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ABSTRACT. In June 2008, Deahl et al. reported the first detection of two isolates of the A2 mating type of
Phytophthora infestans on tomato from two locations in Taiwan based on the tests performed at USDA, Belts-
ville, using A1 and A2 mating types of P. infestans as testers. However, the third and fourth authors of the
paper showed that these two isolates (Pi 214 and Pi 566) behaved as A1 mating type when paired with A1 and
A2 testers of P. nicotianae (= P. parasitica) at Asian Vegetable Research and Development Center, Shanhua,
Taiwan. This information was not included in the report. These two isolates along with two other isolates of P,
infestans (Pi 215 and Pi 564) isolated from the same locations on the same dates were re-tested independently
in three laboratories using A1 and A2 mating types of P. infestans, P. nicotianae and P. capsici as testers. All
four isolates displayed oospore formation when paired with A2 but not Al mating type regardless of species
used as the testers, indicating that all of them are of the Al mating type. New isolation of P. infestans from
diseased tomato plants from the same locations also showed the presence of only the Al mating type. These

results refute the claim by Deahl et al. of the discovery of the A2 mating type of P. infestans from Taiwan.
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INTRODUCTION

Late blight of potato and tomato caused by Phytoph-
thora infestans (Mont.) de Bary is one of the most devas-
tating plant diseases worldwide. The disease was reported
from Taiwan in 1908 by Kawakami and Suzuki and in
1919 by Sawada. It had not received much attention until
1995 when Hartman and Huang reported the isolation of
13 isolates of P. infestans from tomato and the discovery
that all isolates were of the A1 mating type. The presence
of only the Al mating type of P. infestans in Taiwan was
confirmed in 1998 by Ann et al. (1998) who reported that
68 isolates from tomato and 2 isolates from potato, were
all of the A1 mating type. In 2004, Jyan et al. reported
collection of 94 tomato and potato isolates of P. infestans
throughout Taiwan from 1992 to 2002 and found that all
were of the A1 mating type. Since 1998, the senior author
has been surveying the mating type distribution of P. infes-
tans in Taiwan yearly. As of 2008, 409 potato isolates and
1172 tomato isolates were collected and all have been of
the A1 mating type (Ann, unpublished data).

In 2008, Deahl et al. reported the detection in Taiwan

of one A2 isolate of P. infestans (Pi 214) out of 200 iso-
lates tested in 2004 and another A2 isolate (Pi 566) out
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of 102 isolates tested in 2006. Due to the importance of
the A2 mating type of P. infestans for quarantine status in
Taiwan, it is essential to confirm this purported A2 mating
type. We, therefore, wrote to Deahl to request cultures of
these two A2 isolates (Pi 214 and Pi 566). He replied that
the quarantine permit only allowed the receipt of cultures
but no redistribution to others, and suggested that Wang
the fourth author be contacted for cultures (W. H. Ko,
personal communication). Wang shared the two putative
A2 cultures (Pi 214 and Pi 566) along with two Al cul-
tures (Pi 215 and Pi 564) obtained from the same locations
in 2004 and 2006 (Table 1). He mentioned that he and
Black, the third author, informed Deahl that Pi 214 and Pi
566 were A1l based on the result of pairing with the A1 and
A2 testers of Phytophthora nicotianae van Breda de Haan
(= Phytophthora parasitica Dastur) and requested that
this result be added to the article. However, the request
was ignored because it was not based on the pairing with
the Al and A2 testers of P. infestans, a procedure used at
USDA, Beltsville (T. C. Wang, personal communication).
This rejection is not logical because sexual reproduction
of heterothallic Phytophthora is unique with normal oo-
spores produced readily when opposite mating types of
different species are paired (Shen et al., 1983; Ko, 2007).
Moreover, all 302 P. infestans isolates were tested using
Al and A2 testers of P. nicotianae in Taiwan and all were
found to be of the Al mating type. Therefore, the mating



204

type of the four isolates of P. infestans mentioned above
were reevaluated by performing independent experiments
in three different laboratories using Al and A2 testers of
P infestans, P. nicotianae and P. capsici Leonian and by
obtaining quantitative data from each test. In addition,
new isolates were collected from diseased leaves, fruit and
stems of infected tomato plants from Nantou and Hualien
counties where the two purported A2 isolates were
collected. Details of these studies are reported herein.

