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ABSTRACT

Drenth, A., Whisson, S. C., Maclean, D. J., Irwin, J. A. G., Obst, N. R,
and Ryley, M. J. 1996. The evolution of races of Phytophthora sojae in
Australia. Phytopathology 86:163-169.

Isolates of Phytophthora sojae collected between 1979 and 1993 from
three soybean-growing regions in eastern Australia and the United States
were characterized for virulence and restriction fragment length poly-
morphisms (RFLPs). A total of 99 isolates were characterized: 84 from
Australia and 15 from the United States. In the Australian population of
P. sojae, five races (1, 4, 13, 15, and X) were identified. Five RFLP
probes were selected that detected 30 fragments, of which 7 were poly-
morphic, leading to the identification of three multilocus RFLP geno-
types amongst the Australian isolates. One multilocus RFLP genotype
occurred in over 95% of all samples collected throughout the soybean-

growing regions of eastern Australia. The 15 isolates obtained from the
United States represented 12 races; the five RFLP probes detected 31
fragments, of which 13 were polymorphic, corresponding to 12 multi-
locus RFLP genotypes. The low levels of genotypic diversity (2.5 to 14.3%)
observed in Australian P. sojae populations compared to the high level
(60%) observed in the U.S. population indicates that the Australian pop-
ulation was most likely established by a single introduction of the patho-
gen. All five races in Australia occurred in the same multilocus RFLP
genotype, suggesting that new races in Australia evolve from a common
genetic background through mutation.

Additional keywords: Qomycetes, outcrossing, Phytophthora megasperma
f. sp. glycinea, population genetics, virulence.

The Oomycete Phytophthora sojae M.J. Kaufmann & J.W.
Gerdemann (7) (synamorph Phytophthora megasperma Drechs. f.
sp. glycinea T. Kuan & D.C. Erwin) is a soilborne pathogen caus-
ing root and stem rot disease of soybean (22,23). P. sojae is dip-
loid, homothallic (self-fertile), and host-specific to soybean. Oospores
are readily produced in diseased soybean plant tissue and are con-
sidered the sole means by which the disease is carried forward
from year to year (22). The geographic origin of P. sojae is un-
clear, and although its host, soybean, originated in southeastern
Asia, some workers suggest it may be native to the United States
(5,23).

Control of this disease has been achieved largely through breed-
ing resistant cultivars (1,22). At present, 13 resistance genes (Rps
genes) have been characterized in soybean (26). However, P. so-
Jjae has been able to overcome these resistance genes by generat-
ing new races (11,13,21). More than 37 races of P sojae have
been detected worldwide (5,13).

Phytophthora root rot of soybean was first recorded in Aus-
tralia in 1979 (17) and quickly became an important problem in
soybean production areas (19). Race 1 of P. sojae was first iso-
lated in southeastern Queensland in 1979 (17). The following year
race 15 also was identified in this region. Seasonal disease sur-
veys conducted from 1979 to 1988 in southeastern Queensland and
northern New South Wales (8,20) showed that 93% of all isolates
were race 1, with the remainder from race 15. These proportions
remained virtually unchanged between seasons until 1989. Race 4
was recorded for the first time in Australia in southern New South
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Wales near Forbes in 1990 (21). The appearance of race 4 is
closely related to cultivation of cultivars Ridley and Lachlan, which
are resistant to races 1 and 15 but susceptible to race 4 (21,25).

Despite the fact that P. sojae is a soilborne pathogen, the de-
velopment and spread of new races occurs remarkably quickly.
Several mechanisms can be hypothesized to explain the occur-
rence of new races of P. sojae in Australia, including mutations,
genetic recombination (sexual and parasexual), the presence of an
indigenous wild-type population, and the direct introduction of
new races from overseas to Australia. To investigate the relative
importance of these possible mechanisms, it is first necessary to
study the genetic structure of the pathogen population in detail.
Phenotypic and genotypic markers such as electrophoretic protein
patterns and isozymes have been used with limited success to
detect variation among isolates of P. sojae in Australia (9) and the
United States (16). DNA-based markers, such as restriction frag-
ment length polymorphisms (RFLPs), have been more successful
in detecting genetic variation in P. sojae populations. The first
application of DNA-based markers to P. sojae was by Forster et
al. (4) who identified four groups among 24 isolates using mito-
chondrial DNA RFLPs.

