
24 hours.



2. Assssment of leaf gas exchange

Within a period of two to eight days after each floodng event (cf.
Fig. 1), measurements were condwcted in the greenhouse with a
CO,/H,0 diffusion paometer (CQP 130, Walz, Germany), assessng
the rates of net CO, uptake and transpiration as well as gomatal
conductance by IR gas andysis (BINOS 100 analyzer, Leybold-
Heraeus, Germany, operated in dfferentiadl mode). During eath
measurement period, eight infeded plants were mmpared with eight
control plants, analyzing the gas exchange of two leaves per plant
(eath leaf being measured twice). Leaves were exposed duing
measurements to an artificia light source (Hohnle, Germany) which
provided a stable photosynthetic photon flux density (PPFD) of about
780 pmol m? s? to ensure light saturation o photosynthesis. The
relative ar humidity in the greenhouwse ranged between 33 and 65 %,
while the dr temperature was st to a onstant level of 20 °C. Air
from a neighbaing greenhouse mmpartment was sucked into the
porometer cuvette in order to provide aCO, level of about 380 umol
mol™ during measurements. Readings were taken as ®on as the gas
analysis had stabilized for at least two minutes. Assssments were
confined to the diurnal time interval of 8 am. to 2 p.m., and soil
water suppy was nortlimiting during the measurements as an effect
of the precaling flooding procedure. The rationale of the anaysis
was gmilar to that described in Maurer et al. (1997).

3. Quantification d the root system of oak seallings

The total root system of each oek sealling was cut off and was
caefully washed with tap water. Afterwards each root was <anned
inside aplastic box which was filled up with water. The total root
length of different root classes and the number of roat tips was
cdculated with the Win Rhizo (3.10) software (Regent Instruments
Inc., Quebeg Canada).

4. Enzymeimmuncessy

The Phytophthora quercina infedion o fine roots of oak seedlings
was quantified using the Agri-Screen- Phytophthora detedion Kit
from Adgen (Agrifood dagnostic, Scotland). All fine roots (diameter
0-1.5 mm) of each sealling were aut off and carefully washed. Five
milli gram of the freezedried powvder were extraded with 1.0 ml of
the extradion buffer for 20 min on ice Afterwards the extrad was
centrifuged at 13.000 g for 5 min and 100 pl of a 1:100 dilution of
ead supernatant was used for the enzyme immuncessay carried ou
acording to the instructions of the manufacturer.

5. Transmisson eledron microscopy

Approximately 1-2 mn? segments of leaf tissue were immersed in
6% glutaraldehyde in 50 mM ca®dylate buffer pH 7.0, briefly
evaauated and fixed for 90 min at 4 °C. Following fixation, the tissue
was washed in four changes of cold buffer and postfixed in 2% OsO,
in 50 mM buffer overnight a 4 °C. For eledron microscopy, the
sedions were dehydrated in a graded ethanal series and embedded in
Spurr’s epoxy resin. Sedions were ait with a diamond knife on a
Reichert ultramicrotome and stained with 3% uranyl acdate and lead
citrate.

RESULT S

1. Net CO, uptake rates of control and Phytophthora quercina
infedted oak seallings.

As shown in figure 2 the net CO, uptake rates of leases of control
plantsincreased from May to June and slowly deaeased from August
to October.

Leaves of Phytophthora quercina infeded plants showed
significantly reduced CO, uptake rates from May to September. The
highest reduction in CO, uptake of abou 30% was measured in
inffeded dants in June, July and August, wheress differences
between infected and control plants had diminished by October. In
both treaments, the seasonal time wurse of photosynthesis was
similar to that of the transpiration rate and stomatal conductance (data
not shown).
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FIGURE 2: Net CO,-uptake rate of control and Phytophthora quercina
infected plants. Standard deviation was cdculated by means of eight
replications.

2. Root tip densities of control and Phytophthora quercina infeded
oak sedllings.

In paralld to photosynthesis measurements the root length and root
tip densities of infected and control plants were measured (figure 3).

|
J

control
infected

Root tip density (cm'3)

May June July August September October

FIGURE 3: Roat tip density of control and Phytophthora quercinainfected
plants. Standard deviation was caculated by means of eight
replicaions.

Five days after the first floodng event in May no differences in the
root systems of infeded and control plants were observed. However,
a strong reduction of the root tip density was measured for all
infeaed plants compared to controls from June up to September. The
Phytophthora quercina infedion resulted in a fine root destruction
between 50to 60%. Surprisingly infeded plants harvested in October
after the last floodng cycle readied fine root densities comparable
with those of control plants, indicaing an apparently intense
regeneration d rocot growth of infeded plants in September and
October. In paralle, the total root length density had remvered in
infected and control plants (data not shown).

3. Quantification d Phytophthora quercinaof infeded ocek roots over
atime period o six months.

The quantificaion  Phytophthora quercina in ocak roots was
caried ou with the Agri-Screen- Phytophthora detedion Kit using
ELISA-techniques (figure 4).

The highest infedion level of oak roots was measured after the first,
seand and third floodng event in May, June and July. The infection
level droped to amost zero in August. Phytophthora guercina was no
longer deteaable in roots harvested in September and October.
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FIGURE 4: Infection status of roats of oak seedlings over atime period of six
months. Phytophthora quercina infedion d roots was quantified using a

ELISA-Phytophthorakit. Eight plants were analysed at each time point.
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FIGURE 5: Transmisson electron microscopy studies of tobacco leaves
treated with Phytophthora quercina peptides called Quercinins. S, starch
grain; Bar =1 pm

4. Influence of Phytophthora quercina peptides on the ultrastructure
of tobacw leaves.

As down in figure 5 tobacw led cdls treaed with Phytophthora
guercina proteins for one day in the light were severely destroyed.
They lost their turgor and, espedally, chloroplasts srowed massive
membrane degradation and less regularly stacked grana. There ae
amost no intad membrane systems in the cytoplasm. Only starch
grains (S) and dastoglobuli still have some structure and seem
therefore not very damaged.

5. Investigations on the nature of the Phytophthora guercina toxins.
Tobac®m leaves, which were placal into the P. quercina toxin
solution (0.5ug protein x mL™) showed severe wilting and reaosis
after an incubation of three days in the light (Heiser et a. 1999).
Only one mgjor protein band with a moleaular mass of 6.8 kDa was
found for P. quercina when the cncentrated M 1-medium was
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andlysed on a 20% SDS gel. Cryptogein from Phytophthora
cryptogea showed an amost identicd moleaular mass. The western
blot experiments further demonstrated that the P. quercina peptides
strongly crosgeacted with the antibody raised against cryptogein.
The peptides turned out to be very heda stable. Even bdling for 15
minutes did na destroy their adivity. However, no wilting and
neaosis was €en ontobaco leaves, when the protein solution was
preincubated with pronase, indicating that the toxic fed is due to
proteins relessed by P. quercina into the M1-medium. |soeledric
focusing experiments clealy showed that P. quercina produced three
small peptides with isoeledric points of 3.6, 3.9 and 8.3 (Heiser et al.,
1999).

DISCUSSON

In this paper we demonstrate that five week old oak seellings,
which were infested with Phytophthora quercina, showed a severe
reduced root growth compared to control plants. This reduction was
due to massve fineroot losscaused by the pathogen. This svere root
damage reflected in a significant reduction in photosynthesis, in
transpiration and in stomatal conductance of infeded plants.
However, root damage was much more pronounced than reduction of
photosynthesis. A roat tip density reduced by 60 % related to a
photosynthetic performance which had lost about one third o its
cgoadty. Ploetz and Schaffer (1988) also found that net CO,
asgmilation cedined rapidly after the onset of floodng of avocado
plants that had been infeded with Phytophthora cinnamomi.
Transpiration and stomatal condictance had trends smilar to those in
CO, assmilation. The aithors also showed that reduction in
asdmilation ocoured before the development of aboveground
symptoms usually associated with advanced stages of root rot.

The ELISA- data dealy showed that P. quercinainfedion dedined
dramatically from July to August. During the next two months the
fungus was no longer detecale in oak roots. The low infedionrate in
August might be due to the fad that al fine roots were drealy
infeaded and rotten at that time. Therefore no more roots which could
be infeded were |eft. During the two day floodng cycle in September
the temperature increased upto 35 °C for 24 hours in the growth
chamber. Jung et a. (1999) recently showed that Phytophthora
guercina was killed at these temperatures. This explains why there
was no longer any fungus detedable in roots harvested end of
September and October. The ceaing infedion in September was the
pre-requisite for the root systems to regenerate and to reat the same
root tip densities and rates of photosynthesis as control plants.
Recently Kennedy and Duncan (1995) also reported that growth of P.
citricola, P. idael, P. syringae and P. cactorum was dramaticadly
inhibited at temperatures of 27°C.

In ou experiments we showed that photosynthesis of infeded plants
was arealy reduced five days after the first floodng event. However,
there were no significant differencesin root tip density and total root
length detedable a that time, when infeaed and control plants were
compared. Thus the question arises about the way roct infedion
aff eds phaosynthesis.

Studies of Dawson and Weste (1984) showed that susceptible
eucdyptus allings grown under controlled conditions died when as
littte & 8 % of their root system was infeded by P. cinnamomi,
indicding that lossof root tissue done is unlikely to be the caise of
wilting or letha effects on the host plant. This group aso
demonstrated a significant reduction in hydraulic conductivity of the
root system of a susceptible spedes ealy after infedion. This dedine
in root conductivity preceded reductions in led xylem water
potential, led transpiration rate, and wilting in these plants.
Additional histologicd examinations failed to show xylem blockage
or extensive damage to the conducting system under these conditions.
Cahill et al (1986) suggested that fail ure of cytokinin transport from
the root system may be resporsible for the symptoms observed in
infeded susceptible aucdypts. They proved that infedion d the
susceptible Eucalyptus marginata by P. cinnamomi, causing severe



root rot, resulted in a 26 % reduction d both cytokinin types
compared to uninoculated controls.

We recently demonstrated that the root pathogen Phytophthora
guercina released small proteins into the M1-medium which caused
wilt symptoms and reaosis on tobac® leaves in the light (Heiser et
al., 1999). Transmisson eledron microscopy studies clealy showed
that plasma membranes, in particular chloroplast membranes, were
degraded. Alrealy 0.5 pg protein x mL-1 caused severe damage to
tobac®m leaves. Similar results were dso reported by Ricd et al.
(1989) for tobacm leaves treaed with cryptogein and cgpsicen,
proteins produced by P. cryptogea and P. capsici. The P. quercina
proteins dowed moleallar masses comparable with that of
cryptogein, the toxin produced by Phytophthora cryptogea.
Furthermore the P. quercina peptides crosgeaded with the atibody
raised against cryptogein. Taken all together the P. quercina peptides
will be grouped into the family of Phytophthoraled neaotic proteins
cdled elicitins. These proteins are dso known to migrate from the
stem into leaves where they can be deded by ELISA- techniques
(Zanetti et al., 1992).

We suggest that these Phytophthora peptides, which we cdl
Quercinins, may ad in two ways: First they might interfere diredly
with fineroat cdlsin the neighborhood of infedion sites causing loss
of turgor and dedine in extension growth. Seaond they might also be
transported to leares where they may impar phaosynthesis.
Experiments with highly purified Quercinin are being currently
conducted to elucidate the toxin effect on fine roots and on
photosynthesis.
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ABSTRACT

A zone line forms within secondary phloem of stems of Quercus
glaucoides, Q. peduncularis, and Q. salicifolia colonized by the root
destroying fungus, Phytophthora cinnamomi. The most evident
feature of the zonelineisauniform yellow to orange discoloration of
the ontents of parenchyma cels within the oak tissues, shown hy
histochemicd staining to be wmposed o polyphendics. Fungal
hyphae ae aundnt within these parenchyma cdls. Parenchyma
cdls at the leading edge of fungal colonizaion contain numerous

starch granules but the quantity is markedly less as the parenchyma
cdls beacome discolored and are wlonized by funga hyphae Thisis
followed by their disintegration. While the zne line may be a
distinctive host readion to fungal colonizaion, it appeas to offer
littl e resistance to invasion by P. cinnamomi, other than perhaps
forcing the fungus to colonize host tissues in an advancing front with
auniform leading edge.

INTRODUCTION

Since it was identified and described as the causal agent of stripe
canker of cinnamon (Cinnamomum burmannii Blume) in Burma in
1922 (Erwin and Ribeiro 1996), Phytophthora cinnamomi Rands has
proven to be aserious root-destroying pathogen of over 1,000 dant
spedes, including numerous woody plant hosts. It is now recognized
as a destructive pathogen of oaks (Quercus spp.) wherever that genus
grows naturally or has been introduced. P. cinnamomi causes a
multiple basal stem canker, known aso as ink disease, of northern
red oak (Quercus rubra L.) in southwest France (Robin 1992b), and
Q. suber L. and Q. ilexL. dso in France (Robin et al. 1998), and is
asociated with dedine of Q. ilexand Q. suber in southern Spain and
Portugal (Brasier 1996, Tuset et al. 1996), Q. suber (Mircetich et al.
1977) growing in Cadlifornia, Quercus spp. in Italy, Morocco, and
Tunisia (Brasier 1996), and a caise of dedine axd mortality of Q.
glaucoides Mart. & Gadl., Q. peduncularis Nég and Q. salicifolia Née
in Mexico (Tainter et al. 1999).

The name ink disease was coined over 100 yeas ago by European
researchers to describe adisease on chestnut trees (Castanea sativa
Mill ), which was later diagnosed to be caised by P. cinnamomi
(Crandall et a. 1945), because of an inky-blue exudate that stained
the soil closeto theroot. Stem cankers on some woody hosts auch as
cinnamon, macalamia, plane tree (Zentmyer 1980, and oaks
(Mircetich et a. 1977) often have bladk exudates. An additional
charaderistic of P. cinnamomi infedions in cek and chestnut is a
distinctive, dark zone line which delimits the canker lesion (Jordan
and Tainter 1996). The gross morphology of basal stem canker
lesions in oek has been described by Robin et al. (1992a) but littl e is
known of the histologicd charaderistics of these lesions in oaks.
This reseach describes the histologicd changes in the secondary
phloem of three Mexican oak spedes following colonizaion by P.
cinnamomi.

MATERIALS AND METHODS

On February 2-3, 1999, eleven trees ead of Q. glaucoides, Q.
peduncularis, and Q. salicifolia, which had been inoculated 111 days
previoudy with a locdly procured isolate of P. cinnamomi Rands
(Tainter et a. 1999), were observed for resulting canker lesion
development. On three inoculated trees of ead spedes, tissue
samples approximately 1 cm square aad 5 mm thick, which
incorporated the zone line and adjacant tissues, were removed with a
razor blade.
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The samples were placal in smal vias containing nonchill ed 35%
glutaraldehyde/camdylate fixing buffer, labeled, and krought bad to
the laboratory at Clemson University. They were then dehydrated
with a graded series of concentrations of aqueous ethanol from 25%
to absolute (Gahan 1984). Tisales were embedded using a JB-4
Embedding Kit (Polyscience Inc.) and sedioned using a JB-4
Microtome (Sorvall, Porter-Blum).

Sedions were mourted in Permourt either unstained or after
staining with various histochemicd stains to identity subcdlular
compounds, espedaly those aciated with the darkly stained zone
line. Spedfic targeted compounds for histochemicd staining
included 2% ferric chloride in 9 % ethanol for polyphenadls, iodine
(0.5%) in 5% aqueous potassum iodide for starch, 1% ferric chloride
in 0.1 N HCL for tannins, and 1% aqueous toluidine blue for nucleic
adds (Gahan 194). Callose was dained with fast green (Peace
1986), and funga hyphaewere stained with safranin and picro-anilin
blue (Johansen 1940). Resulting sedions were examined at 100X and
200X with a light microscope, charaderized, and diagrams prepared
which illustrated the major findings. Terminology used to describe
the cdl types within the zone line is that proposed by Trockenbrodt
(1990).

RESULTS

Since the samples were wlleded duing the dry season, no foliage
was present and foliar symptoms could not be determined. Blad
exudations, and dried residues of these exudations, were present on
the bark around many of the inoculated aress. Every inoculated tree
produced a caker lesion, whereas nore were produced by the
inoculated controls. Except for the exudations, canker lesions were
not visible until the outer bark was daved off. Ead osk spedes
produced a caker lesion which was mewhat unique in visible
appeaanceto that particular oak spedes.

Quercus glaucoides - This spedes, espedally older trees, has a
thick, fibrous bark. The caker lesion margin in secondary phloem,
athough visualy detedable, was delimited by a zone line that was
not reaily visible, espedally on larger trees (Figure 1A). The
colonized portion d the canker lesion remained a light to moderate
brown color, not ataining the dark brown, to reddish, to badk
discoloration typicd of that occurring on the other two oak spedes.
The canker lesion margin was detedable, however, for afew seconds
after the outer bark was removed. Then, the hedthy outer phloem
tissues aurrounding the canker lesion quckly oxidized to nealy the
same brown discoloration asthe mlonized pation of the lesion.



FIGURE 1 - Colonization d Phytophthora cinnamom in Mexican oeks,
showing resulting lesions in secondary phloem, on: A) Quercus glaucoides.,
B) Q. peduncularis, and C) Q. salicifolia. Arrows indicate zne line marking
edge of lesion.

Microscopicdly, the secondary phloem, from the cambium outward
to the rhytidome, was compaosed of parenchyma cells interspersed
with visibly large dumps of sclerids and smaller clumps of fibers. In
crosssediona area gproximately haf of the cdls were parenchyma
cdls, the remainder were equal amourts of sclerids and fibers and
scadtered sieve dements. Ray cdls were generaly obliterated or
were sparse.  There were occasiona crystalli ferous cdls <atered
throughout the secondary phloem.

Chlamydospores

FIGURE 2 - Diagram of transverse section of portion d secondary phloem of
Quercus glaucoides, showing deposition of starch, polyphenolics (shaded) in
parenchyma c&ls, hyphae of Phytophthora cinnamomi, and chlamydospores,
in relation to the pathway of the invading fungus which is moving from left to
right

The zne line was approximately one mm wide and in its width
contained only a few dozen affeded cdls. It was microscopicaly
identifiable becaise the parenchyma cell s were fill ed with a uniform
yell ow-to-orange-stained material, which seemed to be no less or
more intense than a similar discolored zone in the other two oak
spedes. The sclerid and fiber bundles and seive dements were not
discolored. At the leading edge of fungal advancement, the
parenchyma cdls contained large numbers of starch granules (Figure
2). Behind this zone of advancement, starch markedly deaeased and
the incidence of hyphae incressed. As the incidence of hyphae
increased, large numbers of sphericd swellings (chlamydaospores)
were present, often several per parenchyma cdl. Immediately behind
this zone the anourt of fungal mycelium increased, there were few
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sphericd swellings, and the cél walls of parenchyma cdls appeaed
to become partialy disintegrated.

The predominant hast cdls in the secondary phloem invaded by
mycdium were the parenchyma céls and to only alimited extent ray
cdls, sieve dements, and companion cdls. Cambia cdls were dso
invaded. Mycdium was nat observed in sclerids or fibers. Fungal
colonizaion of the seaondary phloem was effedively restricted from
the bark by the first phellogen layer of the rhytidome but mycdium
was able to crossthe canbium and enter the xylem where it caused a
compartmentali zation type of reaction visible & a verticdly extended
bluish-blad stain (Tainter et a. 1999) in the last-formed annual ring.
The extent to which it invaded the xylem is not known as histologicd
examination was not made of discolored xylem.

The histology of semndary phloem, and phloem lesions, in Q.
peduncularis and Q. salicifolia was foundto be very similar, hence
the foll owing description is for bath with certain dfferences noted.

Quercus peduncularis - The outer bark was rough, moderately
thick, but much thinner and nd as fibrous as that of Q. glaucoides,
but thicker than that of Q. salicifolia. After removal of the outer
bark, the canker lesion appeaed irregular in shape but always with a
very dark zone line delimiting a moderately dark brown colonized
area (Figure 1B) which contrasted with the lighter brown of the
noncolonized secondary phloem. Noncolonized secondary phloem
tissues did not oxidize upon exposure to the dr as with Q. glaucoides
and cankers remained visible during subsequent sampling. This
spedesdid na have ahighly visible reddish colored rhytidome & did
Q. salicifolia, otherwise the microscopic structure of the secondary
phloem was very similar to that of Q. salicifolia. Fungal colonizaion
within the zne line was also similar except that the parenchyma céls
in the mlonized pation of the zne line mntained few to many
sphericd swellings.

Quercus slicifolia - The outer bark was smoath, tough, and fairly
thin. After removal of the outer bark, the canker lesion was evident
as auniform, rich, dark chocolate-brown irregular areadelimited by a
distinct, nealy bladk zone line of uniform width (Figure 1C). The
canker lesions were not very large in areaon any given plane within
the secondary phloem but appeaed as sparate islands of irregular
shape. When succeealing layers of secondary phloem were shaved
off, it became evident that the various islands were interconneded at
different levels within the phloem. This charaderistic was typicd of
the inoculated trees as well as naturaly infeded trees of this pedes
which were observed during these sample wlledions.

Cambium

"

Sieve dements

FIGURE 3 - Diagram of transverse section of portion d secondary phloem of
Quercus salicifolia, showing deposition of starch, polyphenolics (shaded) in
parenchyma cdls, hyphae of Phytophthora cinnamomi, and chlamydospores,
in relation to the pathway of the invading fungus which is moving from left to
right.

The aea e&amined microscopicdly included that portion of the
secndary phloem from the ambium outward past the first phell ogen



layer of the rhytidome. The dark zone line which delimited the aea
of fungal colonizaion indicated that portions of the caker lesion
extended into areas of secondary phloem tissues which had remained
extant between the newly formed arcs of rhytidome. In this gedes
the rhytidome was a bright reddish color which contrasted with the
tan color of the ajacent secondary phloem and was very visible.

In cross ®dion the phloem tisaes consisted mostly of parenchyma
cdls. In the nonfunctional seandary phloem these cdls appeaed to
store large quantities of starch nea to the zone line but then lost most
of the starch as they were lonized by funga hyphae
Microscopicdly the zne line discoloration was due to a uniform
yellow-orange lor deposited in a majority of these cells, aso
identified as polyphendlics. Also present in this region were dumps
of sclerids interspersed amongst the parenchyma cdls. Ray cells
were present but usually colorless and often crushed by the
maturation o adjacent cdls. Sieve tubes, related companion cdls,
and fibers were relatively sparse.

The @ne line was approximately one mm wide and was compaosed
in width of only a dozen or so affeded cdls. The alvancing
mycdium was visible in the stained parenchyma cdls and
interspersed nonstained ray cdls but did na appea to be abundant
beyond that zone in the nonstained (hedthy) parenchyma cells
(Figure 3). There was a distinct diminution of starch granules in
parenchyma cdls as one followed funga colonizaion acoss the
zone line. Also, the incidence of starch granules was to some extent
inversely related to the degree of discoloration in the parenchyma
cdls. As fungal mycelium passd through the zone of discoloration
the yellowish contents of parenchyma cells became granular in
appeaance and the integrity of the tisuues appeaed to bresk down.
Many more funga hyphae were visible in this area  Mycdium did
not appea to colonize the sclerid bundles at any time during this
process and they continued to provide structural support for the
affeded tisaues.

The yellow discoloration within parenchyma cédls of al three oak
spedes, and responsible for the darkly stained zone line, was
identified as polyphendics by the dark, blue-grey-green color
imparted to their contents by the histochemicd stain. The starch and
nucleic add stains were dso useful as they enabled us to differentiate
between hast starch granules and sphericd swellings produced by P.
cinnamomi. The dark blue mlor produced by the starch stain in all
three oak hosts indicated that these starches were long-chained. The
safranin and picro-anilin stain for fungal hyphae aabled us to
confirm the presence of funga hyphae ad aso that the sphericd
swellings were fungal. The nucleic add stain was also useful for
differentiating fungal hyphae from host cytoplasm and in some
instances between starch and sphericd swellings. Calose was
present in sieve dements within the zone line. Staining for gums and
lignin dd not produce any useful information.

DISCUSSON

There has been little published on hstologicd aspeds of phloem
colonizaion by P. cinnamomi in ceks. The most complete
description of stem lesion development in any oak spedes resulting
from P. cinnamomi colonization are thase of Robin et al. (1992b) but
a brief unpublished histologicd description of stem lesions was
limited (Robin 1992a). In Q. rubra stems inoculated with P.
cinnamomi, neaotic lesions developed verticdly in the secondary
phloem and cambium, following phloem fibers and affeding all
tissues up to the xylem, which was not colonized (Robin et al.
1992h). Xylem cdlus subsequently formed onthe lateral margins of
these neaotic lesions, thus limiting them, and alowed the dfeded
treeto survive infedion. The presence of tangential rings of sclerid
fibers and sclerification d bark tisaues were thought to be limiting to
fungal colonizaion and it was the presence of these tiswues that
caused the pattern of fungal colonization in Q. rubra to be different
from that in eucdyptus
(Tippett et al. 1983).
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In susceptible aucdyptus a large ac of cambium was killed and
some xylem discoloration was evident, resulting from what were
termed ‘aggressve lesions (Tippett et a. 1985). In the resistant
Eucalyptus calophylla Lindl., lesions kill ed the canbium at point of
contad but were @nfined by periderm layers and then shed in a
pattern typicd of annual cankers. Phloem colonization in the three
spedes of susceptible Mexican oeks resembles that in the susceptible
Eucalyptus marginata Smith. In both groups, the lesion extension
was marked by the phloem beaming discolored duwe to acamulation
and oxidation of polyphends and the deposition of starch which
disappeaed as the phloem tissues became neaotic and hydrolyzed.
Within the Mexican ceks, the relatively smaller number of hyphae
and secondary swelli ngs within individual cankers of P. cinnamomi
in Q. salicifolia as compared with Q. glaucoides, may refled the
greder resistance of that spedes evident in the field with netural
infedion.

An important commonality between dsease expresson in  E.
marginata and the Mexican oaks is extensive secondary phloem
invasion, deah o the canbium, and some degree of xylem
discoloration. The visua extent of xylem discoloration in the three
Mexican oaks is impressive and will be described in a later
publication.

In the Mexican oeks, the rapidity of phloem colonizaion and
concurrent cambium deah in a tangentia diredion around the stem
either diredly cause subsequent treedeah by girdling, or affed tree
vigor to the extent that secondary pathogens and inseds are &le to
colonize the seandary phloem, mechanicdly girdle the stem, and
also causerelatively quick treedeath (Tainter et a. 1999).
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MANAGING THE RISKSOF PHYTOPHTHORA ROOT AND COLL AR ROT DURING
BAUXITE MINING IN THE JARRAH FOREST OF WESTERN AUSTRALIA

lan J. Colquhoun

AlcoaWorld Alumina Australia, PO Box 252, Appleaoss WA 6253 Australia

ABSTRACT

Control of Phytophthora cinnamomi in association with a large-
scde bauxite mining gperation in the jarrah (Eucalyptus marginata R.
Br.) forests of Western Australia is an example of intensive disease
management in native forest. It involves extensive use of disease
mapping and hygiene measures to restrict the spreal of the pathogen.
Re-establi shment of a jarrah forest on the rehabilit ated mined areais
a key environmental objedive of the mining company. Monitoring

procedures are in placeto assss the dfectiveness of the hygiene
measures and audits occur regularly to ensure that the mine staff
complies with the hygiene pradices. The results indicate that the
level of sprea to adjacent uninfested forest is low — 0.003 ha of new
infestation for every hedare deaed for mining.

INTRODUCTION

Alcoa World Alumina Australia operates open cut bauxite minesin
the Darling Plateau, 55 km — 130 km south of Perth, Western
Austrdia. Currently, the operations clea and rehabilitate 550 ha per
yea. The natural vegetation community of this region is tall open
forest dominated by jarrah (Eucalyptus marginata) and marri
(Corymbia calophylla) and is botanicdly diverse. Many of the plant
spedes are susceptible to a disease cdled Phytophthora Roaot and
Collar Rot (PRCR). Thisis caused hy the introduced, root pathogen
Phytophthora cinnamomi. It can Kill jarrah trees and many
understorey spedes, deaease botanicd diversity and change spedes
composition o native plant communities. Forest aress infested with
P. cinnamomi are widespread bu large aess of uninfested forest
exist.

In 1990, Alcoa's Huntly mine was sheduled to move to a new
mining locdity where ahigh proportion o the forest was uninfested.
Alcoa has a major environmenta objedive to minimise the spread of
P. cinnamomi during its operations, so this presented a major
environmental challenge.

Forest management authoriti es have established various regulations
to minimise the spread of the pathogen by forest users. Esentidly,
these restrict accessto some aeas and provide for conditiond access
to therest. Asthe pathogen is easily spread by water rundf and the
transport of moist soil, access restrictions have mainly involved
seasond constraints. These dlow most operations under dry soil
condtions in summer months but prevent vehicular adivity in wet
soil conditions, mainly late auitumn to ealy spring. Refining bauxite
to alumina is a ontinuous operation that does not lend itself to
seasonal variability in the supply of bauxite. The dallenge for
Alcoa’'s Mining Department was to develop a mining and
environmental management system that all owed year-round accessto
the ore reserves, minimised the spread of P. cinnamomi, and was
emnamicd.

THE APPROACH

A multidisciplinary team composed of mine planners, field
supervisors, environmental officers, production managers and a
reseach scientist was established to develop the system to alow
yea-roundaccess The team systematicdly reviewed every stage of
mining to establi sh:
the risk of spreading the pathogen
the dfedivenessof patential control procedures
the st of the mntrol procedures

Analysis of the medhanisms for, and the likelihood of, spreading the
pathogen was based on the scientific understanding of the pathogen,
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its hosts, and the dfects of the environment. It included examination
of:

the likely density of the pathogen spores in the material being
disturbed duing mining

the likelihood of vehicles inadvertently transporting infested soil
into uninfested areas

the likelihood of mining causing water to drain from an infested
siteinto uninfested forest.

The scientist contributed data on the likely presence of the pathogen
while the field operators had the pradicd knowledge on transporting
soil and altering drainage patterns. The other tean members
contributed to the seledion of control procedures. Many of these
involved changing mine schedules to exploit the seasons when the
soil is dry and the risk of inadvertently spreading infested soil and
water is very low. The mine planners helped determine if schedule
changes were ahievable.

‘Off the shelf’ control procedures were deemed ursuitable for some
comporents of the mining process and in some @ses, new
procedures had to be developed. Again, the scientific and ogerational
knowledge of the team members was used to develop procedures that
would minimise the likelihoad of the spread of P. cinnamomi, but
were pradicablein thefield.

CONTROL PROCEDURES

The team subsequently wrote aset of procedures for PRCR control.
These were fully suppated by the management of the company’'s
Mining Department. They aso hed full support of the field
supervisors and mine planners who felt strong ‘ownership’ of the
procedures document. The procedures make use of the following
strategic gpproadch.

1.Know where the pathogen is present Reliable, up-to-date maps
and field demarcation o disessed sites are the badbore of the
control measures. Before commencing mining at the new locdity at
the Huntly mine, the presence of PRCR symptoms and screening of
plants and soil were used to establish PRCR boundaries in the field.
All the data on PRCR boundaries are stored on a Geographicd
Information System. This information is updated frequently to
ensure that mine planners and environmental scientists have the best
maps for their planning tasks.

2.Intensively plan high-risk operations — schedule operations and
locate mining infrastructure to minimise risk  Appropriate
scheduling of operations can grealy deaease the risk of spreading P.
cinnamomi. High-risk operations can be scheduled for the hot, dry
months from November to May. For example, haul roads are usually



built during this dry soil period — this deaeases the risk of
inadvertently spreading infested soil on madiinery and the risk of
infested water draining into adjacent PRCR-freeforest.

Other planning issues are dso addressd to reduce the risks of
spreading the pathogen; these include: the locaion of roads, the
duration that a minepit is left adive, the sequence of mining a large
minepit and the location o stockpil es.

3.Restrict vehicle movement from PRCR to PRCR-free areas
Success of the PRCR management strategy is reliant on the PRCR-
free aeas remaining freeof P. cinnamomi. The 'unknown' presence
of P. cinnamomi on a wet haul road has the potential to introduce P.
cinnamomi to every PRCR-free aeathat vehicles visit. Controlling
acces to al PRCRfree aeas is essential. This is achieved by
blocking tradks ® they cenna be used, using signs and bunting to
limit access and inform users of access condtions, putting gates on
al entry paoints to the mine, and constructing "bridges’ aaoss
infested areas using gravel and rocks from uninfested sites.

4.Clean vehicles before entering PRCR-free areas Operations
occur in both PRCR and PRCR-freesites © procedures need to bein
place to minimise the risk of spreading infested soil aaoss
boundaries. Before ay vehicle or mobile equipment moves from
PRCR to PRCR-free sites, as much soil as posshle neals to be
removed. The most effedive deaning occurs in the workshop so
scheduling is optimised to exploit workshop cleaning. Cleaning
occurs at al stages of mining where vehicles are required to cross
PRCRboundaries. Large trailer-mounted high-pressure water pumps
are used in the field. Effedive deaning of vehicles in the field is
difficult so the need for this task is reduced as much as possble by
strategic planning.

5.Don't mix infested and uninfested soils The locaions of
boundaries between infested and urinfested areas are known and
marked at all times during mining. In some caes a boundry neals
to be moved further into the uninfested areafor pradicd reasons,
e.g., the PRCR area may be too small to enable alarge mining
vehicle to turn. However, this boundary change is marked in the field.
Having obvious boundaries in the field means uninfested soil can be
ealy identified, enabling it to be moved and stored separately from
the infested soil. All soil stockpil es are distinctively marked to show
if they areinfested or uninfested.

6.Prevent water draining from infested to uninfested areas
Zoospores of P. cinnamomi are eaily transported in water so surface
water movement from infested to uninfested aress needs to be
controlled. Surface water is not alowed to fredy drain into the
forest, irrespedive of the PRCR status of the water or forest.
Discharge is aways controlled. In the rehabilitated minepits all
surface water is direded bad into the minepit, away from the forest.
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If an infested ore body site is located upslope of an wninfested site,
then the duricrust in the lowest part of the boundary is disrupted by
blasting or ripping with a bulldozer. The haul roads sed a lot of
water. A system of drainage channels and high mounds prevents
surface water flowing diredly into the forest.

7.Train all field staff and planners PRCR control measures for
ead stage of mining and rehabilitation were documented duing the
risk assesament team meetings. All operators are trained in the
control procedures relevant to their duties.

RESULT S

Government authorities also endorsed the Comprehensive PRCR
Management System (as it became known) and constraints on the
season d mining were removed for many of the stages of mining.

A detaled monitoring program was begun to assss the
eff ediveness of the PRCR management procedures. In 1996, forest
classfied as uninfested prior to mining was re-mapped for the
presence of P. cinnamomi. Only 6.55 ha of recantly infested forest
was found adjacent to 1919 ha of land, which had been cleaed for
mining. If al the spreal is attributed to the mining operations then
this amourts to 0.003 ha of new infedion for every hedare deaed
for mining. If the pathogen moves downdope from these new
infestations the aeawould increae to 28 ha; this equates to 0.014
hedares for every hedare deaed for mining. This is regarded as a
tolerably low rate, though the objedive of reducing it till further
remains.

Major audits of the PRCR management procedures were uncdertaken
in 1994 and 1997. These audits have asessed the mine's compliance
with the documented procedures and the level of knowledge and
understanding of the procedures.  Opportunities to improve
procedures were identified as part of these audits.

The procedures continue to be reviewed and revised. The revisions
are based on

e improved information on the mechanisms and/or likelihood of
spreading the pathogen

e pradicd problems associated with implementing procedures
arising from experience or prospedive danges to operating
condtions

e improvementsin costing their implementation.
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SUMMARY

This gsudy gives an overview of receit and current reseach
adivities that are being conducted in Western Austradia on the
biology, emlogy and pethology of Phytophthora cinnamomi in
rehabilitated bauxite mines and the ajaceit jarrah (Eucalyptus

marginata) forest. The work to date indicates that the biology of this
pathogen does differ between rehabilit ated mines and the ajacent
jarrah forest.

INTRODUCTION

Western Australiais unique in its botanicd diversity. There ae over
7000 spedes of native vascular plants of which over 3000 are
endemic (Keighery 1992. Phytophthora cinnamomi has a magjor
impad on this diverse flora and dredly effeds over 2000 spedes
from a diverse range of plant families (Wills 1993. Its indirec
effedsin terms of botanicd impad through the lossof vertebrate and
invertabrate padlinators, and loss of canopy and litter cover has not
been measured. The pathogen was probably introduced into the state
with the importation of nursery plants in particular fruit trees at the
turn of the 20" century. The pathogen was then spread into the
natural ecsystems principally by road bulding, forestry and cher
humankind adivities. This greal has had a mgjor impad in the
jarrah forest, banksia woodands and heahlands in the lower south-
west of the state. The pathogen is an excdlent example of an
introduced pathogen with a wide host range caising considerable
damage to a diverse ommunity made of many susceptible plant
spedes.

In Western Australia, the majority of past and current reseach on
this pathogen has been conducted in the jarrah forest. This has been
becaise P. cinnamomi has had a mnsiderable impad on the eology
and management of the jarrah forest (Shearer and Tippett, 1989).
The reseach was concentrated in the jarrah forest, since jarrah is an
eanamicdly important hardwood spedes. However, more recently,
research adivities have dso centered on the rehabilit ation o bauxite
mines. The jarrah forest in Western Australia is aso the location of
one of the largest and most productive bauxite mines in the world
(Colquhoun and Hardy, 2000). The bauxite mining and alumina
refining company, Alcoa Worldwide Alumina-Austraia, suppies
22% of the world's alumina. In the jarrah forest, Alcoa mines and
rehabilit ates approximately 500 ha of forest annuwally. Although P.
cinnamomi is estimated to only impad on 14% of the forest (Davison
and Sheaer 1990); many of Alcoa's ore bodes encompass aress of
forest freeof the pathogen. Since P. cinnamomi is gread in soil and
water the management of this pathogen between pathogen-free ad
pathogen-infested pitsis daunting.

P. cinnamomi and the disease it causesin the non-mined for est

The jarrah forest occupies approximately 64,000 km? of the south-
western corner of Western Australia (Abbat and Loneragan 1986).
The forest grows on an ancient plateau composed of granite rocks
intruded by dolerite dykes. The weathering of this rock has produced
deep regolith profiles where the soil is usualy abou 0.5-1 m of
gravelly sandy loam topsoil. Immediately below this il layer is a
concretionary layer of bauxite upto 5 mthick. Beneah thisisalayer
of up to 30 m of kaolinitic day extending to bedrock. Bauxite
mining occurs in those profiles where the dumina ontent is
sufficiently high. These tend to occur in good quality forest (Abba
and Loneragan 1986).
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The dimateistypicdly mediterranean with cool wet winters and ha
dry summers. The seaona pattern of rainfall and temperature
strongly influences tempora changes in the adivity of P. cinnamomi
in the jarrah forest. In addition, the soil architecure, its morphology,
hydraulic properties, temperature and fertility are important fadors
that influence the life cycle of P. cinnamomi (Sheaer and Tippett
1989). Jarrah forest soils are charaderisticdly very permeale when
moist, encouraging rapid infiltration of water through the soil profile.
However, soil temperatures, soil fertility and soil water matric
potentials and soil water content of the jarrah forest soils can be
favourable for the adivity of the pathogen (surviva and
dissemination) in autumn through to eally summer in many areas. In
addition, duricrust and clay layers can impede the verticd percolation
of water resulting in nea-surfacetransient perching with lateral flow
and segpage of water below the soil surfacein some upland areas
(Kinal 1986). The importance of subsurface perching and lateral
flow of water to the life cycle of P. cinnamomi ceannot be
overstressd. For example, it has been found at depths of 3 m below
the soil surface(Sheaet al. 1983; Kinal et al. 1987; Sheaer and Shea
1987). Passve dispersal of the fungus downwards in root channels
may be very important in distributing the fungus verticdly within the
soil profile. Water segpage from these upslope aeas keep the gravel
over clay soil profiles in the zne transitiond between udand
laterites and the headwaters of streams in shall ow vall eys moist well
into the summer months (Sheaer and Tippett 1989). Conditions are
consequentialy favorable for the survival of P. cinnamomi in these
areas for most of the year.

