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ABSTRACT

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

Thirteen isolates of Phytophthora infestans were grown on various solidified media. Growth of
all isolates was best on rye A agar. Mean sporangia length and width ranged from 23.5 to 41.7
um x 13.9 to 23.4 pm, respectively, with a length/width ratio of 1.69 to 1.92. All isolates were
A1l mating type and all isolates, except one isolate from potato, were classified race T1 because
blight developed on three tomato lines with the Phl resistance gene. Area under the disease
progress curve (AUDPC) differed significantly (P < 0.05) by isolate on both detached tomato
leaflets and pot-cultured seedlings. Isolate Pill from potato had the lowest AUDPC values on
detached leaves and seedlings. Late blight occurred on tomato seedlings transplanted monthly
in the central highlands of Taiwan with greatest disease severity from March to June. Field-
grown tomatoes sprayed with metalaxyl once and twice per week reduced late blight AUDPC
values, decreased yield losses, and increased fruit numbers, compared with the results from
fewer or no sprays. Disease, measured as AUDPC, correlated negatively (P < 0.05) to yield (r =

-0.82) and number of fruit (» = —-0.76).

Tomatoes (Lycopersicon esculentum
Mill.) are grown throughout the world and
are important commercially for fresh mar-
ket and processing. Diseases are often a
factor that limits production. One disease,
late blight caused by Phytophthora in-
Jestans (Mont.) de Bary, occurs in tem-
perate and highland tropical regions on
potato and tomato (7). Late blight is one of
the most destructive diseases of tomato
because the fungus attacks foliage and
stems, often killing plants and rotting
fruits. The fungus can be difficult to cul-
ture, although several reports indicate suit-
able cultural media for growth (2,11,18).

In Taiwan, late blight was first reported
in 1919 (14), and a report in 1990 con-
firmed that P. infestans occurred on herbar-
ium specimens collected by Sawada (9).
Even though the disease normally occurs
during the summer in the highlands and
during the winter in the lowlands of Tai-
wan on potatoes and/or tomatoes, the first
report of culturing P. infestans in Taiwan
was in 1991 (8).

Phytophthora infestans has two mating
types (5). It was not until 1984 that the A2
mating type was isolated outside of Mex-
ico (10). Since then, it has been found in
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Europe, North America, and Asia (17). In
addition to mating types, the fungus can be
characterized by its two races, TO and T1,
which are distinguished on tomatoes carry-
ing the Phl resistance gene (6). Commer-
cial varieties carrying resistance to race T1
are not available and metalaxyl has been
applied to control epidemics of late blight
(1). Greenhouse and field isolates with re-
sistance to metalaxyl have been reported
(4,12). The objectives of our study were to
(i) characterize P. infestans isolates from
Taiwan by comparing growth rates on dif-
ferent media, sporangia, mating types,
races, and virulence, (ii) monitor disease
development in different environments,
and (iii) evaluate metalaxyl for control of
tomato late blight.

MATERIALS AND METHODS

Isolation, maintenance, and inocu-
lum. Field-infected tomato and potato
leaves collected from three regions in Tai-
wan were sectioned into 4-mm? pieces,
soaked in 1% sodium hypochlorite for 3
min, rinsed in sterile distilled water for 3
min, and plated on rye A agar (2). After 5
to 7 days at 18°C, hyphal tips were trans-
ferred to rye A agar. For comparison, a
second isolation method was used to wash
diseased leaves. These were incubated at
18°C for 5 days on moist filter paper in
15-cm culture dishes, and sporangia were
collected from leaves by rinsing with ster-
ile distilled water. One milliliter of the
sporangial suspensions was placed on rye
A agar in 15-cm culture dishes. Hyphal
tips from 3-day-old colonies were trans-
ferred to rye A agar. In total, 13 isolates
were obtained and cultured.