In a pilot survey including five Australian and five North Am-
erican isolates of P. sojae, genomic DNA probes, cDNA probes,
and random amplified polymorphic DNA (RAPD) markers re-
vealed a low level of genetic variation among the five Australian
isolates (30; S. C. Whisson and E. C. Y. Liew, unpublished data).
A higher level of genetic variation was observed among the five
isolates from the United States. This study indicated that it was
most likely that a single introduction of one or a limited number
of genetically similar isolates of P sojae to Australia had oc-
curred (30). More recently, Forster et al. (5) observed a substan-
tial level of genetic variation using a large set of low-copy RFLP
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probes among 48 isolates of P sojae mainly collected in the
United States. The observed relationships between RFLP groups
led Forster et al. (5) to hypothesize that new races in the United
States arose both by mutation and rare outcrosses among existing
races.

Recent research demonstrating outcrossing within homothallic
Oomycete species (2,5,6,27,28) has made it possible to initiate
genetic analysis of this important group of plant pathogens. By
coculturing genetically different strains of P. sojae and using
RAPD markers to detect hybrid oospores among predominantly
selfed progeny of the parental strains, Whisson et al. (27) demon-
strated that a low level (<5%) of outcrossing can occur in vitro.
The hybrids were subsequently used to generate an F, population
in which segregation for virulence and molecular markers were
analyzed. The demonstration of outcrossing in homothallic Phy-
tophthora species in vitro immediately raises the possibility that
outcrossing between different races may contribute to the appear-
ance of new races of P. sojae in the field.

TABLE 1. List of Australian and U.S. isolates of Phytophthora sojae used

The possibility that the Australian population of P. sojae is de-
rived from a single introduction has presented us with a unique
opportunity to study the evolution of races in this pathogen. The
aim of the current investigation was to use molecular (RFLP) and
virulence markers to determine the population genetic structure of
P sojae in Australia. Comparisons were made with U.S. isolates
to assist in identifying the source of the Australian population.
RFLP markers that distinguish individual strains among the Aus-
tralian population could subsequently be used to track the spread
of clonal lines and provide information on mechanisms leading to
the development of new races in Australia. Such information is
vital to the successful implementation of durable disease manage-
ment strategies in Australia.

MATERIALS AND METHODS

P sojae isolates. The 84 Australian P. sojae isolates included in
this investigation were obtained as part of an ongoing Phytoph-