MATERIALS AND METHODS

Sources of isolates

The origins of P. infestans isolates included in the
report of Deahl et al. (2008) and used in this study for
reevaluation of mating type are described in Table 1. New
P, infestans from diseased tomato leaves, stems and fruit
were collected from Hsinyi of Nantou county in June
and August 2008, and from Shoufeng of Hualein county
in February and April 2009. These are the sites for the
isolation of Pi 214 and Pi 566, the purported A2 isolates.
Pieces of diseased leaves (10 x 10 mm), stems (5 x 5
mm) and fruit (5 x 10 x 10 mm) each with a single lesion
were surface-sterilized with 0.5% sodium hypochlorite for
1 min and placed on rye A agar (Caten and Jinks, 1968)
supplemented with 100 ppm ampicillin, 50 ppm nystatin
and 10 ppm pentachloronitrobenzene to inhibit bacteria
and non-pythiaceous fungi (Ko et al., 2006). Plates were
incubated at 20°C and observed daily. Hyphae of P. in-
festans emerging from a tissue were transferred to a plate
of rye A agar. Cultures were maintained on rye agar and
stored in culture slants covered with mineral oil in test
tubes at 16°C.
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Determination of mating type

The sources of mating type testers of Phytophthora
used in this study are listed in Table 2. At the Taiwan
Agricultural Research Institute (TARI), rye broth used to
prepared rye agar was prepared as described by Caten and
Jinks (1968), while at the Asian Vegetable Research and
Development Center (AVRDC) and the National Chung
Hsing University (NCHU), it was modified by grinding
the rye grain preparation in an Omni mixes at 4,000 rpm
for 1 min before filtration through three layers of cheese-
cloth. The modified rye agar was used for pairing with P.
nicotianae testers, and rye agar supplemented with 10%
V-8 juice (V-8 rye agar) (Ho and Ko, 1999) was used for
pairing with P. capsici or P. infestans.

At AVRDC, 5-mm culture discs of P. infestans and the
Al or A2 tester of P. nicotianae were paired 5 mm apart on
the center of a rye agar plate (9 cm), and incubated at 20°C
in darkness. After 12 days, the paired culture was mixed
with 100 ml water in a blender at high speed for 1 min and
oospore concentration was determined with a haemato-
cytometer. At TARI and NCHU, a small piece (3 x 3 x 3
mm) of P. infestans culture was paired with the same size
culture of a tester on a rye or V-8 rye agar block (20 x 15
x 3 mm). Ten blocks were placed in a 9-cm plate at equal
distance from each other. After incubation at 20°C for 21
days at TARI or 16°C for 21 days at NCHU, all the blocks
were examined under a microscope for oospore formation.
The total number of oospores was counted for the blocks
producing less than 500 oospores each. For those forming
large amount of oospores, each block was mixed with 100
ml water in an Omni mixer at 4,500 rpm for 1 min, and
oospore concentration was determined with a Pipetman
microliter pipette (West Coast Scientific Inc., Oakland,

Table 1. Sources of isolates of Phytophthora infestans from tomato in Taiwan used in the reevaluation of mating type.

Isolate No. Location Reported mating type Source Reference
Pi214 Shoufeng, Hualien A2 T. C. Wang Deahl et al., 2008
Pi 566 Hsinyi, Nantou A2 T. C. Wang Deahl et al., 2008
Pi215 Shoufeng, Hualien Al T. C. Wang Deahl et al., 2008
Pi 564 Hsinyi, Nantou Al T. C. Wang Deahl et al., 2008

Table 2. Sources and habitats of mating type testers of Phytophthora used in the study.

Species and isolate Mating type Habitat Origin Source
P, nicotianae
P 991(ATCC 38607) Al Soil U.S.A. G. A. Zentmyer
P 731(ATCC 386006) A2 Soil U.S.A. G. A. Zentmyer
P. infestans
P 95039 Al Potato Taiwan P.J. Ann
DN 103 A2 Potato Japan A. Ogoshi
P. capsici
P 28120 Al Tomato Taiwan P.J. Ann
P 28117 A2 Tomato Taiwan P.J. Ann
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California) (Ko et al., 1973). Three replicates were used
and all the experiments were repeated at least once.