There ae gproximately 600 spedes of vascular plants in the jarrah
forest (Bell and Heddle, 1989), with an average of 58 spedes per 400
m? quadrat in the upland forest (Koch, J. pers. comm.). In the forest,
P. cinnamomi has a patchy distribution with most of the valley floors
being infested. In the western, high rainfall region o the forest the
diseaseis present in many midslope and some upslope positions. The
pathogen has been consistently associated with the deah of
understorey and overstorey spedes (Podger, 1972; McDougal,
1998).

P. cinnamomi and the disease it causes in rehabilitated bauxite
mines

The mining process involves a defined sequence of events that
results finally in a landscaped minesite seaded with a range of plant
spedes smilar to those of the adjacent forest . The process sarts off
with the removal of timber for wood poducts and firewood The
remaining timber isburnt. Thetop 510 cm of upper organic rich soil
or topsoil is removed and immediately spread onto a rehabilitated
minepit. This ensures minima disturbance to seed bank and
microbiadl biomass The low organic gravel overburden is then
removed to stockpiles adjacent to the future minepit or to a neaby
minepit that has been mined. The duricrust is then shattered by
explosives or bulldozer. This sattered ore is then excavated and
transported to a primary crusher where the ore is broken into small



pieces and then transported to the dumina refinery. Once mined, the
pit has had 3-5 m of ore removed, it is landscgped to fit the
topography of the aljacent non-mined forest. The overburden from
stockpiles is returned and then the topsoil. The rehabilitated minepit
is then ripped with awinged tine to a depth of 1.2 m on the cntour at
2 m spadng in a pattern that ensures no surfacewater from the pit
enters adjacent forest. Ripping encourages the verticd infiltration o
rainfall, deaeases the risks of surface water pondng, minimizes
surface water flow and provides verticd and haizontal crads in the
surface profil e to enable roots to penetrate into the soil profile. Once
ripped the pit is seeded with seed colleded from adjacent forest. The
process of mining and rehabilitation has been described in more
detail by Colquhoun and Hardy (2000).

The mining processhas therefore resulted in a substantial change in
the forest. It has removed the duricrust layer and caprock. There has
been a mgjor disturbance of the organic rich topsoil and the aje of
plants is uniform. The disease triangle (Figure 1) outlines how the
mining process has changed the host and environment relationships
with P. cinnamomi and the diseases it causes.

In order to understand hawv P. cinnamomi was killi ng jarrah in pits,
it was dedded to sample yourg trees showing very ealy symptoms
of stress Symptoms included dlight yellowing and pupling of the
foliage. Unexpededly, these trees has lesioned coll ar tisue &, or just
above the soil line. At no time were roats neaotic in the absence of
necaotic oollars or lignotubers (Hardy et al. 1996). These results
were in contrast to those from the jarrah forest which clealy show
that it is the roats of jarrah that become infested (Shearer and Tippett
1989). It isfor this reason we now consider P. cinnamomi as aroct
and coll ar rot pathogen (Colguhoun and Hardy, 2000). In the forest,
it is believed that the pathogen most likely enters through the roats of
primary structure or wounds and gradually moves up to lateral roots
andthe mllars (Sheaer and Tippett 1989).

Pathogen -A2 mating type
-Large variability
in aggressveness
-Introduced in
last 150 yeas

-Wide host range

Host Environment

-Duricrust removed

-Uniform age
-Dominated by non
susceptible shrubs
-Yourg plants

-Shall ow rooting pattern
-Dense establi shment
-Reduced water stressin
ealy years

-Increased soll
moisture and soil
temperature in ealy
yeas

-Water pondsin some
riplines

-Better drainage in
most riplines

-Less $ade

-Pulse of fertili ser
-Soil has been
disturbed

-Gravel layer has been
stockpil ed for more
than oreyea

-Low organic matter

Figure 1. Disease triangle of Phytophthora cinnamomi in rehabilitated bauxite

Therefore, we (Hardy and Colquhoun, unpublished data) dedded to
test the null hypothesis that ‘in rehabilitated bauxite mines, roots
become infeded and dants die & aresult of the pathogen moving up
the roots into the wllars and girdle the stem’. A large trid was
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established in an urinfested minepit. In al, three hundred and sixty
large bags which allowed water movement, but prevented large root
growth through the bags were fill ed with minesite soil and buied in
the minepit. Two six-month dd jarrah seallings were planted into
the bags. At the time of planting three 19 X 600 mm hallow plastic
tubes were placal at even spadng verticdly into the bags. After 6
months, one sealling was removed from ead bag. Approximately,
12 and 18 months &fter planting (the following spring and autumn)
wooden plugs (20 mm x 12-18 mm dia) colonised with P.
cinnamomi were placed at different depths in the bags by removing
the tubes and inserting the plugs. This ensured that minimal soil
disturbance and root damage occurred. Once inoculated the bags
were harvested 2, 4, and 8weeks after inoculation or when symptoms
were observed. At harvest, the bags were gently removed from the
surrounding soil with a mechanicd excavator and the soil around the
trees was removed with care by hand to expose roots and plugs,
respedively. The types of roats (fine, lateral or tap) which were in
contad with the plugs, the presence and absence of lesions and the
recvery of P. cinnamomi from the roots and plugs were recorded.
At no time over 2 yeas were disease symptoms or the presence of
lesions recorded. P. cinnamomi was never recovered from any plant
material including those roots which were in contad with the
inoculum plugs. This was despite P. cinnamomi being recvered in
al cases from the inoculum plugs for the duration of the trial.
Therefore, these observations confirmed ou initial survey which
indicaed that in rehabilit ated minepits roots do not realily becme
infeded.

We therefore, ingtigated a study to determine if zoospores were ale
to infed and colonise jarrah through the periderm of nonwounded
stems under conditions of temporary waterlogging. Trials were
conducted in the glasshouse and field which mimicked temporary
inundation a ponding of lower stems. This involved pladng
inoculum recetades around the stems of trees into which motile
zoospore suspensions of P. cinnamomi could be were placel. These
studies (O'Gara 1999 O'Gara @ a. 1996) clealy indicaed that
100% of trees inoculated in this fashion became infeded and that
woundng was nat required for the infedion processto occur. These
studies also showed that only short periods of ponding (2 days) was
required for infedion to occur. Ancther study showed that in the field
these ponds were never hypoxic (Burgesset al.1999a).

In the 1980’'s a program was established by Alcoa, Murdoch
University and CALM to seled jarrah trees aurviving in ‘graveyard’
sites. Sealds from these resistant clones were olleded, propagated
and screened for resistance ajainst isolates of P. cinnamomi (Stukely
and Crane, 1994). The most resistant seedlings were donaly
propagated through tissue culture (McComb et a. 1990; 1992).
Ninety-eight clones of jarrah that demonstrate resistance to P.
cinnamomi in the glasshouse have been tisaue cultured. Field trials
have been established to chedk the field resistance of these dones.
This involves planting clonal trees on arange of sites and inoculating
the soil surrounding ead plant with wooded plugs colonised with 4
isolates of P. cinnamomi. Since resistance to P. cinnamomi is a
highly heritable trait (Stukely and Crane 1994), seed archards have
been established to produce plants that are chegoer than the average
cost of US$4 a donal plant.

However, despite the success of the dona jarrah program we till
had concerns about the long-term survival of these dones in PRCP
sites. These mncerns were raised from our observations that there is
alarge variation in the pathogenicity of isolates of P. cinnamomi with
some isolates being significantly more pathogenic that the isolates
which were originally used to screen for resistance Our concerns
were dso increased by the observation that temporary pondng in
certain rehabilit ated pits in the presence of the pathogen resulted in
stem not root infedion. We dso felt that temporary waterlogging
and/or hypoxia might predispose the resistant clones to PRCR We
aso wanted to determine whether older plants (6-7 years old)
remained resistant to the pathogen, since al the ealier screenings had
been conducted on approximately one-yea-old pants. Findly, we
wanted to confirm ealier observations that there was ill a good



correlation between resistance in plants inoculated in the stems
compared to root inoculation. Origina seledion of resistant clones
had been based on wnderbark inoculation d stems in sealling jarrah
that had been shown to compare favourably with roct inoculation.

With our ealy fidld trial to determine how jarrah were becoming
infeded in minepits we had colleded a large range of P. cinnamomi
isolates from diseased and dying jarrah and marri trees (Hardy et al.
1996). Initial morphologicd studies indicated that isolates from
marri and jarrah were dightly different from each ather in oogonial
and sporangial charaderistics. However, this was not found to be the
cese dthough we did find that P. cinnamomi was able to produce
multiple paragynows antheridia in addition to the amphigynous
antheridium (Haberli et a. 1997a; 1997b).

The pathogenicity of 84 isolates form marri and jarrah was then
assessed in anumber of trials. (i) The 84 isolates were screened on
one yea-old excised marri and jarrah stems over 3 days under
controlled laboratory conditions. The results indicated that the
isolates were equaly pathogenic on marri or jarrah, regardless of
their origina host (Hiberli , Tommerup and Hardy, unpublished).
However, the isolates did vary significantly in pathogenicity. (ii) All
84 isolates were then screened for pathogenicity in an evaporatively
cooled glasshouse inoculation trial of a resistant jarrah clone (6
replicade plants per isolate). (i) Ten isolates ranging in
pathogenicity (4, 4 and 2 isolates highly, moderately and weakly
pathogenic, respedively) were then screened on 2 resistant and 1
susceptible done in climaticaly controlled phytotrons under a range
of temperature regimes (15, 20, 25 and 32 °C) with plants either
uncerbark inoculated or inoculated with zoospores. (iv) In the field,
arange of 1 and 6yea old clonal plants of varying resistance (4 RR
and 2 SS clones and seellings) where underbark inoculated with ore
highly pathogenic and one weskly pathogenic isolate of P.
cinnamomi  seleded from the previous tria. (v) Finaly, we examined
in planta the relationship between lesion development on roots and
stems of resistant and susceptible donal trees after underbark
inoculation (Huberli , unpubli shed).

Plants were @ther underbark inoculated or inoculated with
zoospores using the methoddogy of O’ Gara & al. (1996). Briefly,
plants were underbark inoculated with P. cinnamomi colonised
Miradoth (Calobiochem, USA) discs (5 mm? in glasshouse studies or
5 cm? in field studies), whilst motile mospores were placel into
plastic recetades on the wmllars of plants. There was a large
variability in the pathogenicity of the 84 isolates when excised stems
of jarrah were inoculated and hervested 34 days later. This
observation was repeaed when the single donal li ne of 18 month-old
jarrah was underbark inoculated in stemsin situ. However, there was
not a good correlation in pathogenicity between isolates inoculated
into excised stems and those inoculated in planta with zoaspores or
colonised Miradoth dscs. There was, however, a good correlation
between zoospore inoculation and underbark inoculation. In the
glasshouwse inoculation trial, the most pathogenic isolate killed all
trees within 5weeks. In contrast, the least pathogenic isolate fail ed to
kill any plants during the 26 week trial period. In the temperature
controlled phytotron trial the two resistant clones died as rapidly as
the susceptible done & 28 °C, whilst at 20 °C the susceptible done
died significantly faster than the resistant clones (Hiberli et al.
1998). Inthe 1 and 6 year-old field trials, one resistant clone was
more susceptible than the susceptible dones, whilst sealling trees
were more susceptible than the P. cinnamomi susceptible dones.
However, no dfferences were observed in pathogenicity between the
two isolates. To date there does not appea to be adifference in
susceptibility between the 1 yea old and 6 yea old clona plants.
Finally, a good relationship was found tetween lesion devel opment
in the stems and roats of the jarrah plants. This was heatening as it
continues to justify the use of stems to screen for resistant jarrah
plants.

Our work has also shown that there is a large variation in the
pathogenicity between isolates of P. cinnamomi (O’ Gara et al. 1997,
Huberli et al. 2000). It appeas that host-environment interadions
influence the pathogen as to whether it will express itself as a
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biotroph or a neaotroph. We have dso shown that measuring lesion
lengths as a means of determining pathogenicity is inappropriate.
Often an isolate under a given set of condtions (for example,
temperature and hast water status) can colonise the host extensively
with only a very small lesion apparent. Ancther isolate under the
same set of condtions can produce large lesions and little
colonisation of tisaie beyond the lesion. The former isolate in the
past might have been considered lesspathogenic than the latter. Yet
under field conditions be the more aygressve of the two. This
observation has management implicaions. For example, the
screaning processused to seled resistant jarrah for clona production
has only used a few isolates. These isolates are intermediate in their
pathogenicity, as a @mnsequence the seledion process has not been
rigorous enough. At present we ae trying to elucidate how the host
and the environment interad with arange of isolates of P. cinnamomi
to influence the epresson o the pathogen as a neaotroph or
biotroph. It is apparent that isolates of P. cinnamomi are extremely
‘plastic’ in their ability to express themselves as pathogens. This
plasticity varies considerably with changes in the host and the
environment, and it is this charaderistic that probably helps acount
for the pathogen having such a wide host range acoss the lower
south-west of Western Austrdia and elsewhere. Esentidly,
condtions under which ore isolate is pathogenic another might not
be pathogenic, however, as condtions change their ability to ad as
pathogens might change.  Tommerup et a (2000) discuss the
genetics and inheritance of these traits and their impli cations.

An aegoponics ystem was developed which allowed the roots of
clondl or sedlling plants to be readily subjeced to hypoxia (2 mg O,
IY) or anoxia. The system all ows for the roots and stems to be eaily
accesible for inoculation with zoospores, non-destructive monitoring
and hervest for enzyme and histologicd studies (Burgessand Hardy,
1996; Burgesset al. 1997; 1998). When plants were inoculated in the
stems using the inoculum receptade technique of O'Gara & al.
(1996), colonisation by the pathogen extended further up the stemsin
a resistant clone than in a susceptible done subjeded to hypoxia
rather than namal oxygen levels (Burgess et al. 1999b). This result
was surprising as a much higher concentration of soluble phenolics
leaded into the inoculum receptades from the resistant compared to
the susceptible dones. Neither the duration of root hypoxia nor the
timing of root hypoxia in relation to the ponding affected the final
extent of stem colonisation by P. cinnamomi. If root hypoxia was
imposed before inoculation the plants were stesseed and the pathogen
entered the stem rapidly; if hypoxia was impased after pondng and
inoculation, then the pathogen, which was present on the stem, was
able to take advantage of the induced stressand penetrate rapidly

The adivity of enzymes involved in the phenylpropanoid pathway
(PAL, 4-Cl, CAD) were monitored in plants that were subjeded to
hypoxia or normal oxygen condtions in the asence or presence of
the pathogen (Burgesset a. 1999c). Root hypoxia induced adivity
of these enzymes and their products in stems of the plants.
Colonisation by P. cinnamomi further increased the adivity of these
enzymes. Actud levels of enzyme adivity were higher in pants
exposed to hypoxia, however, the relative increase in enzyme activity
in response to the pathogen was greder in control plants grown under
normal condtions. Peroxidase induction appeaed to refled tissue
damage rather that plant defence Overdl, plants subjeded to
hypoxia were lessable to switch onrapid defence responses against
the pathogen.

Ancther study that also used the agoponics g/stem, examined the
effeds of varying periods of hypoxia (0, 2, 5, 11 a 29 cays) on the
roats of aresistant E. marginata clone before being inoculated with
zoospores of P. cinnamomi. A similar set of roots was inoculated 3
days after the hypoxia treaments. All hypoxia treaments reduced
root extension. However, 6 days after the hypoxia treaments, root
extension had returned to namal for roots that had been exposed to 5
days of hypoxia, while for roots exposed to 11 or 29 days, extension
was half the normal rate. Exposure to hypoxia for 5, 11 a 29 days
was $hown to reduce cdl division, but not cdl expansion. Inthe cae
of roots expaosed to 3 days of hypoxia, the gicd meristem appeaed



norma a the end d the treament, but 3 days after the return to
normal oxygen conditions many of the gicd meristems had ded.
Thus, E. marginata roots have an acdimatization period to hypoxia
of between 2 and 5 days, after which they can tolerate hypoxia for
extended periods. (Burgess et a. 1999c). Root extension ceaed
when a lesion developed. A hypoxic pretreament effected lesion
development posthypoxia by reducing the number of roots that
became infected and any lesions that developed were significantly
(P<0.05) smdler than those that developed under norma oxygen
condtions. Six days after the resumption o norma oxygen
condtions, lesion development in roots exposed to 5 dhys of hypoxia
had returned to namal, whil e for rocts that had been exposed to 2, 11
or 29 days of hypoxia, the lesions that developed were till
significantly smaller. Therefore, roct tips of jarrah exposed to
hypoxia and then returned to normal oxygen conditions were more
resistant to invasion by P. cinnamomi than roots grown under normal
oxygen condtions. The study suggested that P. cinnamomi was only
ableto enter roots and infea through adively growing apices.

Current Research Activities

At present, we have anumber of other studiesin place One study is
determining the dfeds of drought on diseasse development after
infedion. Previous gudies have shown that once bark moisture
drops, E. marginata is able to contain lesion development (Tippett
and Hill 1983; Tippet et a. 1987 ; Bunny et al. 1995). There is ©me
concean that if the south-west of Western Austrdia starts to
experience summer rainfal events, a predicted result of the
greenhowse dfed, then we will experience more deahs of jarrah.
The study involves subjeding 2 yea old clonal jarrah resistant or
susceptible to P. cinnamomi to continuous watering, withhdding
water over summer (drought), or mimicking a summer rainfall event
after inoculation with P. cinnamomi in spring. Plants are being
harvested monthly over 2 yeas and rated for disese status. If
continuous watering or summer rainfall events do increase deahs in
jarrah on rehabilitated mines, it will be necessry to develop
strategies to reducethisimpad.

Ancther study is examining the long-term survival of P. cinnamomi
in rehabilitated mines and adjacent jarrah forest. It is looking at
saprophytic ability, potential exogenous and endogenous dormancy
of chlamydospores and the dfects of environmental fadors on
survival. Outcomes of thistrial will be helpful in reducing the spreal
of P. cinnamomi in stockpil ed topsoil or during the movement of soil
and vehicles during the mining process

Monitoring of rehabilit ated bauxite mines for plant deahs caused by
P. cinnamomi has indicaed that deahs are less prevaent in aress
where Acacia spedes are dundant. In the jarrah forest it has been
observed that understorey dominated by Acacia spedes sgnificantly
changes the soil environment to ore with a greaer suppressve dfed
on the population levels of the pathogen (Sheaer and Tippett, 1987).
Therefore, we ae examining the impad of arange of Acacia spedes
on dsease impad, sporangial production and zoospore relesse and
survival of P. cinnamomi in rehabilit ated minesite soils in the pits
andin glasshouse studies.

The impad of P. cinnamomi is a magjor concern to the management
of natural plant communities and rehabilitated communities during
and after mining in Western Australia. This concern arises from the
fact that this introduced pathogen has a wide host range which
includes jarrah, the dominant tree spedes of the jarrah forest and
many other understory spedes that make up key structura
comporents of the forest. In order to effedively manage dl the
structural comporents of the vegetation in rehabilitated mines it is
important to understand the dynamics of the pathogen and ascertain
how this differs from the adjacent forest. This knowledge will assst
managers to effedively reduce the impads of P. cinnamomi in
natural plant communiti es.
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SUMMARY

To date the majority of work on the systemic fungicide phasphite
(phosphonate) to control Phytophthora diseases has been conducted
on haticultural crops. Thereis a paucity of work on the @ntrol of
Phytophthora root and collar rots in natural plant communities. This
paper gives an overview of studies conducted in Western Australia

which examine the potential of using phosphite in plant communiti es
rich in diversity and heavily impaded by Phytophthora cinnamomi.
Details are given on posshle beneficial and cetrimenta effeds of
using phosphite in naturd plant communities to control P.
cinnamomi.

INTRODUCTION

Phytophthora cinnamomi is a widespread and devastating plant
pathogen in the south-west of Western Austrdia. It effects
horticulture, mining, forestry and returd plant communities
(Colquhoun, 2000; Hardy, 2000; Tommerup et a. 2000). Spot
infedions (< 1ha) in the Eucalyptus marginata (jarrah) forest or
banksia woodands and heahlands to be mined (alumina or mineral
sand mines) cause operational problems for mining companies. In
addition, new spot infedions in the forest or heahlands caused by
mining and aher users are athred to adjacent uninfested forest and
heahlands. These ‘spots’ may be @& small as one or two individual
plants and do dfer managers the opportunity to use systemic
fungicides to minimise the risk of spreading the fungus, and to
conserve trees and wnderstory plants in the infested ares. The
development of a method to contain or eradicate P. cinnamomi in
such sites will help mining companies and managers of natural plant
communities (National Parks, State Forests or Reserve Lands) med
their objedives of minimising the spread of the pathogen and to help
financialy reduce @sts associated with hygiene.

The phosphite fungicides control many plant diseases caused by
Phytophthora, even at concentrations in planta that only partialy
inhibit pathogen growth in vitro (Guest and Bompeix, 1984; Guest
and Grant, 1991.). They are unique among fungicides in that they are
trandocated in both the xylem and the phloem (Ouimette and Coffey,
1989). In the phloem, phasphiteis trapped and therefore translocaed
through the plant in asociation with photoassmilates in a source
sink relationship (Saindrenan et al, 1988, Ouimette and Coffey, 1990;
Guest and Grant, 1991). Photoassmilates and therefore phosphite
concentrations are thought to be higher in regions of the plant
uncergoing rapid growth, such as the roots and shoots (Whiley et al.
1995). The phosphite cncentration in plant tisaues is diredly related
to its application rate (Smillie @ al. 1989). Phosphite treament
induces a strong and rapid defense resporse in the challenged plant
(Guest and Bompeix, 1990). These defense resporses gop pathogen
spread in alarge number of hosts. Phasphite echibits a mmplex mode
of adion, ading dredly onthe pathogen and indiredly in stimulating
host defence responses to utimately inhibit pathogen growth (Guest
and Grant, 1991). Phosphite has aso been shown to inhibit
sporulation of Phytophthora spp. a low concentrations (Farih, et al,
1981). Elicitors and chemicds such as phosphite ae known to
adivate the phenolpropanoid pathway, athough phosphite only
stimulated host defences, including the phenylpropanoid pathway,
after pathogen challenge (Saindrenan et a. 1988; Nemestothy and
Guest, 1990). If resistance of plants to Phytophthora spp. is
increased and the pathogen in the phosphite treaed tissue cannot
reproduce, then potentially the pathogen could be eadicaed from the
tregted aress.
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Research activitiesin Western Australia

In Western Austrdia, ealy work conduwcted by the Department of
Conservation and Land Management showed that phosphite could
control Phytophthora spp. in Banksia grandis, E. marginata and rare
and endangered Banksia spp. (Komorek and Shearer 1997; Shearer
and Fairman, 1997). They have gplied the fungicide & trunk
injedion, foliar spray to run-off, and from aircraft as ultra-low-
volume or mist sprays. Althouwh these studies looked promising,
they had orly been conducted on a limited number of native plant
spedes mainly from the Proteaceae rad onE. marginata. Therefore,
we initi ated a number of studies to examine the potentia of phosphite
to control P. cinnamomi in native plant communities in and adjacent
to mining. These studies aimed to determine:
rates of phaosphite that could be safely used in native plant
communities
if phosphite could prevent multiple deahs in a range of
native plant spedes,
could minimise the spread of P. cinnamomi from infested
into uninfested aress,
the persistence of phosphite in plant tissues and its long-
term abili ty to control P. cinnamomi,
if phosphite could prevent the sporulation and release of
zoospores of P. cinnamomi from contained lesions,
if phosphite alversely influences the reprodictive fitness of
annual and perennial plant spedes,
if phosphite is detrimental to beneficial mycorrhiza
asciations, and
differences between foliar applicaion to run-off and foliar
applicaion as amist (low volume gplicaion) in the uptake
of phosphitein plant tisaues.

If phosphiteis found to be dfective and safe to use the outcomes of
these studies will provide us with a set of pradicable and economic
procedures for the eplicaion of phosphite in natural plant
communities and rehabilitated minesites. Such information would
include details of applicaion rates, frequency of applicaion and
season d applicdion.

Rates of application

Our reseach shows that phasphite as a foliar spray to run-off can
safely be gplied to matural plant communities at 5 g L™ phosphite
with 25 g L™ synetrol oil (Organic Crop Protedants Pty. Ltd. NSW,
Australia) as a sticking agent and that this rate @ntrols P. cinnamomi
in plant tisaues for at least 6 months. Higher rates of phosphite (10 g
and 20 g L™ result in phytotoxicity symptoms in a range of plant
spedes, causing defoliation and deah of some plant spedes. In
contrast, as amist applicaion, phasphite is routinely applied at 24 kg
ha and controls P. cinnamomi for at least 2 yeas (Komerek et al.
1997). Since the two methods of applicaion (spray to run-off and
mist or low-volume spray from aircraft) are being used, it was



dedded to make a omparison o phosphite uptake between the two
types of application. Eight month old Eucalyptus calophylla (marri)
grown in an evaporatively cooled glasshouse were sprayed (i) to run-
off with 25, 5 and 10g L™ phosphite, (ii) misted with 100, 200 and
400 gL phosphite or (jii) asa 10 g L™ phosphite soil drench. The
phospite mncentrations in plant tissues (root tips, shoat tips, mature
roats, fully expanded leares and mature leares) were determined by
High Performance lon Chromatography (HPIC)(Roos et a. 1999), 7
days after the spray treaments. Phosphite cncentrations were higher
in the root or shoot apices than in other more mature parts of the
plant. The highest concentrations were recorded in roct tips of the
soil-drenched plants.  When the different foliar treaments were
compared in the shoot apices, spray to run-off at 5 g L™ gave a
comparable mncentrationto the 100 g L™ mist treament, whilst a
10g L™ phosphite spray to run-off was comparable to 200 or 400 g L
! phosphite mist treatment. A comparison d roct apices reveded that
spray to run-off at 5 and 10 gL gave comparable mncentrationsto a
100 or 200 g L™ mist treament. All treaments except the25g L™, 5
g L™ and soil drench (10 g L™ phosphite) caused some phytotoxicity
to the foliage.

The uptake and subsequent tissue (lower stem, lignctuber, tap root
and lateral roots) distribution d phosphite in E. marginata growing
in arehabilitated minesite 7 days after being treaed with 0,5 or 10 g
phaosphite L™ to run-off showed that significantly more phasphite was
taken up by plants treaed with 10 than 5 g L™ phosphite to run-off
(Pilbeam, unpublished). At5and 10 g L™ the lower stems contained
more phasphite (209 and 423 ug g* dry wt, respedively) than the
other tissues. The lower stems contained more phosphite than the
other plant tissues.

There ae large differences in the uptake of phosphite ad
phytotoxicity in plants grown in the glasshouse and those growing
naturally in natural plant communities. For example, after spray
applicaion of phosphite the ncentrations of phasphite in
glasshowse grown plants are much higher than those recorded in
plants growing in the wild. Wilkinson et al (2000c) found that jarrah
grown in the glasshouse and treated with phosphite mntained 8 times
more phosphite than jarrah in a rehabilitated minesite. The higher
rates could be due to the higher relative humidity in the glasshouse
compared to the rehabilit ated mine sites. High humidity is thought to
accéerate sorption of herbicides and pesticides through the stomata
and cuticle by slowing the drying time of the spray droplet.
(Fairbanks et al. (2000) found the levels of phosphite in dasshouse
grown Eucalyptus calophylla 7 days after a 10g L™ phosphite
treament to run-off to reac 3561 and 2550 pg g* in root tips and
shoda tips, respedively. Also in the glasshouse, plants appea nat to
be so sensitive to the phytotoxic efeds of phosphite & they are in
thefield.

Control of Phytophthora cinnamomi

Our reseach has gown that phosphite can contain the spread of P.
cinnamomi in many native plant spedes from a range of susceptible
families (Pilbeam et a, 20003, b; Wilkinson et a, 1999; Barrett,
unpublished). The pathogen disappeas from the “walled off” lesions
over time, but the rate & which it disappeas depends on the isolate
andthe host. There gpeasto be alarge variation in the survival and
aggressveness between isolates (Hardy, unpublished). However,
when plants are inoculated 6-to-18 months after phosphite treament,
the aility of the fungicide to contain the pathogen is reduced. And
in some plant spedes, 6 months after phaosphite treament, lesion
development is dow but not halted in the stems of inoculated plants
(Pilbeam et al, 2000b; Wilkinson et al, unpublished). This indicaes
that the pathogen is not being contained but rather slowed dowvninits
ability to colonise host tissie, as a mnsequence it is likely that
phaosphite will need to be sprayed every 1-to-2 yeas.

In glasshouse studies (Wilkinson et a, 1997) showed that phasphite,
when applied as a foliar spray, did na prevent P. cinnamomi
sporulating from diseased tisuue. Zoospores from this tisae were
able to infed Pimelea ferruginea cotyledors, indicaing that
zoospores are cgable of causing disease, this was despite the
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pathogen being effedively contained within the plant. This gudy was
repeded in arehabilit ated minesite on 1-2 yea old jarrah (Wilkinson
et a, 1999). The stems of the jarrah were underbark inoculated and
lesions were dlowed to develop for approximately 7 days. The
plants were then treded with phosphite & a foliar applicaion,
buckets were then attached to the stems below the lesions and the
inoculated area of the stem was flooded. Pimelea ferruginea
cotyledors were placel in the water and dated regularly onto a
Phytophthora seledive medium. A fine mesh was placed around the
stems to ensure the leaves did not touch the stems and bemme
infeded through mycdiad contad. In addition, aliquots of water were
colleded regularly and pdated orto the Phytophthora seledive
medium. Once @ain, infeded and phosphite treaed plants were ale
to produce maspores. Therefore, the treament of infested sites may
prevent deah o plants but not necessarily prevent the spread of
inoculum into non-infested aress. This observation also raises
guestions about the use of phosphite in container nurseries, where the
pathogen may be wntrolled bu not killed, and orce plants are
planted out the pathogen can be disseminated.

Effeds on ecdomycorrhizal fungi

Preliminary work on eadomycorrhizd and endomycorrhizd fungi
indicaes that when phosphiteis applied at recommended rates (5g L~
L foliar application to run-off) it has no detrimental effedsin vitro or
in planta on these symbiotic esociations (Howard et al, 1999). In
these studies a range of Pisolithus tintorius, Scleroderma spp.,
Descolea sp. and Laccaria laccata isolates were screened in vitro and
in planta for sensitivity to phosphite. In vitro, growth of the isolates
was dimulated by concentrations of phosphite that inhibits isolates of
P. cinnamomi. In planta, phosphite gplicaion had no effect on
edomycorrhiza formation kut did stimulate afour-fold increase in
arbuscular mycorrhiza (AM) colonisation. However, a 10 g L™
phaosphite did significantly deaease infection by Descolea (Howard
et al. 2000). Thisisthe first study to examine the dfea of phosphite
on eadomycorrhiza fungi. However, there ae anflicting results on
the dfeds of phaspite on AM in annual spedes. For example, Jabahi-
Hare and Kendrick (1987) observed an increase in AM in leek treaed
with phaphite, wheress Seymour et al. (1994) and Sukarno et al.
(1996) found phosphite to deaesse AM in maize aad onion,
respedively. In addition, spore germination and root infedion were
aso not adversdly affeded by phosphite (Howard, unpublished
data). Therefore, athough only a few isolates from a small number
of spedes were tested, it appeas that phosphite used at recommended
rates will not be detrimental to edomycorrhizd fungi in natura plant
communiti es.

Phytotoxicity symptoms and plant uptake of phosphite
Phytotoxicity is a major problem associated with the gplication of
phasphite.  There is a fine balance between rates of phosphite
applied, phytotoxicity symptoms and the @ntrol of P. cinnamomi. In
generd, as the rates of phosphite goplied increase so do the phosphite
concentrationsin plant tissues. However, above’5 g L™ (spray to run-
off) or 36 kg ha® (mist or low volume gplicaion) phosphite
phytotoxicity symptoms increase substantialy in a large range of
spedes from different genera and families. These high rates can
result in plant deahs, reduced growth, growth abnormdlities and
reduced reproductive cgadty. There is aso a large variation in
uptake of phosphite and phytotoxicity symptoms between plant
spedes and within individuals of a plant spedes. For example,
Pilbean et al. (2000) found that after the foliar applicaion of
phosphite to run-off, the foliage of naturally growing Adenanthos
barbiger and Daviesia deaurr ens had mean phaphite wncentrations
of 80 and 871 pg g* dry weight, respedively. In ancther study, also
in a natural plant community, five weeks after phosphite gplicaion
between 36 kg ha™ to 144 kg ha®, foliar phosphite cncentrations
varied from 14004500 ppm, 73-185 ppm, 124-402 ppm, 481-1055
ppm and 672-590 ppm for Jacksonia spinosa, Adenanthos cuneatus,
Melaleuca thymoides, Lysinema ciliatum and Banksia coccnea,
respedively (Barrett, in preparation). All of these spedes were



closely associated with ead ather and indicae the large differences
between plant spedes in their uptake of phosphite under a given set
of condtions. These spedes aso varied in their sensitivity to
phosphite & indicated by phytotoxicity symptoms. J. spinosa and L.
cili atum expressed the highest phytoxicity ratings, whilst B. coccinea
and A. cuneatus expressed the lowest phytotoxicity ratings. Overall,
phytotoxicity increased with increasing levels of phosphite measured
in the tissues. This again suggests that there ae differences in the
uptake of phosphite in these spedes. For example, J. spinosa is
charaderised by having stems that are in the form of green
photosynthetic dadodes which may take up and retain higher
phosphite omncentrations than wooder stem material (Barrett, pers.
com.). In addition, they do not shed leases as a resporse to
phytotoxicity, unlike many of the other spedes tested, which might
also acourt for the high levels of phosphite measured in planta.
Eleven maao- and micro-morphdogicd led charaderistics were
asessed to determine which affeded the phytotoxicity ratings.
Growth form, leaf size leaf orientation, position d veins relative to
the led surface and mode of regeneration post fire (re-seeders or re-
sprouters) did not influence phytotoxicity ratings (Barrett, in
preparation).  Whilst, plant height, led shape, led hairs, the
distribution and pasition of stomata relative to leaf surface and the
presence of oil glands sgnificantly influenced phytotoxicity ratings.
Phytotoxicity ratings were significantly higher in spedes with all
glands present and significantly lower in spedes which had stomata
restricted to the lower surface ad spedes with led hairs (Barrett, in
preparation). In addition, the taller the plant spedes the greaer the
likelihood that phytotoxicity ratings would be high. The influence of
stomatal characteristics on phytotoxicity ratings suggests that they
may be important in phosphite uptake. The presence of leaf hairs
also suggests that phosphite uptake is reduced by preventing effedive
spray contad, and droplet spreal. Feaures such as cuticle thickness
and epidermal cdl size till need to be assessd for their effeds on
phaosphite uptake and phytotoxicity (Barrett, pers. com.). There ae
large micro- and maaomorphdogicd differences of leaf
charaderistics between spedes within a genus that would acourt for
the variation in phosphite uptake and effeds of phytotoxicity. Growth
abnamalities can also occur in a range of spedes from different
famili es after phosphite treament, these include ‘little led’ (Barrett,
unpublished) and fasciation (Hardy, unpublished). Finaly, in some
spedes where phytotoxicity symptoms have been olserved the
incidence of agia cankers can increase (Hardy, unpubli shed; Barrett,
unpubli shed).

Effedson plant reproductive process

Pollen tube development and seed viability are definitely affeced in
the short-term by treament with phaphite a& recommended rates as
foliar applicaions to run-off or as ultra-low volume foliar applicaion
(Fairbanks et al, 1998; Fairbanks et al, 1999). Phosphite influences
plant spedes differently, depending upon their life cycle and when
they flower in relation to the season d spraying. For example,
phosphite & 2.5, 5 and 10g L™ (remmmended rateis 5 g L™) and
above significantly reduced Dryandra sesdlis (perennia spedes)
pallen fertility when the plants were sprayed in autumn and winter,
with pdlen germination hkeing influenced up to one yea after
spraying. Pollen fertility was not affected after a spring spray
possbly due to the time duration between spraying and when the
plant flowered. Seed germination was not effeded. Similar
observations were observed for other perennial spedes (Fairbanks,
unpublished). In an annual spedes, Pterocheata paniculata, it was
shown that phosphite had no effed on dants gprayed in the
vegetative stage, but when sprayed at flower initiation there was a
reduction in pollen germination at 25 g L and above. Sed
germination was reduced by 5 g L™. Overall, phosphite has been
foundto affect annuals much more than perennials. In all spedes,
pollen fertility was affeded by phasphite concentrations lower than
those recommended. It appeas that in perennials despite pollen
germination keing affeced seed germination was nat. In contrast, in
the amnual spedes dudied, seed germination is detrimentally
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influenced. This affect is enhanced in self-fertilising spedes
(Fairbanks, unpublished).

In another study, also conducted in netura plant communities,
phosphite influenced flower production and fruit production when
applied before flowering and during flowering. Fruit production was
significantly inhibited in a number of plant spedes after low volume
phosphite gplications at 36, 72 and 144 kg ha™. At 144 kg ha®
inhibition was occasionally 100% (Barrett, unpublished). However,
the long-term effects dill need to be determined, espedally on annua
spedes. Flowering tended to be less affected than fruiting and dten
abortions of immature fruit were observed. In a number of spedes
sead germination was markedly reduced by phasphite treament and
this reduction varied between spedes. Seead germination in some
spedes was adversely affected by al phosphite rates, whilst in others
it was only affected at 144 kg phasphite ha (Barrett, unpubli shed).
Phytotoxicity ratings did not in general correlate diredly with effeds
on flowering and fruiting. In some spedes phytotoxicity ratings were
low, yet phosphite had a marked effed on fruiting.

Stimulation of biochemical defence mechanisms

Although phosphite has been shown to be dfedivein the control of
P. cinnamomi in E. marginata (jarrah), the biochemica mecdanisms
behind phosphite protedion are poorly understood. Using an
agopaics ystem (Burgesset a, 1998 jarrah clones resistant to P.
cinnamomi were treated with foliar applicaions of phosphite (0 and 5
g LY. The roats were then inoculated with zoospores of P.
cinnamomi at 4 days before and Q 2, 5, 8 and 14 days after phaosphite
applicaion. Root segments were then anaysed for the adivity of
seleded hast defence anzymes (4-coumarate wmenzyme A ligase [4-
Cl], cinnamyl alcohd dehydrogenase [CAD] and the cncentration of
soluble phenolics and phosphite. Lesions were most effedively
reduced when the phosphite mncentrations were the highest within
roots between 8-14 days. During thistime, the levels of host defence
enzymes remained relatively unchanged. Lesions were dso
effedively restricted when phasphite mncentrations within the roots
were lowest (between days 2 and 5. However, a significant increase
in host defence anzymes was associated with this deaease in lesion
development in the absence of high phosphite tissue @ncentrations.
We oncluded that the cntrol of the pathogen by phosphite is
determined by phosphite amncentration at the host-pathogen interface
When phosphite concentrations within the roots are low, phosphite
interads with the pathogen at the site of ingressto stimulate host
defence enzymes. Whilst at high phosphite concentrations, phosphite
ads diredly on the pathogen to inhibit its growth before it is able to
establish an association with the host. At this time, host defences
remain urchanged (Jadkson et a, 2000). There is gill a neel to
examine how phaosphite stimulates plant defences at the biochemicd
level.

Timing of phosphite application

Timing of phosphite gplicetion does not appea to influence the
effediveness of disease mntrol. We found similar results between
plants grayed in spring and autumn. Generaly, phosphite is grayed
in autumn in Western Australia since most plants are not flowering at
this time, which shoud reduce ayy detrimenta effects to
reproduction at this time. However, we did find that if plants were
drought-stressed, uptake of phasphite was less effedive than in non-
stressed plants. Therefore, it is appropriate to apply phosphite when
the plant is not dormant or drought stressed as the chemicd is not
taken upeffectively under these conditions.