Strain Year Location Location No.* Cultivar Race RFLP® genotype
Southeastern Queensland
uQ60 1979 Gatton 1 1 1
9933R15 1982 Southeastern Queensland 15 1
uQls 1984 Gatton 1 1 1
uQleé 1984 Gatton 1 1 1
uQi17 1984 Gatton 1 1 1
uQlIs 1984 Gatton 1 1 1
UQ20 1984 Gatton 1 S 1 1
uQ322 1991 Brookstead 2 Semstar 1 1
UQ237 1991 Brookstead 2 i 15 1
UQ324 1991 Brookstead 2 Semstar 15 1
uUQ323 1991 Brookstead 2 ve 15 1
UQ294 1991 Hermitage Research Station 3 Semstar 15 1
uQ3lo 1991 Hermitage Research Station 3 Semstar 1 1
uQ3l1l 1991 Hermitage Research Station 3 Semstar 1 1
uQ3i2 1991 Hermitage Research Station 3 PK380 15 1
UQ3i3 1991 Hermitage Research Station 3 MACS13 1
uQ3l4 1991 Hermitage Research Station 3 Davis 15 1
UQ31s 1991 Hermitage Research Station 3 IPB21-75 1
uQ317 1991 Hermitage Research Station 3 IPB27-75 15 1
uQ3is 1991 Hermitage Research Station 3 Al43H8 1
uQ3l19 1991 Hermitage Research Station 3 Al43H8 4 1
uQ320 1991 Hermitage Research Station 3 IPB116-76 15 1
uQ321 1991 Hermitage Research Station 3 Dragon 1 1
uQ3ie6 1993 Hermitage Research Station 3 ED74-260 15 1
UQ411 1993 Hermitage Research Station 3 Semstar 15 1
UuQ412 1993 Hermitage Research Station 3 Rps3 15 1
uQ413 1993 Hermitage Research Station 3 Rps3 15 1
uQ414 1993 Hermitage Research Station 3 V.Line 13 1
UQ415 1993 Hermitage Research Station 3 Semstar 1 1
uQ416 1993 Hermitage Research Station 3 Semstar 1 1
Northern New South Wales
uQ342 1992 Narrabri Research Station 4 Intrepid 1 1
UQ40s5 1992 Narrabri Research Station 4 EHP134 1 1
uQ407 1992 Narrabri Research Station 4 EHP128 1 1
UQ406 1993 Narrabri Research Station 4 EHP128 1 1
UQ408 1993 Narrabri Research Station 4 F6 Ruse 1 1
UQ409 1993 Narrabri Research Station 4 F6 Ruse 1 1
UQ410 1993 Narrabri Research Station 4 F6 Ruse 1 1
Southern New South Wales
CIFR6 1983 Stanbridge 5 Chaffey 1 1
CIFR7 1983 Nartrangie 6 Farrer 1 1
CIFR10 1983 Bedgerebong T Farrer 1 3
CIFR11 1983 Forbes 8 Farrer 1 1
UQ246 1991 Coleambally 9 Bowyer 4 1
uQ3an2 1991 Coleambally 9 Bowyer 4 1
uQ303 1991 Coleambally 9 Ridley 4 1
uQ3on4 1991 Coleambally 9 Ridley 4 1
uQ305 1991 Coleambally 9 & 4 1

(continued on next page)

* Location numbers correspond to the map in Figure 1.
b Restriction fragment length polymorphism,
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thora root rot survey from soybean fields at a number of locations
in the three major soybean-growing regions (southeastern Queens-
land, northern New South Wales, and southern New South Wales)
in eastern Australia (Table 1; Fig. 1). Fifteen isolates belonging to
races 1,4, 5,7, 8,9, 10, 13, 15, 21, 22, and 25 (race classification
of Ward [26]) were from the United States. All isolates are stored
cryogenically and form part of the Phytophthora culture collec-
tion of the Cooperative Research Centre for Tropical Plant Path-
ology at the University of Queensland, Brisbane.
Virulence/avirulence testing. Soybean cultivars Harosoy 63
(Rpsla), Sanga (Rpslb), WellsIl (Rpsic), P1103091 (Rpsld),
PI86972-1 (Rps3a), Harosoy 5272 (RpsS5), Altona (Rps6), and Har-
osoy (Rps7) were used as differentials to evaluate the virulence
spectrum of the P. sojae isolates. Virulence was tested using the
hypocotyl inoculation technique described by Ryley et al. (21),
using at least 10 plants of each of the above soybean cultivars for
each isolate. Seedlings were assessed 4 days postinoculation and
were rated as susceptible (hypocotyl collapsed) or resistant (no

TABLE 1. (continued from preceding page)

lesion). Isolates were classified as avirulent if at least 9 of 10
plants were resistant and virulent if at least 9 of 10 plants were
killed. Cultures that killed between 10 and 90% of the plants
tested were retested until the reaction could be classified as con-
sistently virulent or avirulent. Unequivocal results were typically
obtained on the second retesting for all isolates.