To produce inoculum, cultures grown on
rye A agar were flooded with 10 ml of
sterile distilled water and sporangial sus-
pensions were sprayed on detached tomato
leaves of line L3975 (var. TK 70, Asian
Vegetable Research and Development
Center [AVRDC], Shanhua, Taiwan) and
incubated for 14 days under 10 h of light
(68 uE m2 s7!) per day in 15-mm culture
dishes. Leaves were washed and the sus-
pension was used to inoculate plants. Cul-
tures were stored in 2-ml vials with 15%
dimethyl sulfoxide (19) at —-80°C for long-
term storage.

Characteristics of isolates. Thirteen
isolates were cultivated on corn meal, lima
bean, oat meal, pea meal, pea seeds, rye A,
V8 juice, and clarified V8 juice agars (3).
Two-millimeter-diameter agar plugs from
14-day-old cultures grown on rye A agar
from each of the 13 isolates were trans-
ferred to the center of each media and in-
cubated at 18°C in darkness. After 10 days
the colony diameters were measured.

Sporangial suspensions from the 13 iso-
lates were obtained by washing inoculated
detached leaves of L3975 with sterile dis-
tilled water. A drop of suspension was
placed on a microscope slide and the length
and width of 100 sporangia were measured
with a micrometer under a bright-field com-
pound microscope at 400x magnification.
The length/width (LW) ratio was calculated
for each sporangium measured.

To test mating types, 4-mm? agar plugs
from the edge of 2-week-old cultures of
each isolate were transferred about 2-cm
off center in a rye A agar plate. Known
mating types, Al type (Ca65) or A2 type
(E13a), of P. infestans (16) were placed
about 2 cm off center on the other half of
the culture dish. Cultures were incubated
in the dark at 18°C. The occurrence of oo-
spores was determined using a bright-field
compound microscope 10 to 14 days after
isolate pairing.

Thirty-day-old seedlings of AVRDC
tomato lines L1497 (Pi204976), L1501
(Pi204980), and L1517 (Pi 204996) (all
with the Phl gene for resistance), and
L3975 (with no known genes for resis-
tance), were inoculated by atomizing with
a sporangial suspension adjusted to con-
centrations of 10° to 10* sporangia per ml.
Five replications of two plant samples of
each line were inoculated with each isolate
using a randomized complete block de-
sign. Immediately after inoculation, the
seedlings were placed in a growth room
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with overhead sprinklers that misted water
on the foliage for 20 s every 20 min under
14 h of light (49 pE m™ s7!) per day at
2242°C. Disease severity was rated from 8
to 12 days after inoculation using the fol-
lowing 1 to 6 assessment scale: 0 = no
symptoms; 1 = 1 to 10% of leaf area af-
fected (LAA); 2 =11 to 20% LAA; 3 =21
to 40% LAA; 4 =41 to 70% LAA; 5 =171
to 90% LAA; and 6 =91 to 100% LAA or
plant dead.

Virulence of isolates. Tomato leaflets
were removed from 30-day-old green-
house-grown plants of L3975, placed in 9-
cm-diameter culture dishes on moist filter
paper, and inoculated individually with
0.02-ml drops of an adjusted spore con-
centration (10* sporangia per ml) of each
isolate on either side of the midrib. After
inoculation, leaflets were incubated under
12 h of light (68 pE m™ s7!) per day at
18°C. Each isolate was replicated four
times; each replicate consisted of four
leaflets. Disease severity was rated daily
using the following 1 to 6 assessment
scale: 0 = no reaction; 1 = restricted le-
sions; 2 = expanded lesions but little or no
mycelia and sporangia production on in-
oculated sites; 3 = expanded lesions with
mycelia and sporangia production on in-
oculated sites; 4 = expanded lesions with
mycelia and sporangia covering 10 to 50%
of the leaflet surface; 5 = expanded lesions
with mycelia and sporangia covering 51 to
90% of the leaflet surface; and 6 = ex-
panded lesions with mycelia and sporangia
covering 91 to 100% of the leaflet surface.