Differences between glasshouse and ‘field’ trials

There ae large differences in the uptake of phosphite ad
phytotoxicity in plants grown in the glasshouse and those growing
naturaly in the wild. For example, after spray applicaion o
phasphite the oncentrations of phosphite in glasshouse grown plants
are much higher than those rearded in plants growing in the wild.
Wilkinson et a (2000c) found that jarrah grown in the glasshouse and
treaed with phosphite cntained 8 times more phosphite than jarrah



in a rehabilitated minesite. The higher rates could be due to the
higher relative humidity in the glasthouwse @mpared to the
rehabilitated mine sites. High humidity is thought to accderate
sorption d herbicides and pesticides through the stomata and cuticle
by dowing the drying time of the spray droplet. (Fairbanks et al.
(2000) found the levels of phosphite in gasshouse grown Eucalyptus
calophylla 7 days after a 10gL™ phasphite treament to run-off to
readh 3%1 and 2550 pg g in root tips and shoot tips, respedively.
Also in the glasshouse, plants appea not to be so sensitive to the
phytotoxic efeds of phosphite & they arein thefield.

Phosphite resistant Phytophthora cinnamomi isolates

Recetly we have found that there is evidence of P. cinnamomi
resistance to phosphite treaed plants among isolates from native
vegetation which have not been exposed previously to phosphite
(Wilkinson et al. 1999b; Huberli et al. 2000). This observation is of
concean espedaly since large aes of vegetation in Western
Australia ae being and will be sprayed at regular intervas in the
future. Regular spraying will provide asdedion presare for these
more phasphite resistant isolates and could pose alditiona problems
to managers in the future. There is also some evidence that these
more phosphite ‘tolerant’ isolates are more pathogenic than the less
‘tolerant’ isolates. Therefore, more reseach is required to examine
these observations in detail. In addition, there is not a good
correlation between phasphite tolerance in vitro and that in planta.
Seventy-one isolates of P. cinnamomi (68 from Western Australia)
were tested for sensitivity to phosphite on agar. Isolates could be
divided into sensitive (9% of isolates), intermediate (82% of isolates)
and tolerant (9% of isolates) groups. Sensitivity varied greatly
between isolates with EC50 values ranging from 4 to 148 ug
phasphite/mL (Wilkinson et al. 20008). Seleded isolates that were
tolerant to phosphite in vitro were not tolerant to phosphite in planta
(Wilkinson et al. 1999; Wilkinson et al. 2000c). Therefore, in order to
screen for phaosphite tolerant isolates of P. cinnamomi it appeasto be
a requirement that screening is conducted in planta. In addition, P.
cinnamomi can be isolated from plants that have dfedively stopped
its colonisation and walled it off and it can be isolated from months
to yeas after being contained (Ali and Guest, 1989; Sheaer, pers.
com.; Pilbean, 2000b). The levels of phasphite in planta are often
higher than those in agar on which the isolate would be inhibited.
For example, Wilkinson et a. (2000c) found phosphite
concentrations deteded in stems of Banksia hookeriana and E.
marginata in a glasthouse tria to be 40 and 14 times higher,
respedively, than the highest levels used in vitro. However, the
growth inhibition d the isolates in panta were less than those in
vitro. Therefore, if phosphite diredly inhibits growth in planta when
it is present at high levels then it would be expeded that the 12 P.
cinnanomi isolates used in this gudy would have been more
inhibited in planta than in vitro, and this was not the cae Wilkinson
et a. (2000c). One isolate was foundto be lessinhibited than 5 other
isolates when inoculated into phosphite treded jarrah in the field.
This isolate was also the most tolerant of the 5 isolates to phosphite
in vitro. However, ancther isolate found to be tolerant to phosphitein
vitro was the most inhibited in plants on the minesite.

In conclusion, there gpeas to be no correlation between phaphite
sengitivity in vitro and in planta.

THE FUTURE

It will be necessry to determine why the effediveness of foliar
applications of phosphite gpea to be less effedive than trunk
injedions. Sheaer and Fairman (1997) have found that trunk
injedions can effedively contain the pathogen for longer than 5
yeas. In contrast, our results indicate that approximately 6 months
after foliar application, the dfeds of phosphite ae disappeaing in
some plant communities and that these gplicaions will need to be
repeaed approximately every 2 yeas.
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It will be beneficial to screen more surfadants and sticking agents at
different concentrations with phosphite to seeif phosphite uptake into
plants can be increased without causing increased phytotoxicity.

More work needs to be cnducted on the biochemistry of how
phosphite adivates plant defence mechanisms and these should be
compared between P. cinnamomi tolerant and susceptible spedes.
For example, in E. marginata (jarrah) the adivation d defence
mechanisms is much less pronounced than in B. grandis after
phaosphite gplication (Sheaer, pers comm). An understanding of
how phosphite stimulates plant defence mechanisms may allow us to
improve these mechanisms through ather means.

The continued poor reproductive performance 12 -17 months post-
phosphite tregment is of some @ncern. This is exacabated by our
observation that in order to control P. cinnamomi it is likely to be
necessary to apply phaosphite @ a foliar application at lesst every 2
yeas. Therefore, it will be necessary to determine if regular spraying
will exacebate the dfeds on reproduction and hav this will
influence seed banks of perennial and annual spedes. The question
of sead bank viahility isimportant, since regular burns of the natural
plant communities are made gproximately every 7-10 yeas.
However, it could be agued that P. cinnamomi is having a
detrimental on plant communities where it is present and without
phosphite these spedes (espedaly rare and endangered spedes) will
be lost permanently. At least with phasphite germplasm meterial can
be maintained for the future. Despite this we need to better
understand the long-term impads on gant reproduction with the
continued use of phosphite.

It will be beneficid to examine host-environment-pathogen
interadions in more detail after phaosphite treament, with particular
emphasis on its uptake, persistence and effectiveness There is ome
evidencethat temperature, plant water status and nuritional status all
influencethe dfediveness of controlling P. cinnamomi in its hosts.

In conclusion, phosphite provides us with a very effedive ad cheg
method d reducing the impad of diseases caused by P. cinnamomi in
natural plant communities and rehabilit ated minesites, and currently,
it isredly the only tod we have. It is, however, important not to rely
on this chemicd indefinitely and to continue reseach adivities on
finding other control strategies for this devastating plant pathogen.
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CONSERVATION STRATEGY FOR PORT-ORFORD-CEDAR

Donald L. Rose', Laura Chapman?, Mike Martisch?

!Port-Orford-cedar manager, USDA Forest Service, Central Point, OR 97502, USA

Forest Planning, USDA Forest Service Eureka, CA, 95501-3834, USA

Port-Orford-cedar root disease (Phytophthora lateralis) is a
methodcd, pervasive killer of Port-Orford-cedar (Chamaecyparis
lawsoniana). The spread of this disease can lull managers into
inadion becaise the spread often is not spedaaular and attention
grabbing. Action is esentia, however, to maintain Port-Orford-
cadar (POC) as an ewmlogicd and ecmnamic comporent of our
forests.

A conservation strategy to insure the antinuity of Port-Orford-
cedar in a variety of habitats and locations involves a @mplex
mixture of approaces and a owmmitment from managers and users of
forest lands where Port-Orford-cedar resides. Leaning from the past
and analyzing the spread of Phytophthora lateralis through research
and historicd case studies can give us clues to a diredion for the
future. Understanding the variety of environments where POC lives,
the biology and epidemiology of the disease organism, and the limits
and appropriate uses of genetic manipulation and management all
play apart in the overall strategy.

Genera comporents of the overall strategy shoud include:

e ldentify levels of risk at various des - landscgpe, watershed,
locd projeds, trails, and roads. Include cnsideration for all the
factors affecting risk.

« Utilize d the management techniques available where
appropriate, monitor their effediveness and adapt our strategy
as neaded. Develop rew control methods being used in other
courtries.

*  Cortinue to work toward genetic improvement and maintain
gene banks.

* Educae the public and adjacent landowners to aquire a
commitment from all visitors to the forest and reighbors.
Coordinate mntrol strategies between various landowners and
agencies.

»  Utilizereseach and administrative study to answer questions as
they arise.

I dentifying L evels of Risk

Describing risk aaoss a landscape requires a knowledge of the
factors which affect risk. Table 1 displays the main fadors which
have been identified which increase the level of risk in aress where
POC resides. The fadors listed are only thase which managers have
some ntrol over. There ae many other factors such as animal
vedors, soil moisture, or land ownership patterns which are beyond
the control of managers. It is best to concentrate our efforts on those
factors which we can control.

Analyzing risk at a variety of scdes can help prioritize where
management treaments can be implemented first. As the scde of
analysis beames larger, the spedficity of management adions
incresse grealy. Individual roads and trails would be the most
spedfic level of risk anaysis. It is important to consider human
values when looking at individual projeds. Individual stands or
roads may rise in importance depending on the drcumstance

The following sedion o this paper describes a process which was
used to describe risk at the rangewide scde for POC on National
Forest landsin Oregon and California.

Analysis of Relative Risk at the Landscape L evel

The most current maps available of Port-Orford-cedar stands were
used to determine relative risk to Port-Orford-cedar stands from the
two primary vectors of Phytophthora, roads and streans. Severa
protedion classes were identified for the mapped Port-Orford-cedar
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stands utili zing topographic position, road and infedion groximity,
and potential or completed measures to prevent the spread of the
disease & fadors. The protedion classes which were mapped

included:

1.Port-Orford-cedar stands which are in roadless or formally
designated proteded areas such as wildernessand Reseach
Natural areas, with noroads within 500 fee of any part of
the stand.

2.Port-Orford-cedar stands which are not in roadless or wilderness
but have no roads within 500 fed of any part of the stand.

3.Port-Orford-cedar stands proteded by a gate or barrier.

4.POC stands in roadless or wilderness aress which have aroad
upslope outside of the non-roaded area

5.POC stands where amitigation measure muld be implemented that
would further reducerisk of infedion.

6.POC stands downhill from roads that have been sanitized of POC.

7.POC stands in riparian zones where a Phytophthora infedion
sourceis present upstrean.

8.POC stands where infested areas are diredly adjacent to the stand.
These stands have some risk due to anima or human
transport upslope.

TABLE 1 Ranking of manageable physicd, biologicd, human, and road
related fadors on relative dispersal of spores and spore density.

Factor s affecting exposur e and spore Risk  Control
density
Biological factors
Proximity to stream or water or flood
-plains
POC densty, extent, justaposition
Density or cover of other hosts
Adjacent infection
Recent dead (density and proximity)
Seral stage
Road related vedorsand factors
Road density
Road surface
Proximity to road
Culverts
Ditches
Traffic density
Traffic type
Off-road vehicles traffic
Trails (same as roads)
Human projedsand activities
Harvest frequency
Harvest method

Rank
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Two different maps were used to conduct the analysis with differing
levels of accuracy between them. The analysis in California used
current plant assciation mapping based on plots and fied
verification completed in 1998. This mapping was an intensive dfort
and is considered more acarrate than the map used in Oregon, which
is a ommbination d field observances, stand examinations, aeaia
photo interpretation, and formal surveys. Mapped stands of hedthy
Port-Orford-cedar were not available for BLM and private lands at
the time of this analysis. Figure 1 displays an example of relative
risk at the landscgpe scde. The visible deal trees were infeded from
aroad crossng the stream at the upper end d these dead trees. Port-
Orford-cedar trees upstream are uninfeced, however there is ancther
road above those trees. The road above the uninfeded trees is
reoommended for closure and would show up as recmmended



mitigation in the analysis. Uninfeded Port-Orford-cedar downstreamn
would be labeled as in-channel risk due to infedion above. Port-
Orford-cedar diredly upslope and at least 500 fed away from any
road, but not within the riparian zone, would be lower risk.

FIGURE 1 Infected Port-Orford-cedar in the landscape displaying concepts
or relative risk

Table 2 shows that nealy 60% of the ages with POC stands
mapped in Cdifornia and approximately 43% in Oregon are in a
relatively low risk locdion in the landscape due to their distance
away from existing roads or protedion status behind closed gates
during the wet season. Lessthan 10% of the mapped areais or will
soon beinfeded (Figure 2). Figure 3 shows an example of the results
of the mapping for the National Forest lands in Oregon.

The nature of the distribution of Port-Orford-cedar is very different
between California and Oregon. Port-Orford-cedar in California is
relegated to riparian habitat more frequently and is not found am
upland sites as much asin Oregon. Therefore mapping of the relative
risk is probably more acarate and predictable in California than
Oregon. Stands in Oregon that are in upland areas may show up in
the table & at risk when in fad, these stands may be fairly low risk if
they are not diredly adjacent to roads and water sources. Infested
stands aso typicdly do nd suffer 100% mortality. Trees on
microsites and away from stream channels do survive even within
areas hown as infected. Therefore, the number of trees infeded
overall is ©mething lessthan 9%.

Currently infested
areas
9%

In roaded
areas
41%

would
lower risk
3%

In Roadless or
Wilderness
22%

Min‘g;on K '\

POC stands
below
sanitized
roads
2%

Outside roadless or
wilderness, no roads
within 500 feet

4%

POC stands
behind closed
barriers
17%

In roadless or
wilderness, road
above
stands
2%

FIGURE 2 Relative risk summary for Port-Orford-cedar on National Forest

landsin Oregon and California
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Currently Infected
Roadlass\Wildermass
Foaded Area, No Roads within 500"
Behind Bariers
0 AW, Road Above

Baslow Sanitized Road

Potential Mitigation

At Risk From Infection Above
[ Roaded Area

FIGURE 3 Reétive risk map of Port-Orford-cedar stands on Siskiyou
National Forest, Oregon, during summer, 1999.

The analysis of adjaceicy showed that alarge majority of the stands
that have some level of risk reduction are not adjacent to infested
ares.

There ae some cautions to kegp in mind with this analysis.
Port-Orford-cedar stands in wildernessor roadlessareas are not free
of risk of infection by Phythophthora. They are relatively much
lower risk than arees with roads.

Port-Orford-cedar stands proteded by closed gates and barriers are
not aways effedive due to gate vandalism, bread of closures, and
some occurrence of wet periods during the dry season when the roads
are open.

The scde & which the mapping was dore (1:63560) is relatively
gross and is only useful for planning at the landscape level.
Additional analysis of this type neals to be caried out at the
watershed scde and projed level in order to get an acairate picture of
how much Port-Orford-cedar is likely to remain urinfeded on the
landscgpe and hav much is aready infeded.

The mapping of relative risk needs to be expanded to include BLM
and pivate lands within the natural range of Port-Orford-cedar,
which is estimated to be about 50% of the total Port-Orford-cedar.
The relative risk mapping should be used in conjunction with existing
land management plans and operational plans to determine whether
aress of high value aelocaed in areas of low risk or land alocaions
where disturbanceis not likely to occur. Recommendations on Port-
Orford-cedar areas to conserve for aswurance of future viability
shoud take into acount these relative risk ratings.



Utilizea Multitude of M anagement Techniques

There ae anumber of treaments which have been tried in southern
Oregon a northern California. Many of these have proven to be very
successful at preventing spread of the disease. These include:
Exclusion o humans from POC aress.

Exclusion duing the wet season only.
Restricting projed adivitiesto dry season.
Sanitation of POC from roadsides.
Equipment and vehicle washing.

Road design and maintenance

Water androck seledion and use.

Use of Clorox as preventive gent.
Planting of POC on low risk sites.
Exclusion o POC from high risk sites.
Prescribed fire.

Trail andtrail head relocation.

Developing and panting resistant POC.
Regulating non-timber forest users.

Public educaion programs.

Restricting order of operations on projeds.

In addition to these management strategies, spedfic measures need
to take place to insure that representative Port-Orford-cedar
emsystems remain in functioning condition throughout the range of
POC.

A Proposed Conservation Strategy
1. Where we have plant
representative amourt of eadh mapped plant association that has
Port-Orford-cedar within ead watershed in a relatively low risk
condtion. Try to manage more than one stand, where posshle,
for ead plant association within each 5th field watershed in an
areaidentified aslow risk.

Insure that representative stands from ultramafic and ron-
ultramafic soils are in low risk aress. Maintenance of the
distribution d plant assciations within ead watershed shoud
provide for adequate representation of soils, however, we shoud
ched to verify this variation in parent soil types is represented
since it is an important fador in genetic variation and seed
zoning.

Rare or unique plant associations are likely representative of
unique genes. These plant asciations may be important to
provide extra protedion. Look at ead rare ssciation on a cae
by case basisto dedde on appropriate adions. Examples of areas
where extra efforts at protedion may be needed include the Horse
Mountain and Shelley Creek areas on Six Rivers NF, some
populations within the upper Saaamento and Trinity Rivers, and
hedthy stands within the northern part of the range of POC
between Port Orford and Coos Bay.

asciations mapped, manage a

89

4. Where we don't have plant associations mapped, we may need to
look at the distribution of Port-Orford-cedar and the location of
low risk stands on a watershed by watershed basis (in some aeas,
live Port-Orford-cedar is yet to be mapped and some further data
colledion isnecessary). We nedd to identify low risk popuations
in ead 5th field watershed that represent ead elevation band that
Port-Orford-cedar is found within that watershed. Suggested
elevation bands to represent are 0-1500 fed, 1500-3000 fed,
3000-3750 fed, 3750-4500 fed, 4500-5250 fed, 5250-6000 fed,
6000-6500 fed, and above 6500 fed.
Look at the likelihood of disturbance of the stands within the
context of land allocations within the Northwest Forest Plan.
Work together as neighbors within watersheds with as many
landowvners as posshle and have a onsolidated effort at
conservation.  Work with watershed councils, user groups,
industrial and nonrindustrial private landowners, and the general
public to gain further accetance and support of root disease
prevention pradices.
Concentrate dforts where the most gain can be made with the
least input of money and time. Areas that are heavily used by
people that are potential sources of spore dispersal should get
more atention than isolated areas which have lesstraffic.
The dlowance for bough cutting on Federal lands has caused
disease spread to occur in the past. Additional measures are
needed to limit the potential for spread whil e providing adequate
amourts of boughs for the greenery market. Some suggestions
include:
a. Limit bough cutting to the dry season only.
b. Restrict bough cutting to identified bough harvest ares
such as planted areas under powerlines.
Encourage production of boughs on private lands to
provide enough oughs to med demand.
Determine the level of demand and timing of need for the
boughs.
Continue development of disease resistant POC stock. Outplant
geneticdly improved stock into microsites that are low risk in
infeded areas or in uninfeded udand sites first.
10.Maintain adequate amourts of dead and down POC aong
streams. There may be opportunities, however, to salvage deal
POC where asurplus of dead material is present. Involve wildlife
and fisheries personnel to determine alequate anounts of riparian
and stream structure needed.
11.Develop and uili ze maps of clean rock and water sources. Use
Clorox at a @ncentration of 1 gallor/1000 gallons of water in
infested water if it is neaded for use in dust abatement, fire
control, road construction, or equipment cleaning.
12.Continue reseach and administrative study to answer questions
abou the disease, the hosts, and the emlogicd impads of their
interadion

C.

d.



TABLE 2 Protection status, infection status, and relative risk of infection of mapped Port-Orford-cedar stands on National Forest lands in southern Oregon and
northern California

. . Siskiyou Cdifornia Total NF Siskiyou % Cdlifornia%  Total % of
Infection and Protection Status of mapped POC areas NFAcres  NFAcres Acres of total POC  of total POC total POC
_Unlnf_ected areas within wildernessor roadlessareas and no 36,6% 11,036 47672 161 290 17.9
infection nearby
Uninfected areas within wildernessor roadlessareas with
infected water source below stands 8,394 2170 10,564 3.7 57 40
Unlr_lfected areas at Ieas_t 500 fed away from any roads 5172 825 5,997 23 29 23
outside of roadlessor wildernessareas, no infection nearby
Uninfected areas at least 500 fed away from any roads
outside of roadlessor wildernessareas with infected water 3,321 790 4,111 15 21 15
source below stands
_Unlnf_ected areas behind closed gates in roaded areas and no 26,911 7153 34,064 118 18.8 128
infection source below stands
Uninfected areas behind closed gates in roaded areas and
infected water source below stands 10,964 762 1.7%6 48 20 44
Unlln_fected areasin roaded areas, roadsides have been 4169 0 4169 18 0 16
sanitized and no infection source below stand
Uninfected areas in roaded areas, roadsides have been
sanitized and infection source below stand 2,176 0 2176 10 0 08
Uninfected areas with roads lessthan 500 fed above POC
standsin wildernessor roadlessand no infection below 1,225 1,360 2,585 0.5 36 1.0
stands
Uninfected areas with roads lessthan 500 fed above POC
standsin wildernessor roadlessand infection source below 1,246 1,009 2,255 0.5 27 0.8
stands
Uninfected areas in roaded areas with no protedion
measures in place, but if protection measure implemented, 14,981 2,073 17,054 6.6 55 6.4
risk would be lowered *

Uninfected areas in roaded areas with no protedion

measures in place. 99,558 9,221 108,779 436 24.3 40.9
Uninfected areas in-channel and downstream from stands

infected upstreams (very high risk). 70 180 250 <01 05 01
Currently Infected 21,420 3,510 24,939 9.4 9.2 9.4
Total Port-Orford-cedar 228,138 38,016 266,154 2

1-Down stream infection status not identified in this category
2-Percentage do not total 100% due to overlap between identified mitigation category and relative risk categories
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SCREENING AND BREEDING PROGRAM FOR GENETIC RESISTANCE TO
PHYTOPHTHORA LATERALISIN PORT-ORFORD-CEDAR (CHAMAECYPARIS
LAWSONIANA): EARLY RESULT S

Richard A. Sniezo?, and Everett M. Hansen?

1USDA Forest Service, Dorena Genetic Resource Center, Cottage Grove, OR 97424, USA
%Oregon State University, Department of Botany and Plant Pathology, Corvallis, OR 97331, USA

SUMMARY

One part of an integrated strategy to manage Port-Orford-cedar in
the presence of the eotic pathogen Phytophthora lateralis is to
develop geneticdly resistant trees to use in restoration and
reforestation. Based on ealier work at Oregon State University that
demonstrated the presence of a small number of trees with genetic
resistanceto P. lateralis, the USDA Forest Service and USDI Bureau
of Land Management have begun a program to evaluate alarge
number trees for resistance and to breed for increased resistance.

A relatively small number of field seledions had been made prior to
1997. From 1997 to 1999, over 7000 trees that appeaed to be
resistant in the forest to P. lateralis have been seleded for further
evaluation at Oregon State University using a branch lesion test.
Field seledions have been made over much o the natural range of
Port-Orford-cedar. The branch lesion test allows for rapid screening
of many selections, and is used at this gage principaly to identify the
trees with the highest resistance to the root disease. Initial results
indicae that there is only a low frequency of resistance in natural
populations, and that most surviving trees are escgpes. The top rated
trees from branch lesion testing are vegetatively propagated at
Dorena Genetic Resource Center, and included in a breeding orchard
and/or undergo further evaluation for resistance

Field vdidation of seledions has begun. Early results from
plantingsin 1989 and 1993 indicae that only a few current seledions
have relatively strong resistance, and that breeding will be neeled to
enhance the resistance of the field seledions. Results from a 1989
planting at the Oregon State University Botany Farm indicae that
resistant clones can survive & least 10 yeas, although some ramets of
these dones died in the first few yeas.

Port-Orford-cedar lends itself well to cone and seed production at a
young age (less than four yeas old) and this would alow the
potential of rapid increase in resistance. A reaurrent breeding cycle
of seledion, brealing, and evauation for further resistance ould
proceed much more rapidly than with most other conifers. Cortrol
crosses among some of the pre-1997 seledions have drealy yielded
sedl, and the progeny are aurrently under evaluation.

Field sdledions will be separated into goups (breeding zones)
based on information relating to adaptability of Port-Orford-cedar
gathered in other trials. Information on underlying mechanisms of
resistance is laking, and such information would be beneficia in
maximizing progressin developing Port-Orford-cedar resistant to P.
lateralis. Once apopulation of resistant parents is developed, seed
could be produced relatively rapidly in containerized seed orchards,
or rooted cuttings could be utili zed to meet reforestation reeds.

INTRODUCTION

Early reports of infedion o Port-Orford-cedar (POC)  with
Phytophthora lateralis indicated that al tested ornamental varieties
of POC, and some varieties of Chamaecyparis obtusa were
susceptible, while Chamaecyparis pisifera varieties howed
resistance (Tucker and Milbrath 1942). In ealy tests for resistance
using thousands of cuttings from hundeds of trees that were
phenotypicdly resistant in netura stands, al cuttings died, indicaing
that resistance is very low and/or that the inoculation level was too
high to allow expresson d resistance anong the dones tested (Roth
et a 1972, Roth 1985, Zobel et al 1985). The first demonstration o
resistancein POC was published in 1989 (Hansen et al 1989).

In 1988, a review of the patentia threa of the exotic diseae P.
lateralis led to a series of reacmmendations, including the neel to
understand more éout the genetic variation that exists within POC
and the etent of genetic resistance to P. lateralis root rot
(unpublished 1988 USDA Forest Service Region 5Region 6 Action
Plan for the Management of Port-Orford-cedar). Since 1988 a range
of adivities has led to a better understanding of the genetic variation
within POC and P. lateralis, and the relative level of genetic
resistanceto P. lateralis that is present within POC. Thereis limited
information d resistance of forest trees to spedes of Phytophthora,
but significant variation in genetic resistance to P. cinnamomi has
been found within severa spedes (Butcher et a 1984, Stukely and
Crane 1994)

Up to the mid-1980's, occasional POC trees had been found that
survived infedion a showed delayed deah, but no attempts to breed
for resistance or hybridize with resistant Alaska-cedar (C.
nootkatensis) or Asiatic Chamaecyparis spedes had been attempted
(Roth et a 1987). A few POC survivors that have lived for an
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extended period of time in the presence of P. lateralis were noted in
the mld frames nea the Oregon State University (OSU) greenhouses
and at the OSU Botany farm, and were thought to represent some
type of “slow dying” resistance (Roth 1985). With little hope of
finding immune individuals within the spedes, work began in the
ealy 1980s on fine tuning an inoculation system to all ow susceptible
and relatively tolerant individuals to be distinguished. Screening of
randomly seleded seallots in 1996 from much of the range of POC,
utilizing two screening techniques, indicaed that there was high
individual tree heritability for the root dip test, and relatively low
heritability for the stem lesion test (unpublished data).

This paper will present an overview of branch screening results
from 1989, 1990, 1997, 1998 (excludes 1995 and 1996 screening),
and the ealiest field tests, established in 1989 at the OSU Botany
Farm, and in 1993 o two sites on the Siskiyou National Forest
(excludes afailed 19% planting, and the 1998 and 1999 plantings)

SCREENING POC TREESFOR RESISTANCE

Starting in 1989, the USDA Forest Service began seleding
candidate POC trees in natural stands to evaluate for resistanceto P.
lateralis (USDI Bureau of Land Management seledions began in
1994). In 1996, a range-wide sample of seadlling families was
evaluated for disease resistance to examine potential geographic
trends in resistance  Operationa screening of candidate trees
commenced in 1997. From 1989 to 1998, over 7000 hedthy treesin
natural stands from throughout much of the range of POC have been
screened using a branch inoculation technique. At this point, it is
anticipated that the final large scde screening of candidate trees from
natural stands will take placein 1999. Based upon results of these
screanings and field validation data, base populations for future
breeding work will be establi shed.



Once a cadidate parent tree(or clone) was slected, branches from
the tree or sealling offspring from the candidate trees (1996 only)
were sent to OSU for screening. The screening process has been
modified somewhat since 1989 and 1990 when large branches were
colleded and an incision made in the branch which was then
inoculated with P. lateralis (wound inoculation technique).
Generally, the procedure since 1994 is to send six to 10 small branch
tips to OSU, and these branch tips are dipped in a zospore
suspension of P. lateralis. When seedlings are used for testing,
notably in 1996, either a stem dip technique (immersing the bottom
two centimeters of a ait portion of the sealling in a Zospore
suspension) or a root dip technique (immersing the bottom two
centimeters of the wntainer containing the sealling roots in a
zoospore suspension) has been utilized.

Several weeks after branch dip inoculation, the length of the lesion
growth is determined (in mm), with small lesion length dencting
greder relative resistance.  Beginning in 1993, there has generally
been both a high resistance dhedlot (usualy clone OSU-CF1) and a
low resistance cecklot (usualy clone OSU-CONL1 for 1997 and
subsequent yeas) included as ead group of clones was evauated.
Due to the large number of candidate trees sreened in 1997 and
1998, the screening was dore in many groups (or “runs’) spreal
throughout much of the yea. The dedlots were used to help
determine how many clones from each screening goup to
vegetatively propagate for the done bank, breeding orchard, or to
evaluate further. Many of the candidate trees were seleded in
locdliti es rowing mortality from P. lateralisinfedion.

Results from 1989and 1990 branch inoculation screening

Through support provided hy the Siskiyou National Forest, the
initial screening of 193 parent trees from Forest Service land took
place in 1989 and 1990 uilizing the branch wound inoculation
technique. Screening included trees from Siskiyou and Six Rivers
National Forests and parent trees tested were seleded from aress
where other POC had ded from P. lateralis. Generaly, the range of
lesion lengths varied widely among these 193 seleded trees, with
some tested trees having small | esion scores comparable to the best
trees previoudy tested, while other trees appeaed to have little
resistance based upon this technique. Rooted cuttings or sealling
offspring were avail able for some of these donesin 1998 at the U.S.
Forest Services Dorena brealing orchard and/ior at BLM's Tyrell
preservation achard. Control crosses among some of these dones
began in 1996.

Results from the 1997 and 1998 branch dip screening

Over 6500 parents were screened in 1997 and 1998 wsing the branch
dip inoculation technique. The six branches for ead parent seleded
were divided into two blocks, and randomized. With this operational
technique, branch ends about a 0.3 meter long are ®lleded from
parents, the ait ends are trimmed and immersed in a zospore
suspension for 24 hours, then the branches are stuck in moist
vermiculite for three weeks before evaluating for lesion length
(Hansen 1996). The number of parents <reened at any inoculation
varied, and inoculations procealed through much o the yea.
Because of the eae and spead of applying the branch dip technique,
this technique was used to operationally screen large numbers of
candidate trees from disease aeasin 197 and 1998, and will also be
used in 1999.

For screening in 1997, 1998, and 1999, approximately 10% of the
candidates are being seleded based upon stem lesion scores, and will
be included in the breeading orchard. In generd, if a tested parent
had a branch lesion <20mm, or lessthan the OSU-CF1 chedlot, then
it was slected for propagation and further testing. Some alditional
branch test seledions were alded, usually those that were best in a
particular inoculation group (if none met the other two criteria).

Initial evidence suggests there is only a we& correlation between
branch lesion scores and scores from the rocot dip method or field
results. Many of the candidate trees leded based upon branch
lesion scores may also undergo additional screening using rooted
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cuttings to validate their resistance before inclusion in future
brealing. Results from branch lesion screening in 1997 and 1998
showed that the high resistant chedlot, clone OSU-CF1, had a
smaller lesion length (often considerably smaller) than the mean of
the donesin ead runfor 70 o the 71 runs, the only exception being
in a Run 5in 1998 where OSU-CF1 had an atypicdly high lesion
length. Parent trees differed significantly in lesion length for most of
the 45 runsin 1997 and for al 22 runsin 1998. The lesion length of
the best candidate treein ead run was often slightly lessthan for
OSU-CF1. Intheseruns, lesion length for the low resistant chedlot,
clone OSU-CON1, was usualy much larger than for the run mean,
but often was less than the candidate tree with the largest lesion
length.

There was a wide range in lesion lengths among the dones (parent
trees) screened in 1997 and 1998 (see Figure 1 for distribution of
clonal means for 1998 branch lesion screening). Within a run, there
was generally wide variation in branch lesion means among the
clonesin 1997 and 1998, with some outstanding clones for both high
and low lesion length. From preliminary examination d the data
colleded in 1997 and 1998, no olvious geographic trend is notable
for relative branch lesion length.
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FIGURE 1. 1998 POC Branch dp inoculation — Distribution of clonal means
for branch lesion length,

Over 7000 parent trees have been screened for P. lateralis resistance
since 1989. Locations of most of the candidate trees reened from
1989 to present are known, and this may be useful for projeds in the
future. The trees may serve @& monitors to tradk additional POC
related mortality over its natural range.

In several screenings with different methods over the yeas, severa
OSU clones (notably OSU-CF1), and clone 510015 (from Gasquet
Ranger District on the Six Rivers National Forest) have cmnsistently
been best or nea the top for measures of resistance It appeas that
there ae relatively few clones (perhaps 1 - 2%) that repeaedly stand
out in all screening tests. The remainder of the dones may have
resistance, but it may be more subtle axd not apparent under heavy
inoculum loads. Initial indicaions are that there is little genetic
variability in the isolates of the exotic fungus P. lateralis present in
the Padfic Northwest; if the geographic origin of P. lateralis is
determined at a later date, it may be necessary to test the most
resistant POC against other isolates. At this time, there is no drea
evidence on how many resistance mechanisms may be present, nor
on the nature of the resistanceto P. lateralis. If fundng is available
in 2000, the investigations will begin on the nature of any resistance
mechanisms.



FIELD PLANTINGSAND VALIDATION OF GREENHOUSE
SCREENING

Greenhowse screening techniques developed at OSU, such as the
branch dp and root dip techniques are methods to survey many
candidate trees quickly for an indicaion d relative resistance The
branch dp technique is quicker than the root dip technique (which
requires gathering seed or rooting cuttings from the parent trees) and
has been used to for most of the POC operationa screening program
to make seledions for the breading orchards. However, it is possble
that some resistance mechanisms may be by-passd in a branch
inoculation that would be present in aroat test. Littleis known about
how the greenhouse tests relate to resistance in the field, including
relative susceptibility of different clones in the field, as well as how
much longer the more resistant clones would thrive under field
condtions. Field plantings were established in 1993, 1996, 1998, and
1999 hy the Forest Service and BLM to work with OSU to validate
the screening methods, to make seledions for breeding, and as
demonstration gantings.

1989 Botany Farm Planting

A small planting of rooted cuttings and open-pollinated seedlings
from resistant and susceptible parents was planted at the OSU Botany
Farm in spring 1989. Eighteen to 25 cuttings (or seeallings) were
planted, and distributed over four replicaions. Most mortality
occurred within the first year of planting (Figure 2). Several resistant
clones, including CF1 and CF2, athough suffering mortality of some
ramets, continue to show moderate to high survival after 10 yeas
(Figure 2), while most susceptible dones have suffered 100%
mortality (usualy within the first two yeas). It is encouraging that
severd resistance seledions sem to dovary well on at least one site
for as long as ten yeas. Future trials may investigate caise of early
mortality in some ramets of the most resistant clones.

% Mortality
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FIGURE 2. Phytophthora lateralis mortality over 10-years of four POC
clones and one seadling family in 1989 OSU Botany Farm planting.

1993 Quosatana and Flannigan Plantings

The April 1993 dantings utilized one-year old seedlings (sown in
May 1992 for 28 open-padlinated families. Seedlings were planted
in southwest Oregon at two sites known to have P. lateralis present
(Quosatana on the Gold Bead Ranger District and Flannigan on the
Powers Ranger District, both on the Siskiyou National Forest).
Twenty-seven o these 28 famili es were seedling offspring of 27 o
the 193 clones sreened via branch inoculation at OSU in 1989 and
1990 (the only parents with seed avail able). Sixteen replications with
ead family represented by one tree per replicaion (except for a few
famili es where fewer seedlings were avail able) were planted at eadh
site. Ead replication centered around POC trees that had been
previoudy killed by P. lateralis. Assessment of these plantings
involved recording presence of trees dead from P. lateralis.

Survival in April 1997 was 18% a Quosatana and 2% at
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Flannigan. Comparison d family means at the two sites showed
some parents duch as 510015 with relatively good survival at both
sites (44% at Q, 56% at F), but some inconsistencies among other
parents (Figure 3). Correlation (using family means) between the two
sites varies with age of assssment. At least through the 1997
assessment, seadling survival for family 510015 seems to be fairly
evenly spreal between plots with moderate and hgh mortality,
suggesting that the resistance may hold up even under aress of high
disease incidence To-date, clone 510015 hes shown among the
highest resistance in al tests, whether tested as a done or as a
sealing family, and whether tested with a stem inoculation, root
inoculation, or in the field. Fifty percent mortality at the sites
occurred within ore yea of outplanting, and over 65% within 19
months of planting. There was relatively littl e aditional mortality at
the two sites between 195 and 1997. Only a few families have
100% mortality, at even ore site. Further time will be neeled to see
if some of the survivors are escapes due to micro-environmental
factors.

A remaining question that this ealy planting will help elucidate is
how long will the best famili es from natural stands continue to show
survival, and what percentage of the trees in these families survive.
The wrrelation o the family means (using the survival as of 1997)
for these sites with the results from the 1989/1990 branch lesion test
was 0.42 and 0.27 for Flannigan and Quosatana. The rrelation
changed over time, and has adually deaeased dlightly in recent years
asthe mortality at the field sitesincreased. The large amourt of ealy
mortality that occurred at these field sites bodes well for further
establishment of any other trids at close spadng which makes it
easier to find suitable field sites, and to reuse the same site over time.

Whil e the high ealy mortdity in the various field tests is cause for
discouragement, the diff erentiation among families or clonesin ealy
survival is encouraging, espedaly with the potential of relatively
rapid breeding cycles for POC. Inclusion of the more resistant
families in the breeading populations will hopefully alow us to
continue to increase the resistance within POC. Several short-term
tests involving root infedion are dso under investigation, including
planting seadlingsin an infeded raised bed.
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FIGURE 3. Percent mortality through April 1997 (49 months after planting)
for families planted at two sites.

BREEDING

Because the expeded resistance from screening parent clones from
natural stands was expected to be relatively low and/or the frequency
of resistant parents also low, the Forest Service anxd BLM began
planning to do hreading work to attempt to increase resistance,
utili zing the more resistant seledions from the operational screening
program. Based on work dore dsewhere on flower induction in
POC, the Forest Service began to try methods of flower induction in
POC in the ealy 1990s that would work under containerized seed
orchard conditions present at the Forest Services Dorena Genetic
Resource Center, nea Cottage Grove, Oregon. With the relative eae
of flower induction at an ealy age (by three or four yeas) in this
spedes, the next step was to fine tune pdlination techniques for this



spedes to work on small, yourg trees in pds at Dorena. Severd
yeas of padlinations and seed yields indicate that for the most part, it
shoud be feasible to obtain seed from most crosses.

Currently, the goal isto produce rocted cuttings at Dorena GRC for
al parent trees sleded as “resistant” after undergoing artificial
inoculation in the branch screening program from natural seledions.
Oncerooted these dones are placed into a potted breeding orchard at
Dorena. If there ae enough cuttings, the dones are dso disease
tested with a secnd method (starting in 1999) and are dso
established in a preservation achard at BLM’s Tyrrell Seed Orchard
(starting in late 1998). Once the majority of the seledions have been
made (after the 1999 screanings are completed) further discussons
will be to prioritize breeding zones for breeding. Breeling zones
will be based on genetic variation found in height and other traits
(Kitzmill er and SnieZo, in press.

Control crosses have been underway for severa yeas, but until
recatly relatively few parents have been available. Many more
parents will be available in the next few yeas as the rooted cuttings
from the 1997 screenings beame large enowgh to flower. A
breading plan will be devised that takes into acourt available
information onresistance and breeding zones and incorporates budget
needs.
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SPREAD OF PHYTOPHTHORA SPP. IN OAK WOODS OF SOUTHERN ITALY
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ABSTRACT

Phytophthora genus is a primary widespread soilborne root
pathogen, associated with mortality and dedine of several oak woods
in Europe and Mediterranean regions aswell asin North America

A survey, meant to estimate the possble occurrence and distribution
of Phytophthora spp. in Southern Italy was caried ou in 7 dedining
pure or mixed ok woods, chosen among the most representative in
the aeaunder study.

Detedion d Phytophthora spp. in soil samples, colleded in spring
and autumn at the base of hedthy and dedining oaks, was performed

by "bating" technique and using seledive agar media. Spedfic
identification was based on morphdogicd charaderistics of the
colonies grown in Petri dishes on different media and an microscopic
observations of hyphag sporangia and ogyonia.