DNA extraction, enzyme digestion, and electrophoresis. Each
isolate was maintained on clarified V8 agar (18). Mycelium was
grown and harvested as described by Liew et al. (14). DNA was
extracted from freeze-dried mycelium using a scaled up method
of Yoon et al. (31). The restriction endonucleases used were Xhol
and Kpnl (New England Biolabs, Beverley, MA). Restricted DNA
(5 pg) was size fractionated on a 0.8% agarose gel and alkaline
transferred onto Hybond N* membrane (Amersham, Australia).

Selection of RFLP probes and hybridization conditions. Selec-
tion of RFLP probes was based on a screening by Whisson et al.
(29,30) of 10 random cDNA clones and 10 random genomic DNA
clones in combination with 8 restriction endonucleases (each with

Strain Year Location Location No.? Cultivar Race RFLP" genotype
uQ417 1991 Coleambally 9 NCW991 4 1
UQ298 1991 Condobolin 10 Lachlan 4 1
uUQ299 1991 Condobolin 10 Ridley + 1
uUQ300 1991 Condobolin 10 VNC138 4 1
UQ308 1991 Deniliquin 11 Bowyer 4 1
uQ29s 1991 Dubbo 12 Forrest 1 1
UQ238 1991 Finley 13 Ballow X 1
UQ309 1991 Finley 13 Bowyer 1 1
UQ236 1991 Forbes 8 Lachlan 4 1
UQ243 1991 Forbes 8 Lachlan 4 1
UQ297 1991 Forbes 8 Lachlan 4 1
UQ245 1991 Hay 14 Stephens 1 1
uQ307 1991 Jerilderie 15 5 1 1
uQ235 1991 Leeton 16 1 1
UQ296 1991 Narromine 17 Forrest 1 2
UQ301 1991 Yanco Research Station 18 1 1
UQ326 1992 Coleambally 9 Lorna 4 1
UQ33s 1992 Condobolin 10 88/3047 E 1
UQ336 1992 Condobolin 10 Ridley 4 1
uQ337 1992 Condobolin 10 WNC173 4 2
UQ339 1992 Condobolin 10 Stephens 4 1
UQ340 1992 Condobolin 10 WNC39 4 1
UQ341 1992 Condobolin 10 Lachlan 4 1
UQ3z8 1992 Jerilderie 15 Stephens 15 1
UQ329 1992 Jerilderie 15 o 4 l
uUQ330 1992 Jerilderie 15 4 1
UQ331 1992 Jerilderie 15 + 1
UQ333 1992 Jerilderie 15 Stephens 4 I
UQ334 1992 Jerilderie 15 Bowyer B 1
UQ418 1993 Condobolin 10 NCW178 4 1
UQ420 1993 Condobolin 10 V. Line 4 1
uQ421 1993 Condobolin 10 v 4 1
UQ422 1993 Condobolin 10 Lorna 4 1
UQ423 1993 Condobolin 10 S 1 1
uQ425 1993 Condobolin 10 Semstar 4 1
UQ404 1993 Finley 13 Stephens 15 1
UQ426 1993 Wirrinya 8 s 4 1
UQ427 1993 Wirrinya 8 4 2