RESULTS

When the four isolates of P. infestans used in the re-
port of Deahl et al. (2008) including the two purported
A2 isolates (Table 1) were paired with the Al tester of P,
nicotianae at AVRDC, oospores were not produced in any
pairing test. However, when paired with the A2 tester of
P nicotianae abundant oospores ranging from 14,200 to
85,600/cm’ were produced by every pair (Table 3). Similar
result was obtained at NCHU when P. nicotianae testers
were used. Pairing of the same P. infestans isolates. with
the Al tester did not result in oospore formation, but oo-
spores ranging from 7,200 to 23,400/cm’ were produced
when paired with the A2 tester (Table 4).

When Deahl’s A2 isolates of P. infestans were paired
with P. capsici testers at NCHU, oospores were not pro-
duced in the pairings with the A1 tester, but oospores rang-
ing from 13,900 to 42,400/cm’® were produced with the A2
tester (Table 4). Similar result was obtained at TARI where
oospores ranging from 6,300 to 22,800/cm’® were produced
when paired with the A2 P, capsici tester (Table 5).

Table 3. Oospore formation resulting from pairings at AVRDC
between Phytophthora infestans isolates from Taiwan and the
Al or A2 tester of P. nicotianae.

Oospores produced (no. = SD/cm’®)*

P, infestans isolates P, nicotianae tester

Al A2

Pi214 0 15,000 + 3,300
Pi 566 0 14,200 + 9,100
Pi215 0 85,600 + 16,500
Pi 564 0 60,700 + 6,900

"Data were subjected to ANOVA. Numbers are the mean +
standard deviation.

Table 4. Oospore formation resulting from pairings at NCHU
between Phytophthora infestans isolates from Taiwan and the
Al or A2 tester of P. nicotianae or P. capsici.

Oospores produced (no. = SD/cm® )*

P. infestans

P, nicotianae tester P. capsici tester

isolates
Al A2 Al A2
Pi214 0 8,300 +2,200 0 42,400 + 5,300
Pi 566 0 7,200+ 3,500 0 37,500+ 10,400
Pi215 0 10,200 + 200 0 13,900 + 5,600
Pi 564 0 23,400+17,300 0 16,000 + 5,000

"Data were subjected to ANOVA. Numbers are the mean +
standard deviation.
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Table 5. Oospore formation resulting from pairings at TARI
between Phytophthora infestans isolates from Taiwan and Al
or A2 tester of P. capsici. or P. infestans.

Oospores produced (no. = SD/cm®)*

P. infestans

P. capsici tester P. infestans tester

isolates
Al A2 Al A2
Pi214 0 6,300+ 1,200 0 38,500 + 3,200
Pi 566 0 22,800+ 900 0 40,100 + 13,700
Pi215 0 12,900 + 1,500 0 29,000 + 3,900
Pi 564 0 19,700 + 2,900 0 53,400 + 12,200

‘Data were subjected to ANOVA. Numbers are the mean +
standard deviation.

The four isolates of P. infestans behaved similarly when
paired with P. infestans testers at TARI. No oospores were
produced when Deahl’s purported A2 isolates were paired
with the Al tester, but oospores ranging from 38,500 to
40,100/cm® were produced when paired with the A2 P
infestans tester (Table 5).

At TARI, 41 and 40 new isolates of P. infestans were
obtained from Nantou and Hualien, respectively. Phytoph-
thora infestans testers were used for mating type determi-
nation and all new isolates were of the A1 mating type.