Phytophthora spedes occurred in al investigated stands, with a
percentage varying from 30 to 58% of sampled trees; the identified
spedes were the following: P. cactorum (Leb. e Cohn) Schroeter, P.
cambivora (Petri) Buisman, P. cinnamomi Rands, P. citricola
Sawada

INTRODUCTION

Since the ealy 198)'s, a severe oak dedine has been reported in
diff erent European and Mediterranean regions, athough other Countries
the onset of decline is thought to have started much ealier (Delatour,
1983; Donaubauer, 1987; Leontovyc and Crapek, 1987; Oleksin and
Pryzbyl, 1987; Siwecki and Liese, 1991; Luis et al., 1993). In Spain
and Portugal the oak spedes involved in the dedine are primarily the
evergrean Quercus ilex L. and Q. suber L. (this last aso reported in
Tunisa and Morocoo) and, to a lessr extent, Q. faginea Lam., Q.
pyrenaica Willd. and Q. rotundifolia Lam. (Brasier et al., 19933, b). In
France and Germany, Q. robur L., Q. petraea (Matt.) Liebl. and Q.
rubra L. are dso involved in the dedine (Jung et al., 1996, Robin et al.,
1998) and in Italy mainly the dedduous Q. caris L., Q. frainetto Ten.
and Q. pubescens Willd. (Raddi, 1992 Sicoli et al., 1998).

Chlorosis, diebadk of branches and part of the aown, microphylly,
defoliation, emisgon of epicormic shoots, tarry exudations and neaotic
rootlets are some of the symptoms of this complex and chronic
syndrome, recognized as a multifactor disease, with predisposing fadors
(e. g. unsuitable site, adverse climatic conditions, atmospheric pollution,
root competition), inciting fadors (e. g. drought, frost, snow, insed
defoliation) and contributing fadors (e. g. improper management, over-
pasturing, secondary pathogens) (Manion, 1981; Siwedi and Liese,
1991; Luisi et al., 1993; Sicoli et al., 1998).

Among the funga parasites involved, Phytophthora spp., primary
widespread soilborne root pathogens in many Authors opinion, could
play an important role in cek dedine (Brasier, 1993; Blaschke et al.,
1995; Jung and Blaschke, 1996; Jung et al., 1996).

Owing to the lad of reseaches regarding the pathosystem Quercus-
Phytophthora in Itay, the am of this sudy was to assess the occurrence
of Phytophthora spp. in declining oak woods of Southern Italy in view
of establishing, by further investigations, their possble involvement in
thedecline.

MATERIALS AND METHODS

This research was caried out in 7 declining pure or mixed cak woads,
seleded among the most representative oak forests in Southern Itdy,
locaed in Deliceto (Foggia), Gravina in Puglia (Bari) and Manduria
(Taranto) in Apulia, Brindisi di Montagna (Potenza) and Ferrandina
(Matera) in Basili caa, Campana (Cosenza) in Calabria and Corleone
(Palermo) in Sicily (Fig. 1).

In eat stand, a representative plot of 600 m? was established, and
different parameters were determined for eah of them (Table 1).
Dedining status was assessed aacording to the European System
(Anonymous, 1997).
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1 "Valle in Vincolis", Deliceto (Foggia)
2 "Difesa Grande",Gravina P. (Bari)
3 "Cuturi", Manduria (Taranto)

4 "Foresta Grancia", Brindisi M. (Potenza)
5 "Monte Piano", Ferrandina (Matera)

6 "Calamacca", Campana (Cosenza)

7 "Ficuzza", Corleone (Palermo) - = -,"‘
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FIGURE 1. Geographicd distribution of woods investigated for Phytophthora
occurrence.

Four highly dedining and 4 apparently hedthy (if any) or dightly
dedining plants were chosen for eat plot (Table 2). In mixed woods,
the plants sleded belonged to the dominant species. Soil samples,
consisting of 4-8 sub-samples, were colleded at a distance of about 1 m
from the base of each pant in spring and autumn 1998 and in spring
199%9.

TABLE 2. Declining degree of the 8 sample-trees in each cek wood
investigated in Southern Italy.

Sample-trees

Region Y(\)/gect)?ons Declining Hedlthy (if any)

| I wv V_ VI vl vl

Apulia Ddliceto 3 1 3 2 0 O 0 0
(Fogga)

Gravinain P. 3 3 3 2 0 O 0 0
(Bari)

Manduria 3 2 3 2 1 1 1 1
(Taranto)

Basilicata BrindsidiM. 3 2 1 1 0 O 0 0
(Potenza)

Ferrandina 2 1 3 1 0 O 0 0
(Matera)

Calabria  Campana 2 3 2 2 1 1 1 1
(Cosenza)

Sicily Corleone 2 2 3 2 1 0 0 1
(Palermo)




Detedion of Phytophthora spedes from soil flooded by water (200 ml
per sample in 500 ml of distilled water) was performed by "baiting"
technique, using Q. robur L. ledlets as baits (Tsao, 1983; Jung et al.,
1996). As a contral, the "baiting" test was applied dso to a sterile sail
sample atificidly inoculated with P. cinnamom Rands. Ledlets
showing blad spots or turning brownish ar bladish were colleded and
small fragments of necrosed tissue were plated on PARPNH sdedive
medium (Tsao, 1983) and incubated a about 22 °C in the dark. All
PARPNH plates were examined daily under a dissection microscope;
developing Phytophthora colonies were transferred to and maintained
on multivitamin agar medium.

Tests, aimed at the spedfic identification of Phytophthora spp., were
caried out by comparing the charaderistics of the colonies grown at
about 22 °C in Petri dishes on dfferent media (Potato-Dextrose-Agar,
Multivitamin-Agar, Malt-Extrad-Agar and Corn-Med-Agar) and the
microscopic  feaures of hyphae, sporangia and oogonia with
descriptions of the spedes reported by Waterhouse and Waterstone
(19664, b), Waterhouse (1970) and Stamps et al. (1990), and by DNA
analysis (Tooley et al., 1996, Cooke and Duncan, 1997; Schubert et al.,
1998).

Production of sporangia and oogonia was gimulated by floodng a
small square fragment (about 0.25 cm?) of colonized medium, in a
suspension of sterile soil in distilled water 1:5 ratio (w:v) for 1-3 days
at abou 22 °C.

DNA analysis was effeded by means of the poymerase cain
reacion (PCR). Total genomic DNA was extraded acording to the
TES/CTAB/chloroform-isopropanol method described by Moller et
al. (1992) or using a nucleon DNA extraction kit, acwording to the
manufadurer'sinstructions (Dynal A. S., Oslo, Norway). The Internal
Transcribed Space region (ITS) of the ribosoma RNA gene was
amplified by the primersITS1 and ITS4 (White et al., 1990).

The PCR readion mixture included: 2.5 units Taq polymerase
(Roche Diagnastics, Germany), the buffer suppied with the enzyme,
200 uM ead dNTP (Roche Diagnostics, Germany) and 05 pM eadh
primer (Tib Molbiol Sr.l., Itay) in a volume of 25 pl. Ten ng of
DNA were aded as template. PCR readion was caried ou in a
'Gene Cycler™ ' model (Biorad Laboratories, California, USA)
thermal cycler programmed for an initial denaturation at 95 °C for 1
min, followed by 30 cycles of 94 °C for 15 s, 55 °C for 15sand 72
°C for 15 s, followed by a 6 min extension at 72 °C to ensure a
double-stranded amplicon. A negative wntrol with al readion
reggents and dstilled sterile water repladng DNA template was
included in eat set of readions, in order to asessthe occurrence of
contaminants in reagents and/or the readion mixtures.

Aliquas of the anplified DNA were digested with the endonuclease
Msp | (Roche Diagnostics, Germany) ac@rding to the manufacturer’s
instructions. In particular, 14 pL of the amplified regions were
digested for 1-2 hours at 37 °C with 2-4 enzyme units and the buffer
suppied with the enzyme, in avolume of 20 pl.

Both the amplified DNA and the restriction fragments were
eledrophaesed in agarose (Biorad Laboratories) gel in TBE [ 89 mM
Tris, 89 mM boric add and 2 mM EDTA (pH 8) ] buffer system,
using 2% agarose and 100 V for about 2 hours in the first case, and
4% agarose and 150 V for about 4 hours in the second ore. The
products were visualized under UV il lumination after being stained in
an ethidium bromide solution (Sambrook et al., 1989). The sizes of
the anplified products and the digestion fragments were determined
by comparing their migration dstances to those of 1 Kb and 100 bp
moleallar markers (Roche Diagnostics), respedively, using a
"Quantity One - version 4' software (Biorad Laborarories).

RESULTSAND DISCUSSON

The observation of growth patterns of the colonies, the presence of
restrictions at the base of the hyphag the hyphal swellings and the shape
of sporangia (Fig. 2) alowed the isolates obtained to be identified as
Phytophthora spedes. In al investigated stands Phytophthora spp.
occurred in a percentage varying from about 30 to 58% (Table 3),
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sometimes from samples colleded at the base of apparently hedthy
plants, too.

TABLE 3. Number of Phytophthora spp. Isolates obtained from soil collected
near the 8 sample-treesin ead cek wood investigated in Southern Italy.

Region

Wood locaion Period of sampling

Spring Autumn Spring

1998 1998 1999
Apulia Deliceto (Foggia) 3 4 7
Gravinain P. (Bari) 3 4 6
Manduria (Taranto) 2 3 4
Basilicata  Brindis di M. (Potenza) 0 2 5
Ferrandina (Matera) 3 4 6
Calabria Campana (Cosenza) 4 2 3
Sicily Corleone (Palermo) 3 1 3

On the basis of the observed maao and microscopic characterigtics of
fungal colonies and structures, some of the isolates colleded were
identified as: P. cactorum (Leb. and Cohn) Schroeter, P. cambivora
(Petri) Buisman, P. cinnamomi Rands and P. citricola Sawada.

The most widespread species was P. citricola, which had non-
dedduous, obpyriform, semipapillate sporangia and oogonia with
paragynous antheridia. Hypha swellings often occurred on the
sporangiophores. The isolates of P. cactorum instead, formed ovoid,
papillate, caducous sporangia with a prominent papilla Hyphal
swellings were observed on the sporangiophores. The isolates of P.
cambivora produced large, ovoid, norpapillate sporangia, smple and
unbranched hyphae and hyphd swellings. Findly, the isolates of P.
cinnamom formed ovoid, rounded a the base, nonpapillate and
noncaducous sporangia and a cordloid-type mycdium.

Moleaular methods used in this study confirmed that these isolates

belonged to the identified Phytophthora species. In fad, the size of the
amplified ITS region was about 900 bp and the Msp | restriction pettern
was unique and peculiar for each spedes. In P. cambivora the sum of al
band's $zes was larger than expeded, due to the occurrence of a
polymorphism within the recognition site of the enzyme, as reported by
Cooke and Duncan (1997) (Fig. 3, Table 4).
The speciesidentified in the present study are mmmon to those found in
dedining oak woods of Europe, in particular in Portugal (Brasier et al.,
1993a), Spain (Brasier et al. 1993b), France (Robin et al., 1998) and
Germany (Jung et al., 1996). On the basis of their high pathogenicity on
Q. ilex Q. robur, Q. suber., Q. caris L. and Q. petraea, asessd in
various tests, P. cinnamom and P. cambivora were indcaed by
numerous Authors as "primary" agents in the decline of pure and mixed
oak woods in such Countries (Brasier, 1993; Braser et al., 1993g, b;
Robin et al., 1998). Moreover, Brasier et al., (1993) assumed that P.
cinnamomi can be associated to the fast mortality of oaks occurring in
some Regions of Italy and aso in Tunisia axd Morocco. Phytophthora
citricola and P. cactorum, instead, resulted varioudy pathogenic on
Quercus op. (Mirceich et al., 1977), so that their role in the decline is
gill not clea. It is known, however, that the aggressveness of
Phytophthora spedes is strongly influenced by environmental
condtions and other biotic fadors, surely different in the sands here
surveyed with resped to those examined by the doresaid Authors,
which, moreover, assessd the pathogenicity of Phytophthora spp. only
on a limited number of Quercus spedes. The occurrence of
Phytophthora spp. in al the investigated ok woods | et us think that they
could play an important role in cek dedine aso in Southern Italy. The
result of the pathogenicity tests till in progress on various oak spedes,
with the study of the environmental charaderigtics of the woods, will
concur to better clarify such arole.

TABLE 4. Msp | regtriction fragments of the amplified ITS region of rDNA of
Phytophthora spedes.

Species Fragment sizes (bp)

P. cinnamomi 383,223, 165, 144

P. cactorum 375, 224, 185, 110

P. citricola 335, 291, 220

P. cambivora 395, 301, 225, 168, 146




TABLE 1. Main characteristics of oak woods of Southern Italy investigated for Phytophthora occurrence.

Region Wood Altitude  Exposure Slope Bedrock Oak Stand Age Density**  Stand height Declining
locaion (masl.) (%) Species * from  (years) (m) status***
Apulia Deliceto 600 WI/N-W 17  sand-clay Q.ceris, stump 20 19.2 8 05
(Fogga) Q. pubescens
Gravinain P. 400 N 10 sand Q. cerris, stump 31 17.6 13 15
(Bari) Q. frainetto,
Q. pubescens
Manduria 86 SW 5 limestone Q.ilex seal 40 15.9 15 04
(Taranto)
Basilicata  Brindisi di M. 700 N-E 40 clay seed 30 17.2 8 0.3
(Potenza) Q. pubescens
Q. ceris
Ferrandina 550 - 0 sand-clay Q. frainetto, sedl 32 19 13 0.2
(Matera) Q. caris
Calabria Campana 790 N 35 sand Q. frainetto, seal 38 20.4 18 16
(Cosenza) Q. ceris
Sicily Corleone 600 N-E 25 sand Q. caris seal 56 16.9 25 14
(Palermo)

* Dominant spedesis reported in boldface

FIGURE 2. Structures of Phytophthora spp.: sporangium and hyphae (x 130)
and oogaium (x 300) of P. citricola (top, l€ft); . sporangium (x 300) and
hyphae (x 130) of P. cactorum (top, right); sporangium (x 300) and hyphae (x
80) of P. cambivora (bottom, |eft); sporangium (x 30) and hyphae (x 80) of P.
cinnamomi (bottom, right).
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*+* Expressed in a0-4 scale

FIGURE 3. Ethidium bromide stained agarose gel (4%) of Msp | digestion
products of the ITS region of Phytophthora spp. Lane 1: 100 bp molecular
marker; lane 2: P. cinnamomi; lane 3: P. cactorum; lane 4: P. citricola and
lane 5: P. cambivora.
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ABSTRACT

As part the processof developing an operational program breeding
for genetic resistance to a root disease of Port-Orford-cedar
(Chamaecyparis lawsoniana) caused by Phytophthora lateralis, an
inter-agency effort has been undertaken to seled and screen
phenotypicdly resistant trees throughout the range of Port-Orford-
cedar. The USDA Forest Service, USDI Bureau o Land
Management, and Oregon State University (OSU) have seleded over
7000 trees aaqoss ®uth-west Oregon and nathern California,
predominantly on federal lands. Generally, these seledions were
hedthy trees in aress where P. lateralis was known to be present.
Screening began at OSU in 1989, and dfferent techniques were
developed and used through 1996. Operationa screening of field
seledions began in 1997, and through 1998, over 6700 clones were

screened wsing the branch dip method This method had previoudly
been found to identify at least the most resistant clones. Lesion
length was measured on 6 lranches per clone, and these
measurements were @mpared with a resistant and a susceptible
control tree Relatively few of the dones reened in 1997 and 1998
had branch lesion means smdler than the resistant control.
Approximately the top 13% of ead run was sleded to be included
in the breading program. Over 1000 clones are airrently in the
brealing program, for the purposes of retesting, crossng, and
archiving these genotypes. The screening effort is continuing in 1999
with many areas of private land within the range of Port-Orford-cedar
being targeted for seledion and testing, with an ultimate goal of
screening atotal of 9000 trees.

INTRODUCTION

P. lateralis has been found in packets aaoss the natural range of
Port-Orford-cedar, with yourg trees being killed in a matter of
months, and even large older trees dying within a few yeas of
infedion. A small percentage of individuals however have shown
marked resistance to the pathogen, and consistently perform well in
testing. An operationa program to find, breed, and propagate
individuals expressng resistance is currently under way
cooperatively with the USDA Forest Service, USDI Bureau of Land
Management, and Oregon State University (OSU).

Beginning in 1989, hedthy trees growing in areas with a known
presence of P. lateralis were tested for resistance From 1989
through 1996, approximately 700 individuals were tested, using
various methods developed at OSU. A fast and effedive method d
artificial inoculation with P. lateralis was developed, and beginning
in 1997, the operational screening program was begun. In 1997 and
1998, nealy 7000 individuas were seleded in the field, and screened
at OSU. The seledion and screening is continuing in 1999, with a
goal of screening atotal of 9000 individuals.

MATERIALSAND METHODS

e Beginning in ealy spring, branches from selected trees are sent
to OSU and screened in “runs’ as they are recaved from the
field.

e The ait ends of 6 branches approximately 1 focot long from eadh
individual, separated into 2 blocks of 3 branches ead, are
exposed to inoculum for 24 hours.

e After inoculation, the branches are stuck in tubes filled with
vermiculite, and watered orce aday.

e Aftr 21 days, the bark and cambium are scraped away,
reveding any lesion, and the length of the lesion is measured.

e Asabasis for comparison, a highly resistant clone (CF1) and a
susceptible done (CON1) are tested in ead run.
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RESULT S

(results from 1997 and 1998 are similar;

shown)

* Inead run, there is a wide range in mean lesion length among
clones (figs. 1 and 2.

*  CF1 mean is usualy the smdlest or one of the smalest in the
run (fig. 1).

e CON1 meanisusually higher than the run mean (fig. 1).

»  Despite awide range in clonal means in ead run, in amost all
runs, significant clonal differences were deteded.

»  The difference between the dhedlots (CONL1 - CF1) aso varies
by run, but to alesser degreg and there is no trend with time.

e Lessthan 5% of the dones <reened had mean lesion lengths
small er than CF1.

e Overdl mean lesion length of al non-control trees is amost
identicd between 199 (32.97 mm) and 1998 (32.89 mm) (table
1).

e Approximately 10% of the dones with the smallest mean lesion
scores (table 2) were sdeded for inclusion in resistance
brealing program.

only 1998 results are

—%— MAX
% + —m—CON1

Lesion Length (mm)

9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25

1 2 3 4 5

Inoculation Date

FIGURE 1. 1998 POC branch testing performance by run — mean lesion
lengths for top and bottom family per run relative to the two controls and the
run mean.



TABLE 1. Total yearly selections of Port-Orford cedar for disease resistance screening.

Number of Selections Tested

Number of Trees Selected for Program

1989b 19£X)b 1995 1996 1997 1998 1989 1990 199%5 199 1997 1998
Medford —BLM 190 117 1074 17 20 30 99 3
Roseburg —BLM 263 187 30 14
CoosBay —BLM 15 461 877 10 45 117
Siskiyou —USFS 24 115° 66 2148 1266 24 113 28 203 122
Cdlifornia—USFS 15 41 112 276 205 15 41 61 20 13
Private land —OR 10 6 13
Private land —CA 24
TOTAL 39 154 190 3442 4222 2552 39 154 20 148 397 269
GRAND TOTAL 7501 1027
* Includes 17 selections that were dead, cut, or missing when re-visited.
@27 families previously tested in 1989-90.
® Original selections from heavily infected aress.
¢ 2 families slected and tested in 1989.
TABLE 2. POC disease resistance screening Site mean lesion scores.
1997 1998
n Lesion Length® CF1lesion n Lesion Length® CF1lesion
CoosBay
Coos Bay 461 38.95 18.65 885 3251 11.9
Siskiyou
Gold Beach R.D. 511 32.83 24.26 386 33.94 17.08
Power'sR.D. 1517 35.08 15.77 799 37.44 15.77
lllinois Valley R.D. 120 23.24 10.25 55 32.98 10.17
GalliceR.D. 26 3179 10.17
sub-total 2148 1266
Medford
Grants PassBLM 736 30.81 13.76
Medford BLM 338 35.25 19.7 17 28.58 10.17
sub-total 1074
Roseburg
Roseburg BLM 263 3157 12.01 179 30.88 17.29
California (watershed)
Klamath River 65 34.59 11.55 129 35.03 35,800
Sagamento River 96 36.21 10.21 38 36.81 11.83
Smith River — middle 29 33.62 17.17 15 35.62 11.83
Smith River — north 12 30.06 17.17
Smith River 3 26.94 17.17 5 30.02 11.83
Smith River — south 13 37.98 17.17 18 30.42 11.83
Trinity River 58 34.49 12.44
sub-total 276 205
OVERALL 4222 32.97 15.52 2552 32.89 12.72
70 The seledion d Port-Orford-cedar to date has covered the natural
1 range very well on federa lands. Seledion and testing is continuing
60 - - - fd - - - s e e e e in 1999, focusing on adjacent private lands, in order to obtain
complete sample from aaossthe landscape.
5ot + - - 4F1-T-m -/ F)- - - - - - L - - A F -
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FIGURE 2. Clonal variation in branch lesion length within and between 22

runsin 1998.
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ABSTRACT

New methods of moleaular analysis are dlowing a more detailed
insight into the population biology of many Phytophthora spedesin
forestry, agriculture and natural plant communities. An Amplified
Fragment Length Polymorphism (AFLP) annuluses of seventy two
isolates of Phytophthora quercina, a pathogen of Quercus spedes
and, to date, found only in Europe, and thirty four isolates of
Phytophthora citricola, a broad host range spedes of world-wide
distribution, has been carried out. We have related the genomic DNA

fingerprintsto site, host spedes and season within ead Phytophthora
spedes and compared the extent and significance of the moleaular
diversity between the two spedes. This is helping us to understand
the genetic structure of these natura pathogen populations thus
addressng the important issues of the nature, origins and spread of
disease outbresks, the extent and maintenance of pathogen diversity
and an assssnent of the posshilities for resistance breeding and
control.
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INTRODUCTION

Current reseach in Europe dms at clarify the potential involvement
of the Phytophthora group in ok dedine. A projed is supported by
the European Commisson in which we participate (PATHOAK). A
variety of oak forests were surveyed in France with o without
presence of oak dedine. First results confirmed that quite numerous
spedes of Phytophthora could be present in the soil of oak forest
(Hansen and Delatour, 1999), in agreement with previous reports
from Germany and elsewhere (Jung et al., 1997). The spedes most
frequently baited in northern France from soil or the related
substrates were Phytophthora citricola, P. quercina, P. gonapodyides
and Phytophthora "Type 6", a undescribed hamothallic spedes.
P. cinnamomi is aso widespread in the south-west and the
mediterranean oak forests of France (Lévy, 1995; Robin et al.,
1998).

P. cinnamomi excepted, pathogenicity of these Phytophthora
spedes was <«ldom tested on oaks. In forest conditions, P.
cinnamomi was associated with severe diebadk of evergreen ceks in
Iberia (Brasier, 1992). An asociation was also suggested between the
common European oak dedine and other Phytophthora spedes,
espedally P. quercina (Jung et al., 1997).

The dam of the reseach was to test pathogenicity of the
Phytophthora spedes most frequently present in the French oek
forest. First information is additionnally given on roots and hedth
status of oaks in the soil of which these Phytophthora spedes were
deteded.

METHODS

Pathogenicity Test

Oak seallings 2 y.o. (Quercus robur, Q. petraea, and Q. rubra)
were potted in autumn 1998, at Nancy (experiment 1) or at Bordeaux
(experiment 2). The seeadlings were inoculated by adding infeded
mill et seeds to the substrate and temporary flooded in Spring 1999.
Isolates of 5 Phytophthora spedes were used, mainly from French
oak forests (TABLE 1). Plants were monitored for growth (height,
diameter) and for symptoms during 3 months. In July-August 1999
the roots were examined for abundance and damage (visua rating,
dry weight, taproot neaoses). Data were analyzed acording to the

TABLE 1. Pathogenicity test parameters.

generd linea models procedure (SAS), Dunnett’s T test was used for
comparisons at the 0.05 level. Reisolation was attempted from fine
roots and taproots of al the seallings (by plating on seledive
medium, CARPBHY) and from some substrates (baiti ng).

In Forest

Three plots were investigated in broad-leaved mixed oak forests,
Amance (Meurthe-et-Moselle; age: 75yeas; soil pH=4.8;
noobvious dedine present), Mersuay (Haute-Sabne; 150y.0.,
pH=4.9 ; dedine present), and Filain (Hte-Sabne ; 95y.0. ; pH=5.1;
dedine present). In ead plot 8 neighbouring trees (Quercus robur)
were seleded, 4 hedthy and 4with crown symptoms of dedine. Soil
samples were mlleded below ead treg the smal roots included.
Soils were baited for Phytophthora. Among the roots colleced,
medium sized roats of oak were sorted (1-5 mm of diam.), length was
measured and the dive fine roots (diam.< 1 mm) present along them
were curted.

RESULTS

Disorders

Flooding damage. The first floodng induced dired wilting or
mortality of some plants, espedally in Quercus rubra (40%)
compared to Q. petraea (7%) and Q. robur (0 and 12%). It did not
depend on the Phytophthora spedes inocul ated.

Alien infedions. Three spedes of Phytophthora, as a @ntaminant,
were isolated from the plants at the end o the experiments.

P. cinnamomi was deteded in few plants in bah experiment (4 in
exp.1, and 7 in exp.2).

P. cambivora was in 7 plants of the exp. 1, mainly on Q. petraea
(7%).

P. quercinawas present in 13 out of the 16 treaments not inocul ated
with it in the exp. 1, including the two cak spedes, the overall rate of
infedion was 31%.

All these defedive plants were discarded from the further analysis.
So, the mean number of plants per treatment dropped from 10to 7.5
(range 2-10).

Experiment 1 (Nancy)

Experiment 2 (Bor deaux)

Site glasshouse plastic greenhouse

Temperature, light natural (substrate : < 18°C) natural

Substrate sand:pest (2:1) + fertilizer sand:perlite;’ peat’ (1:1:1) + fertilizer
not disnfeaded ‘peat’ disinfected
pH:52t06.1 pH:6.1

containers: 5 L (grouped by modalities)

containers: 2.5 L (randomized)

Host plants (2-3 y.0.) Quercus robur; Q. petraea

Quercusrobur; Q. rubra

Isolates P. cinnamomi P.382, from UK P. cinnamomi P.382, from UK
(Phytophthora) P. quercina QUE.67, from Germany P. quercina QUE.67, from Germany
QUE.2AU1: QUE.EV4, from France QUE.EV4, from France

P. citricola CIT.2AES5; CIT.AB2, from France P. citricola CIT.585, from France
P. gonapodyides GON.AB4; GON.2AEL1, from France P. gonapodyides GON.AB4, from France
Phytophthora sp. ‘type 6’ AL.2AU2; AL.AY, from France

Replicates (No.) 10 10

Inoculation 12 April 99 (flushing) 30 April 99
Infected mill et seeds added to the soil Infected mill et seeds added to the soil
40 mL/pot 20 mL/pot

Flooding (48H) 2 floodings (12 Apr.; 12 May, 99) 1 flooding (30 Apr. 99)

Exp. duration 3 months 3 months
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TABLE 2. Re-isolation of the Phytophthora spedes inoculated

Phytophthora Oak spedes
spedes Quercus petraea Quercus robur Quercus rubra
Experiment 1 Experiment 1 Experiment 2 Experiment 2
trees® infected trees® infected trees® infected trees® infected
(no. (%) (no) (%) (no.) (%) (no) (%)
P. cinnamomi 8 100 10 100 9 89 9 78
P. quercina 28 46 28 50 15 0 15 0
P. citricola 16 19 14 14 8 25 8 13
P. gonapodyides 17 0 11 9 4 0 7 14
P. ‘type 6’ 13 8 13 0 - - - -
(2) number of seedlings available
Re-isolation of theinoculated Phytophthora spedes (TABLE 2)
P. cinnamomi was easily deteded in the inoculated plants, and in "
the substrate when done. 2
Quercus robur Quercus petraea

P. quercina was deteded in exp.1 only, where half the inoculated
plants were paositive ; it was aso deteded in some inoculated
substrates.

The other Phytophthora spedes inoculated, P. citricola, P.
gonapodyides, and Phytophthora ‘type6 were deteded in few
cases, from the seallings or from the substrate.

Impact of inoculation on the host plants

General

All the parameters measured were very variable.

Symptoms. Above llar symptom typicd of Phytophthora

infedion dd na develop duing the experiments.

Tree growth. No impad of inoculation was deteded on height

growth and on diameter growth during the experiments (results not

shown).

Damage to the lateral roots
Ded fine roots were present as arule. In al the treaments visual
rating was smilar (exp. 2), except in those inoculated with P.
cinnamomi in which trees tended to be twice damaged onaverage
(FIGURE 1).

709

604 8Q. robur
|l . rubr
50 Q. rubra

40 9

FA-ACarn

CONTROL

rating (%)

P. gonapodyides P. citricola P. quercina P. cinnamomi

FIGURE 1. Dea fineroatsin Quercus robur and Q. rubra (3y.0.) rated 3
months after soil inoculation with Phytophthora spp. (exp. 2) [Error bars:
sd]

Dry weight of the whde lateral root systems, were significantly
different between the treaments. In exp.1, significant differences
originated from the Phytophthora spedes, not from the isolates or
the oak spedes or the interadions. Seallings inoculated with P.
cinnamomi had total roots dry weight lower than those of only
three other treaments (P. gonapodyides, Phytophthora ‘type 6,
and P. quercina. Results not shown).

Dry weight of the medium sized roots (diam > 2 mm) spedficdly
considered in exp.1 showed more acarate differences. The
differences originated more dealy from the Phytophthora
spedes. Only the seadlings inoculated with P. cinnamomi had
medium sized roots sgnificantly lighter than those of all the other
treaments, controls included (FIGURE 2). An interadion was
deteded between ocak spedes and isolates. That means that the
isolates of a given spedes of Phytophthora could behave
differently on Q. robur or Q. petraea.

dry weight (g)

FIGURE 2. Dry weight of the lateral roats of Quercus robur and Q. petraca
(3y.0.) 3 months after soil inoculation with Phytophthora spp. (exp 1)

Damage to the taproot
Bark neaoses were present on the taproot of some sedallings. It
consisted in bladkish patches, round or elongated.
Damage to the canbium were dso present, whatever the size they
were dways limited by the heding readion.
Length o the lesions depended only on the Phytophthora spedes,
not on the isolates or on the oak spedes (exp. 1). Only trees
inoculated with P. cinnamomi harbored significantly longer
cambium lesions compared to the other spedes (FIGURE 3).

w BQ petraea (exp.1)
’E‘ EY BQ.robur (exp.1)
é 0 OQ.robur (exp.2)
%_) 30 _le} rubra (exp.2)
c
Q

& al o

P.'Type6

Control P. gonapodyides P ditricola P. quercina P. cinnamomi

FIGURE 3. Damage to the taproat of oaks (3 y.0.) 3 morths aftre
inoculation with Phytophthora spp. (mean total length of necroses per
taproot)

Spedal considertion of Phytophthora quercina
As P. quercina was frequently present in avariety of treamentsin
exp. 1, we mmpared trees infected and not infeded by P. quercina,
and distinguished between those inoculated or not inoculated with
it. All thetrees infected by another spedes were discarded.
Latera roots dry weight was variable, not obvioudy different
between the four groups of trees, even when considering the
medium sized and fine roots parately in both Q. robur and Q.
petraea (results not shown).
Cambium damage to the taproat was different between infeded and
uninfeded treesin Q. robur only :
lesions in the infeded trees were more numerous than in the
uninfeded trees (3.3 lesions per taproot, and 0.8 respedively),
length of the lesions to the cambium showed a similar situation, it
averaged abou 20 mmin infeded trees (FIGURE 4).
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FIGURE 4. Necroses to the taproat of oaks (3 y.0.) infected or not infected
by Phytophthora quercina (exp. 1)

Comparatively, the number of lesions induced by P. cinnamomi
was smilar (3.1 per taproot), but the length was larger (30-40 mm,
FIGURE 3).

Information from the forest plots

The Phytophthora spedes deteded in the threeplots are shown in
TABLE 3. There was no obvious difference between hedthy oaks
and dedining oaks as regards presence / absence of Phytophthora
in the soil of the 3 plots investigated.

Root parameters were not significantly different between groups
of trees whatever the groups considered (FIGURES 5 and 6).

Results are provisiona becaise of the smal number of oaks
investigated at present.

TABLE 3. Phytophthora species detected in the 3 forest plots investigated for
root damage.

Plots Phytophthora spedes (No. of trees)
quercina  citricola  gonapodyides P.“ type 6"
Amance 2 0 1 1
Mersuay 1 0 0 1
Filain 3 2 0 1
0.4
Dlhealthy
0.3 M declining
(32}
£
o
— 02
€
(&)
01
0.0
without QUE  without any PHYTO with QUE with PHYTO (QUE

included)

FIGURE 5. Abundance of medium sized roats in the soil below oaks in
forest, considering presence of Phytophthora quercina or P. spp.
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FIGURE 6. Frequency of fine roats on medium sized roots below oaks in
forest, considering presence of Phytophthora quercina or P. spp.

CONCLUSIONS

¢ P.cinnamomi isthe only spedes which caused significent roct
damage in oak sedllings in the pathogenicity test, compared to
P. gonapodyides, P. citricola, and P. quercina.

¢ P. quercina could be prevaent in oak seallings grown in
commercial nursery condtions. It was asciated with bark
damage to the taproot.

¢ Noobviousrelation was delineaed between visual evidence of
hedth status of trees and presence of Phytophthora in soil in
both seedlings inoculated (3 months test) and oaks in forest.
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CONE AND SEED PRODUCTION IN A PORT-ORFORD-CEDAR CONTAINERIZED
ORCHARD

Ledlie Elli ott and Richard A. Sniezko

USDA Forest Service, Dorena Genetic Resource Center, Cottage Grove, OR

INTRODUCTION

With cultural management, Port-Orford-cedar can produce seed at a
young age. This provides a unique opportunity to breed for increased
resistance to Phytophthora lateralis, and to produce seed for
reforestation in arelatively short period of time. In 1992, the USDA
Forest Service initiated a Port-Orford-cedar breeding arboretum at
Dorena Genetic Resource Center, nea Cottage Grove, Oregon. Trees
from this arboretum have been used to refine techniques for control
padlinations and to develop a prototype mntainerized seed orchard.

MATERIALS AND METHODS

Compasition: The prototype containerized seed orchard (CSO) was
established in February 1997 using 23 clones from the breeding
arboretum at Dorena. The dones were USDA Forest Service ad
Oregon State University selections for Phytophthora lateralis
resistance made prior to 1991. Rooted cuttings or grafts of these
clones had been established in the breading arboretum from 1992to
1994. The CSO consisted of 90 trees in four randomized
replications, with ore ramet per clone per replicaion (two clones
were not represented in Rep 4). The CSO was used to examine
cultura tedhniques for enhancing seed production. Trees in the
brealing arboretum were used for control pollinations. Both the CSO
and lrealing arboretum were locaed in unheaed greenhouses.
Flower Induction: In 1996, dl trees in the prototype CSO and the
brealing arboretum were treaded with a gibberdlic add (GA5) to
induce flowering in spring 1997. Only two replications of the CSO
were treaed with GA; in 1997 to induce flowering in spring 1998.
GA; treament consisted of spraying trees on a weekly bass,
beginning in June, for six weeks at arate of 200 mg/liter until foliage
saturation.

Pollination: Pollen shed and seed cone receptivity occur from
February through April a Dorena. In 1997, wind-pollination was
utili zed for al four replications of the prototype CSO; in addition,
suppdemental pollen was applied to two o the four replicaions
(approximately 8 cc' s of pallen) threetimes over aten-day period. In
1998, only wind pollination was utilized in all four replicaions of the
CSO.

For controlled crosses, pollination of the receptive seed cones was
dore using small paint brushes. For most crosss, fresh pdlen
colleded one or more days beforehand was utili zed.

Cone Calledion: Cone mlledion accurred in September of the same
yea as palination (1997 and 1998). Cones were mlleded and seed
extraded by treefor the CSO, and by control crossfor the aboretum.
Total number of cones colleded and seed extraded was estimated by
courting 100 cones and 100 seed per tree(or per cross, and utilizing
the ratio of weight of 100 cones (or seed) to the total weight. Percent
fill ed seed was determined using x-rays to examine 100 seed per tree
from the CSO, and 100 seed per crossfor the breading arboretum.

RESULT S

*  GAjztreament dramatically increased pdlen cone and seed cone
production. 98% of the cmnes andfill ed seed in 1998 came from
the 44 GA; treated trees (versus 46 non-treaed) (Table 1).

e Althowgh only 44 d the 90 trees in the CSO were treaed with
GA; the seaond year, cone yields in 1998 were greater than in

1997 (28,740 versus 20,559), and number of filled seed was
only dlightly less(154,237 versus 177,866).

*  Overadl 23 clones, fill ed seed per cone averaged 8.6 in 1997 and

5.4in 1998. Percentage fill ed sead was nealy identicd for the
two yeas (61.6% versus 61/7%).

*  Thetop five producing clones yielded 60% of the filled seed in

1997, the top six in 1998 yielded 64% of the filled sedd;
interestingly however, nore of the top yielding clones were
commonin the two yeas (Figure 1).

e Applicaion d GA; in 196 produced cones in 1997, but had
littl e or no residua effed onthe 1998 cone yield.

e Control pdlinations varied in success with average fill ed seed
yields of 5.2 per cone for 1997 and 1998, and a mean of 43.6%
fill ed seed (Table 2).
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FIGURE 1. Clonal variation ower two yearsin filled seed yield.
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TABLE 2. Mean Cone and seed yields from full-sib crosses, self-pollinations, open-pollinations, and unpollinated controlsin 1997 and 1998.

1997 1998
Full-sib cross  Self Open Unpollinated Full-sib cross  Self Open- Unpollinated
pollination pollination Controls pollination pollination Controls
No. of
73 14 13 23 68 11 3 12
Trees/Cross
No. of flowers
50.6 59.2 na 57.2 93.8 99.8 na 118.6
bagged
No. of ConeS
231 29.6 na 15 28.8 313 1026.7 6.3
Harvested
Ratio of Cone
) 0.45 0.50 na 0.02 0.32 0.32 na 0.07
Yield/FHowers
Pollinated
Filled Seed per
55 30 na 0.0 49 32 0.1 0.0
Cone
Filled Seed %
44.3% 23.5% 54.8% 0.0% 42.9% 20.1% 25.7% 0.0%
TABLE 1. Filled Seed Yieldin CSO in 1998
Rep Treatment Filled Seed Yield SUMMARY
1 none 477
2 GAs 78.071 Using GA; to induce flowering, good cone and seed yields sould
be possble & a young age in Port-Orford cedar. Confirmation o
3 none 1784 - . . .
similar yields with young trees from seads (versus rooted cuttings and
4 GA3 73,905

»  Sdf-pdlinations averaged 3.1 filled seed per cone, and 21.8%
filled seed in 1997 and 1998. Bagged, unpoallinated seel cones
yielded only a few mature mnes and no fill ed seed in 1997 and
1998 (Table 2).

* A seedinsed (Port-Orford-cedar midge, Janetiella siskiyou) was
found in many of the 1998 cones. Further investigation is
neeaded to determine how to mitigate potential lossof seed from
thisinsed.

*  Supplemental masspalli nation increased total number of fill ed
sead in 1997, but not the percentage of fill ed seed (Figure 3).
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‘D 1997 Seed Yield With SMP B 1997 Seed Yield With No SMP ‘

FIGURE 3. Prototype containerized seed orchard 1997 seed yields with
supplemental mass pollination.

grafts of older material) is needed.