United States
Us1 Illinois 1 4
Us4 Illinois 4 5
uUss &5 Illinois 5 6
us7 Illinois 7 7
uss o Illinois 8 8
us9 . Ilinois 9 9
us10 Ilinois 10 4
Us13 Ilinois 13 4
uUslis Illinois 15 10
us21 Illinois 21 11
uUs22 Ilinois 22 12
uUs25 Ilinois 25 13
904(4)WIS Wisconsin 4 14
WI18750N Wisconsin 4 15
WI18762N Wisconsin 10
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a 6-base recognition sequence): BamHI, Pst, HindIll, EcoRlI,
Kpnl, EcoRV, Pvull, and Xhol against a subset of five Australian
and five U.S. isolates of P. sojae. For this study, two of these
cDNA clones, PmgC1 and PmgC12, and three random genomic
clones, pPmgS2, pPmgS15, and pPmgS19, were selected that
showed clearly identifiable polymorphisms using the restriction
enzymes Kpnl and Xhol. DNA probes were **P-labeled as de-
scribed by Whisson et al. (30), and hybridizations were carried
out in a Techne hybridizer (Techne Ltd., Cambridge, England)
oven at 65°C using 0.5 M Na,HPO,/NaH,PO,, pH 7.2, 1 mM
EDTA, and 7% sodium dodecyl sulfate as hybridization buffer. Fil-
ter whashing, autoradiography, and stripping of blots for reuse was
as described by Whisson et al. (30).

Data analysis. A multilocus RFLP genotype was derived for
each isolate based on all fragments observed with five selected
RFLP probes. The multilocus RFLP genotypes were based on the
presence or absence of RFLP fragments, and each fragment was
assumed to represent a single genetic locus. Isolates with the
same multilocus RFLP genotype were considered clonal. In the
case of PmgC1 and PmgC12, only two fragments were observed
that were confirmed to be allelic after genetic analysis (S. C.
Whisson, unpublished data). A measure of genotypic diversity
(24) was calculated on the basis of the number of multilocus RFLP
genotypes in each region. Genotypic diversity in each region was
measured using the formula

P S
iﬂ[(f,)‘{xr‘ N

where N is the sample size and £, is the number of distinct multi-
locus RFLP genotypes observed X times in each region. The maxi-

Queensland

_
200 km

New South Wales

Fig. 1. Map of southeastern Australia, with inset of Australia, showing the lo-
cation of Phytophthora sojae isolate collection sites in numbers correspond-
ing to the location numbers in Table 1.
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mum possible value for G, which occurs when each individual in a
region has a different genotype, is the number of individuals in each
region. To compare G between regions with different sample sizes,
we divided G from each region by N according to McDonald et al.
(15) to calculate the percentage of maximum possible diversity that
was obtained.

RESULTS

In the Australian population, virulence was observed against soy-
bean resistance genes Rpsla, Ic, 3a, 5, 6, and 7 (Table 2) dis-
tributed among five races (1, 4, 13, 15, and X). Race 1 was collec-
ted from all three regions (Table 1), and races 4 and 15 were
found only in southeastern Queensland and southern New South
Wales. Race 13 was detected only once, in southeastern Queens-
land, and a previously undescribed race (X) also was identified
once in southern New South Wales. Race X shows virulence to-
ward Rpsla, Ic, 3a, 5, and 7 (Table 2) and has not yet been iden-
tified elsewhere in the world.

Hybridization of Southern blots containing P sojae DNA di-
gested with restriction endonucleases Xhol and Kpnl with the five
RFLP probes detected 30 fragments of nuclear genomic DNA
among the 84 Australian P sojae isolates (Table 3). Two of the
five RFLP probes revealed a total of seven polymorphic frag-
ments (Table 3), which led to the distinction of three multilocus
RFLP genotypes (#1, #2, and #3). Hybridization of Kpnl blots
with probe pPmgS2 showed that 80 Australian isolates possessed
four nonpolymorphic fragments, while 4 isolates (CIFR10, UQ296,
UQ337, and UQ427 = RFLP genotypes #2 and #3) possessed six
additional hybridizing fragments (Fig. 2). The difference between
RFLP genotypes #2 and #3 is the presence of one additional
fragment in RFLP genotype #3 (CIFR10) after hybridization with
probe pPmgS19. RFLP genotype #1 occurred in all three regions
investigated in Australia (Table 4). RFLP genotype #2 was iden-
tified in three locations in 1991, 1992, and 1993 in southern New
South Wales (Fig. 1, locations 17, 10, and 8, respectively). The
distinct RFLP genotype #3 was identified once only in 1983, near
Bedgerebong in southern New South Wales (Table 1).