DISCUSSION

Data from tests performed in the three laboratories are
consistent in showing that all the four isolates of P. infes-
tans including the two purported A2 isolates from Deahl et
al. (2008) displayed oospore formation only when paired
with A2 but not A1 testers. This indicates that all of them
are of the A1 mating type. Our results unequivocally refute
the claim by Deahl et al. (2008) of the discovery of A2
mating type in Taiwan. This study also shows that the ini-
tial designation of Pi 214 and Pi 566 as A1 mating type in
Taiwan based on results using Al and A2 mating types of
P, nicotianae as testers was sound. These two isolates be-
haved as Al type regardless of pairing with P. nicotianae
(Tables 3 and 4), P. capsici (Tables 4 and 5) or P. infestans
(Table 5). This is consistent with the previous reports that
in heterothallic Phytophthora oospore production oc-
curs when opposite mating types are paired regardless of
whether they are the same or different species (Ko, 2007).
Our recent collection of P, infestans isolates also show the
presence of only the A1 mating type of this species in the
Nantou area in 2008 and in the Hualien area in 2009.

The reason for Pi 214 and Pi 566 to behave as the A2
mating type when tested previously is not known. Mating
type change in Phytophthora has been reported to oc-
cur as a result of aging (Ko, 1981), germination of selfed
oospores (Ann and Ko, 1988; Ko, 1994) or exposure to
fungicides (Ko, 1981; Chang and Ko, 1990; Groves and
Ristaino, 2000). It is not known if any of these events oc-
curred. In this study, not unexpectantly, environmental
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conditions such as temperature affect oospore production.
When Pi 215 was paired with P. nicotianae A2 tester on
rye agar plate at 20°C at AVRDC, 85,600 oospores/cm’
were produced (Table 3), but only 10,200 oospores/cm’
were produced when the same two isolates were paired
on the same rye agar block at 16°C at NCHU (Table 4).
When Pi 215 was paired with P. infestans A2 tester on V-8
rye agar block at 20°C at TARI, 29,000 oospores/cm’ were
produced and other P. infestans isolates formed between
38,500 and 53,400 oospore/cm’. This indicates that pair-
ing of Al and A2 mating types between the same species
is not necessary better than that between different species.
Similar results were obtained when different combination
of mating types and species of Phytophthora were paired
on the opposite sides of polycarbonate membranes (Ko,
1978; Ko and Kunimoto, 1981). This is because sexual
reproduction in Phytophthora is regulated by mating type
specific a hormones (Ko, 2007), and different isolates of
the same or different species of Phytophthora vary in abil-
ity to produce and receive hormones (Ko and Kunimoto,
1981).

In conclusion, research at TARI, AVRDC and NCHU
all indicates that there is no evidence of the presence of the
A2 mating type of P. infestans in Taiwan. It is, therefore,
recommended that the quarantine regulations are enforced
continuously in Taiwan to prevent the introduction of the
A2 P infestans from foreign countries.
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ence Council and Council of Agriculture of Taiwan.

LITERATURE CITED

Ann, PJ., T.T. Chang, and L.K. Chern. 1998. Mating type dis-
tribution and pathogenicity of Phytophthora infestans in
Taiwan. Bot. Bull. Acad. Sin. 39: 33-37.

Ann, PJ. and W.H. Ko. 1988. Hormonal heterothallism in Phy-
tophthora parasitica: a novel mode of sexual reproduction?
J. Gen. Microbiol. 134: 2985-2992.

Caten, C.E. and J.L. Jinks. 1968. Spontaneous variability of sin-
gle isolates of Phytophthora infestans. 1. Cultural variation.
Can. J. Bot. 46: 329-348.

Chang, T.T. and W.H. Ko. 1990. Effect of metalaxyl on mating
type of Phytophthora infestans and P. parasitica. Ann. Phy-
topathol. Soc. Jpn 56: 194-198.

Deahl, K.L., R.W. Jones, L.L. Black., T.C. Wang, and L.R.

Botanical Studies, Vol. 51, 2010

Cooke. 2008. First report of the A2 mating type of Phy-
tophthora infestans on tomato crops in Taiwan, Republic of
China. Plant Dis. 92: 978.

Groves, C.T. and J.B. Ristaino. 2000. Commercial fungicide for-
mulations induce in vitro oospore formation and phenotypic
change in mating type in Phytophthora infestans. Phytopa-
thology 90: 1201-1208.