Control crosss are feasible & a young age for most seledions.
Some dones may require several yeas of pdlinations to dbtain
adequate sedl yields for resistance evaluation.
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PORT-ORFORD-CEDAR ROOT DISEASE IN SOUTHWESTERN OREGON AND
NORTHWESTERN CALIFORNIA

D. Goheat, P. Angwin?, R. Sniezko?, K. Marshallt

1USDA Forest Service Southwest Oregon Forest Insed and Disease Service Center, 2606 Old Stage Road, Central Point, OR 97502, USA
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SUMMARY

Port-Orford-cedar (Chamaecyparis lawsoniana) is affeded by an
introduced pathogen Phytophthora lateralis, cause of Port-Orford-
cedar root disesse. The pathogen was first reported Killing
ornamental  Port-Orford-cedar nursery stock around Sedtle,
Washington in 1923, and was deteded in the host's native range in
1952. It has snce spread into many areas occupied by Port-Orford-
cedar in southwestern Oregon and northwestern California. Origin of
the pathogen is unknown. P. lateralis is well adapted for adive
spread in water and passve, long distancetransport in soil. High risk
areas for infedion are stream courses, drainages, or low lying areas
down dlope from already-present infedion centers or below roads or
trail s where new inoculum can be introduced by eath movement in
road construction, road maintenance, logging, traffic flow on forest
roads, or by animals. P. lateralis is an extremely virulent pathogen.
Once etablished on microsites with charaderistics favorable for its
spread, the pathogen kill s hosts rapidly. To date, management of

Port-Orford-cedar root disease has involved excluding the pathogen
from areas where it does not yet occur and minimizing sprea in
arealy infested areas. Comporents of such programs have been road
closures, timing accessinto stands with Port-Orford-cedar during dry
wegther, washing eguipment that is being moved from infested to
uninfested areas, roadside sanitation treaments, speda care in road
building and maintenance operations, and feauring Port-Orford-
cadar on sites unfavorable for the pathogen (upslope situations,
convex slopes, well-drained microsites, away from roads and
streams). Recent discovery of Port-Orford-cedars with a degree of
resistance to P. lateralis offers promise of another management
approach for the future. Screening of Port-Orford-cedar for
resistance is in progress aaoss the range of the spedes, and a
brealing program to enhance resistance is in the developmental
phase.

PORT-ORFORD-CEDAR ROOT DISEASE

Port-Orford-cedar (Chamaecyparis lawsoniana) is affeded by
Phytophthora lateralis, an extremely virulent, introduced root
pathogen. The pathogen was first reported kill ing Port-Orford-cedar
stock in ornamental nurseries in Seatle, Washington in 1923 (Hunt
1959, Zobd et al. 1985); in the 1930s and 40s, it was foundin the
Willamette Valey of Oregon killing Port-Orford-cedar landscgpe
trees (Tucker and Milbrath 1942, Zobel et al. 1985); and it was
reported at Coos Bay, Oregon first causing treemortality in the native
range of Port-Orford-cedar in 1952 (Roth et a. 1957). Subsequently,
it has gread through much of the calar's rather small natural range
in southwestern Oregon and northwestern California

Except for P. lateralis, Port-Orford-cedar has few significant
enemies. Cedar bark bedles (Phloeosinus spp., espedally P.
sequaae) and amethyst cedar borers (Semanotus amethystinus),
infest some trees, but usualy only trees of very much reduced vigor.
They rarely kill trees by themselves, but commonly administer the
coup e grace to severdly stressed cedars, espedally those infeded
by P. lateralis. Bladk beas (Ursus americanus) can be locdly
damaging to Port-Orford-cedar when they ped bark and feed onthe
cambium of trees in ealy spring. When fealing is extensive, trees
may be completely girdled and kill ed. Port-Orford-cedars, espedaly
thaose occurring on drier sites, may succumb to drought damage
during periods of protraded dry weather. Drought may aso
predispose calars to attadk by bark bedles or woodborers. By and
large, Port-Orford-cedar is a remarkably decay resistant spedes.
Severa decay fungi, including Phellinus pini and Heterobasidion
annosum have been found on Port-Orford-cedar, but are uncommon
and appea to havelittl eimpad.

The origin o P. lateralis is unknown. Many investigators believe
that it is an Asian spedes based on the high level of resistanceto the
pathogen exhibited by Asian Chamaecyparis spedes (Tucker and
Milbrath 1942, Zobel et al. 1985). However, the pathogen hes not
adually been foundin Asia. Europe has been suggested as another
posshle point of origin of the pathogen (Erwin and Ribeiro 1996),
but evidence for an introduction from that source is not substantial.
Hansen et a. (1999) confirmed the identity of P. lateralis isolated

from container-grown Port-Orford-cedar seedlings in France but
strongly believed that its presence there resulted from a recent
introduction from North America rather than natural occurrence of
the pathogen in Europe. Ancther theory concerning the source of P.
lateralisisthat the pathogen may have originated from some locaion
in North Americaoutside of the rather small area where Port-Orford-
cedar is native. Roth (unpubli shed) postulated that P. lateralis might
be an uncommon, relatively benign endemic on yellow-cedar (C.
nootkatensis) that infeded highly susceptible ornamental Port-
Orford-cedars when they were planted in the range of the former
spedes in British Columbia and then spread south in Port-Orford-
cadar landscgpe plantings. P. lateralis has never been found on
yellow-cedar in the wild but is capable of occasionally infecting that
spedes when it isinoculated in the laboratory (Torgeson et al. 1954)
or planted together with Port-Orford-cedars on an infested site
(Hansen, Roth, and McWilli ams unpubli shed).

P. lateralis appeas to be quite host spedfic. Besides Port-Orford-
cedar, only Padfic yew (Taxus brewfolia) has been found infeded in
the wild (DeNitto and Kligjunas 1991, Kligjunas 1994). Padfic yew
is much less sisceptible to the pathogen than Port-Orford-cedar, and
evidence indicates that it mainly becomes infeded when in close
asciation with substantial numbers of arealy-infected cedars
(Murray and Hansen 1997).

P. lateralis is highly adapted for spread in water. Zoospores can
swim for several hous in standing water and can be caried
considerable distances in flowing water. Zoospores are atraded by
host root exudates and will follow an increasing gradient of chemical
concentration urtil they contad living root tisaue, encyst, germinate,
penetrate the roat, and initiate infedion. Infedion accurs primarily
through the unsuberized growing tips of small roctlets that occur in
the duff or at shallow depths in soil. Port-Orford-cedars produce a
multitude of fine roadtlets in these strata (Gordon and Roth 1976,
Zobel et a. 1985). Sporangial development and zoospore production
of P. lateralis are favored by cool, moist condtions and are optimal
at temperatures between 10° and 20° C (Trione 1974). Under
favorable mol, wet conditions, P. lateralis populations cen amplify
rapidly in areas where hosts are numerous becaise of the rapid and
continuing production of flagell ate zoospores.

107



P. lateralisis capable of surviving for considerable periods of time
when condtions are unfavorable for zoaspore spread and infedion.
When suboptima moisture and temperature @ndtions develop, the
pathogen forms laterally arranged chlamydospores on hyphae in
infeded roots. Ostrofsky et a. (1977 showed that P. lateralis
populations deteded by baiting around infeded trees deaeased
substantialy when urfavorable warm, dry condtions typicd of
summer months in the range of Port-Orford-cedar occurred.
However, the pathogen dd survive & a reduced level as
chlamydospores in organic matter, espedally in small roots on
infeded trees and fragments of roats in the surrounding soil. Hansen
and Hamm (1996 demonstrated that the pathogen can survive in
infeded roats and fragments for at least seven years. P. lateralis
chlamydospores are incapable of dired movement, but their structure
provides protedion duing passve movement in infeded roots or
organic material in soil and mud. Oospores aso can ad as resting
spores and may be transported from one placeto another in infected
root tisaies. When environmental condtions bemme favorable,
resting spores germinate, forming zoospore-containing sporangia.

Long distance spread o P. lateralis results from moving infeced
seallings and, espedally, infested soil into previously disease-free
sites. Humans have been the main vedors of the pathogen. Magjor
spread has occurred via eath movement in road construction, road
maintenance, mining, logging, and traffic flow on forest roads (Roth
et a. 1957, Roth et a. 1972, Kligunas 1994). In general, the
pathogen has not spreal into areas where physicd barriers or ladk of
access have prevented human adivity. Movement of the pathogen in
soil clinging to the fee of elk, catle, and humans adso is known to
occur but on a much more locdized basis than that associated with
vehicles (Harvey et a. 1985, Kligunas 1994, Kligunas and Adams
1980, Roth et a. 1972). Spread of P. lateralis occurs primarily in the
late fall, winter, and ealy spring when the @ol, moist environmental
condtions favorable for the pathogen prevail. Little or no spreal
occaursin the hot, dry summer months.

Once introduced to a new area P. lateralis spreals in water
downdope from the roads and trails where it is initialy establi shed.
Inoculum often bulds to high levels in concentrations of haosts
growing on dsturbed areas close to road edges, thus increasing the
likelihood of downhill spread. In virtually al ceses, infedion o
Port-Orford-cedar by the pathogen occurs in areas where obvious
avenues for water-borne zospore dispersal exist. Infedion is
dependent on the presence of freewater in the immediate vicinity of
susceptible treeroots. High risk areas for infedion include stream
courses, drainages, low lying areas downslope from existing infedion
centers, and areas below roads and trail s where new inoculum could
be introduced in the future. Topography has a wnsiderable influence
on spread. Steq slopes disseded by drainages quickly channel
zoospore-infested water into streans.  Cross $ope sprea is
restricted. On broad slopes or flat aress, infested water may spread
out over larger areas and move more slowly. Because they are eaily
flooded, concave aess with Port-Orford-cedar are very vulnerable to
damage. Convex dlopes, on the other hand, have limited
vulnerability. Port-Orford-cedar growing on sites or microsites that
are unfavorable for spread of the pathogen often escgoe infedion,
even in areas where infeded trees are neaby. Treeto tree spread of
P. lateralis via mycdial growth aaoss root contads does occur
(Gordon 1974) but is considered to be much less s$gnificant in the
epidemiology of the pathogen than spread by zoosporesin freewater.

Port-Orford-cedar roct disease is identified in the field by the rapid
deah o individual hosts, by the fad that only Port-Orford-cedar and
rarely Padfic yew are affeced, by the charaderistic distribution of
the disease in sites favorable for the water-borne spread of the
pathogen, and by the distinctive symptoms that P. lateralis causes on
infeded cedars (Zobel et al. 1985). Crowns of infeded trees first
fade slightly or appea somewhat wilted. They subsequently change
color from their norma green o blue green to yellowish gold,
bronze reddish brown, and finally dull brown. Symptoms manifest
themselves espedaly rapidly and tree deah occurs quickly in
seallings and saplings during periods when warm, dry weather

develops after infedion. With such trees, the entire progresson d
symptoms may occur within a few weeks. Large Port-Orford-cedars
die much more slowly, dedining over periods of one to four yeas.
Signs of infedion in Port-Orford-cedar roots include lossof luster of
root tips, water-soaking of roatlets, and deah and decay of roats.
Bark on main roots may darken or turn somewhat purplish. The
mycdium of the pathogen grows in the inner bark and cambium of
the host, colonizing and killing much of the root system, and
ultimately girdling the main stem in the lower bde. In live Port-
Orford-cedar exhibiting crown symptoms, a dnnamon-colored stain
that abuts abruptly against hedthy, cream-colored inner bark is
apparent at or above the root collar. This dain, which can be
followed dawn into the roots, is considered diagnostic of infedion by
P. lateralis. Once aPort-Orford-cedar dies, the inner bark of the
entire bole turns brown, and it is no longer possble to use presence of
staining as an identification tool.

Port-Orford-cedar root disease centers consist of variable-sized
groups of dead and dying trees. Port-Orford-cedar is a prolific seed
producer, and new regeneration o the host often becomes establi shed
in infedion centers. This regeneration wsualy bewmmes infeded in
turn, resulting in chronic disease expresson. Because of its ability to
reproduce d an ealy age and produce large numbers of seeds, and
becaise many trees that occur on sites with charaderistics
unfavorable for spread of P. lateralis completely escape infedion,
Port-Orford-cedar has not been eliminated by P. lateralis in any
significant portions of its range. Nonetheless P. lateralis has caused
very substantial amourts of mortality on individual infested sites and
has grealy influenced stand structure by killing larger trees and
preventing smaller trees from attaining large size The disease can
gredaly influence the emlogicd roles of Port-Orford-cedar,
particularly in streamside aeas where mndtions are most favorable
for spread of the pathogen.

CURRENT MANAGEMENT

In the first two and a haf decales after the introduction of P.
lateralis into the native range of Port-Orford-cedar, few if any
attempts were made to manage the disease it caused. The spedaaular
virulence of the exotic pathogen and the speed with which it spread
along roads and streams as well as the obvious tie between spread
and then-pradiced timber harvesting techniques led to statements
such as "There gpeasto be no hope of raising ancther crop of Port-
Orford-cedar under existing conditions of disease and land wse." and
"(Production o Port-Orford-cedar) will li kely dedine aad utimately
drop to nealy nathing as the remaining merchantable trees die or are
harvested (Roth et a. 1972)." It was felt by many that with the
pathogen established, adive management of Port-Orford-cedar as a
timber spedes was not worthwhile. Emphasis was placal on
extensive salvage of large disease-killed cedars, and the prevailing
attitude among forest managers toward Port-Orford-cedar was one of
considerable pesgmism.

Attitudes about managing Port-Orford-cedar root disease changed
dramatically in the 1980s and 90s. Forest managers on Federal Lands
administered by the United States Department of Agriculture Forest
Service and the United States Department of the Interior Bureau of
Land Management, are now involved in an adive program to
minimize detrimental impads of the root disease. There is a strong
commitement to do whatever is possble to maintain and, where
feasible, enhance both the e®logicd and economic viability of Port-
Orford-cedar. Management diredions for the Port-Orford-cedar
program are incorporated in agency land management planning
documents. The goals of the program are to integrate strategies for
Port-Orford-cedar management into environmental analyses and
projed planning for all aress that support the spedes on Federa
lands; to manage Port-Orford-cedar as an appropriate comporent of
forest stands in the suitable plant assciations; and to use the best
pradicesidentified from experience and reseach to prevent or reduce
the spread of Port-Orford-cedar root disease.

108



Port-Orford-cedar root disease management strategies involve
planned combinations of treaments that together reduce probability
of disease spreal and intensification as much as posshle acoss a
landscagpe. Treaments considered for use in a strategy are amed at
reducing the risk of introducing the pathogen into new areas or at
managing a comporent of Port-Orford-cedar in areas that are dready
infested. A number of disease management techniques have been
recommended and wsed (Betlgjewski 199, Filip et a. 1994, Hadfield
et al. 1986, Hansen and Hamm 199, Hansen and Lewis 1997,
Harvey et al. 1985, Jmerson 1994, Kligunas 1994, Kligunas and
Adams 198Q Neilsen 1997, Roth et al. 1957, Roth et al. 1972, Roth
et a. 1987, Tainter and Baker 1996, Thies and Goheen 1999, USDA
Forest Service 1983, Zobel 1990, Zobel et a. 1985). These include:
1) Exclusion

The exclusion approach involves proteding Port-Orford-cedar by
completely preventing entry of vehicles, the main cariers of the
disease organism, into areas where the disease is not yet present.
Under this approach, no new roads are built into seleded urinfested
areas, and existing roads are permanently closed in seleded areas
where roads do accur but the disease has not yet been introduced.
Road closures are done in such ways that vehicles canna broach
them or detour around them. "Tank traps," large berms, or rock piles
are strategically locaed at siteswhereit isimpossble to bypassthem.
Alternatively, roads are mmpletely obliterated with their culverts
removed and their beds destroyed. To be succesul, exclusion must
be pradiced in a locaion that redisticdly can be proteded.
Exclusion is best used where an entire drainage or at least the upper
portion of such afeaure can betreaed as a protedion unit.

2) Temporary Road Closures

Like eclusion, the temporary road closure gproach seeks to
proted Port-Orford-cedar by preventing vehicles from carying
propagules of the disease organism into uninfested aress. It differs
from total exclusion by allowing controlled road use in vulnerable
areas during times when conditi ons are unfavorable for establi shment
and spreal o the pathogen. Roads are dosed during the @ol, wet
seaon o the yea, typicdly from Oct. 1 to June 1. In addition,
speda closures are gplied during particularly wet periods at other
times of the yea. Roads are dosed with locked gates, guardrails, or
other movable barriers, and closures are locaed in areas where they
cannd be bypassed. Temporary closures require mnsiderable
attention to ensure that they are indeed in placewhen they need to be
(during wet periods at any time of yea) and that they are not
broached. Since the roads are still present beyond the dosures,
uninformed, thoughtless or uncaring people sometimes find ways
around the dosures at times of the year when they shoud not or
acdually forceopen or destroy gates or other structuresto gain access
Placement and strength of barriers are important considerations in use
of temporary closures, asis constant vigil ance
3) Roadside Sanitation

The roadside sanitation approacd involves eliminating Port-Orford-
cadar in buffer zones aong either side of roads. There ae two
different kinds of objedives for sanitation treaments. They can
either be amed at preventing or reducing new infedions along roads
that cannot be dosed in currently uninfested areas, or at €liminating
or minimizing the amourt of inoculum realily available for vehicle
transport from already-infested roadsides to roadsides in uninfested
ares. If a sanitation treament that involves killing all hosts and
preventing host regeneration is done dong an infested road edge, P.
lateralisinoculum avail able for vehicles to pick up and carry to ather
areas odd be reduced or eliminated over time. Where aroad runs
through an wninfested area with Port-Orford-cedar, €limination o
live calar roatsin a buffer aong the roadside means that there ae no
live hosts close to the spots where contaminated soil is most likely to
fall off of vehiclesusing theroad. Since mospores, the propagul es of
P. lateralis that would be involved in spread away from the road, are
quite delicae, they are unlikely to be ale to read and infed hosts
beyond the buffer created in a sanitation treament. Also, inoculum
will not have a danceto build up to high levels in concentrations of

live trees close to roads as often happens in roadside aess where
sanitation treaments have not been done. The key feaure of any
sanitation treament isto crede a one dong treaed roads where live
Port-Orford-cedar roots are asent. Cedars may be kill ed by girdling,
cutting, pulling, or burning. Idedly al Port-Orford-cedars of any
size within the sphere of influence of the road are treaed. The
general reeommendation now given by the Forest Serviceis to trea
al Port-Orford-cedars in a buffer zone extending 8.5m above the
road or to the top of the aitbank. Below the road, recommended
treament width is 8.5m to 17m with the greaer distances applied
where streams or drainages crossthe road or where anourt of road
fill is particularly substantial, resulting in espedaly steep sopes.
Sanitation treaments need to be repeded periodicdly to ensure that
roadside buffers are not reinvaded by Port-Orford-cedar regeneration.
The preferred approacd is to monitor treded aress and retrea them
whenever Port-Orford-cedar seellings 15 cm in height or greaer
beame evident.
4) Vehicle Washing

This approach involves thoroughly cleaning vehicles and equipment
to remove alhering soil or plant debris before driving them into areas
where hedthy Port-Orford-cedars occur or moving them from P.
lateralis infested to uninfested areas within the forest. When vehicle
washing is used as pat of a Port-Orford-cedar root disease
management strategy, locaion and design of washing stations are
extremely important. Stations sould be locaed in aress where run-
off water has no chance of entering adjacent streans or drainages or
of threaening neaby Port-Orford-cedars. Furthermore, stations must
be designed so that vehicles that have been washed are nat likely to
be recontaminated by passng through wash water that contains P.
laterali s propagules on their way out of the station.
5) Appropriate Oper ations Planning, Scheduling, And Exeaution

This technique involves <eparating operations in disesse-free
locaions in both space ad time from work in diseased stands.
Forest management projeds in stands with Port-Orford-cedars,
espedaly in urinfested aress, are performed when condtions are
unfavorable for pathogen spread and survival. Projeds are
preferentially scheduled and completed in the warm, dry months.
Operations are usually limited to some time within the period of June
1 through October 1. Operations may be dlowed ouside of the
norma sesson if espedally dry condtions prevail, but such
exceptions are caefully regulated. Operations are discontinued when
wet condtions develop, even duing the stated operating season.
Repeaed entries onto vulnerable microsites are avoided, and work is
scheduled to proceeal from hedthy to infested sites, not the other way
around. Equipment is not allowed to operate from a contaminated
areainto a dean one nor is equipment allowed to move from a dean
areainto a mntaminated area ad return. Whenever possble, access
to projed areas is planned aong routes with the least occurrence of
infested sites. Where timber harvesting operations are being done in
stands with Port-Orford-cedars or where streams run into stands with
Port-Orford-cedars below harvesting units, systems that minimize
amourt of soil movement, espedaly aadoss $ope movement, are
preferred.  Skyline systems or helicopter logging systems are used,
and trador logging systems are avoided. Where possble, al root
disease prevention/management adivities are ordinated with
adjacent landowners (private and other agencies).
6) Integrating Disease Treatments |n Road Design, Engineering,
and Maintenance

Minimizing the risk of P. lateralis spread is an important
consideration in designing and huil ding new roads and in maintaining
or improving existing roads in aress with Port-Orford-cedars. For
new construction, routing dedsions are made with knowledge of
where Port-Orford-cedar concentrations occur. When passble, new
roads or spurs are not locaed above mncentrations of Port-Orford-
cadar. Instea, they are situated below such concentrations or on the
opposite sides of ridges. Culverts and waterbars are designed to
dired water quickly into existing well-defined water channels away
from areas where Port-Orford-cedars exist. Road beds are indoped,
and, in some caes, site spedfic berms are used onthe outside alges
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of roads to prevent downsope flow of water. Road building and
maintenance is restricted as much as possble to the dry season and
only clean equipment is used. Movement of soil and debris from one
placeto another in construction or maintenance is minimized, and
cesting gavel from roads with infeded trees along them into
drainage ditches, streams, or over road berms during road
maintenanceis avoided. During construction or road upgrades, clean
rock is used for road surfadng (quarry rock from certified clean rock
pits is preferred over river rock). When possble, pavement or
uninfested rock is added to raise roadbeds that passthrough infested
sites. Stream crossngs on rew roads are designed to keep vehicles
out of contad with water and grimitive roads that cannot be dosed
are upgraded so that fords and puddles are diminated. Careis taken
in moving soil and other material when endhauling, repairing flood
damage, or removing dides, espedally in or nea infested arezs.
7) Water Sour ce Seledion and Treatment

Under this technique, water sources on Federal |ands are inventoried
and those that are infested by P. lateralis are identified.
Subsequently, when water is needed for fire fighting or dust
abatement, uninfested water sources are used if possble. Where no
clean water sources exist and water must be taken from a probably
infested source, it is treaed with Clorox before use. In areas where
water sources have not been inventoried, Clorox is used as a matter
of course. Adding chlorine blead to P. lateralis-infested water will
kil many propagules of the pathogen. Murray, McWilliams, and
Hansen (unpublished) demonstrated that complete mortality of P.
lateralis zoospores occurred after 60 minutes in 100 ppm chlorine
blead, and complete mortality of chlamydaspores occurred after 30
minutes in 5000 ppm chlorine blead. Clorox has recently been
registered for use in treaing water for firefighting or dust abatement
to deaease probability of P. lateralis spread.
8) Featuring Port-Orford-cedar in Areas Unfavorable for the
Pathogen

This approadch involves preferentially managing Port-Orford-cedars
on sites where nditions make it likely that hosts will escgpe
infedion by P. lateralis even if the pathogen has dready been
established neaby or may be introduced neaby in the future. Cedars
are feaured above and away from roads, uphill from creeks, on
ridgetops, and o well-drained sites. Maintaining existing Port-
Orford-cedars on low vulnerability sites as well as adualy
developing "cedar production ares' by planting and adively
managing Port-Orford-cedars on sites with such charaderistics are
both approaches being used.
9) Spedal Direct Management in Curr ently Infested Areas

This approach involves managing some comporent of Port-Orford-
cedar in stands occurring on arealy infested sites by situating or
maintaining cedars in locaions where they individually have alow
likelihood of bewmming infected and by spadng cedars widely
enough that probability of roct to root spread as well as gprea via
water is reduced. Cedars are favored in plantings and thinnings on
microsites that are unfavorable for the pathogen (particularly mounds
and other high places) and are not managed on microsites espedally
favorable for infedion (close to and below roads, in or very close to
streams or drainage ditches, and in lowlying wet areas). Cedars are
planted o retained in thinnings in mixed spedes gfands at wide
spadng (8.5m or more between individual trees or in small groups of
10to 20trees 33m apart).
10) Spedes M anipulation

This approach involves favoring other tree spedes that are
appropriate for locd sites over Port-Orford-cedars in management. It
is espedally applicable on sites where P. lateralis is drealy
established or in sites that are particularly favorable for future
establishment of the pathogen such as wet aress, stream sides, or
concave sopes below roads. Other tree spedes can occupy Sites
where Port-Orford-cedars are no longer able to and will themselves
face no risk of being damaged by the root disease. However, no
other spedes can command the same e@namic value & Port-Orford-
cedar or consistently fulfill the same ewmlogicd roles. Some
hardwoods, western red cedar (Thuja plicata) and yell ow-cedar may

be ale to play similar emlogicd roles in riparian zones in some
portions of Port-Orford-cedar's range and blister rust-resistant
western white pine (Pinus monticola) and sugar pine (P. lambertiana)
may ultimately provide large tree @mporents in some stands on
ultramafic soils. By and large, however, Federd managers are
interested in maintaining Port-Orford-cedar itself in as many
appropriate aeas as posshle.
11) Regulating Non-timber Uses

A number of speda use adivities including Port-Orford-cedar
bough colleding, mushroom picking, salal gathering, grazng, and
mining are engaged in on Federal forest lands and have potentia to
influence spread o P. lateralis. Severa of the adivities involve
extensive vehicle travel. Some, if not controll ed, can involve vehicle
movement from infested to uninfested areas. And some, espedally
bough colleding and mushroom hurting, are preferentialy engaged
in at times of the yea when the @ol, wet condtions most favorable
for spread o the pathogen prevail. Port-Orford-cedar bough
colleding, of course, is concentrated in areas where celars occur, and
there is considerable aneadotal evidence &ciating bough colleding
with spread of P. lateralis. Concerns about vedoring of P. lateralis
with speda use adivities are similar to those assciated with forest
management projeds, but speda use adivities are much harder to
control. Where possble, managers attempt to regulate issuance of
permits, spedfy where adivities can be done, regulate the sequence
of operations, and determine the gpropriate timing of adivities with
the objedives of limiting Port-Orford-cedar root disesse spread.
Efforts are dso made to inform permittees abou the diseasse and
convince them of the need to cooperate with disease management
recommendations. Reaedionists, including hikers, mourtain hike
riders, horsebadk riders, hunters, off road vehicle users, and campers
also have mnsiderable potential to spread P. lateralis. They are even
harder to monitor and regulate than spedal use permittees.
Reaedionists can be ntrolled to some degree by closures and
blockades, and organized, Federaly sanctioned adivities can have
spedfic, enforceale rules aimed at deaeasing risk of disease spreal.
However, most reaedionists are probably best approached through
educaion.

12) Educational Efforts

Humans are resporsible for most spread of P. lateralis, yet a
surprising number of forest workers as well as recredionists have no
ideaof the significance of the pathogen and may inadvertently aid its
spread due to lack of knowledge and understanding regarding the
isaie. Some know alittl e @out Port-Orford-cedar root disease but do
not fully appredate the implicaions of their own adivities in
vedoring the disease organism. Federal agencies are heavily
involved in efforts to diseminate information a the biology and
emlogy of P. lateralis with emphasis on how the pathogen spreads
and how spread can be prevented. Presentations at training sessons,
workshops, and symposia & well as newspaper articles, television
interviews, pamphlets, journa articles, displays at pulic functions,
clasgoom teaching materials, and information signs a BLM offices,
Ranger Stations, visitor information centers, and in campgrounds,
along forest roads, and at trail heads are used.

DISEASE RESISTANCE

The most intriguing potential long term Port-Orford-cedar root
disease management option is the posshility of developing genetic
resistanceto P. lateralisin Port-Orford-cedar populations. Hansen et
al. (1989) demonstrated that some Port-Orford-cedars exhibit a
degreeof resistance to P. lateralis. Although no immune trees have
been found, some trees are lessrealily infected by the pathogen and
some survive longer than athers when infeded. Mechanisms of
resistance ae unknown but appea to be heritable.

The Forest Service and Bureau of Land Management in cooperation
with Oregon State University have embarked on a program to
identify resistance mechanisms, screen a large sample of candidate
trees from aaoss the range of Port-Orford-cedar, conserve resistant
families, and develop a breeading program to enhance resistance
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Over 8,000 phenotypicdly resistant candidate trees sleded in the
forest have been screened wsing Oregon State University's branch
lesiontest. Cuttings are in the processof being rooted from the 961
best performers, a @nservation achard has been started at the
Bureau o Land Management's Tyrrell Seed Orchard, and a
containerized seed archard for breeding has been developed at the
Dorena Genetic Resource Center. Screening and field testing is
continuing and treeding work has garted. Fortunately, Port-Orford-
cedar is very amenable to breeding efforts. Clones are relatively easy
to root from cuttings, and flowering can be induced on most trees at
very early ages (as little & two years old). Outplantings of the first
trees identified as exhibiting a degree of resistance show that a
substantial number can survive for at least 10 yeas in constant
presence of the pathogen on infested sites that have dharaderistics
particularly favorable for P. lateralis spread and infedion.

The Federal agencies believe that results of the resistance éfort so
far are very encouraging. However, there is no guaranteethat usable
resistance will result. Resistance & a disease management technique
canna be redisticdly evaluated urtil the development effort has
progresed further. If Port-Orford-cedars with a usable level of
resstance to P. lateralis are ultimately developed, careful
consideration and planning to determine how they shoud best be
deployed in the field will be required. It has been determined that P.
lateralis is geneticdly quite simple (Mills et a. 1991, Winton,
McWilli ams, and Hansen unpublished); this is consistent with the
ideathat there was probably a single introduction o the pathogen. If
the genetic variation d P. lateralis is minimal, this sould increase
the likelihood that if resistant cedars can be found or developed
through a breeading program, the resistance shoud hold up over time.

LITERATURE CITED

Betlgewski, F. 1994. Port-Orford-cedar management guidelines.
U.S. Department of the Interior Bureau of Land Management. 32 p.
DeNitto, G., and J.T. Kligjunas. 1991. First report of Phytophthora
lateralis on Padfic yew. (Abstrad) Plant Disease 75:968.

Erwin, D.C., and O.K. Ribeiro. 199%. Phytophthora diseases
worldwide. American Phytopathologicd Society, Saint Paul,
Minnesota. 562 p.

Filip, G.M., A. Kanaskie, and A. Campbell 1l . 19%. Forest
disease eology and management in Oregon. Oregon State University
Extension Service 60 p

Gordon, D.E. 1974. The importance of root grafting in the spread of
Phytophthora rocot rot in animmature stand o Port-Orford-cedar.
M.S. Thesis. Oregon State University, Corvallis. 116 p.

Gordon, D.E. , and L.F. Roth. 1976. Roat grafting in Port-Orford-
cedar- an infedion route for root rot. Forest Science 22:276-278.
Hadfield, J.S., D.J. Goheen, G.M. Filip, C.L. Schmitt, and R.D.
Harvey. 1986. Root diseases in Oregon and Washington conifers.
U.S. Department of Agriculture Forest Service Padfic Northwest
Region. R6-FPM-250-86. 27 p

Hansen, E.M., P.B. Hamm, and L.F. Roth. 1989. Testing Port-
Orford-cedar for resistance to Phytophthora. Plant Disease 73:791-
794.

Hansen, E.M., and P.B. Hamm. 1996 Surviva of Phytophthora
lateralis in infeded roots of Port-Orford-cedar. Plant Disease
80:1075-1078.

Hansen, EM., and K.J. Lewis. 1997. Compendium of conifer
diseases. American Phytopathologicd Society. 101 p.

Hansen, E.M., J.-C. Streito, and C. Delatour. 1999. First
confirmation o Phytophthora lateralis in Europe. Plant Disease
83:587.

Harvey, R.D., J.H. Hadfield, and M. Greenup. 1985 Port-Orford-
cedar roat rot on the Siskiyou National Forest in Oregon. USDA
Forest Service, Padfic Northwest Region. 17 p.

Hunt, J. 1959. Phytophthora lateralis on Port-Orford-cedar. USDA
Forest Service Padfic Northwest Forest and Range Experiment
Station. Reseach Note 172. 6 p.

Jimerson, T.A. 1994. A field guide to Port-Orford-cedar plant
asociations in Northwest CaliforniaU.S. Department of Agriculture
Forest Service, Padfic Southwest Region.

R5-ECOL-TP-002. 109 p.

Kligunas, J.T. 1994. Port-Orford-cedar root diseasse. Fremontia
22:3-11.

Kligunas, J.T., and D.H. Adams. 1980. An evaluation o
Phytophthora root rot of Port-Orford-cedar in Cdlifornia. USDA
Forest Service Region 5 Forest Pest Management Report No. 80-1.
16 p

Mills, S.D., H. Foster, and M.D. Coffey. 1991. Taxonamic structure
of Phytophthora cryptogea and P. drechdleri based onisozyme and
mitochondial DNA anayses. Mycologicd Reseach 9531-48.
Murray, M.S.,, and E.M. Hansen. 1997 Susceptibility of Padfic
yew to Phytophthora lateralis. Plant Disease 81:1400-1404.

Nielsen, J. 1997. Port-Orford-cedar--a reasonable risk for
reforestation (under spedfic condtions). Northwest Woodands 13:
22-23,

Ostrofsky, W.D., R.G. Pratt, and L.F. Roth. 1977 Detedion o
Phytophthora lateralisin soil organic matter and fadtors that affed its
survival. Phytopathology 67:79-84.

Roth, L.F., H.H. Bynum, and E.E. Nelson. 1972 Phytophthora
root rot of Port-Orford-cedar. USDA Forest Service Forest Pest
Leaflet 131. 7 p.

Roth, L.F., R.D. Harvey, and J.T. Kligunas. 1987. Port-Orford-
cedar root disease. U.S. Department of Agriculture Forest Service
Padfic Northwest Region. R6 FPM-PR-294-87. 11 p.

Roth, L.F., E.J. Trione, and W.H. Ruhmann. 1957. Phytophthora
induced root rot of native Port-Orford-cedar. Journal of Forestry.
55:294-298.

Tainter, F.H. and F.A. Baker. 1996 Principals of forest pathology.
John Wiley and Sons, Inc. 805 p.

Thies, W.G., and E.M. Goheen. 1999. Mgjor forest diseases of the
Oregon Coast Range and their management. Summary of the COPE
Projed. in press

Torgeson, D.C., R.A. Young, and JA. Milbrath. 1954.
Phytophthora root rot diseases ofLawson cypress and caher
ornamentals. Oregon State College, Agricultural Experiment Station.
Bulletin 537. 18 p.

Trione, E.J. 1974. Sporulation and germination o Phytophthora
lateralis. Phytopathology 64:1531-1533.

Tucker, C.M., and J.A. Milbrath. 1942. Root rot of Chamaecyparis
caused by a spedes of Phytophthora. Mycologia. 34:94-103.

U.S. Department of Agriculture Forest Service 1983 Forest
disease management notes. Padfic Northwest Region. GPO 1983
695-726. 52 p.

Zobel, D.B. 1990. Chamaecyparus lawsoniana (A. Murr.) Parl. Port-
Orford-cedar. In R.M. Burns and B.H. Honkaa Tecnicd
Coordinators. Silvics of North America Volume 1, Conifers.U.S.
Department of Agriculture Forest Service Agricultural Handbook
654. p. 88-96.

Zobel, D.B., L.F. Roth, and G.M. Hawk. 1985. Ecology, pathology,
and management of Port-Orford-cedar (Chamaecyparis lawsoniana).
USDA Forest Service Padfic Northwest Forest and Range
Experiment Station. General Technicd Report PNW-184. 161 p.

111



EXPERIENCESWITH DIFFERENT BAIT TESTSAND SEROLOGICAL METHODSTO
DETECT PHYTOPHTHORA SPP.

Renate Hahn, Karin Themann, Sabine Werres *

Biologicd Reseach Centre for Agriculture and Forestry, Institute for Plant Protedion in Horticulture, Messweg 11/12, D - 38104

Braunschweig
*correspondng author

INTRODUCTION

Deteding the presence of Phytophthora spedes in samples from
diseased trees, treesedllings, nursery soil and irrigation water, forest
plantations and natural woodlands presents gedal problems. For
routine screening, modificaion o development of methods is
required in order to ded with large numbers of voluminous smples.
In addition, such methods should not be influenced by sample
qudity, which can vary gredly, particularly with water samples.
Three bait tests and two serologicd methods for the detedion of
Phytophthora spp. in root and water samples have been investigated
over recant yeas, and results indicaing their range and sensitivity of
detedion are presented.

MATERIALS AND METHODS

Threebait tests and two serologicd methods were used. The gple
test was used acording to CAMPBELL (1949). The lupine seedling
test was prepared acording to CHEE and NEWHOOK (1965). And
the Rhododendron led test was made acording to WERRES et al.
(1997) and THEMANN and WERRES (1997). For detedion o
Phytophthora spp. with serologicd methods the DAS-ELISA
(Double-antibody-sandwich Enzyme-linked Immunaosorbent-Assay)
was used with water and sediment samples (THEMANN,
unpublished data) and the DIBA (Dot Immunolinding Assy) with
root samples (HAHN and WERRES, 1997). For ELISA two
Phytophthora spedfic polyclonal antisera, one (557) produced
against P. cactorum 9/88/92 and the other one (556) produced against
P. cinnamomi 8/88/92 were used. With DIBA only the antiserum 557
was chasen.

To test whether the different methods can deted Phytophthora spp.
in vitro and in vivo experiments were prepared. For the in vitro
experiments the Phytophthora isolates were adltivated oncarot piece
agar. For deteding the fungal like microorganisms in samples from
nurseries roots were taken from commercially produced plants ready
for sale and from water redrculation systems in nuseries which
colled the surplus water for irrigation.

RESULT S

Detedion of Phytophthora spedesin vitro
Range of Phytophthora spedes deteded

A wide range of important Phytophthora spedes gave positive
results with the three detedion methods (table 1). Only the in vitro
experiments with P. erythroseptica were not satisfadory with the
Rhododendron led test and were negative with the DIBA.
Furthermore the Rhododendron led test gave negative results with
both varieties of P. fragariae. The DIBA did not show a dea halo
around the spot with in vitro culture of P. richardiae.
Sensiti vity towards zoospores

First results with the isolates P. cactorum 9/88/92 and P. cinnamomi
8/88/92 indicate that the minimum detedion limit depends on the
method and the Phytophthora spedes. The lupine sealling and the
Rhododendron led test deteded ore zospore/ml of P. cinnamomi
8/88/92. For this isolate the apple test was less ensitive (1000
zoospores/ml). But al three bait tests could detedt zoospores of P.
cactorum 9/88/92 at a minimum level of 100 zoospores per ml. With
ELISA, the sensitivity towards smal amourts of zoospores was

highly influenced by the antiserum. For P. cactorum zoospores the
minimum detedion limit with ELISA and the antiserum produced
againgt this isolate was 10 zoospores/ml. That means ELISA was
more sensitive than all three bait tests. But for P. cinnamomi the
DAS-ELISA with the antiserum against this isolate was extremely
unsensitive (50,000 zoospores/ml).

TABLE 1: Detection of Phytophthora spedes with diff erent methods in vitro

Phytophthora spedes Bait test with DAS-ELISA DIBA
Rhododendro With with
n leaves antisera antiserum

556/557 556
P. cactorum X X X
P. cambivora X X
P. cinnamomi X X X
P. citricola X X X
P. cryptogea X X X
P. drechderi X X X
P. erythroseptica X) X (/]
P. fragariae var. fragariae (%] X X
P. fragariae \ar. rubi (%] X
P. gonapodyides X X X
cf. P. gonapodyides X X
P. katsurae X
P. megasperma X X X
P. nicotianae X X X
P. palmivora X X X
P. richardiae X X (X)
P. syringae X
P. vignae X X X
‘ader Phytophthora' X

DAS-ELISA = Double-antibody-sandwich Enzyme-linked Immunosorbent-
Assy

DIBA= Dot Immunobinding Assay

antisera: Phytophthora specific polyclonal antisera produced against
P. cinnamomi 8/88/92 (556) or P. cactorum 9/88/92 (557)

X = detection successul @ = detedion not successul

--- = not under investigation

TABLE 2: Detection of Phytophthora spp. in roots of commercially produced
Chamaecyparis lawsoniana ‘ Columnaris

Nursery  Pant Symptoms on the plants Phytom_thora DIBA
no species
discoloration black trapped with with
and wilting  roots/lack the antiserum
of the of feeder  Rhododendron 556
nedalles root leaf test
A 137 @ 1%} P. cinnamomi +
4 ] X P. cinnamomi +
3 P. citricola,
B 17 %} X ' +
5 P. spp.
257 [} X P. cryptogea +
C 13V X 1] P. cryptogea +
D 1? X X P. cryptogea +
2) P. cryptogea,
2 X X P. citricola *
E 1-3Y X X P. citricola +
@ = no symptomsvisible, X = symptoms visible, + = detedion
positive

container size 1) = 3liter, 2) = 5liter, 3) = rooted cuttings
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Table 3: Number of water and sediment samples with Phytophthora spp.