Among the 15 isolates from the United States, the five RFLP
probes detected 13 polymorphic fragments from a total of 31
observed fragments (Table 3). The 13 polymorphic fragments led
to the identification of 12 RFLP genotypes, all unique to U.S.
isolates (Table 4). With the exception of the six additional hybri-
dizing fragments observed in RFLP genotypes #2 and #3, after

TABLE 2. Races observed in the Australian Phytophthora sojae population,
the resistance genes (Rps) they are able to overcome, and the restriction frag-
ment length polymorphism (RFLP) genotype(s) identified in each race

Rps gene RFLP No. of

Race virulent toward genotype isolates
1 7 1,2,3 31
la, 1c, 7 1,2 33
13 6,7 1 1
15 3a,5,7 1 15
X la, 1¢, 3a,5,7 1 1

TABLE 3. The total number of fragments (Frag.) and polymorphic fragments
(Poly. frag.) per restriction fragment length polymorphism (RFLP) probe ob-
served in Phytophthora sojae populations from Australia and the United States

RFLP Australia The United States
probe Enzyme Frag. Poly. frag Frag. Poly. frag.
PmgCl Xhol 1 0 2 2
PmgCl12 Xhol 1 0 2 2
pPmgS2 Kpnl 10 6 5 2
pPmgS15 Xhol 10 0 11 3
pPmgS19 Xhol 8 1 11 4
Total 30 7 31 13




hybridization with probe pPmgS2 all 24 fragments identified with
the five RFLP probes among the Australian isolates also were iden-
tified among the limited number of isolates from the United States.

Genotypic diversity was low in the Australian P sojae popu-
lation according to Stoddart and Taylor’s (24) measure of geno-
typic diversity based on multilocus RFLP genotype data. Only
between 2.5 and 14.5% of maximum possible diversity was ob-
served in the three soybean-growing regions in eastern Australia
compared to 60% in the United States (Table 5).

All races of P. sojae (1, 4, 13, 15, and X) identified so far in
Australia occurred in background RFLP genotype #1. Isolates with
background RFLP genotype #2 included isolates of races 1 and 4,
and RFLP genotype #3 was of race 1 (Table 6). Races collected
from the United States included isolates representing many genetic
backgrounds (Table 1), e.g., RFLP genotype #4 included isolates
of races 1, 10, and 13. Identical races collected in Australia and
the United States occurred in different background RFLP geno-
types, e.g., race 4 (Australia) in RFLP genotypes #1 and #2 and
race 4 (United States) in RFLP genotypes #5, #14 and #15 (Table 1).

DISCUSSION

The genetic variation among isolates of P. sojae from two geo-
graphically isolated populations (Australia and the United States)
was explored in this investigation. Polymorphic RFLP probes de-
tected a low level of genotypic diversity among a large set of iso-
lates collected between 1979 and 1993 in eastern Australia. More
than 95% of the Australian P. sojae population had the same
multilocus RFLP background genotype and displayed a subset of
the DNA fragments also observed in the U.S. population. These
observations indicate a low level of initial genetic variation in the
founding population of P. sojae in Australia. It is likely that only
one or at most a few genetically closely related race 1 genotypes
of P sojae were introduced to Australia. This introduced race
spread quickly to all soybean-growing areas of eastern Australia.
A high percentage (95%) of clonal isolates (isolates with the same
multilocus RFLP genotype) in a population collected over a num-
ber of years in a geographically large area such as eastern Austra-
lia indicates that the P. sojae population has remained nearly mono-
morphic since its introduction to Australia.
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Fig. 2. Autoradiogram showing DNA fragments of 14 isolates of Phytoph-
thora sojae detected by hybridization of probe pPmgS2 to DNA digested
with Kpnl. Asterisks indicate monomorphic DNA fragments in the Australian
F. sojae population. The additional polymorphic fragments, identified in the
isolates of restriction fragment length polymorphism genotypes #2 and #3
are numbered 1 to 6.