Thirty-day-old seedlings of tomato line
L3975 sown in 9-cm-diameter pots were
inoculated with 1 x 10* sporangia per ml
of individual isolates and incubated in a
growth room under conditions described
previously. There were four replications
for each isolate and three plants for each
replication. Disease severity of inoculated
plants was rated daily after inoculation
using the scale described in the previous
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section. Area under the disease progress
curve (AUDPC) was calculated (15) and
values were used in analysis of variance
(ANOVA) with means separated by least
significant difference (LSD) (P < 0.05).

Late blight on field-grown tomatoes.
From August 1991 to June 1993, 30-day-
old seedlings of a commercial variety,
Taichung ASVEG #4 (TA4) and L1197
(AVRDC germ plasm), were transplanted
at monthly intervals to 19-cm-diameter
clay pots (one plant per pot) and moved to
the field at the Puli Branch Station,
Taichung District Agricultural Improve-
ment Station (Taichung DAIS) in Tai-
chung, Taiwan. Plants were arranged in
four rows with 0.75 m between rows and
0.5 m between plants in a row. Disease
severity based on percentage of leaf area
affected (described previously) was rated
30 days after transplanting. In addition,
temperature, humidity, and precipitation
were recorded daily.

Effects of metalaxyl. A metalaxyl
(Ridomil MZ58, Ciba Crop Protection,
CIBA-GEIGY Corp., Summit, N.J.) stock
solution, containing 0.1 g of metalaxyl and
0.5 ml of dimethyl sulfoxide per 1 liter of
sterile distilled water, was added to 99 ml
of molten sterile rye A agar yielding 10 pg
of metalaxyl per ml. Two-millimeter-
diameter disks from the margin of 10-day-
old colonies of each P. infestans isolate
grown on rye A agar were placed on the
center of unamended and metalaxyl-
amended rye A agar. Isolates were classi-
fied as sensitive, intermediate, and resis-
tant isolates to metalaxyl as described by
Shattock (16).

Thirty-day-old tomato seedlings of TA4
and L3975 were transplanted in 20-cm-
diameter clay pots and moved to the field
at Puli Branch Station, Taichung DAIS.
There was a space of 0.75 m between rows
and 0.5 m between pots in a row.
Metalaxyl was applied with a power back-
pack sprayer at a concentration of 2.2 kg
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Colony diameter (mm)
Fig. 1. Mean radial diameter of thirteen isolates of Phyrophthora infestans on rye A, pea seed, clari-
fied V8 juice (CV8), V8 juice (V8), pea meal, lima bean, oat meal, and corn meal media. Same letter

beside bars indicates means were not different significantly according to least significant difference
(P < 0.05).
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per ha at a frequency of either twice or
once weekly; once every 2 weeks; or once
every 4 weeks. Control plants were not
sprayed with fungicide. Treatments and
lines were arranged as a factorial in a ran-
domized complete design using four repli-
cations and five plants for each replication.
Disease severity, based on the 1 to 6 rating
scale described previously, was rated at
10-day intervals after transplanting.
Weights and fruit numbers of freshly har-
vested red-ripe fruits from several harvests
were combined. AUDPC values were
analyzed using ANOVA and means were
separated by LSD (P < 0.05). The experi-
ment was conducted from October 1991 to
January 1992. The experiment was re-
peated from July to October 1992; how-
ever, data were not included as there was
abundant rainfall including a typhoon
early in the experiment that reduced some
experimental units, and very little rainfall
later, which drastically reduced disease
severity levels.