Samples (%) with positive Phytophthora spp. Detection

Number of

Nursery samples? Baiting test with DAS-ELISA with antiserum
Apples Lupine seallings Rhododendron leaves 556 557
1 24 42 4.2 83 20.8 42

2 31 225 323 71.0 38.7 16.1
3 51 15.6 137 431 254 9.8

4 22 27.3 22.7 68.1 40.9 13.6

Dthe samples were taken over one year from diff erent parts of the recirculation systems

Detedion of Phytophthora spp. in vivo
Detedion in roots of commercialy produced Chamaecyparis
lawsoniana ‘ Columnaris'

With the Rhododendron led test and with the Dot Immunolinding
Assay Phytophthora spp. could be deteded in hedthy looking but
latently infected plants (table 2). Root congtituents present in the
naturally dark roots of older Lawson cypress plants and in
discoloured roots had no inhibitory effect on the detedion success
nor of the serologicd method a of the Rhododendron led test.

Detedion in samples from water redrculation systemsin nurseries

In three of the four nurseries where water and sediment samples
were taken the Rhododendron led test was the most successful
methodfollowed by ELISA with the antiserum 556 (Table 3).
The range of Phytophthora spedes deteded in water samples from
ponds where the surplus water was colleded was greaest with the
Rhododendron led test (Table 4).

Table 4: Range of Phytophthora spedes detected in the water samples from
recirculation systems *)

Baiting test with

Apples Lupine seallings Rhododendron leaves
P. cactorum P. citricola P. citricola
P. citricola cf. P. lateralis P. cambivora
P. citrophthora cf. P. cryptogea cf. P. cambivora
cf. P.gonapodyides  cf. P. drechsler P. citrophthora
cf. P. lateralis cf. P. gonapodyides P. cryptogea
cf. P. pamivora cf. P. undulata cf. P. cryptogea
P. drechderi
cf. P. drechderi
cf. P. gonapodyides
cf. P. lateralis

cf. P. pamivora
cf. P. richardiae
P. syringae
cf. P. undulata
Phytophthora spp.
*) The samples (n = 59) were taken over one year from ponds in four diff erent
nurseries

CONCLUSION and DISCUSSON

¢ For screening, a ombination d a serologicd method and the
Rhododendron led test appeas to be optima. With the
Rhododendron led test, living Phytophthora propagules can be
deteded. With the serologicd methods, damaged as well as
living propagulesyield pasiti ve results.

¢ With the Rhododendron led test, large quantities of one root or
water sample can be examined, making it highly probable that
low numbers of Phytophthora propagules will be deteced.

¢ With DIBA results are available within 1 day, with ELISA
within 2 days. The Rhododendron led test gives results within 3
to 10 days.

Detection in samples from water recycling systems in nurseries over ocne year
80

[ Apples

08 70 — O Lupine seedlings [l
= E 50 J' Rhododendron leaves L
§g ] DAS-ELISA antiserum 556
£ 50 E DAS-ELISA antiserum 557 |
=0 =
28 w0 - -
g s
SeT i)
=2 -
ST 20

10

0 T(n=31) ' 2(=22) 3 (n=51) 4 (n=24)

Nursery

In three nurseries the Rhododendron leaf test was the most successful method, followed by
EI.ISA with the antiserum 556
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We don't know where Phytophthora lateralis came from, but since the 1920s
it has been killing Port Orford-cedar (POC) trees in the Pacific Northwest.
Today the pathogen has spread throughout the native range of its host with
dramatic ecologicd and economic consequences, and losses continue. Now
renewed energy, new research, and environmental vigilance offer hope for
reversing the decline of avaluabletree

THE HOSTS

Chamaecyparis lawsoniana, Port-Orford cedar or Lawson's cypress is the
largest member of the Cypressfamily. It is found in the wild only in alimited
area of southwest Oregon and northwest California In the southern part of its
range, POC is usually found primarily along streams and areas with year-
round segpage. It often grows within the ative stream channel. In the north,
POC commonly grows mixed with other conifers, in upland as well as riparian
areas.

POC tolerates high concentrations of heavy metals in the ultramafic soils
scattered throughout the region. It is commonly found in association with
many rare plant species, such as Darlingtonia.

THE PATHOGEN

Phytophthora ("plant killer") is a genus of plant pathogenic Oomycetes.
These are water molds, with swimming zoospores that emerge from sporangia
and thick-walled resting spores, the oospores and chlamydospores .

The disease was first reported in 1923 near Seettle in nurseries growing POC
for the ornamental trade. It is now found killing arnamental POC throughout
the Pacific Northwest. Trees are colonized rapidly, with the advancing
margin of red-brown necrotic phloem extending 50 cm or so above ground

Phytophthora lateralis was first reported on Pacific yew (T. brevifolia) in
1991. While yew is a host for P. laterdlis, it is much less sisceptible than
POC. A limited field survey foundyew killed by Phytophthora only where it
was growing along streams in close association with dead and dying POC. In
astreamside survey, 46% of the cedar was dead, compared to 10% of the yew.

The situation along streams is especially criticd. Esentidly al POC
growing with their roats in contact with normal winter high water flows are
killed within afew years of introduction of the pathogen to the stream.
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Figure 1. Port-Orford-cedar mortality (%) at intervals along transeds perpendicular to
streams on the Gasqguet District, Six Rivers National Forest, CA.

Four 1/2 mile stretches of infested forest road first surveyed 7 years before
were recently resurveyed. Cedars are till present along the roads in all aress,
but mortality continues and inoculum from these roadside trees has spread
further along the roads as well as downslope.
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Figure 2. Abundance and mortality of Port-Orford-cedar down slope from 4 infested
roads in southwest Oregon.
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SPREAD, INTENSIFICATION, AND IMPACTS

In 1952 dead cedars were first seen in the lowland forests of southwest
Oregon. Spread of P. lateralis into the mountains foll owed accelerated road
building and timber harvest activity in the 1960s and 1970s.

The road system in cedar country is largely infested and provides the
principle pathway for disease spread. POC regenerates pralificdly in
disturbed soil, and is especialy abundant, and wulnerable, immediately
adjacent to roads.

In a 1993 survey of 3 infested streams, mortality of larger POC growing
within 3m of the streams ranged from 65% to 92%.

FIGAES: o Sl A |
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BRING BACK CEDAR
SILVICULTURE
RESISTANCE

Thefirst substantial, coordinated, and sustained initiative to proted POC was
ingtigated in 1985, not by the Forest Service but by the ewironmental
community. Their challenge led to a "POC Action Plan," now incorporated
into the cedar management program of the BLM and Forest Service. A
number of techniques are aurrently being used by the Federal agencies to
minimize spread and intensification of cedar root disease.

Most of the disease management effort to date has been drected at road
management. Year-round road closures provide the greatest protection from
the spread of the disease. Wet season closures, enforced by gates, are used in
other areas, in order to preserve motorized acess

In some areas official vehicles and maintenance and harvesting equipment
are routinely washed before passng between infested and uninfested areas.

Sanitation aims to reduce the probability of spread and intensification by
reducing inoculum loads along roads. Sanitation is designed to lower the
chances for inoculum increase, by cutting the most vulnerable cedar trees
adjacent to the roads.

RESISTANCE TO PHYTOPHTHORA LATERALIS
Since the demongtration d heritable resistance to P. lateralis in 1989, the

POC resistance program has dowly been gaining momentum. Richard
Sniezo from the Dorena Tree Improvement Center cadculated family mean

resistance heritabilities. They were surprisingly high, 0.21 and 0.91 for stem
and rocot resistance tests, respectively. The family correlation between tests
was low, suggesting the possibility of independently inherited resistance
mechanisms.

The erliest replicaed ouplanting test of trees slected at Oregon State
University for resistance to P. lateralis is now 10 years old. Mortality was
high for all families in the first year after planting, but after that the rate of
disease increase for resistant and susceptible families diverged.
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Figure 3. Ten yea survival of seedlings (or cuttings) of 4 parent POC trees on an infested
site & the OSU botany farm. CF1 and CF2 are resistant trees, and CB4 and CB13 are
susceptible

Surviving trees from several of these families were tested for resistance with
a dsem dip test. The cut ends of branches removed from each tree were
immersed in a 2pospore suspension, and the subsequent rate of growth of the
pathogen up the branch was measured. Families with better survival rates had
lower stem dip lesion scores.

Resistance to P. lateralis offers the best hope yet of reestablishing POC in
areas where the pathogen is already established. It must be emphasized,
however, that the resistance program alone off ers no protection for surviving
stands of POC. Efforts to halt transport of the pathogen into uninfested
watersheds and to generally reduce inoculum pressure must be redoubled and
sustained.
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INTRODUCTION

In support of a larger European Union projed investigating
Phytophthora and oak dedine, (PATHOAK) we ae exploring the
locd distribution and seasonal abundance of the spedes present in an
intensively managed French oak forest.

The Forét d’Amance, on the Lorrain Plateau nea Nancy in NE
France covers about 1200 ha and is comprised primarily of Quercus
petraea and Q. robur. Topography is gentle and most streams and
drainage dhannels flow only during periods of heary rain. Soils have
a high clay content. The aeahas been managed for forest prodicts
for hundreds of yeas, and periodic auttings continue. Despite
repeded dsturbances from harvest, defoliation, roads, and war,
Amance forest is hedthy. Portions of the forest are periodicaly
defoliated by inseds, and individua trees are dfeded hy Collybia
fusipes and other pathogens. Overall, however, growth is good and
symptoms of dedine ae asent.

METHODS

Soil samples were mlleded 1 meter from the base of trees, then
flooded and heited. Baits were floated in streams and standing water
in the forest. In addition, forest litter (primarily falen leares) was
colleded from streans and the soil surface ad kaited.

Threetypes of baits have been used extensively :

»  Chamaecyparis lawsoniana foliage (Lawson's cypress or Port
Orford cedar);

»  very yourg leaflets of Quercus robur;

* yourg Q. robu root tips from germinating acorns.

After threedays, baits were plated onPhytophthora seledive media
(usually corn med agar with 200 mg ampicili n, 10 mg rifampicin, 15
mg benomyl, 10 mg pimaricin and 50 mg hymexazol per liter).

Isolates were grouped by growth pattern and morphdogy into
spedes “types’. Spedfic names are tentative pending moleaular
confirmation.

RESULTS

Phytophthora spedes at Amance

A diverse and abundant Phytophthora community is present in
Amance Forest, including a least 8 spedes. (TABLE 1
Phytophthora was remvered from water and from leaves and soil in
water (or where water had been) throughout the forest, from soil in
low-lying sites that are wet through the winter, and from scatered
upland sites. Only in a small forest nursery was it causing obvious
disease. (TABLE 2, Figure 1)

One site (31.15) was saampled in more detail . This parcd of forest is
low-lying, and drained by several shallow ditches. Water is ganding
in the ditches and low spots throughout the winter. The frequency of
crown debadk was not noticealy different from adjacent upland
aress.

Phytophthora (and Pythium) was regularly and abundantly
recovered from water and from soil around trees. Four spedes were
present, including P. quercina. Trees growing a few meters away, on
dightly higher ground, had no Phytophthora, and Pythium was very
infrequent.

TABLE 1. Phytophthora species from Amance Forest

Speciesgroup  oogaia sporangia notes
Phytophthora ~ none non-papill ate, regular, dense
gonapodyides often nested colony margin
proliferation
Phytophthora ~ 30-35 4, semi-papill ate,
citricola ? sometimes often irregular
enveloped in
hyphae
Phytophthora  present but papill ate, often very slow
quercina often slow, irregular shape growth, with
irregular shapes distinctive
hyphal
branching
Phytophthora ~ about 40 |, non-papill ate, very fluffy,
“type 6” with tapered ovoid/pyriform aeria colonies
base and thick
oospore wall
Phytophthora ~ 40-50 , non-papill ate, I/'w
“type 7" ? apleurotic ratio 1.8,
dlipsoid/oval
Phytophthora  heterothallic, non-papill ate,
“type df” Al ovoid/pyriform
Phytophthora ~ none papillate or semi-  regular, very
“type 11.13" papill ate, dense colony
ovoid/pyriform margin
Phytophthora ~ none dlipticd, l/w very fast
(or Pythium) ratio >2 growth, with
undulatum chlamydospores
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FIGURE 1. Forét d’ Amance Phytophthora sampling.
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TABLE 2. Ocaurence of Phytophthora species in Amance Forest

TABLE 4. Seasonal recovery of Phytophthora gonapodyides from streams at
Amance Forest

SFECIES LOCATION SUBSTRATE  FREQUENCY (+ = Phytophthora recovered, / = not sampled).
P. gonapodyides  throughout water, leaves, abundant Site 1997 1998
saturated soil Oct  Nov Dec  Jan FeEb Ma Apr May Jun
P. citricola ? 2329 stream & water, several samples 139 dry 7 7 + 7 7 7 + n
lake, 31.15 soil/roats 1631 dry / . . / / / . .
P. quercina scatered soil/roats several samples 5 3' 29 . . . . / / / . .
P. “type 6" 31.15,16.31 soil/roats, locdly )
water abundant 3115 dry / / + + + + dry dry
P. “type 7" 16.31 water several samples 1917  dy ! + + ! ! ! + +
at 1time
P. “type df nursery soil and roats a:)g:g?;g atl CONCLUSIONS
P. “type 11.13" 11.13 stream water recovered once i . )
P. (or Pythium) throughout? water isolated twice, ¢ A diverse and abundant Phytophthora population is present in
undulatum but probably this hedthy oak forest.
more common

Phytophthora ganapodyides at Amance

Phytophthora gonapodyides is apparently resident in al of the
streams that originate on the forest, and in most places where water
acaimulates after heavy rain. 26 colledions have been made &
different times of yea, from 15 separate streams and al were
positive; 15 of 22 ephemeral puddles yielded Phytophthora. P.
gonapodyides is realily baited diredly from the water and from
submerged led litter and occasiondly from falen leaves on the
ground but never from the soil immediately beneah those led
samples (TABLE 3). P. gonapodyides is occasionally reavered from
soil samples colleded nea the water line in strean courses and
where soil is sturated through the winter. P. gonapodyides is
seaningly abundant in the water of this forest. Nealy every bait was
colonized in sampling conducted from October to July. (TABLE 4)

Phytophthora quercina at Amance

P. quercina is very dow growing and is difficult to isolate if
Pythium and ather Phytophthora spedes are @undant. Oak ledlets
are the most efficient bait.

P. quercina is present on al sites appropriately sampled. At each
location it was reavered from scétered trees.

P. quercina was not closely asciated with symptoms of crown
dedine.(TABLE5)

TABLE 3. Grid sampling for Phytophthora gonapodyides by baiting from

soil, leaf litter on soil, leaf litter in streams, and leaf litter in standing water,

January 1998.
Grid Sail Leaveson
Point Sail
11.13 - +
11.15 - -
13.09 - -
13.29
15.29
16.31
17.23
17.29 - -
17.41 - -
19.17 - -
19.25 - -
19.35 - -
23.29 - +
31.15 -
36.18 - -

Leavesin
Standing Water
/

Leavesin
Stream

+

+ ot~ ~~—~+ ~+ + +
+ o+ ~~+ + o+ + +++

¢ Phytophthora spedes are not espedaly assciated with
symptomatic or dedining trees.

¢ Phytophthora gonapodyides is ubiquitous in streams and
ephemeral pods of water, and is capable of saprophytic
existence

¢ Phytophthora quercinais present in soil around some oak trees,
on bah wet and ugand sites
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TABLE 5. Phytophthora quercina at Foré d’ Amance

Site Treeno. Sampling date Diam Crown C. fusipes P. quercina Phytophthora Pythium
(1998) (cm) Condition(1) incidence (2) spp
31-15 AL=BU April/May 48 0 / - type 6 +
31-15 AZ=BZ April/May 49 0 / - + ++
31-15 AX April 49 0 / O type 6, gonap. ?
3115 AY April 75 2 / - type 6 ?
31-15 BV May 56 1 / - citricola ++
31-15 BW May 92 1 / - - +
31-15 BX May 58 0 / - - )
31-15 BY(qs) May 59 0 / - - ()]
31-15 CA May 54 4 / - - +)
31-15 CB May 57 1 / - + *)
31-15 CcC May 61 1 / - - -
31-15 CD May 73 1 / - ? -
3115 CE(qgs) May 37 0 / - - ?
31-15 DN June 83 1 / - -
31-15 DO June 50 1 / o + ++
31-15 DP June 43 0 / - - -
31-15 DQ June 50 0 / - type 7 -
31-15 DR June 51 2 / - citricola ++
17-29 DV(116) June 38 1 05 O - -
17-29 DX(114 June 24 1 11 O - ++
17-29 DY(9) June 30 1 29 - citricola +
17-29 DZ(115 June 25 1 0.0 O - -
17-29 EA(10) Jure 46 1 0.0 - - -
27-29 DW(20) Jure 38 1 28 O - -
27-29 EB(21) June 44 3 13 - - -
11-15 EN(118) July 34 1 0.0 - - -
11-15 EO(117) July 36 2 30 O - -
9-13 EP(63) July 41 3 ) O - )
913 EQ(64) July 41 1 ) - ? +
11-13 ER(62.1) July 61 0 / - - -
11-13 ES(58) July 53 2 23 - - -
11-13 ET(57) July 69 2 1.0 - - -
11-13 EU(60) July 70 1 / O - -
(1) Crown condition : (2) Collybia fusipesincidence : the root infection index of atreetakesinto
0 = hedthy ; aacount (i) root rating (0 to 4) and (ii) root diameter for al individual
1 =few finetwigsdead ; major roots. Trees with a rating 0-0.5 are «nat damaged», 0.5-2 =
2 = dead branches present in ugper part of canopy (<50%) ; lightly infeded, 2-4 = heavily infected

3 =dead branches present (> 50%) ;
4 =tree nearly dead or dead.
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PORT-ORFORD-CEDAR: EXTENT, VALUES, THREATSAND DIVERSITY

Thomas M. Jimerson

USDA Forest Service, Padfic Southwest Region, Six Rivers National Forest, 1330 Bayshore Way, Eureka, California 95501

DISTRIBUTION

Port-Orford-cedar (Chamaecyparislawsoniana (A. Murr.) Parl.) isa
member of the CypressFamily, Cupressaceae, and the largest in size
of its genus, Chamaecyparis. Other genera of the family include
Incense calar (Libocedrus), arborvitae (Thuja), cypress (Cupresaus)
and juniper (Juniperus). There ae six other spedes of
Chamaecyparis found throughout the world, Chamaecyparis pisifera
and Chamaecyparis obtusa of Japan, Chamaecyparis formosensis and
Chamaecyparis taiwanensis of Taiwan, Chamaecyparis nootkatensis
of northwest North America and Chamaecyparis thyoides of the
eastern seadboard of the United States. These spedes and their narrow
ranges are what remains of a genus that was foundwidespread during
the Tertiary, distributed throughout much of central and southern
Europe, western Asia and western North America (Zobel et. 4.,
1985). Fossl locetions in western North Americadate bad as far as
50 milli on yeas ago (Edwards, 1983). Today, Port-Orford-cedar is
found ory from coastal centra Oregon to nathwest Cdifornia,
primarily in the Coast Ranges, Siskiyou and Klamath Mountains with
asmall disunct population in the Scott Mountains. The range of Port-
Orford-cedar spans a north/south axis of 280 km and an east/west
axis of 145km and covers an estimated 176,000 hedares.

ENVIRONMENT

Although Port-Orford-cedar has a narrow geographic distribution, it
occupies many different environments from sealevel to 1950 meters
elevation at its most interior locaions. It isfound on all aspeds, but
primarily those with natherly exposures or topographic shading.
Landformsinclude glada basins, streamsides, terraces and mourtain
side-slopes from lower to upper 1/3 positions. Soils are derived from
a variety of parent materials, including sandstone, schist, phyllite,
granite, diorite, gabbro, serpentinite, peridotite and volcanic rocks.
The soils are primarily Entisols, Inceptisols, Alfisols and Ultisols
included in the mesic and frigid temperature regimes and udc and
xeric moisture regimes. Port-Orford-cedar also shows adaptability to
a wide range of summer evapo-transpiration stress from very high
humidities along the mast to very low summer humidities inland.
This grea emlogicd amplitude of Port-Orford-cedar is believed to
reflect a geographic concentration of geneticdly based charaderistics
that had developed in alarger geographic range which included parts
of ldaho, Montana, California, Oregon and as far as east as Nebraska
(Edwards, 1983).

SOCIAL VALUES

The social vaues of Port-Orford-cedar are many and represent a
history of use dating bad to aboriginad North Americans. Native
American tribes guch as the Hoopa and Karuk of northwest California
revere the wood and use it in construction o ceremonial dance pits,
swea houses and the living home. Its value was recognized ealy by
European settlers and by 1857, Port-Orford-cedar was the highest
priced and most useful lumber in San Francisco (Zobel et. al., 1985).
Some of the properties of the wood which make it noteworthy are its
predse machineaility, decay resistance resistance to chemica
corrosion and aromatic quality. Undoubtedly, its greaest commercial
value eists with the log export industry. The Japanese have paid as
high as $5000.00 per thousand hoard fee due to the similarity of
Port-Orford-cedar to Hinoki cypress a highly valued tree of Japan.
Japanese mill s custom cut the Port-Orford-cedar for spedal uses sich
as household shrines, door and window frames and sushi counters. In

the United States it has been used in the manufacture of venetian
blinds, battery cdl separators, arrows, fences and sill plates. Becaise
of its exceptional beauty, it was aso remgnized ealy as a tree of
horticultural value. Due to its grea genetic variability, the nursery
trade in Europe ad the United States has developed over 200
cultivars.

ROOT DISEASE

Up urtil the ealy 1950s, natura stands of Port-Orford-cedar had
few serious pests (Roth et. a., 1987). Then a root disease,
Phytophthora lateralis, appeaed from unknown sources, athough
the nursery trade is highly susped. The fatal root disease has now
spread throughout its native range except for the populations in the
Trinity River watersheds. The disease spreals by motile ajuatic
zoospores, nonmotile soil-borne thlamydospores and root grafting.
To date there is little known genetic resistance athough, there is
adivereseach in thisfield, but with some promise to date.

The potential effeds of this disease to hiodiversity are many.
Foremost is the loss or significant dedine of a major shade tolerant
tree spedes found in many plant communities, in particular those
found o serpentine soils and riparian hebitats.  Preliminary
indicdions in aress dedmated by the disease point toward bah
changes in spedes composition and stand structure that could leal to
degradation o riparian habitat. Thisis particularly important in Port-
Orford-cedar riparian areas identified as criticd habitat for the Coho
salmon. The threds related to the root disease ad its affed on Port-
Orford-cedar has prompted the Forest Service and Bureau of Land
Management to undertake the devel opment of a cnservation strategy
for the spedes.

ECOLOGY

Various emlogicd roles of Port-Orford-cedar have been well
summarized by Zobel et. a.(1985). Port-Orford-cedar helps improve
soil fertility by incorporating cadcium into the soil at a much higher
rate than members of the Pinaceae. This ahility is espedally
significant on serpentine soils where the low cdcium to magnesium
ratio is not favorable to the growth of many tree spedes. By
ameliorating the dfea of high magnesium in these soils,
Port-Orford-cedar may be ading the establishment of other conifer
spedes.

Wildlife use of Port-Orford-cedar snags appeas not as high as pines
or Douglas-fir (Jimerson 1992), but this is likely partially offset by
the longevity of the snags. Port-Orford-cedar logs persist for a very
long period due to their resistance to decey and large size They
provide structura diversity and long-term habitat in riparian aress
where they are particularly important to fish, reptiles and amphibians.

The thick, fibrous bark and resistance to decay following injury to
the canbium combine to give Port-Orford-cedar spedal value in
fire-disturbed ecsystems. Trees that have burned al the way
through the bole with two "legs" of cambium left, have persisted for
decales in an ather-wise hedthy appeaing state. This has geda
significence for natura regeneration o sensitive riparian
environments foll owing fire.

The stabilizing effeds and hebitat contributions of large woody
material and root massin stream channels has often been described as
the primary geomorphic oontrol for soil movement. Loss of
Port-Orford-cedar in a riparian emsystem could leal to degradation
of the stream channel over time.
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PLANT SPECIESAND COMMUNITY DIVERSITY

Port-Orford-cedar plant asciations are key elements of the
biodiversity of Southwest Oregon and Northwest California. Its plant
communiti es display among the richest plant spedes diversity of all
forest types in the region (Jimerson and Creasy 1991). The diversity
within Port-Orford-cedar standsis exemplified by the high number of
spedes found ly layer in association with it (Table 1). In the
overstory treelayer alone 29 spedes were identified. The shrub layer
included 93 spedes and the forb layer had an amazing 446 spedes.
The tree ad shrub layers were onsidered indicator spedes of
environment change. Ecologicd classficaions that describe these
indicaor spedes and the ewironmental gradients they represent can
be used in the development of a mnservation strategy for the spedes.
These include the dasdficaions produced by Atzet et. a. (1996),
Jimerson (1994), Jimerson et. a. (1995 and 1996) and Jimerson et. al.
(In Presy. These dassficaions in conjunction with genotypic
variability analysis by plant association (Millar et al. 1991) will
gredly aid in the identification d Port-Orford-cedar genotypes and
environments necessary for the mntinued existence of the spedes. In
addition, these dasdficaions can serve a blueprints for restoring
Port-Orford-cedar plant associations dedmated by the root disease.

TABLE 1. Number of spedes by layer fourd on Port-Orford-cedar
plotsin Oregon and California (N=1076).

Layer Number of Spedes
Overstory 29
Understory 32
Shrubs 93
Forbs 446
Grasses 44

Dwarf Tanbark
Ultramafic Parent

Labrador Tea

Jefirey Pine Western Aza

Huckleberry Oak
Western White Pine

. California Pitcher-plant
Lodgepole Pine P

Port-Orford-cedar is found in association with a wide range of
spedes with differing ealogicd requirements. These spedes change
in conjunction with the portion of Port-Orford-cedar's range in which
they are found and their position along the wide ewironment
gradients. For instance on low elevation sites in the northwest
portion, Port-Orford-cedar is found in association with western
hemlock (Tsuga teterophylla), in the southwest with coast redwood
(Sequoia sempervirens) and tanoak (Lithocarpus densiflora), in the
centra portion Douglas-fir (Pseudasuga menzesii), at higher
elevations in the eatern portion of its range, white fir (Abies
concolor), western white pine (Pinus monticola), red fir (Abies
magrifica var. shastensis) and mourtain hemlock (Tsuga
mertensianad). This wide aray of tree spedes with dffering
emlogicd requirements contributes to the high dversity of Port-
Orford-cedar plant asociations. Port-Orford-cedar has been naed as
a omporent of more than ninety-three plant asociations in Oregon
and Cdlifornia (Atzet et. a. 1996, Jimerson 1994, Jimerson et. a.
1995 and 1996 and Jimerson et. a. In Press.

Dired gradient analysis was performed on the tree ad shrub
indicaor spedes using canonicd correspondence  analysis
[CANOCO] (Ter Bragk 1988 Jongman et al. 1995). Thistechnique
constrains the ordination of the main matrix (spedes cover) by a
multiple regresson on environment variables contained in the
secondary matrix. CANOCO was used as the primary tool to define
the environment gradients that best explained the variability of Port-
Orford-cedar communiti es (McCune and Mefford 195).

Mean Annual Temperature

California Bay

Z SIXY

Indired Solar Radiation

Iga

Evergreen Huckleberry

Coast Redwood

Decamber Minimum Temperature

Beargrass Tanoak Redwood Sorrel
i Swordfern
Distanceto Ocean Red Alder .
- Biclcal Maple AXis 1

Pinemat Manzanita

Rattlesnake Plantain

Douglas-fir

Mountain Hemlock Stajflower Salal
Thinleaf Huckleberry Whitevein Pyrola
. ) White Trillium
Red Fir . .Wh'te FI'  princes pine Pacific Rhododendron
One-sided Wintergreen Twinfl§wer Western Hemlock

Queenscup Hooker's Fairybjlls Dwarf Oregon-grape
Threeleaf Anemone

. Sadler Oak  Trafplant )

Elevation vVanillaleaf Chinquapin

FIGURE 1. Rangewide Canonical Correspondence Analysis (CCA) species ordination (axis 1 and 2) of Port-Orford-cedar stands. Highly correlated variables are

shown in boxes, length of arrows indicates the strength of the correlation.
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This high spedes diversity is typified by the wide eologicd
gradients in which Port-Orford-cedar and its asociated tree spedes
were found (figs. 1). The first and most prominent gradient (axis 1)
was most highly correlated with elevation (r = -.93). This is
evidenced by the locaion of mourntain hemlock a high elevation
spedes (X = 1684 m) on the far left hand side of the graph and coast
redwood a low elevation spedes (X = 353 m) on the right side of the
graph. These same two spedes best demonstrate the high correlation
of distanceto the Ocean (r = -.54) with axis 1. Mountain hemlock is
found in asociation with Port-Orford-cedar on the farthest inland
sites in the Saaamento River drainage (X = 109 km), while mast
redwood is found m coastal sites nea the ocear (X = 19.5 km).
Other variables correlated with axis 1 are December minimum
temperature (r = .69), mean annual temperature (r = .61)and indirect
solar radiation (r = .49). Axis 2 was most highly correlated with
ultramafic parent rock (r = .83). The influence of ultramafic parent
rock is clealy visible here, based on the appeaance of dwarf tanbark,
Labrador-teg Jeffrey pine and hiwckleberry oak (ultramafic indicator
spedes) along the positive portion of axis 2. The mixture of spedes
foundin the positive portion of axis 2 pant toward warm summer
temperatures and cool winter ones.

Figure 1 demonstrates the wide environment gradients included
within Port-Orford-cedar communiti es that are assumed based onthe
work of Millar et. a. (1991) to represent genetic diversity. The
spedes depicted in figure 1 help to define the major environment
gradients used to describe vegetation series and subseries. Spedes
foundin the shrub and forb layers help define the major and minor
gradients and are used in the plant association classficaions. In order
for a mnservation strategy to be successul, this variation in Port-
Orford-cedar communities and their environments need to be
represented.

CONCLUSIONS

The limited dstribution, wide environment gradients, high genetic
diversity, high social vaues, importanceto wildlife, high spedes and
community diversity point towards the need for a mnservation
strategy designed to maintain Port-Orford-cedar as a @ntinuing
element of our biodiversity. Such a strategy needsto be gplied on a
rangewide basis and incorporate dl the fadors described ealier. In
particular, it must include aes proteded from the disease that
represent the biologicd and genetic diversity of the spedes that are
well distributed throughot its range and are arayed along the wide
environment gradients described ealier.
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"” INK DISEASE OF THE NORTHERN RED OAK CAUSED BY PHYTOPHTHORA CINNAMOMI :
=z DISTRIBUTION IN FRANCE, SITE FACTORS IN THE PIEDMONT OF THE WESTERN PYRENEES

MINISTRRE
DELAGRICULTURE.

7814 PRCTE by
André LEVY, Département de la Santé des Foréts, F — 33150 CENON

. Vanpromeaing “\ Area o the diseasein 1951

-
dp  Observationsbefore 1993 Area of the diseasein 1993

Y

#F  Discoveries snce1993 Present area of the disease (1999
= ¥ 'y‘k ? Fig 3: Cross ®dion of a diseased red oak Fig. 4 Communesin South West of Francewhere
S R occurre nces of ink disease of red oak have been
Fig. 1: Ink disease on red oak looked for

INTRODUCTION

At the end of the 19th century in western Pyrénées, the ink disease of chestnut-tree and oidium of pyrenean oak were amajor cause of forest destruction. Part of
these aeawas replanted with the red cak (Quercus rubra).

The disease becomes first visible on the stump and then spreads upwards the bae. The typica symptoms are swelling cankers out of which a blad liquid flows
(Fig. 1). The aosscut displays sars with excrescences including dd or adive cankered bark (Fig. 3). Finally the produced bt logis useless.

In France the ink disease of red oak was first described in 1948and its cause identified as Phytophthora cinnamomi in 1952.A few cases of this diseasse ae
observed on pedorculate oak. The disease seams to be unknavn so far beyond southern Europe and hes been never related to any red oek dedine. However, P.
cinnamomi may be a adive pathogen in some dedines of old cork oak and hdm oak, bah showing similar symptoms (Robin C. et a, Ann. Sci. For.55 (1998
869-883.

In the south of Europe nealy al chestnut-trees decayed between 1840and 1930.This was caused by P. cambivora (Italy 1917), and aso by P. cinnanomi (Spain
1947 as described only in 1917 and 1922respedively. Hence urtil thefifties theink dsease of red caek andink disease of chestnut-treewere frequently confused.

THE SURVEY

The French Forest Hedth Department organised a survey from 1990to 1993in the piedmont of the western Pyrénées, where the ink dsease hasalready been
observed sincethe end d the 19th century. (Lévy A. Cahier duDSF1 (1995 1-41). 124stands of red oak were assessed at different altitudes, exposures and
topographic situations.

Theink dsease was rated using the following variables:

DS (diseased stand) = % presence— absencein the stands

DT (diseased trees) = % diseased trees in the stand

IS (Intensity in the stand) = % average of damage in the stand wsing the following scde : 0= no ink disease found, 20= disease visible up to 1m, 60= disease
visible upto 2m, 100= disease visible dbove 2 m height. This sde was chosen to estimate roughly the percentage of unusable volume of the bt log.

IT (Intensity on dseased trees) : 1004 S/DT (only in dseased stands).

We saumethat :

- the variable presence - absence (DS) is correlated to certain site fadors being resporsible for the introduction and contamination,

- the variable diseased trees (DT) is correlated to certain site fadors being resporsible for the disemination d the pathogen inside the stand,

- the variable intensity on dseased trees (IT) is correlated to certain site fadtors being responsible for the development of the pathogen in the trees when drealy
establi shed.

Area of ink disease

Fig. 4shows areas of the disease in 1951and in 193 based on olservations in restricted damains, withou cheding presence of the disease outside the limits . In
1993, at the end d the survey, every red caks dand dder than 30in the south west of Francewas visited. Some of them could be cmnsidered freeof disease (blue
and geen signs). As afew of them were founds diseased between 1993and 1999(bleu signs) we assume that, during last 6 years, area of ink disease of red oak
hasincreased.

Age

Fig. 6 — 7show that, the older the stand, the more important the damage is. For that reason, the values of the variables were normali sed to the age dassof 30-60
yeas.
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RESULT S

Averages

Fig. 5shows average values of each variable:

- 70% of the stands are diseased (DS)

- the average of diseased treesin the standsis 6.8% (DT), the maximum reaching 424,
- unusable volume of butt logis 3% (IS), the maximum can reach 41%.

Altitude and exposure

At the dtitude from 0 to 400m, 74% stands are diseased but from 400to 440m only 50% stands and none above 440m. Fig. 8showsthat NNW does nat prevent
the contamination d stands but does limit it to lessthen half in number of diseased trees and in symptoms intensity. On the other hand, SSE exposures are
favourable to the disease within ead term.

Thisleads oreto think o the repressve effed of cold. (Mar¢asB. et a. Ann Sci For (199%6) 53, 369382).

Coadlness

Thisis asubjedive variable of assessnent for the forest environment based onelogicd indicators of vegetation and geomorphdogy. Soil humidity is often an
important fador, however others fadors (soil texture, exposure, ..) may also play amajor part. Thescdeused is: “dry”, “fresh” and “humid”.

“Dry” sites are more often contaminated than “fresh”/"humid” (DT = 83 vs. 67). In addition they have more diseased trees (DT = 10.2vs. 8.8. However thereis no
differencein disease intensity on trees.

Dry sites seem to by espedally proneto theintroduction o the disease into the stand and dssminationin the stand.

Chestnut-tree presence

The presence or absence of chestnut-treesis not an hint of the ink disease of red cek. However, in the Pays Basque region, where dl stands of red cek are
contaminated, the presence of chestnut-treeis correlated to a higher disease level of DT =18 %, IS=8.4% and IT = 54 %. Since the chestnut-trees are indicaors
of relatively dry sites, we aume that dry conditi ons are more prone to the establi shment of the ink dsease.

Topography —soil texture

Tawegs and crests/ tophill s are particularly prone to ink disease. We assume that, due to a water stress roots are damaged onthe one hand by hydromorphism in
talwegs and, onthe other hand, bywater shortage in crests/ tophill s. (Marcas B. et a. Eur. J. For. Path. 23 (1993 295-305). Talwegs are fourd to be the most
prodvctive sites and, onthe mntrary, crests/ tophill s are the less productive sites (34 and 24m at 60 yeas).

The other sites can be filed in two groups : flat sites (shelf, plateau, dain) and slopes (haf and bdtom ). All flat sites are less diseased than slopes in term of
presence— absence and intensity ontrees. They can also be respedively filed acwrding to the textures of soils (from silty - clay to silty - gravelly-stony). We found
in bah cases that sites of pure silty soil s are more diseased then sites with silty - stony to silty -sandy soils.

Siteswith paous ils (silt with sand, gavel and stone) are lessproductive than average (23m in flat sitesand 24m in slopes vs. 26m at 60 yeas) Cf.fig.10-11.

CONCLUSION

Finaly it seems that, in South West of France, ink dsease of red oak canna spreads far beyond the present area In this areadamages can be limited by avoiding
sites prone to ink disease such as crests and hllt ops or pure silt soils and by dving preferenceto nath or north-east exposure and upper altitudes. Nevertheless ore
will have difficult choicesto do for example in talwegs which have good poductivity but lots of unusable butt logsif the rotation ageistoo high...

An ather result of this survey was the unexpeded high number of red ceks with damage caused by Collybia fusipes root disease. This pathogen could be the next
preoccupation with red oek...

Fig. 6: Fig. 7: Fig. 8:
age 15-30 30 -60 60 —90 stage poe youngmature exposure NNW ENE  Fat SSE WSwW
DS (%) 54 70 78 DS (%) 58 62 79 DS (%) 69 57 60 *96 80
DT (%) 2.8 *6.8 8.7 DT (%) 42 41 *89 DT (%) 2.2 *57 56 *11 12
1S (%) 1.0 *3.0 3.6 IS (%) 14 19 *39 1S (%) 0.88 038 26 *4.6 4.4
IT (%) 35 40 46 IT (%) 31 42 42 IT (%) 26 34 26 36 28
Fig. 10: texture silt and gavel Fig. 11: texture silt and gavel
of slopessite silt and clay puresilt and stone of flat site silt and clay puresilt and stone
DS (%) 65 100 80 DS (%) 52 75 10
IT (%) 34 40 24 IT (%) 20 30 6
f (m) 28 27 23 f (m) 26 25 24
f = siteindex (height at 60 yeas) * = highly significant
PS 88
PS 53 PT 10
PT 6.1 IS 4.8
PS 43 IS 2.5 IT 40
PT 2.3 IT 18 f 24 PS 81
IS 0.93 f 26

PLATEAU

PS 75 PS 52
PT 4.4 PT 3.7
IS 19 IS 1.6
IT 32 IT 20
f 27 f 26

SLOPE BOTTOM

PL AT

Fig 9: Average of the variables at different topdogica
positions
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Margais, B. *, Bergot, M. *, Perarnaud, V. *, Levy, A. ** and Desprez-Loustau, M.L. *

Mapping ink disease hazard for oaks in France %

MIBISTEES
IHLAGHTL 1 RE

CT DT Ls PECHS

“INRA, * Météo-France, ** Département de Santé des Foréts

* Trunk canker induced on o aks by Phytophthora cinnamomi

* Described for the first time on Quercus rubra in the Basque area in 1951, but up to now, present only in the south-west
of France on Q. rubra and Q. robur and on the Mediterranean coast on Q. suber
(Levy, A., 1995, Cahiers du D.S.F. n° 1, D.E.R.F; Robin, C., Desprez-Loustau, M.L., Capron, G., Delatour, C., 1998, Ann. Sci. For., 55, 869-883)

Fig 1. Feature of a
P. cinnamomi infected
red oak trunk.