Stoddart and Taylor’s (24) measure of genotypic diversity, based
on multilocus RFLP genotypes, ranged between 2.5 and 14.3% of
maximum possible diversity in the three regions in eastern Aus-
tralia. The difference in genotypic diversity between populations
from different regions in Australia is probably due to the small
sample size obtained from northern New South Wales (Table 5) in
which only one RFLP genotype was identified (Table 4). The high
level of genotypic diversity observed in the United States com-
pared to Australia can be explained in part by the preselection of
different races for this study as well as higher levels of genetic
variation present in the P. sojae population from the United States,
as was observed by Forster et al. (5).

Probe pPmgS2 was of particular interest because it detected a
highly specific and complex RFLP genotype for isolate CIFR10
(RFLP genotype #3) collected in 1983 (30). This hybridization
pattern for probe pPmgS2 was identified again in 1991 (UQ296),
1992 (UQ337), and 1993 (UQ427) (Fig. 2) in RFLP genotype #2
in southern New South Wales (Fig. 1, locations 17, 10, and 8,
respectively). The only difference between RFLP genotypes #2 and
#3 was one additional fragment after hybridization with probe
pPmgS19 for RFLP genotype #3. Therefore, it appears that RFLP
genotype #2 arose from RFLP genotype #3 through mutation and
that isolates with the unique hybridization pattern observed for
probe pPmgS2 have spread locally since it was first identified in
Bedgerebong (Fig. 1, location 7) in southern New South Wales in
1983. Since no additional polymorphisms were observed between
the Australian P, sojae isolates, it is possible that RFLP genotypes
#2 and #3 arose from RFLP genotype #1 and subsequently mu-
tated for virulence. Alternatively, a new introduction from overseas
could have taken place.

The race structure of the Australian P. sojae population, with
three common races (1, 4, and 15) and two single-isolate races
(13 and X), can be attributed largely to the commercial cultivation
of resistant cultivars. Currently, most of the variation for viru-
lence was observed in southeastern Queensland and southern New
South Wales, and only race 1 has been isolated from a limited num-
ber of sites in northern New South Wales. In New South Wales,

TABLE 4. Regional distribution of Phytophthora sojae restriction fragment
length polymorphism (RFLP) genotypes and races observed in Australia and
the United States

No. of RFLP
Region isolates  genotype Race
Southeastern Queensland 30 1 1,4,13,15
Northern New South Wales 7 1 1
Southern New South Wales 47 1,2,3 1,4,15 X
The United States 15 4-1 1,4,57,8,9, 10,
13, 15,21,22,25

TABLE 5. Genotypic diversity and the percentage of maximum possible di-
versity obtained in populations of Phytophthora sojae from different regions
in Australia and the United States

No.of  No. of RFLP
Region isolates  genotypes G (GN)%
Southeastern Queensland 30 1 1 33
Northern New South Wales 7 1 1 14.3
Southern New South Wales 47 3 1.2 25
The United States 15 12 9 60.0

TABLE 6. The number of isolates per restriction fragment length polymor-
phism (RFLP) genotype and the different races observed per RFLP genotype
among 84 isolates of Phytophthora sojae in Australia