Hartman, G.L. and Y.H. Huang. 1995. Characteristics of Phy-
tophthora infestans isolates and development of late blight
on tomato in Taiwan. Plant Dis. 79: 849-852.

Ho, W.C. and W.H. Ko. 1999. Temporal distribution of mating
types and cultural variation of Phytophthora infestans at the
Volcano district on the island of Hawaii. Ann. Phytopahol.
Jpn. 65: 286-292.

Jyan, M.H., PJ. Ann, J.N. Tsai, S.D. Hsih, T.T. Chang, and R.F.
Liou. 2004. Recent occurrence of Phytophthora infestans
US-11 as the cause of severe late blight on potato and to-
mato in Taiwan. Can. J. Plant Pathol. 26: 188-192.

Kawakami, T. and R. Suzuki. 1908. List of fungi on cultivated
plants of Formosa, Part 1. Bull. Agric. Exp. Sta. Gov. For-
mosa 1: 1-64.

Ko, W.H. 1978. Heterothallic Phytophthora: evidence for hor-
monal regulation of sexual reproduction. J. Gen. Microbiol.
107: 15-18.

Ko, W.H. 1981. Reversible change of mating type in Pytoph-
thora parasitica. J. Gen. Microbiol. 125: 451-454.

Ko, W.H. 1994. An alternative possible origin of the A2 mating
type of Phytophthora infestans outside Mexico. Phytopa-
thology 84: 1224-1227.

Ko, W.H. 2007. Hormonal regulation of sexual reproduction in
Phytophthora. Bot. Stud. 48: 365-375.

Ko, W.H., L.L. Chase, and R.K. Kunimoto. 1973. A microsyrin-
ge method for determining concentration of fungal propa-
gules. Phytopathology 63: 1206-1207.

Ko, W.H. and R.K. Kunimoto. 1981. Hormone production and
reception among different isolates of Phytophthora para-
sitica and P. palmivora. Mycologia 73: 440-444.

Ko, W.H., S.Y. Wang, and P.J. Ann. 2006. The possible origin
and relation of Phytophthora katsurae and P. heveae,
discovered in a protected natural forest in Taiwan. Bot.
Stud. 47: 273-277.

Sawada, K. 1919. Descriptive Catalogue of the Formosan Fungi
1. Spec. Bull. Agric. Exp. Sta. Gov. Formosa 19: 1-695.

Shen, C.Y., L.A. Bower, D.C. Erwin, and P.H. Tsao. 1983. For-
mation of sex organs in the A1 mating type of Phytophthora
infestans induced chemically by A2 isolates of other species
of Phytophthora. Can. J. Bot. 61: 1462-1466.



ANN et al. — Phytophthora infestans in Taiwan 207

FHFEML E S F e LB Phytophthora infestans A2
Fo 3 A ol 3 &
TR RER IR BRBE WKRICK A

TRl R SRR T Y A
? ERMER TR
* BT EEORER T B R

AR

Z7

Deahl S£/2 2008 4F 6 H¥gan - MFIHESEBIEES © DL Phytophthora infestans A1 Jz A2 Bt HIE
PR, BB —RAEGHE _Et 7RI b BHIE—FE P. infestans 1) A2 BU¥H AL « (B2 3%am IR = RS
VOEE - FEEE NG ST 0 0 DL P nicotianae 1 A1 Fo A2 BCERUERIGA B IERT - I HRE 2 Al
B3R - MMRYEER A S - RS Al A R & - BAMRHE RARER [F] 55 9 — 1k [7] B A [ St B 75 e 21
HJ » LA P nicotianae, P. capsici 2 P. infestans 2 Al [A] A2 BOSERUEHIEE - EHE=(EAEGREE -
TTECH BUATANGS - SEVUPREF] A2 BoEH 8L - NE AL —(ETE - BoE g E A I+ - HE Al BE A
FOEIF AN G » BV E IR 28 AL BOBI AL o 7800 (83 5 PR & i A AR e 2 o3 BER A SR - FnfSHYES
PRLZREIN Al BlE A « AR SRR Deahl FHYER SR CE I P, infestans A2 FUE LR SERRAY -

RASEER © MRS - BOEHEY o Phytophthora infestans 5 F&h0 °