(a) Disk.

(b) Detail view of an
included lesion.
Lesion of width X
developed in year O
whereas lesion of
width Y developed
the next year (*)

Cankers development was followed by dendro-
chronological method on 20 trees from 4 sites

O Many cankers healed after 1985,
year with an especially cold winter
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Fig 2. Evolution of the ink disease on Quercus rubra
trees: mean annual Percentage of Perimeter Attacked
(PPA) per tree in 4 sites of South-West France

Ainho

Fig 3. Frost Indices of the 1984-1985 winter in
South-Western France - Interpolation based on
topography from the 57 meteorological stations
by the Aurelhy method.

Frost Index = cumulated degree-hours

under 0° C in the winter (November to March)

Even where the disease is present, Winter frost = main factor limiti ng canker extension

» A model was built to estimate the survival of P. cinnamomi in the bark lesion duing winter

» Compute degree-hours under 0°C in the cambium from air temperature and cerive from it a
Phytophthora Survival Index (Macas, B., Dupuis, F., DesprezLoustau, M L., 1996,Ann. Sci. For. 53, 369382)

=)

Comparison of Phytophthora Survival Index

with the evolution of cankers on infected trees
shows that with Survival Index lower than

* 0.5, cankers tend to heal and

Frequency of Frost Index lower
than 2000 and ninetieth percentile
of the Frost Index were mapped

Importance of the threshold =)
at a Frost Index of 2000

¢ 0.05, P. cinnamomi is eliminated
from the canker, i.e. for Frost Index
higher than 2000
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Fig 4. Relationship between the Phytophthora Survival Index
and the Frost Index in 10 sites of South-West France.

Fig 5. Frequency of occurrence of annual Frost Index values
lower than 2000 in South-Western France - Interpolation
from the 57 meteorological stations by the Aurelhy method.

Fig 6. Ninetieth percentile of annual Frost Index in France
Interpolation based on the inverse distance weighted
method applied on 503 meteorological stations.

The present extension of the ink disease of oak in France @rrespondsto area where Frost Index
is €ldom over 2000.However, amuch wider zoneisfavourableto P.cinnamomi winter survival.
Therefor e, the disease muld develop in some areas presently freeof the disease like Brittany
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PRELIMINARY RESULT SOF EFFECTIVENESSMONTORING OF PORT-ORFORD
CEDAR ROADSIDE SANITATION TREATMENTSIN SOUTHWEST OREGON

KatrinaMarshall and Donald J. Goheen

USDA Forest Service, Southwest Oregon Forest Insed and Disease Service Center, Centra Point, Oregon 97502, USA

INTRODUCTION

Roadside sanitation treaments are widely recommended and wsed in
Southwest Oregon as one @mporent of Port-Orford-cedar root
disease management strategies (Hansen 1993, Kligjunas 1993, Roth
et a. 1987, Zobel et a. 1985). The objedive of roadside sanitation is
to crede a one dong treaed roads where there ae no live Port-
Orford-cedar roots. This is believed to eliminate or reduce the
amourt of inoculum avail able to be transported out of infested areas
by vehicle traffic and reduce the probability of introducing the
pathogen into uninfested aress. The treadment consists of killi ng all
Port-Orford-cedar in a 2ne extending to 8.5 meters above the road
(or to the top of the ait bank) and 85 to 17 meters below the road.
Periodic retreament is necessary to remove Port-Orford-cedar
regeneration from the sanitized area

Until recently, monitoring the dfediveness of roadside sanitation
treaments was limited to visually asessng stands adjacent to the
saniti zed zone for the presence or absence of new Port-Orford-cedar
mortality. However, such observations cannat redly determine
whether roadside sanitation treaments reduce the incidence and
movement of the pathogen. Since sanitation treaments are stly
and controversial, forest managers and the public need quantitative,
sample-based measures of treament eff edivenessto make dedsions
abou the desirability of using the treament.

METHODS

In 1997, we began monitoring four sites with a systematic sampling
procedure using small, tubed Port-Orford-cedar seallings as baits.
The baits were outplanted in ten transeds along a 0.4 to 0.8 kilometer
segment of road at ead site. Ten baits were used in ead transed.
Transeds were located where introduction or movement of inoculum
was likely (existing dead Port-Orford-cedar, stream crossngs,
swampy areas, pulouts, etc) and aso at random points along the
road. The baits were removed from the tubes and planted
perpendicular to the road, on both sides of the road, beginning at the
edge of the road and then periodicdly along the transed and into the
adjacent stand beyond the boundary of the sanitized area They were
also planted in the roadside ditches above and kelow the intersedion
with ead transed. At stream crossngs with water present, seallings
were left in their tubes and seaured in the dhannel with metal stakes.
The locaion d the baits were mapped so the transeds could be
resampled in subsequent yeas. Throughou the process we took
precaittions to avoid contamination such as <rubbing boots and
planting tools in chlorinated water before planting ead new seedling.
Baits were left in the streans for two weeks, then retrieved and
incubated in the tubes for four weeks. Planted baits were left on the
site for six weeks. After six weeks al the baits were examined for
evidenceof infedion by P. lateralis.

As of 1999 we have monitored 12 dfferent sites (including the
original four). One site is infested bu has not been sanitized, one
was snitized bu is not infested and the other ten are infested and
have been sanitized. Once transeds are installed, we reped the
procedure with the baitsin the same locaions at approximately the
same time each yea. We hope to monitor ead site for at least five
yedas.

PRELIMINARY RESULT SAND CONCLUSIONS

There has been an overall deaease in the number of infeded bait
trees beginning in the third yea after the sanitation treament (Figure
1). Prior to treament (year zero), an average of 24% of bait trees
were infeded. Five yeas after treament, an average of 6% of bait
trees were infected. In threeyears of monitoring at the infested site
that has not been treaed, the level of infedion in the bait trees has
remained between 14 and 22 percent. We believe that the reduction
of inoculum observed in areas that were infested prior to sanitation
treament suggests that treagments in such areas are indeal
worthwhile.

30

25

20 1

15 1

10

Percent of bait trees infected

0 1 2 3 4 5 6 7

Number of years since treatment

FIGURE 1. Average percentage of Port-Orford-cedar bait trees infected in
sampled areas where roadside sanitation treatments were done.

Within transeds, the locaion of infeded haits has varied grealy
from year to year. It is probably affeded by the highly variable
wegther condtions during spring in southwest Oregon. This affeds
soil moisture and temperature and the anourt and temperature of
water in streams and dtches, al fadors that would affed the adivity
of the pathogen. In general, we have foundthe greaest number of
infeded haitsin the roadside ditches. This suggests that these ditches
function as traps for infested water. It means that design and
maintenance of the ditches is an important comporent of managing
roads to limit the spread of P. lateralis. Relatively few infected baits
have been found nea the outer edges of the sanitized arezs.

In general, we have dso retrieved fewer infected bait trees from
streams than we expeded. Putting the seadlings in the stream with
the tubes dill in pace may make it more difficult for infedion to
occur, or the high velocity of the water in many of the streams may
make it unlikely for infedionto occur during the short duration o the
trial.

One shortcoming of this procedure so far is the difficulty and
uncertainty of monitoring success of sanitation treadments in
uninfested areas. If we don't find infedion on any baits in transeds
installed along roads where there was no dsease present before
sanitation treaments, it isn't possble to tell whether inoculum has
not been introduced or whether our baits were not locaed in the right
placesto intercept it.
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INTRODUCTION

From the beginning of this century the mortality of cork oak trees
has been reported by several authors who, nevertheless disagree
abou its causes. Recently, some aithors reported a dose asciation
between P. cinnamomi and cork oak trees with symptoms of dedine
disease.

In order to improve the reliability of the detedion d this pathogen
we have recently developed a highly spedfic, sensitive and reliable
method tesed on the identificaion d a PCR-amplified target DNA
using mycelium from pure ailtured P. cinnamomi.

The gplicaion of this method to detea the fungus direaly from
roots and infested soil is hampered by the inhibition of PCR by
contaminants usually present in soil and roats.

We have gplied various protocolsto prevent inhibition. All involve
severa steps of DNA purificdion. In this paper we describe an
optimised methodto isolate DNA from P. cinnamomi present in roots
and soils. This DNA can be onsistently used as aubstrate to the
application of an improved PCR method in which the anplificaionis
linked with a @lorimetric sandwich capture hybridisation assay.

MATERIALSAND METHODS

Fungal culture method

The fungal isolate of P. cinnamomi (X1V-4R) used in this gudy was
isolated from roots of a crk oak treelocaed in S. Bras de Alportel,
Algarve, Portugal. Fungal mycedium was grown in V8 liquid medium
incubated at 25°C in the dark for 4 days for soil infestation. Liquid
medium V8 was prepared by the aldition of 5 g CaCO; to 354 ml of
V8 juice (Campbell Soup Company). The mixture was saken for 15
min, then centrifuged for 20 min at 3800 g. The supernatant was
colleded and diluted four times with distill ed water. For plant tissue
colonisation the fungus was grown in potato dextrose ayar (PDA) and
incubated at 25°C in the dark for 5 days.

Detedion of P. cinnamomi in plant tissues

Artificialy infeded plant tisaue

Three gproadches were foll owed

1. Roots of seallings of cork oak 1 month dd, grown on
vermiculite were infected with dices of agar culture placeal
diredly over the roots during 48 hours, in the dark a room
temperature. The dlices were removed after that period, the roots
remained for 2 more days at room temperature and then were
frozen at minus 80°C.

2. Roots samples from seedlings grown duing one month under
controlled conditions on artificially infested soil s were removed
from the soil and washed with water, externally disinfeded with
1% sodium hypochlorite and abundantly washed with sterili sed
water. One half of these samples were frozen a minus 20°C
ready for DNA extradion. Ancther half was placel in isolation
seledive medium (malt 5%, agar 2%, rifampicine 10 ppm,
pimarycine 10 ppm, ampiciline 250 ppm, benomyl 15 ppm,
hymexazol 50 ppnm, digtilled water 1000ml) to confirm
P.cinnamomi infedion.

3. Green apples (Granny smith) and yourg cork and hdm oak
leares can be used as baits to cgpture P. cinnamomi from
infeded roots and soils. Apples were infected dredly either
with mycelium of P. cinnanomi or with artificially infected

roots. Two hdes were made per fruit with a crk borer,
previoudy disinfeded in 70% ethanol. The holes were filled in
either with mycdium or with roots and then seded with tape.
Fruits were left for 10 days in a moisture chamber at 24-25°C.
After that period and as s0n as neaoses darted to appea, some
pieces of neadosed tissle were mlleded, placel on seledive
medium and incubated a 25°C in the dark for colony
development of P. cinnamomi. Some other samples colleded
from this region were frozen at minus 20°C to extrad DNA.

Naturaly infeded tissue

Two approadches were foll owed:

1. Samples from fine roats colleded from naturaly infeded cork
oak forest trees exhibiting dedine symptoms were treged as
described above for the root samples from artificialy infested
soil.

2. Young cork and holm oak leares were used as baits to capture
the fungus from samples of natura infested soil. Fragments of
yourng leaves were placal on the water surface of a soil
suspension duing 48h at room temperature. The leaves were
then removed, washed in sterile water and Hotted dry. Some
pieces were frozen at minus 20°C for DNA extraction and others
were surface sterilised in 1% sodium hypochlorite for 1 min,
rinsed in sterile water and daced on seledive medium. Plates
were observed for P. cinnamomi devel opment after incubation at
25°C in the dark.

DNA was isolated from about 100-120 mg fresh wt. of roats,
and from 120-200 mg fresh wt. of apple tisaie and leaves.

DNA extradion and puificaion from plant tissues

Lysis methods

a) Tisaues (120150 mg) from leaves, roats or apples were reduced
to small pieces placal on1 ml of extradion bufer (Tris, 50 mM;
EDTA, 20 mM, pH 8; NaCl, 100 mM; PVPP, 1% W/V) and boil ed
for 10 a 15 min.

b) Roots were ground in liquid nitrogen, transferred to the described
above extradion bufer andthen bailed for 10 min or 15 min.

Extraction and puification methods

The boiled or ground tissues were centrifuged (3800 g) for 5 min.,
and the supernatant containing DNA was colleded. The pellet was
resuspended in 500 pl of extradion bufer and centrifuged for more 5
min. This procedure was repeaed twice DNA was predpitated with
ethand and centrifuged at 12000 g, for 15 min, a 0°C. The dried
pellet was resuspended in 200 pl TE buffer. The DNA solution was
purified through two types of columns namely Sephadex G-200
(Pharmada) and Elutip-d (Schleicher & Schuell). The Sephadex
columns were padked into 5 ml syringes and equilibrated with TE
buffer (pH 8). The procedure for the Elutip-d columns was dore &
spedfied by the manufadurer.

The purified DNA was at the end predpitated at 16000 g with
ethand and resuspended in 40 pl of pure water.

Detedion of P. cinnamomi in soil
Soil s charaderisation

Four different soil samples were used to evaluate the dficiency of
DNA extradion. NCs designate a non-cultured soil for at least 30
yeas and Cs designates a ailtured soil. These soil types originate
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from different fields of Estacd® Agrondmica Nacional (Lisbon,
Portugal) and are usually used ongreenhouse experiments. Nis 1isa
naturally infested soil colleded in Corgas Bravas (S.Bréas de Alportel,
Algarve, Portugal) and Nls 2 is a naturally infested soil colleded in
Ameixeira (S.Bras de Alportel, Portugal). P.cinnamomi was isolated,
by current methods from both NiIs 1 and Nlis 2 soils. Soil properties
are summarised in table 1.

TABLE 1. Physicd and chemicd characteristics of soil samples used in the
present study

Soil Amount (%) Organic C Nitrogen pH in
Sand Silt Clay content (%) content (%)  water
NCs 308 215 47,7 39 - 7,7
Cs 88,0 34 8,6 31 - 6,4
Nis1 - - 19 - -
Nls2 485 294 22,1 52 0,17 55

Artificially infested soils

The 4 days old mycdium grown in V8 liquid medium was washed
in sterile water and excess moisture was withdrawn by contadt with
absorbent paper. Soil samples (1 g) were thoroughly mixed with 100
mg, 10 mg, 1 mg or 0,1 mg of the prepared mycelium. Negative
controls consisted in non-infested soil samples and paitive @ntrols
in DNA purified from mycelium suspensions applying the protocol
for extradion and purification from soil .

Naturally infested soils

Samples from naturally infested soils were ather analysed withou
any previous treament, or were previously incubated on water for 24,
48 a 72 h at room temperature (ca 25°C) and indired sunlight. The
incubation water was also analysed.

DNA extradion and puificaion from soil

The infested soil was nicaed with a titanium tapered microtip
(0=3mm) in 3 ml of iced water at 2/10 maximum power (300 W,
Vibracdl) for 5 min at 70% of adive cycles. Overheding of the
sample was avoided by codling it in ice (Degrange & Bardin, 1995).
The bulk soil and gross cdl debris were removed by centrifugation
(2500 g, 4°C for 5 min) and the supernatant containing DNA was
saved. The pell et was submitted to two washes with 2 ml of water to
remove the remaining DNA. The supernatants were poded and the
DNA concentrated by centrifugation (15000 g, 15 min, 4°C).

The resulting pell et was resuspended in 1 ml of methanal (50% v/v)
and transferred to a 1.5 ml readion tube moled on ice 50 pl of a
20% (w/v) CaCl, aqueous lution and 1% (v/v) B-merceaptoethanal
were alded to the samples. This mixture was made homogenous by
vortexing for 10 min at 4°C and then centrifuged at 16000 g for 10
min a 4°C. The methand/CaCl, extradion was repeaed orce
followed by a fina extraction without CaCl, addition prior to DNA
solubili zation.

400 pl of benzyl chloride and 500 pl of extraction bufer [100 mM
TrisHCl; 20 mM EDTA; 1,4 M NaCl; 2% (w/v) CTAB
(hexadecyltrimethylammonium bromide), pH 8 to which 1% (v/v) -
mercaptoethana and 26 (w/v) PV PP (polyvinylpdlipirrolidone) were
added before use) | were alded to the pellet cooled on ice The
mixture was vortexed for 10 min at 4°C. Then 300 pl of chloroform
(stored a minus 20°C) and 100 pl Nucleon PhytoPure resin
(Amersham) were alded, and the resulting mixture was vortexed
ancther 5 min at 4°C and centrifuged for 10 min, at 4°C, at 1500 g.
The supernatant was transferred to a new tube cntaining 300 pl
chloroform (stored at minus 20°C) and 100 pl Nucleon PhytoPure
resin.

The mixture was girred for 5 min at 4°C and centrifuged as before
at 1500 g. 400 pl of the supernatant were caefully removed to a new
tube and 200 pl of isopropanol were alded and mixed by tilting. The
sample was left for 10 min on ice centrifuged for 10 min at 4°C and
16000 g and the supernatant was poued away. The pellet was
washed for 5 min at room temperature with 1 ml of 70% ethanol/0,1
M sodium aceate, 1 ml 100% ethanol and finaly 1 ml chloroform.

The pell ets were dried for 30 min at room temperature and the DNA
was dislved in 100 pl TE buffer (pH 8). (Bahnweg et al.,1998)

PCR

Amplification was caried ou in afinal volume of 50 pl containing
0,4 uM of ead primer, 0,2 mM of eat deoxynucleotide triphosphate
(dATP, dGTP, dTTP and dCTP)(Boehringer Mannheim GmbH,
Germany), readion bufer (10 mM TrissHCI, 50 mM KClI, 1,5 mM
MgCl,, pH 8,3), Tag DNA poymerase (2.5 U) (Boehringer
Mannheim), 10 pl sample DNA. Water was used as negative cntrol.

After initial denaturing of the samples for 3 min at 94°C, readions
were run for 35 cycles consisting of 1 min at 94°C for denaturing, 1
min at 62°C for anneding and 30s at 72°C for extension. In the last
cycle, the extension step proceeded for 7 min at 72°C. Cycling was
performed onathermocycler Biometra.

Colorimetric hybridisation assay

The PCR mixture (10 pl) was treated with 40l of 0.25 M NaOH for
10 min. Simultaneously oligonuclectide-coated plates were incubated
at room temperature with 250 pl/well of a Tris-buffered solution (0.1
M TrissHCI, 1 M NaCl, 2 mM MgCl,, 0,05 % Triton X-100, pH 7.5),
containing 5 % non-fat dried milk. The solution was eliminated after
10 min..Four pmoles of the detedion probe were mixed with the
hybridisation bufer composed of Tris-buffered solution, containing
0.2 M acdic add and 2,5 % non-fat dried milk. 50 pl of this lution
and 50 pl of chemically denatured PCR product were gplied into a
well of a 96-well plate, carying the ovaently linked capture
oligonucleotide probe. This procedure was always made in duplicete.
After 90 min. of incubation at 37°C under dlight agitation the wells
were washed five times with Tris-buffered solution, containing 5 %
non-fat dried milk. For detedion, 100 pl of streptavidin-horseradish
peroxidase (DAKO, Copenhagen, Denmark), diluted 1000 fold in the
Tris-buffered solution containing 3 % of Bovine Serum Albumin
(Sigma), were aded to ead well and dates were incubated at room
temperature for 30 min. Then, the plates were washed five times with
250 pl of Tris-buffered solution and incubated for 15 min. in the dark
with 200 pl of 3,3',5,5 -tetramethylbenzidine (TMB) (Sigma). The
reacion was dopped by the aldition of 100 pl of a solution 10 %
sulphuric add and the opticd density (OD) at 450 nm was then
measured in a Novapath microplate reader (Biorad, Richmond, USA).
The PCR product concerning the blank PCR (sample withou DNA)
was tested in five wellsin ead hybridisation assy. The aut-off value
was defined as four standard deviations above the mean of the blank
PCR mixtures.

RESULT S

Detedion of P. cinnamomi in plant tissues

Boiling pieces of the tisaues for 10 min in pure water, centrifuging
and coll eding the supernatant for analysis gave unsatisfadory results.
So dfferent techniques were tried for the isolation of genomic DNA,
suitable for PCR, from plant tisaues. The method described inM & M
to extrad and puify DNA from roats, leares and apple tisaues yields
DNA that can be used for the PCR assay and all ows detedion o P.
cinnamomi. This purificaion method is based on the fradionation o
the DNA extrad through chromatography columns.

With extraa of apple tisaues the use of a Sephadex G-200 column
(Table 1) was enough to puify the DNA and give positive results
(Fig 1). In contrast, for roots and leaves a supdementary purificaion
step of the DNA solution through an Elutip-d column was necessary.
DNA extraded from artificially and returally infeded roots had to be
diluted in pure water 10 a 100 fold to allow amplificaion.

Other methods, not described on materials and methods, were used,
but the results were nat consistent or reproducible.
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FIGURE 1. Analysis of P. cinnamomi in plant tissues (cork oak roats, leaves and apple tissues) using the colorimetric hybridisation assay described in M. & M.
(Coelho et al., 1997). The reference x10 and x100 in the samples corresponds to 10-fold and 100-fold dilutions of the resulting DNA extraded with the diff erent
methods before being submitted to PCR. Blank: negative control of PCR readion. The ait-off value was defined as four standard deviations above the mean for
the blank PCR mixtures.

Sample designation:

M-XIV-4R/BS, Mycelium of P. cinnamomi (XI1V-4R), isolated from roats of cork oak treelocaed in S. Bras de Alportel, Algarve, Portugal, Boiled +Sephadex
G-200column;

AIR/B10S, I nfected apple tissues (apples were used as baits to capture P.cinnamomi (X1V-4R) from artificialy infected roats), Boiled for 10 min and puified
on a SephadexG-200 column;

AI/B10S, Infected apple tissues (apples were infected with mycelium of P. cinnamomi (XIV-4R), Boiled for 10min and purified on a SephadexG-200 column;
Al+Mi/B10S, Infected apple tissues (apples were infected with mycelium of P. cinnamomi (XIV-4R)) + mycelium, Boiled for 10min and purified on a
SephadexG-200 column;

RI/B10SE, artificialy infected roats (infected with mycelium (X1V-4R)), Boiled for 10 min. and purified on a Sephadex G-200 columns and on a Elutip-d
column;

RI+Mi/B10SE; Artificialy infected roats (infected with mycelium (X1V-4R))+ Mycelium, Boiled 15 min and purified on a Sephadex G-200 column and on a
Elutip-d column;

RI/GBSE; Artificially infected roats (infected with mycelium (XIV-4R)), Ground, Boiled and purified on a Sephadex G-200 column and on a Elutip-d column;
RIN/B10SE; Naturally infected roats (roats infected in a sail artificially infested), Boiled for 10 min and purified on a Sephadex G-200column and on a Elutip-
d column;

RIF/B10SE; Naturally infected roats (roots samples from naturally infected trees located in an infested site, Ameixeira, S. Bréas de Alportel, Algarve, Portugal,
Boiled for 10 min and purified on a Sephadex G-200column and on a Elutip-d column;

R/B10SE, Noninfected Roats, Boiled for 10 min and purified on a Sephadex G-200 column and an Elutip-d column;

LI/B10SE, Infected cork oak leaves (cork oak leaves used as baits to capture P. cinnamomi from natural infested soil), Boiled for 10min and puified on a
Sephadex G-200column and on a Elutip-d column.

Detedion of P. cinnamomi in soil

The obtention of DNA free from PCR inhibitors involved several
purification steps described in M. & M., adapted from Bahnweg et
al.(1998). Briefly, cdl wall lysis was performed by dired sonicaion
of soil, DNA isolation was caried ou through centrifugation and
washing steps, followed by organic solvent extradion and
polysacctaride removal by PhytoPure resin treament in the old and
finally solvent washing.

This procedure was applied to artificially and to naturaly infested
soils.

In order to assess the sensitivity of this method to deted DNA
extraded from soil s, deaeasing levels of infestation were simulated
by mixing either non-cultured or cultured soil and the pathogen. We
were &le to deted DNA purified from 1 g of each type of soil
infested with 0.1mg of mycdium as alower limit (Fig. 2).

DNA purified from both type of soil s by chromatographic methods,
using Sephadex G-200and Elutip-d columns, could aso be amplified
and deteded. However, the level of detedion was considerably
higher requiring down to 100 mg of mycdiumin 1 g of soil (data not
shown).

PCR amplification and the mlorimetric detedion were negative
when the DNA sample was obtained by sonicaion of the fungus in
the soil without any purificetion step (data not shown).

The analysis of naturally infested soils did na alow detedion d the
fungus by any of these methods.
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FIGURE 2. Spedfic detedion d P. cinnamomi in soil samples using a wlorimetric hybridisation assay (Coelho et al., 1997). Sample description is shown below.
Weighs refer to mycelium in artificially infested soil samples. Times relate to incubation periods of the naturally infested soils. The aut-off value was defined as

four standard deviations above the mean for the blank PCR mixtures.
Sample designation:

NCs = Non Cultured soil;

Nls 1 = Naturally Infested soil 1

NIsW 1 = Naturally Infested soil Water 1*
NC-NCs = Negative Control of Non Cultured soil
PC = Positive Control

Cs = Cultured sail;

Nls 2 = Naturally Infested soil 2;

NIsW 2 = Naturally Infested soil Water 2 %;
NC-Cs = Negative Control of Cultured soil

! “Naturally infested soil water” isthe coll ected liquid after a certain period d sampleincubationin raturally infested soil.

DISCUSSON

The gplicaion of the PCR based method for the identification o P.
cinnamomi to its detedion in roots and soil is not straightforward.

To be dficient and reli able the method should alow dired detedion

in small samples of roots or soil without the need for isolation
intermediate steps such asthe use of baits.
The inhibition of the PCR by contaminants present in soil and rootsis
well documented. Humic adds in soil and phenolic compounds in
roots are the more frequently reported inhibitors. Severa reports
claim successin the gplication d PCR to DNA isolated from micro-
organisms present in soil by various techniques that get rid off
contaminants. Clealy the type of soil and the nature of the micro-
organisms and d the tissue ae determinant.

We have gplied and adapted several methods to isolate and puify
DNA from P. cinnamomi present in cork oak roots and in soil. The
use of baits, namely apples facilit ates DNA purificaion, but it is an
indired method d detedion that depends on the dficiency of the bait
to seledively cgpture the fungus.

Dired detedion in roots, either artificialy or naturaly infeced
always required two chromatographic purification steps, but showed
to be reproducible.

Dired detedion from soil strongly depends on its origin and hence
on its composition. We have atificially infested two types of soil,
having a similar organic content but very different composition of
sand, silt and clay: cultured soil used in greenhouse experiments and
anon-cultured soil. We were aleto deted DNA from P. cinnamomi

in an artificially mixture of mycdium and eadh o these soils,
prepared in a proportion o one hundred nanograms and more of
myceium to ore gram of soil .

The detedion d the fungusin neturally infested forest soil was until
now negative, refleding the difficulty of eliminating polymerase
inhibitors from this il .

We ae working out procedures to further improve purity and yield
of DNA isolated from soils and hence to increase the sensitivity of
our PCR assay applied to detedion d P. cinnamomi in forest soils.

ACKNOWLEDGEMENTS

We aknowledge Fundacd® para a Ciéncia e Temologia (FCT)
(PRAXISXXI 3/3.2/[FLOR/2112/95, INTERREG 14/REG 11/6/96)
and NATO (SfS PO-CORKOAKS 1) for financia suppat. ACM and
ACC thank Fundac® Luso Americana para 0 Desenvolvimento and
Fundacg&d Calouste Gulbenkian for their travelling grants and MGH
thanks FCT for their PRAXISXXI reseach grant (BIC J17089/98).

REFERENCES

Coelho, A.C.; Cravador, A.; Boalen, A. Ferraz, J.F.P,;
Moreira,A.C.; Fauconnier, A. & Godfroid, E. Highly spedfic and
sengitive nonradioadive moleaular identification o Phytophthora
cinnamomi. Mycological Research, 101 (12): 1499-1507 (1997).

130



Degrange, V. & Bardin, R. Detedion and counting of Nitrobacter
populations in soil by PCR. Applied and Environmental
Microbiology, 61, 2093-2098 (1995).

Bahnweg, G.; Schulze S.; Moller, EMM.; Rosenbrock, H.;
Langebartels, C. & Sandermann, H. Jr. DNA isolation from
recdcitrant materials such as treeroots, bark, and forest soil for the
detedion d fungal pathogens by poymerase dain readion.
Analytical Biochemistry, 262, 79-82 (1998).

131



THE INVOLVEMENT OF PHYTOPHTHORA CINNAMOMI IN CORK AND HOLM OAK
DECLINE IN PORTUGAL

A.C.Moreira(D) | J F. P. Ferraz(2) & J. Clegg ®3)

(1) Estagé AgrondmicaNacional, Quintado Marqués, 2780 Oeiras, Portugal
(2) Universidade do Algarve, Unidade de Ciéncias e Temad ogias Agrérias, Campus de Gambelas,8000-810 Faro, Portugal .

(3) St.Mary’'s , Strawberry Hill, Twickenham,TW1 4SX, U.K

ABSTRACT

The dedine of cork and holm oak tree populations in Portugal has
been attributed to infedion by Phytophthora dnnamomi. The results
of surveys carried ou over the last four yeas for the presence of P.
cinnamomi in soil s and in roats of Quercus suber and Q. rotundifolia,
showed that the fungus is widespread from the north to the south of
the country. The most severely affeded plantations are found under a
variety of soil condtions in the southern Alentgjo and Algarve
regions and are espedaly asociated with poor, shalow soils or
poorly drained soils. These aess are subjeded to severe drought,
which can last for more than six months, during very hot summers.

Results from tests on the pathogenicity of P. cinnamomi to these
two spedes, under stressconditions, indicae that the holm oak treeis
very susceptible to the fungus, while ark osk trees must be subjea
to stress conditions before symptoms are expressed. The observed
susceptibility of cork oak trees associated with drought conditions,
led us to believe that fadtors such as type of soil and soil water
content, may be involved in the dedine of this gedes and they may
interad with P. cinnamomi infedion.

INTRODUCTION

Quercus suber L. is a very widespreal tree in the cetra and
southern parts of Portuga and is an important source of the
commercial raw material, cork.

From the beginning of this century there ae references describing
unexplained deahs of cork oak trees. The deahs appeaed
independently of the age of the tree Some references report the
dedine of the wrk oak tree and assgned it to inseds and pathogenic
fungi in the aeia part of the trees, and ather biotic and abiotic
factors. The same kind d symptoms have been observed recently on
Q. rotundifolia Lam., a very common treein inland areas of Alentgjo
and Algarve regions. Affeded areas are more frequent in the central
and southern regions of Portugal, though some oak plantations in the
northern parts of the wuntry reved symptoms of dedine. For
example, in the Algarve, affeded trees may be found al over the
region, with 90% of the trees being aff ected in some caes, especialy
on south fadng slopes. However, field observations of diseased trees
did not suggest a dea pattern of disease distribution. On the basis of
recet studies ©me aithors (Brasier, et.a.1993a, Brasier et.d.,
1993b, Moreira d.a., 1993) proposed that Phytophthora dnnamomi
Rands was a very important contributory fador in the rapid dedine of
cork oak trees.

Southern regions of Portugal have aMediterranean type of climate,
charaderised by short wet winters and long dry seasons culminating
in hot summers. In some yeas the aea ca be subjeded to cyclic
droughts. In genera, the soils in the dfeded areas we surveyed are
thin, poor in nutrients and in some places poaly drained. Many are
subjeded to periodicd tilling pradices to control shrubby vegetation.

Studies on pathogenicity indicaed that holm oak plants are very
susceptible to P. cinnamomi infedion, while ark oak plants are more
tolerant displaying alessextensive root colonisation than in holm oak
(Moreira @.al.,1997). To show disease symptoms cork oak plants
must be predisposed to infedion, as has been confirmed in some
other spedes. For example lower resistance to P. cinnamomi
infedion d Q. rubra during and after water stress was observed by
Marcas et.al., (1993), and the highest mortality of “jarrah” was
mostly deteded on sites with impeded drainage following
exceptionaly heavy rainfall (Podger et.al.,1965).

This present study aims to observe the behaviour of these two forest
spedes growing in dfferent soil types and under different soil water
contents, with and without P. cinnamomi. Our goal is to contribute to

a better understanding of how the aiotic fadors described above
interadt with P. cinnamomi, predisposing cork and holm oak plants to
the dedine disease in Portugal .

MATERIAL AND METHODS

Experiment 1

A mixture of 20% soil, 80% sand and 10% compost was infested
with colonised seeds of Panicum milliaceum L.. The seeds were
colonised by P. cinnamomi within two weeks. The soil was a very
light mixture of air dry clay soil and washed sand, we used 60g of
colonised seals for ead pa, and the infestation was dore & the same
time as the mixture was placeal into the pots. Cork and hdm oak
seallings, six months old, were planted in the infested mixture.
Control plants were prepared in the same way except the inoculum of
P. cinnamomi was substituted by sterilised seads of P. milli acaum.
Plants were kept in the greenhouse with temperatures ranging 24 -
32°C for one month to restart growth. After this period, with
temperature between 15-26°C, plants were subjeded to two watering
treaments: (1) soil water content at saturation pint for 5 days
followed by 13 days withou any irrigation; (2) normal irrigation,
pots were irrigated every three days, according to their needs. Every
threemonths, 15 plants from ead treament (floodng/non flooding ;
infested/uninfested), were selected at randam, and were removed
from the pots. The plants were scored for mortality and taproot
infedion (by tap root neaosis). The root biomassin dry weight was
also asessed. The objedive of this experiment was to determine the
effea of two soil water contents on the susceptibility of Q. suber and
Q. rotundifoliato infedion by P. cinnamomi over time.

Experiment 2

In this experiment six month dd pants of Q. suber and Q.
rotundifolia were subjeded to floodng episodes (as described in the
Experiment 1), during the four following months. After that period
treaments were imposed. Treaments included: "infestation” by P.
cinnamomi; "soil type" (clay soil and sandy soil); and "watering
treaments' mimicking by weight the water content at field capadty
and rea drought. Each plant had three variables (infested/non
infested; clay soil/ sandy soil ; and water content at field cgpadty/nea
drought). Eight plants per spedes were studied per treament.

The inoculation of the plants was performed by soil infestation (as
in the Experiment 1). Plants were kept in the greenhouse during 11
months, with the temperature between 1526°C. All the plants were
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harvested at the end of the experiment, and we studied the same
parameters as we did for the Experiment 1. We observed the
responses of both spedes to the interadions of the threevariables.

RESULT S

Experiment 1

Tested plants of Q. suber, under floodng conditions, showed
symptoms of dedine only at the end of the experiment, i.e., 9 months
after planting. Table 1 indicates that root biomassof tested plantsis
significantly lower than the ontrols only a the exd of the
experiment. Taproot neaosis with amost total loss of roctlets was
observed on 9%6% of the infeded plants. These results confirm that
disease development on cork oak plants is dow despite the
favourable conditions for roat infedion. In fad, periodicd flooding
was fvere enough to induce taproot neaosis on 2%% of the mntrols.
In contrast, tested plants growing under normal irrigation did na
show any visible symptoms of dedine during the experiment. Also,
these plants showed development of new root biomass compared
with the cntrols. This reation has been observed in athers spedes
and can be eplained by the plants response to infedion by P.
cinnamomi. The resporse normally involves the induction of many
new roats, similar to the response to root pruning.

The tested holm oak plants grown under both watering regimens
(Table 1) showed a significant deaease in root biomass over time
compared to the mntrol plants. Three months after planting 80% of
the tested plants had taproct neaosis. At theend o the experiment all
the plants had deg neaosis and a high root loss Deal incidence
after 9 months of infestation was 25% and 16.7% under flooding and
non flooding conditions, respedively. These results clealy
demonstrate the high susceptibility of Q. rotundifolia to infedion by
P. cinnamomi, even when plants are grown under normal irrigation
andin alight soil mixture.

Experiment 2
Root development (expressed as dry weight of cork oak plants in
Table 2), was sgnificantly lower on control plants subjeded to the

water content nea drought conditions. More than 60% of tested
plants (Table 2) showed taproot neaosisin al of the treagments. The
percentage of taproot infedion and the number of plants with taproot
neaosis were higher under field cgpadty water condtions. Control
plants growing under drought conditions exhibited taproot neaosis:
62.5% and 14.3%, on clay soil and on light soil, respedively (Table
2). The drought conditions induced a reduced shoot development on
control and tested plants with smaller plants, thicker and darker green
leares than were found on plants subjeded to the the other water
treament. These results indicae that drought conditions can affed
the good development of cork oak plants, particularly on heary soils.
Asin previous experiments, these results confirm that a high level of
water in the soil is a more influential predisposing fador to P.
cinnamomi infedion than drought conditions.

Holm oak tested plants showed higher severity values than control
plants regardless of the treaments used. In this Experiment there
were no cead plants (Table 2) but the whole root system was sverely
affeaed in ahigh rumber of plants. Taproot infedion and the number
of plants with taproct neaosis (> 87.5%) shown on Table 2, was
higher on tested plants irrespedive of the soil type. However, root
biomassof tested plants did not show significant differencesin any of
the treaments, but under field cgpadty water condtions the root
biomasshad a high deaease in comparison with drought conditions.
These results confirm the previous experiments with floodng and
non flooding treaments. On the cntrol plants the lowest root
biomass values were observed on plants growing under drought
condtions and these were not significantly different from those
obtained with the same treament on tested plants. The behaviour of
tested and control plants of Q. rotundifolia growing in soil under
field cepadty water content, supports the previous results with
floodng and non flooding treaments. Also it was siown that drought
condtions impased a significant deaease on root biomass on tested
plants and non tested plants. A low number of control plants with
taproot neaosis were dso observed on both types of soil .

Table 1. Effect of two watering regimes on the severity of cork and holm oak plants growing in soil artificially infested by P. cinnamomi.

Cork oak plants

Holm oak plants

Watering  Months

: Tested Control Tested Control
regimens
Foot %opl. % dead Foot %opl. % dead oot %pl. % dead oot %pl. % dead
biomass tp.n. biomass tp.n. biomass tp.n. biomass tp.n.
Flooding 3 3.7 bede* 0.0 0.0 3.5 cdefg 0.0 0.0 26h 80 0.0 2.9fgh 0.0 0.0
6 3.8 abcde 0.0 0.0 3.1 €efgh 0.0 0.0 26h 90 0.0 43ab 0.0 0.0
9 27h 95 0.0 3.6 bedef 25 0.0 26h 100 25 4.1 abc 35 0.0
Normal 3 3.9 abcd 0.0 0.0 3.9 abcde 0.0 0.0 26h 50 6.7 3.8 abcde 0.0 0.0
irrigation 6 3.9 abcd 0.0 0.0 3.3 defgh 0.0 0.0 2.8h 70 0.0 3.9 abcd 0.0 0.0
9 44a 0.0 0.0 3.6 bedef 0.0 0.0 2.9fgh 100 16.7 3.8 abcde 0.0 0.0

a-dryweight; tp.n.-taproot necrosis;*-number foll owed by the same |etters are not significantly diff erent at the 5% level.