RFLP No. of

genotype isolates Race

1 80 1,4,13,15, X
2 3 1,4

3 1 1
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the appearance and rapid spread of race 4 has been attributed to
soybean production based on cultivars Ridley and Lachlan (21).
From Table 1 it is apparent that four races (1, 4, 13, and 15) were
identified at Hermitage Research Station, Warwick, Condobolin (1
and 4), and Finley (1, 15, and X), where soybean evaluation trials
are conducted. In these three locations (Fig. 1, locations 3, 10, and
13, respectively), soybean cultivars with new Rps genes are grown
in short rotations and are evaluated for their resistance to Phy-
tophthora root rot, leading to the selection of new races. In south-
eastern Queensland, only races 1 and 15 have been found in com-
mercial crops where soybean production based on cultivar Davis
has led to a rise in the importance of race 15 (20). In southeastern
Queensland, races 4 and 13 have been confined to experimental
field sites, and these locations could be used experimentally to
evaluate the influence of deployment of different Rps genes in
soybean on the evolution of new races, providing insights into the
capacity to predict the appearance of particular races.

There are several possible mechanisms to explain the occur-
rence of new races of P, sojae in Australia since the identification
of the first isolate (race 1) in 1979 (17), including the presence of
an indigenous wild-type population, the sequential introduction
of races from overseas to Australia, mutation in a common ge-
netic background, and genetic recombination (sexual and parasex-
ual). The presence of an indigenous wild-type population of P,
sojae in Australia seems unlikely since a higher level of geno-
typic diversity than currently is observed would be expected and
would be more divergent from the population present in the United
States (4,5,30). Moreover, P. sojae was detected for the first time
in Australia in 1979, a decade after soybeans were first grown on
a relatively large-scale commercial basis.

Sequential introduction of new races into Australia seems un-
likely based on the low level of genotypic diversity in the Austra-
lian population and the fact that over 95% of the isolates collected
in Australia belong to RFLP genotype #1. From our data, it is
apparent that P. sojae was introduced and that mutations in avir-
ulence genes after the introduction led to the occurrence of new
races of P. sojae in Australia. Our results and those of others dem-
onstrate a high level of genotypic diversity in the U.S. population
for this pathogen which led Forster et al. (5) to hypothesize that P
sojae is indigenous to the United States. However, a population
genetic study on a global scale is required to test this hypothesis.

RFLP genotype #1 includes isolates of all races identified in
Australia, which provides evidence for the hypothesis that these
races evolved locally, through mutation, from the original intro-
duced genotype. Genetic analysis of virulence/avirulence in P. sojae
recently performed in our laboratory revealed that avirulence is
dominant over virulence in P. sojae for the seven avirulence genes
analyzed (27,28). In the ascomycete Cladosporium fulvum a 1-bp
mutation was sufficient to change the phenotype from avirulent to
virulent, and convergent evolution was demonstrated when differ-
ent isolates, both virulent toward the Cf4 resistance gene in to-
mato, showed different mutations in the Avr4 gene (10). In addi-
tion to rapid spread of fungal spores, convergent evolution might
explain the rapid development of new races of many plant path-
ogens in different parts of the world when new resistance genes
are deployed.

The occurrence of a low percentage (<5%) of outcrossing in
vitro for P. sojae (2,5,27) suggests the possibility that new races
may arise by outcrossing among existing races in field situations.
Thus, with avirulence dominant, outcrossing between different races
and subsequent selfing of the hybrids may produce new races.
Population genetic data collected by Forster et al. (5) provides
evidence for low levels of outcrossing in field situations in the
United States. However, in vivo experiments are needed to con-
firm that outcrossing is possible under field conditions. The pos-
sible occurrence of outcrossing among different races of the homo-
thallic pathogen P. sojae in the field may counter breeding efforts
aimed at controlling Phytophthora root rot in soybean. Selfing
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and low levels of outcrossing among identical or closely related
genotypes will not give rise to large numbers of polymorphic mar-
kers in such a population (12). Selfing, asexual reproduction, and
outcrossing are distinct modes of reproduction that can be easily
distinguished using molecular markers (3,12). However, in the
case of P. sojae in Australia, the founding population appears to
have a very narrow genetic base with a paucity of polymorphic
markers, which may make it difficult to distinguish between these
modes of reproduction in this homothallic plant pathogen.
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