Table 2. Influence of two watering regimes crossed with two soil types on severity of cork and holm oak plants growing in artificially infested soil by P.

cinnamomi.
Cork oak plants Holm oak plants
Treatments Tested Control Tested Control
Z'i?(?n(qlass Z(J)F:‘II % dead pl. E%%ass :?))?1' % dead dl. Ei(c))(rxnass O{E)pL % dead dl. Ei(c))(rxnass :?))?1' % dead pl.
FClclay soil  10.9 b* 750 0.0 211a 00 00 47e 100 0.0 103c 14.3 0.0
Diclay soil 10.7b 625 0.0 13.1b 625 0.0 7.6 cde 100 0.0 7.8 cde 14.3 0.0
FCllight soil 12.4b 100 0.0 20.7a 00 00 43e 100 0.0 104c 25.0 0.0
Dllight soil ~ 12.2b 750 00 14.7b 143 00 5.6 de 875 00 8.8 cd 0.0 0.0

FC- field cgpacity; D-drought; a- dry weight ; b- tp.n- taproat necrosis; *- numbers followed by the same letters are not significantly different at the 5% level.
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DISCUSSON

These results confirm the previous gudies on susceptibility to P.
cinnamomi in Q.suber and Q. rotundifolia reported by Tuset et al.
(1996) and Moreira & Ferraz (1997). Plants from both spedes had
reduced root systems when colonised by P. cinnamomi. Roat
infedion by P. cinnamomi can cause the same effect as drought, by
causing a deaease in water absorption capadty through the loss of
fine roots. In Eucdyptus marginata and avocado, P. cinnamomi
infedion induces water stress lowering the xylem water potential
(Dawson & Weste, 1984; Sterne, et.al.,1977). The dfed of roct loss
and the deaease in water absorption cgpadty (unpublished results)
was clealy observed in ou results with Q. rotundifolia seallings;
root and shoot biomass deaeased significantly in al the watering
treaments (floodng and non floodng conditions) on both
experiments. However, P. cinnamomi infedion d plants sibjeded to
non flooding conditions was nat as rapid as was foundin plants under
floodng conditions. There is a synergistic effed of floodng/infedion
by P. cinnamomi on the severity of the disease. Soil saturation
condtions fadlit ate the dispersion of spores of the pathogen and the
invasion roats. P. cinnamomi zoospores are stimulated and grow in
anagobic roots that produce ehanol (Pessarekli,1994). In the
presence of freewater this fungus quickly increases its population by
a repetitive life cycle, and consequently has the cgadty to cause
multiple infedions on the host roots. Q. suber is a more tolerant
spedes to P. cinnamomi infection than Q. rotundifolia. There was no
mortality and the tested plants not submitted to flooding did not show
severe root symptoms during the 9 months of the Experiment 1. It
was ohserved that P. cinnamomi infedion induced the production of
many new roats, similar to a root pruning effed. This could be the
result of alow soil water content due to the charaderistics of the light
soil mixture in which the plants were growing and consequently a
low level of P. cinnamomi inoculum. The tested cork oak plants were
severely infected when subjed to a ontinuous high soil water
content. This high level of soil water favours the inoculum build up
of P. cinnamomi (Tables 1 and 2. This is very evident in the results
of Experiment 2 where the ark oak plants show a high deaease on
root biomassand a high number of plants exhibit taproot neaosis on
the day soil compared to the plants in the same water treament on
thelight soil mixture.

Q. suber showed a significant deaease in root biomass a high loss
of rootlets and taproot necrosis in control plants sibmitted to drought
condtions, particularly on the day soil. That would indicate some
susceptibility to drought. Although, Q. suber is considered a
xerophyte spedes, Carvalho (1992) observed the presence of high
quantity of suberine in cork oak leaves compared with the
concentration of this compound in other Mediterranean spedes. This
result suggests also some susceptibility of this gedesto drought. On
tested plants the increase of the number of neaotic taproots on koth
spedes under drought conditions was not evident and the neaotic
extensions were lower (unpublished results), confirming the results
of Smith & Marks (1986. Under field cagpadty water condtions a
quicker progresson of root infedionwas observed ontested plants.

However, in ou experimental condtions the cork oak seallings can
survive during a long period with a high loss of fine roats, withou
showing aeia shoa symptoms. This result was also reported by
Robin et.al. (1998). Our results verify, particularly for the cork oak
plants, that soil type and water relations can influence P. cinnamomi
root infedion. The plants with the root system colonised by P.
cinnamomi are more vulnerable to drought and flooding than hedthy
plants. In Portugal, not a grea ded is understood with regard to the
behaviour of cork oak plants infeded with P. cinnamomi , which are
subjed to stresful environmental condtions. The tolerance to
infedion d the ark oak plants in our native mnditions must be
studied. Episodic flooding conditions are only observed in some sites
during winter season bu drought is the most common condtion
observed, particularly in the southern regions which are often
asciated with poa and shallow soils. These soil charaderistics are
also asociated with jarrah forest dedine sites in Western Austraia

(Marks & Smith, 1991). According to Weste & Marks (1987 solil
charaderistics ad in various ways to promote or suppress P.
cinnamomi. Soil pore size drainage cgadty, topography, depth and
microbial populations are dl fadors that interfere with growth,
reproduction and inoculum potential of P. cinnamomi.

The results obtained in this gudy suggest that the dfeds of water
relations and the soil type can enhance P. cinnamomi infedion on
cork oak seallings. In conclusion, the interadion between soil
environmental factors such as water relations and soil charaderistics
and P. cinnamomi infedion contribute strongly to the dedine disease
of cork and holm oak treesin Portugal.
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- plantation of three chestout provenances,
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In the Basque country (France), the ink disease, caused by Phytophthora cinnamomi, induces
severe losses in European chestnut (Castanea sativa Mill.) plantations.

The symptom is a quick and severe dieback (M), sometimes preceded by cortical lesion which
can girdle the trunk (8).

To face this epidemic, Asiatic chestnuts (C. mollissima and C. crenata) have been introduced.
These resistant species served as genitors to create interspecific hybrids. The latter have
shown high levels of resistance, however this is not always sufficient to restrict the lesions in
roots. Moreover, clonal hybrids, used as rootstocks in orchards, can not always be planted for
afforestation.

Our aim is to study the disease development in a chestnut plantation and to compare the
performances of different genotypes in the presence of P. cinnamomi.

Three provenances of chestnut were used in this They were planted in an infected plot in the Basque country in Marsh 1995.

experiment: This plot is surrounded old chestnut trees apparently healthy and by red

- C. sativa trees (symbol S) oaks (showing symptoms caused by P. cinnamomi).

- a progeny obtained from an open pollination of

clonal hybrid trees CA 15 (symbol 15). This clone, J, Bottom of the slope.

which is an INRA obtention, is the result of a cross ﬁ N =

between C. sativa and C. crenata e e R e =

- a progeny obtained from an open pollination of s

hybrid trees ((C. crenata x C. sativa)x C. sativa), :1 r _

known in the Basque country as "Japanese" u [ ! % 1

chestnuts (symbol J) and commercialised by a tC G st :
MONOTORING OF P. cinnamomi IN SOIL lifiasias) i3 eels General view of the experimental plot (from the

Detection of Phytophthora sp. was performed in April Localisation of the chestnut trees in the

1995 and June 1999 under each still alive tree. experimental plot (each cell in the map is a tree).

MONITORING OF DISEASE DEVELOPMENT
Every year, symptoms and growth were noted.

Healthy tree Symptomatic tree . Dead tree

In 1995, 26% of soil samples provided P. cinnamomi
isolates. The 3 provenances were subjected to a
similar inoculum: 31.5 % of the positive soil
samples were removed under S trees, 26% under 15 . cionof p. cinnamomi in soil in 1095,
trees, and 31.5 % under J trees. and health status of trees in 1997.

The pattern of P. cinnamomi distribution was
analysed by ordinary run analysis (Madden etal. 1981):

U = number of runs (= successions of one or more infected soil samples),
E(V) expected number of runs, S(U) standard deviation of U

Test of non-randomness of infected soil samples sequences
Zu=[U+ 0.5 - E(U)]/s(U)
If =Zu> 1.64 , P<0.05 and clustering of infected soil is significant

Detection of P. cinnamomi in soil and
health status of trees in 1999.

In 1995, Zu=-1.98 showing an aggregated pattern of
the pathogen, which develops in foci.

2 years after plantation, half of these trees (mostly « S » trees) were Phytophthora
infected and dead.

4 years after plantation, 13 % of soil samples removed (18 out 142) were infected.
In 12 of these soils P. cinnamomi had not been isolated in 1995 and were removed
from the most infected zones of the plot or from its top.

This shows that P. cinnamomi was still present and is spreading from the foci
into previously uninfected trees.

By contrast, 20 soil samples (2 samples under “S” trees, 6 under “15” trees and 12
under “J” trees ) were positive in 1995 and negative in 1999. It is likely that P.
cinnamomi survival was lower under tolerant trees than under the very susceptible
C. sativa trees.

Monitoring of this plantation will continue in the next few years....
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bottom of the slope), 4 months after plantation
(June 1995).
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C. sativa
084 -- - P ...

0.6 4 = = = = = = = = & & e mm---eaa--~

R R

[ i

0
oct-95 0ct-96 oct-97 oct-98 june-99
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oct-95 0ct-96 oct-97 oct-98 june-99

Japanese hybrids progeny

Ml cumulative mortality rate annual mortality rate

Time course of the mortality rates for the
three chestnut provenances.

4 years after plantation, the mortality rate
was superior to P. cinnamomi soil detection
rate for «S » and « 15 » trees. However
mortality rate of this hybrid provenance was
inferior to 40%. The « J » trees had the
lowest mortality rate. These F2 hybrids,
which have a high level of resistance, could
significantly increase chestnut production
in plots contaminated by P. cinnamomi.



DETECTION OF PHYTOPHTHORA QUERCINA AND PHYTOPHTHORA CITRICOLAIN FIELD
SOIL SAMPLESAND ININFECTED BAITING LEAVESWITH PCR AND SPECIFIC PRIMERS

A. Schlenzigh, J. Nechwatal®, T. Jung, D. Cooke?, J. Duncan? and W. F. ORwald®

Forest Botany, Sedion Phytopathology, LMU-Munich Am Hochanger 13, 85354 Freising, Germany

2scottish Crop Reseach Ingtitute, Invergowrie DundeeDD2 5DA, UK

ABSTRACT

In afield study at 27 sitesin Germany, Switzerland, Hungary, Italy and
Slovenia, Jung et al. (1996) isolated several Phytophthora spedes,
including P. citricola, P. cactorum, P. cambivora, P. gonapodyides and
P. undulata from the rhizosphere soil and from roots of dedining oaks.
The most frequently isolated Oomycete turned out to be anew spedes
and was described recently as Phytophthora quercina (Jung et a. 1998).
In our poster we describe the modificaion and application of a floating
technique of Timmer et a. (1993) to deted the root rot fungus
Phytophthora quercina in field soil samples colleded under dedining
oak trees with semi-nested PCR and spedfic primers. The characteristic
820 lp DNA fragment of Phytophthora quercina was amplified in eah

water sample with semi-nested PCR, when the whole floating water was
used. However, naot al organic debris ssamples were contaminated with
Phytophthora quercina. The exsistance of P. quercina was confirmed
for al colleded soil samples in parallel with baiting experiments using
Quercus robur ledlets. It was also passble to deted P. quercina and P.
citricola in infeded baiting ledlets with PCR in combination with the
spedfic primers. Cleaning the DNA samples with the Wizard-Kit led to
an increase of signal intensity. Negative water controls as well as DNA
from nonrinfeded and Pythiumrinfeded ledlets did not reved any
signals.
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ABSTRACT

Field trials of Port-Orford-cedar (Chamaecyparis lawsoniana) (POC)
established by the USDA Forest (USFS, USDI Bureau of Land
Management (BLM), and Oregon State University (OSU) at two sites
in 1993 and threesites in 1998 provide ealy information ongenetic
resistance to a POC root pathogen, Phytophthora lateralis. This
information adds to the results of an dder small planting on the OSU
Botany Farm. Family 510015 was the top survivor among the 28
open-pallinated families planted in 1993, with a mean survival of
50% versus a mean of 23% for al families through 1997. Family
510015 was also among the top performersin root lesion and branch

lesion tests following artificial inoculations.  In the 1998 plantings,
crosss involving clones 510015 or CF1, or crosses involving
progeny of 510015 were rated among the best for lesion score. CF1
had previously shown good survival in the older clona planting an
the OSU Botany farm where dl susceptible dones have died. At this
point only a few parents sow relatively strong resistance but
screening of thouwsands of phenotypicdly resistant parents is
underway. The underlying medchanisms of resistance ae not known
at this point.

INTRODUCTION

Port-Orford-cedar is an important forest treespedes in southwestern
Oregon and nathwestern California. It also is susceptible to the roct
pathogen Phytophthora lateralis, which was first found in Port-
Orford-cedar forests around 052 (having been identified in
horticultural nurseries as ealy as 1923. The spread of this exotic
pathogen throughout the natural range wntinues ead year, with trees
often dying within a yea of visible symptoms. Loss of these trees
will ater some emsystems in which this gedes plays an important
role. The USDA Forest Service (USFS, USDI Bureau of Land
Management (BLM), and Oregon State University (OSU) have been
involved in a program to stop the spread of the disease, and to try to
re-establi sh resistant Port-Orford-cedar in areas were heavy mortality
has occurred. Genetic resistance to P. lateralis is one management
tod that could play an important role, espedally in restoration of
Port-Orford-cedar to infeded ecsystems. Current evidenceindicaes
that the frequency of resistant treesin natural populationsis very low.
Severa field plantings have been established from 1989to 1998 to
determine whether resistant genotypes identified in greenhouse
screaning trials or phenotypic seledions from areas of high disease
mortality also showed short-term or long-term resistancein the field.

MATERIAL AND METHODS:

1) 1989 planting: Resistant and non-resistant rooted cuttings and
sedallings were planted at the OSU Botany Farm. This planting
included rooted cuttings from six clones (18 - 25 cuttings per clone,
distributed over four blocks), and open-pollinated seedlings from one
of these dones (20 seallings). This planting was evaluated yealy for
mortality from P. lateralis. In spring 1999, branches from surviving
trees were inoculated at Oregon State University to evaluate relative
resistance using one of the short-term screening methods devel oped
(the branch dip technique involves immersing six small branches per
tree in a solution containing P. lateralis zoospores, and scoring
branches for lesion length threeweeks afterward).

2) 1993 panting: 28 open-pallinated seedling famili es (one-yea old
sedallings) were planted at two sites on the Siskiyou National Forest
in Oregon. Sedllings were distributed over 16 Hocks per site, with
ead family represented orce per block (some families did not have
enough seallings for al blocks). Mortality has generally been scored
onceor twice ayea since etablishment. Twenty-seven of the parent

clones of these families had been screened in 1989/1990 for
resistance using a branch inoculation technique.

3) 1998 panting: 107 families (including four control crosses, six
open-pallinated chedklots, and 97 trees from throughout much of the
range of POC that were not phenatypicdly seleded for resistance)
were established at threesites. Four to seven blocks (with four to six
sedlings per family per block) were planted at ead site. One of the
sitesincludes four raised beds at OSU that have been inoculated with
P. lateralis; the other two sites had Port-Orford-cedar naturaly
present that had been kill ed by P. lateralis. Four of the five blocks at
Quosatana, and five of the seven blocks at Camas Valey were
evaluated for relative amount of lesion present (lesion score) and
percent of trees infeded, by removing seedlings from soil severa
months after planting and examining the root system.

RESULT S

1) 1989 Botany Farm Planting:

e Mortdity in the three susceptible dones was early and was
nealy 100%, while the three resistant clones had 45 - 80%
survival (Table 1); the one resistant seedling family showed
24% survival after 10 years in the field. The major portion of
the mortality in the resistant clones (and family) occurred within
the first two yeas, no rew mortality occurred over the last five
yeas (Figure 1).

* Lesion length was $milar for the survivors within the resistant
clones (Table ).

TABLE 1. Ten year field survival and resistance testing mean lesion lengths

PARENT NUMBER %ALIVE  STEM DIP SCORE
TREE PLANTED 199 (mm)

CF 1 cuttings 25 8% 18.1 (11, 12-22)*
CF 1 seallings 20 24% 21.3 (6, 11-32)
CF2 20 80% 25.2 (15, 14-48)
CcB1 20 45% 19.4 (8, 11-38)
CB2 20 0%

cB4 18 6% 45 (1)

CB5 20 0%

* (number of trees tested and range of scores)
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FIGURE 1. Clonal mortality percent at OSU Botany Farm planting.

2) 1993 Plantings (two sites):

*  >50% mortdlity occurred in the first yea, very little mortdity
has occurred between 195 and 1997 (Figure 2)

e  Mean mortality in April 1997 was 82% at Quosatana (Q), and
71% at Flannigan (F), but some famili es performed inconsistent
over the two sites (Figure 3).

e In 1997, family 510015 had the lowest mortality at both sites
(44% at Q, 56% at F), and no family had 100% mortality over
both sites (Figure 3).

* The wrrelation d family mean mortality over these two sites
with the 1989/1990 branch inoculation tests at OSU was low to
moderate and varied somewhat by site and age of field
assessment. The family mean correlation between the two sites
was also low to moderate, depending on age (Table 2).

TABLE 2. Correlation of percent mortality between two sites

Months After Planting Correlation

3 0.215

4 -0.213

7 0.194
14 0.104

19 0.408**
31 0.485**
39 0.526**
43 0.430**
49 0.321*

*sSig.ap<01 **gig. at p<0.05

Percent Mortality

0 10 20 30 40 50
Months After Planting

\—o— 510015 —— 117492 —&— 117494 —»— MEAN \

FIGURE 2. Cumulative percent mortality over two sites establi shed
in 1993 for threefamili es and the mean of al 28 famili es.
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FIGURE 3. Comparison d percent mortality on two sites in April 1997 (49
months after planting).

3) 1998 Plantings (3 sites):

. Sedllings from the four control crosses, involving clones CF1,
CF2, or progeny of 510015 as one or more parents were among
the very best for resistance 4 al threesites (using lesion score
or percent of trees infeded).  Open-pollinated progeny of
510015 aso showed relatively small | esion scores at all sites

 Severd of the “randomly” seleded families had low lesion
scores, particularly Quosatana (Figure 4).

* Nealy al families in the OSU raised beds had a very high
percentage of treesinfeded (Figure 4), and relatively high lesion
score.

»  Family mean correlations acoss stes were low to moderate, and
varied depending on the sites and whether the chedklots were
included (Table 3).

TABLE 3. Correlations between family mean lesion codes between three
field test sites.

CamasValley Quosatana OSU Raised Beds

Camas Valley 0.292** 0.524**
Quosatana 0.118 0.297**
OSU Raised 0.389* 0.041

Beds

Above diagorel n = 107
Below diagonal n = 97 (excludes checklots)

DISCUSSON

The relatively high survival after 10 yeas in the field of some
clones at the OSU Botany Farm is encouraging. However, the reason
for the ealy mortality from P. lateralis of some ramets of these
resistant clonesis unexplained at this point.

Results to-date indicate that there is a very low frequency (perhaps
<1%) of phenotypic seledions from natural populations that exhibit
strong resistance simil ar to the best clones at the OSU Botany farm.

Information an the types and numbers of resistance mechanisms is
not avail able & this point.

The best seledions to date gpea to rate highly for resistance
regardless of screening method Recent efforts in the resistance
program have @ncentrated on branch lesion testing from thousands
of phenotypic seledions. Many of the top 10% of seledions from
this technique will be evaluated with aroot test to confirm resistance

The low correlations among the three sites planted in 1998 are
disappointing, and may be due to an array of factors, including
magnitude and nature of the resistance in most of the “random”
famili es, the type of assessment made in 1998, infedion level, and
the timing of the assessment at the threesites.
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INTRODUCTION

Rhododendron leares with awell developed cuticle can be used asa
very sensitive and easy to handle baiting method to screen large
amourts of root, soil and water samples for the presence of living
Phytophthora propagules. These baits trapped a wide range of
Phytophthora spedes which are important pathogens of trees and
other woody plants. Furthermore, the method can succesully deted
low concentrations of Phytophthora propagules. The method can also
be used to verify the successof the cdemicd control of Phytophthora
spedes, for example in nurseries. Only living and vital propagules of

the Phytophthora spedes can enter the tissue of the Rhododendron
leaves during the test procedure.

In the following a detailed guideline is presented. This guideline
gives a summary of our experiences © far with the Rhododendron
led test and shoud answer all the questions asked by the wlleagues
who have started to use this bait test.

For the baiting procedure

MATERIAL

material

comment:

plastic container
(size 11,5x 18,5 x5 cm)

sterili zed deminerali zed water

well developed leares of Rhododendron
catawbiense * Cunningham's White'

incubation chambers with circa +20°C and
+15°/10°C

« of course you can take @ntainers of another size, but it isimportant that the cmbination of
container size, root and soil sample and the thickness of the water layer above the root and
soil sampleisidentical to our standard (due to the oxygen influx, etc.)

« deionized water can perhaps also be used, we havenot tried it
« do nd use tap water, it may be too chlorinated

« it may be that leaves of other Rhododendron spedes and cultivars trap Phytophthora spedes
aswell asR. catawbiense, C.W.*, we have neve proved this
« itisvery important that the leaves havea well developed cuticula, otherwise Pythium spedes
can invade the tisaue as fast as Phytophthora spp.
« do nd use leaf discs as a bat; preparing leaf discs means stting wounds and the wounds
enable Pythium spp. and bacteria to enter the leaf tisaue very quicky

* 20°C: we usually incubate at room temperature because it is between 18 and 22°C
* low temperatures are helpful to trap Phytophthora spedes which prefer low temperatures for
vegetative growth, e.g. P. syringae

For theisolation procedure

material

comment:

solution with e.g. 0.037 % adive dhlorinefor < you can also take other solutions and chemicals for surface desinfedion, but then you

surface desinfedion

steril e demineralized water

steril efilter paper

carot piece gar

(159 carot pieces and 159 agar per 1000

ml deion. water without supplementslike
fungicides and antibiotics!)

oatmeal agar

incubation chamber with +20°C

shoud test concentration and desinfedion period for the leaves

* try to use media without antibiotics and fungicides etc. because many supplements can
suppress vegetative growth and/or deveopment of other structures of many Phytophthora
spedes
that means: the leaves could have trapped Phytophthora but due to the supplements in the
agar medium the fungi perhaps do not grow out of the leaf tissue into the seledive medium
« there are some Phytophthora spedes which grow better on cat meal agar than on carrot
pieceagar, e.g. P. katsurae, P. capsici. Take oatmeal agar for these spedes if you transfer
hyphae from the outgrowing culture on carrot agar
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The baiting procedure

METHOD

method

comment:

wash the freshly picked Rhododendron
leaves under running tap water and dy
them carefull y between filter paper

place5 leaves per container on the
water surface

close the mntainerswith alid

incubate one @ntainer at room
temperature (about 20°C) and the other
one & 15°C/10°C

incubate urtil spots or discolour-ation
develop on the leares

(at room temperature: about 2to 8
days, at 15/10°C about 3 to 21 days)

« pick the leaves not earlier than you really want to place them on the water surface, otherwise it
may be that they start to wilt and then they are no longer an atractive bait for
Phytophthora

« it isvery important that you dry the surface of the leaves carefully, otherwise theydo not swimon

the water surface And that makes the recognitior/discovery of leaf spots very diffi cult

« the leaves should swim and should not touch the soil or root layer on the bottom of the container
(that prevents the trapping of pathogens like Cylindrocladium scoparium, which cannot swim
activdy to the leaves)

* do nd close hermetically, air exdrange must be passble

« incubation with light is better than in the dark,when we incubate at room temperature we always
use the light intensity and the natural day length in our laboratory

« if you use an incubation chamber give light for about 10-12 hours at 20 °C and 12 fours at 15°C
following by 12 h darknessat 10°C

« the devdopment of spots depends on alot of different factors as there are the Phytophthora
spedes, the physiology of the fungi in the samples, contamination of the samples with fungicides
etc.; so it may be that spots appear later than within 8 days

« the very first spots which can appear are vey small watersoaked looking areas in the leaf tissuie
which can orly be recognized if the leaf is held against the light

« take the first leaves for isolation as 0n as the spots devdop, do nat take all | eaves at the same
date if you are not sure that the characteristic ‘ Phytophtora spots' have been devdoped

e cuttootsintopiecesofabout 2 cm » fill samples into plastic containers (2 contai-

ners per sample)

add steril demineral. water to the root and soil
samples and mix carefully

Samples Volume  Demin. Water
Toots 200 ml 400 ml
soil 200 ml 400 ml
water 400 ml ---

» pick well developed leaves (Rhododendron » place 5 leaves onthe water surface
catawbiense ‘Cummingham’s White’ )

« wash undermnning tap water

o dry carefully between filter paper at 15/10°C

e closethe containers withalid

e incubate one container at 20°C and the other

s incubate until spots or discoloration develop
on the leaves (at 20°C about 2 to 8 days, at
15/10°C about3to 21 days)
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Theisolation procedure

method

comment:

wash leares with charaderistic
discolouration carefully under running tap
water

surface desinfed the leavesfor 1 - 2
minutes

wash with sterili zed demineral. water (2-3
times)

dry carefully with sterilefilter paper

cut out tisaue pieces around the spots or
discoloured tisaue

placethe tissue pieces on carot piece gar

incubate the Petri dishes at 20°C in the dark

look for hyphae ad ather structures under
the microscope

prepare hyphal tip cultures for taxonamic
investigations

e it isvery important to wash the leaves very carefully because that is the easiest way to
eliminate most of the bacteria and other microorganismsliving in the dirt on the auticula, you
cantakea brush for the washing procedure

« careful drying of the aticulais very important to prevent bacteria growth on the agar
medium (most of the water is near the vessls and vens!)

« cut tisaue pieces only out of the middle part of the leaf, most of the Pythium spedes enters the
tisae through the leaf stalk or through the leaf tip (the aiticula starts to macerate preferabily
at the leaf tip and the leaf stalk which are usually under water during the incubation period)

« tisaue pieces hould not be larger than about 3 x 3 mm

« sticktheminto the agar so that half of the tissue pieceisin the agar

« most of the homothalli c Phytophthora spedes prefer the surroundings of the arrot piecesto
produce oospores

« takeinto consideration that more than ore Phytophthora spedes can be present in asingle
roat, soil or water sample

o wash leaves with characteristic spots careful-
Iy under running tap water

| 4

anE

o surface desinfect the leaves for about 1 - 2 mi-
nutes (solutionwith 0.037 %o active chlorine)

e wash 2 -3timesinsterilized demineral. water

e dry withsterile filter paper

o cut ont tissue pieces around the spots ®
o placethe tissue pieces on carrot piece agar

« incubate the Petri dishesat 20 °C inthe dark

Phytophthora

~ ';>/ colony
N\ R

carrot piece

Phytophthora spp. growing out of the leaf
tissiie pieces on carrot piece agar

e prepare hyphal tip cultures for taxonomic -
vestigations
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very first spots (only visible, if the leaf is held
against the light)

first spots on the abaxial surface

spots caused by P. cinnamomi after 3 days

discoloration caused by Py#izim spp.

GENERAL COMM ENTS

Bait tests work with living organisms. That means, there may be
variations in the incubation periods, in the kind of led spats, in the
trapping rates, etc. What is of importanceisto prepare apositive and
anegative @ntrol to control the bait test itself and to get afeding for
the development of the led spots. For positive cntrol in al studies a
growing culture of a P. cinnamomi and of a P. syringae isolate were
taken. For negative ontrol sterile carot piece gar was taken. The
culture of one Petri dish (or the ayar of one Petri dish, negative
control) was mixed with 100 ml of a sterile sand-soil mixture (1 + 3
vlv) and 300 ml sterile aqua demin. was added. The P. cinnamomi
isolate caises led spots at room temperature (18-22°C), always
within 3 days and the P. syringae isolate within 3-4 days when
incubated at 15°/10°C.

REFERENCES

Themann, K. und Werres, S. (1997): In vitro comparison o
different diagnostic methods for the detedion of Phytophthora
spedes in water. Procealings of the 9 International Congress on
Sdlless Culture, &. Helier, Jarsey 12-19. April 1996, 1SOSC,
Wageningen, 535-550.

Werres: S, Hahn, R. und Themann (1997: Applicaion of
different techniques to deted Phytophthora spp. in roots of
commercia produced Chamaecyparis lawsoniana. Zeitschrift fir
Pflanzenkrankheiten und Pflanzenschutz 104(5), 474-482.

Themann K. und Werres, S. (1998): Verwendung von
Rhododendronbléttern zum Nachweis von Phytophthora-Arten in
Wurzd- und Bodenproben. Nachrichtenblatt des Deutschen
Pflanzenschutzdienstes 50(2), 37-45.
http://www.bba.de/phytophdiagn_r.htm or
http://www.bba.de/phytoph/diagnose.htm

144



SURVEY OF PHYTOPHTHORA SPECIES FROM SOILS SURROUNDING DISEASED
CHESTNUT SPECIESIN NORTH AMERICA
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!Department of Plant Protedion, University of Tuscia, Viterbo (Italy

2Department of Botany and Plant Pathology, Michigan State University, East Lansing, M1 48824 (USA)

SUMMARY

New rewords of Phytophthora spp. associated with dedining
chestnut trees in plantation in USA are reported. Dedining trees
showed typicd symptoms of Ink disease of European chestnut.

Among the spedesisolated, P. cinnamomi and P. gonapodyides have
been identified.

INTRODUCTION

Since the loss of the American chestnut (Castanea dentata) to
chestnut blight at the turn of the 20th century, nut-tree breeders,
foresters, and chestnut farmers in North Americahave turned to ather
spedes of chestnut, including Chinese destnut (C. mollissma),
Japanese chestnut (C. crenata) and interspedfic hybrids between
Japanese and European chestnut (C. sativa) for nut production. In
Europe, "ink disease”, asciated with several spedes of
Phytophthora of which P. cambivora and P. cinnamomi are the most
common spedes isolated, is responsible for a serious diebadk of
chestnut. This disease was reported in North America in 1932 and
was thought to be responsible for a widespread diebadk of chestnut
reported to occur throughout the 19th century (Crandall et al.1945).
Because chestnut blight was © devastating in the 20th century, littl e
work was dore onink disease in North America and it is not entirely
clea what spedes were resporsible for the “ink disease” symptoms.

In the past few yeas, scatered reports of chestnut roct rot of newly
planted trees in orchards in the North America have surfaced.
Because the symptoms guggest ink disease of European chestnut, the
problem has been simply referred to as Phytophthora root rot.
Objedives of the Study

The objedives of the this study were to 1) identify and dfferentiate
the spedes of Phytophthora found on chestnut spedes in North
America and, 2) determine the dfect these spedes have on the
various chestnut spedes and varieties planted in North America

MATERIALSAND METHODS

ELISA

Tisaue samples from disease treesin Michigan were assayed in 198
using the Agri-Screen detedion kit for Phytophthora (Neogen
Corp.,Lansing, MI). Smadl pieces of tisaue from root, crown and/or
main stems were asayed foll owing the recommended procedures of
the manufacture.

Phytophthora isolation

Eadh soil sample @mntained chestnut fine or coarse roots colleced
from the base of the tree about 50 cm from the ollar. After
colledion, soil samples were moistened and incubated at 20°C for 3
days. In pastic containers, about 200 ml of soil was flooded with 500
ml of distill ed water. Five fresh-picked leares of Rhododendron spp.
were placed dredly onthe water surface and incubated at 20°C until
the development of spots or led discoloration, but not longer than
one week. The leaves were then blotted onfilter paper, cut in small
pieces and pacel on PARBhy agar (per liter: pimaricin, 10 mg;
ampicilli n (sodium salt), 250 mg; rifampicin, 10 mg; hymexazol, 50
mg; benomyl, 15 mg; malt extrad, 15 g; agar, 20 g) (Robin, 1991).
Phytophthora isolates were maintained on carrot agar (CA) (Brasier,
1969) at 20° in darknessand sub-cultured at 4-wk intervals.

Figure 1. Symptoms of ink disease on Chinese dhestnut in Michigan .

Isolate identification

Colony morphdogy assessment was carried ou on 10-day-old
cultures grown in 9 mm Petri dishes at 20°C in darkness Sporangia
were produced by pladng a disk of mycdium from a 7-day-culture
grown onCA, where the soil extrad was prepared acording to Chee
and Newhodk (1965)

RFLP patterns of ITS1- 5,8S- ITS2 region d rDNA were generated
acording to the methodology reported by Cooke and Duncan (1997)
with some modifications, anong which the use of Rsa | instead of
Taq | restriction enzyme.

RESULT SAND DISCUSSON

Flame shaped neaoses at the bases of the trunk, similar to those
caused by P. cambivora and P. cinnamomi on European chestnut,
were observed at the base of the symptomatic trees analyzed (Figure
1). ELISA assys for Phytophthora were mnducted in 1998 on
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tisaues from trees thought to have symptoms of ink disease. Strong
positive recordings were found for at least 3 sitesin Michigan (Prust,
Kewadin and Muskegon). Both root and stems were asayed, andin
all casestheroat assays gave the strongest readings (Tablel).

In June and July, 1999, the locations resulting in positive ELISA
assays in 1998 and other sites not included in the ELISA study were
sampled and Phytophthora isolates recovered (Table ). Cultures are
currently being charaderized by microscopy and ITS anadysis. A
site & the National Colonial Farm, Accokeek, Maryland, not included
in the ELISA assays of 1998, was also included in the sampling.

So far, only two isolates recwmvered from the soil around
symptomatic trees have been analyzed based ontheir ITS1 and ITS2

sequences. One of the isolates is from the Prust site in Michigan and
the other is from the NCF site in Maryland . Other isolates are
currently being studied.

The NCF isolate from Maryland is clealy P. cinnamomi based on
morphdogy and ITS anaysis when compared with standard strains
(Figure 2). The isolate recmvered from the Prust site in Michigan,
based on ITS sequence, appeas to be P. gonapodyides, however, it
shows hyphal swellings that are not typicd of the spedes. This
morphdogicd feaure has been reported for some North American
isolates of this pedes (Brasier et al. 1993).

TABLE |. Response of ELISA tests and isolation of Phytophthora spp. From soil of the 5 chestnut orchards investigated.

Placeof sampling  ELISA Origin of sampling N°trees smples  N°treespositive  N°isolates  Species Date of sampling
Pru'\sAt | chigan Positive Symptomatic trees 4 2 3 P. gonapodyides June, 1999
Ke\ll\v/le:imgan Positive Dead tree 1 1 5 Phytophthora spp.  July, 1999
le\slriilhli_g:r?’ Positive Symptomatic trees 4 2 7 Phytophthoraspp ~ July, 1999
M uhs}l(l?:?‘l?gan Positive mud - - 4 Phytophthoraspp ~ July, 1999
NCI\?aryIan d n.d. Symptomatic trees 3 1 4 P. cinnamomi July, 1999
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Figure2. 1TS1 and 2RFLP analysisof the ribosomal RNA gene repeat of several standard strains and two unknowns.

Lane 1: 1 Kb Ladder
Lane 2: P. cambivora
Lane 3: P. cinnamomi

Lane 4: P cryptogea
Lane 5: P. drechsleri
Lane 6: P. erythroseptica

Lane 7: P. gonapodyides
Lane 8: P. megasperma
Lane 9 unknown-NCF
Lane 10: unknown-Prusr
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PCR DIAGNOSISOF PHYTOPHTHORA LATERALIS

Oregon State University, Corvallis, OR
Loretta M. Winton and Everett M. Hansen

Introduction

A sequencing pojed of forest Phytophthora
spedes revealed an oppotunity for the development of a
molecular tod for the diagnasis of P. lateralis. Deletions in
both of the ITS regions of the nuclear ribosomal genes in P.
lateralis were used to design complementary PCR primer
sequences that amplify a 719 tese-pair fragment only if P.
lateralis DNA is present in the sample. This approach has
previoudy been demonstrated for P. citricola in European
forest trees (Shubert et al 1999. Because the lack of a 719 bp
PCR prodvrt is taken as evidence that P. lateralis DNA is not
present within the limits of detedability, an internal control is
included as a chedk on the success or failure of the PCR
reaction. The ontrol primers are universa primers based
upon conserved sequences of the nuclear ribosomal small
suburit and amplify a 400 kase-pair fragment of this regionin
plants, protists, and true fung.

This poster demonstrates initial tests of the P.
lateralis spedfic primer set on dverse substrates, including
Port Orford cedar (POC) wood,roats, and surroundng soil and
sets the stage for ongdng experiments on strean water.

Materials & Methods

DNA Extradion. As we have so far been ursuccessful at
DNA extraction dredly from soils, we have employed a
baiti ng technique using POC foliage to attrad zoospores in soil
samples flooded with deionized water. To extract DNA, baits
were frozen in liquid nitrogen, ground in a beadmill, and
incubated at 65 °C for 1 hou in a CTAB buffer. After
chloroform extraction, DNA was predpitated with
isopropandl. DNA extractions diredly from POC root and
wood samples were performed similarly except they were
further purified to reduce PCR inhibitors by passing the extrad
over QiaAmp Spin Columns (Qiagen). Water samples were
filtered through .3 WM membranes. Membranes were then
frozen in liquid nitrogen, goundin a beadmill, and badled in
200 u of Instagene Matrix (BioRad).

PCR. PCR was performed in a 15 U multiplex readion (1X
enzyme buffer, 200 uM dNTP, .4 uM P. lateralis primers, .1
uM universal internal control primers, .8 U RedTag DNA
polymerase (Sigma), and 1 ul template DNA). The thermal
cycler was programmed for 30 sec annedling at 52°C and 1
min. extensionat 72°C.

P. lateralis primers:

Platf 5-TTAGTT GGG GGCTTCTGT TC
Patr 5-AGC TGC CAA CACAAA TTTC
Universal internal control primers (White et al 1990:
NS1 5-GTAGTCATATGCTTGTCT C
NS2 5-GGC TGC TGGCACCAGACT TGC

Truck Wash Site. Washing equipment to prevent spread of P.
lateralis is recommended, bu efficacy has not previously been
tested. We aompared the standard sealling boassay (6 week
test), with soil baiting and isolation (10 cay test), and soil
baiting and PCR of the baits (4 day baiting, 1 dy PCR). Sail
from the road surface, from the roadside ditch, and washed
from the road grader was tested.

Results
Spedficity &
. - . > &S o &
719 bp band is ecific for P.Iaterallsd> ,» @59 Q& o&b&?&f
K RS & P
2Ta%a% ¢ % 4%° #

P. lateralis band
Internal control

Conclusion:  The diagnostic primers amplify neither the closely related
Phytophthora spedes nor the other common Oregon forest Phytophthora species
tested.

POC Roots S
S

Seedling Roots inoculated §\° &
in a zoospore suspension &

Conclusion: PCR primers can detect P. lateralisin artificialy inoculated
seedling roots within 5 weeks of inoculation.

Soils

Soils were mlleded from the base of infeded -ﬁ'
POC trees and baited with POC foliage

" P.lateralis band .
Internal control — — — I ——— —

o 0}0

,l
Failed reaction

Conclusion: Baits extracted for PCR can be used to diagnose P. lateralis in the soil s
under infected living trees and trees which have been dead for up to 1 year.
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& _ Truck Wash ) )
Sensitivit & Comparison d PCR results and traditional culturing and seedling
y SN bioassay methods for truck wash. Soils from various locétions at
Serial dilution of P. lateralis zoospores & the truck wash site were baited with POC foliage. Baits were

¢ & processed for both PCR and culturing onseledive media.
) (+ P. lateralis detected, - P. lateralis nat deteded, ? Equivocal,
nd not dore)
P Ialerallsband L ocation PCR' Culture’® Bioassay
Internal °°“"°' Disease-free road surface - - nd
Disease-free road surface - - nd
Roadside ditch, dead POC's ? + +
ZC;)S;I grsi&c;n: At present, our current detection limit isin the hundreds of Sgi: gg g::$: ﬁ gg: : B :
Roadside ditch, live POC + + nd
Soil from blocked culvert + nd
Road grader blade - - +
Road grader wheels - - +
Soil from infested stream ? - nd
Roadside ditch, live POC + - nd
Roadside ditch, dead POC + - nd
POC Wood Dying POC roats + nd

1. DNA was extracted from POC baits and wed in PCR.
2. Most baits were overgrown with Pythium in culture and P.
lateralis may have been present but undetected.

L esion margins of wood
from older trees

Conclusions
°The P. lateralis primer set amplifies only P. lateralis DNA.

P. lateralis band —
Internal control

°PCR diagnasis can be performed on bah root and stem tissues.

o : H P ' H
Conclusion: PCR primers can discern between the visually similar lesions S_Oll scen betested for P. lateralis by PCR processing of foli age
caused by P. cinnamomi & P. lateralis. baits.

°PCR diagnasis can be performed uponsoil s benesth bah living
& dead trees by processing d foli age baits.

°PCR may padentialy detect P. lateralis in infested stream
water.

°PCR diagnasis is more sensitive than traditional culturing
techniques and is nat hampered by other, fast-growing fung.

°More work must be done to decrease the limit of detectability

Stream Water @q;* to less than 100zoosporesin water.
; i SN
Uninfested stream water spiked & . . .
With P, |aterlis 008p0res. §} & Avg. # zoaspores °Soil & stream sampling problems may pose a barrier to

decreasing the limit of detedability.

°Advances in red-time quantitative PCR may prove useful for
comparative studies.
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