RESULTS

Characteristics of isolates. All isolates
grew on all media, but colony diameter
was significantly (P < 0.05) larger on rye
A medium (Fig. 1). Sporangia of all iso-
lates were ellipsoid to ovoid and semi-
papillate. The sporangial length and width
of the tomato isolates ranged from 36.2 to
41.7 ym and from 19.3 to 23.4 pm, re-
spectively. The mean length and width of
sporangia from the potato isolate Pill
were 23.5 pm and 13.9 um, respectively.
Sporangia LW ratios ranged from 1.69 to
1.92. Pedicels were short or absent and
could not be measured accurately. All iso-
lates were identified as A1 mating type
based on paired cultures with known races.
All isolates, except Pill, caused symp-
toms on plants with and without the Phl
gene for resistance. Severity ratings ranged
from 0.9 to 6.0. Mean severity ratings over
isolates were 0.8, 0.6, 0.3, and 2.1, re-
spectively for L1497, L1501, L1517, and
L3975. Lesions did not expand on lines
with the Phl gene for resistance but le-
sions did expand on line L3975, which has
no known genes for resistance.

Virulence of isolates. Lesions devel-
oped on detached tomato leaflets and to-
mato foliage 3 days after inoculation.
Seven days after detachment, some isolates
caused blight on >90% of the foliage.
AUDPC values differed significantly (P <
0.05) by isolate. Isolates Pi6, Pil0, and
Pi12 caused consistently greater disease
than most other isolates, reflected by
higher AUDPC values on both detached
leaflets and on inoculated foliage (Table
1). Pill had lower AUDPC values than
those of other isolates on detached leaves
and seedlings.

Late blight on field-grown tomato.
Late blight developed each month on to-
mato seedlings at the Puli location with
greatest disease severity from March to



June, a time when moderate rainfall and
temperature, and high humidity levels,
prevailed. Monthly maximum and mini-
mum mean temperatures ranged from 18.6
to 29.7°C and 7.6 to 20.4°C, respectively,
at the Puli Branch Station during the pe-
riod from August 1991 to June 1993 (Fig.
2). Mean monthly humidity ranged from
59.1 to 94.0%. Disease levels peaked after
the maximum and minimum temperatures
were at their lowest. Leaf lesions initially
were brownish-green and 1 to 2 mm in
diameter. Lesions enlarged to form irregu-
larly water-soaked, dark green necrotic
areas that coalesced. Stem lesions were
irregular in shape and blackish-gray. Fruit
lesions were round to irregular and brown
to brownish-black.

Effects of metalaxyl. None of the iso-
lates grew well on rye A medium contain-
ing 10 pg metalaxyl per ml, compared
with nonamended medium. Late blight
development in the field on TA4 and
L1197 sprayed four to eight times per
month with metalaxyl was slower than
when metalaxyl was sprayed less fre-
quently or not at all (Fig. 3). For each
treatment, L1197 had lower AUDPC val-
ues than TA4 (Table 2). AUDPC values for
both tomato lines were significantly (P <
0.05) higher when metalaxyl was applied
once every 2 weeks or not at all. There
were no significant (P < 0.05) differences
in the AUDPC values between plots re-
ceiving two and one sprays per week
within each line. As the AUDPC values
increased, yields and fruit numbers de-
creased in both lines. As AUDPC in-
creased, fruit yield (» = —-0.82) and fruit

Table 1. Area under the disease progress curve
(AUDPC) values for late blight on detached
tomato leaflets and tomato foliage of L3975 in-
oculated with thirteen isolates of Phytophthora
infestans

AUDPC?
Isolate Detached leaflet Seedlings
Pil 6.0 10.9
Pi2 7.4 11.6
Pi3 9.4 7.5
Pi4 8.3 129
Pi5 10.3 13.9
Pi6 10.3 171
Pi7 7.1 18.5
Pi8 29 18.3
Pi9 6.4 21.6
Pil0 10.0 20.1
Pill 14 54
Pil12 9.9 19.4
Pil3 5.6 18.4
LSDP? (P < 0.05) 1.5 4.1

2 Calculated based on a formula from Shaner
and Finney (15) using the following severity
assessment scale: 0 = no symptoms; 1 =1 to
10% of leaf area affected (LAA); 2 = 11 to
20% LAA; 3 =21 to 40% LAA; 4 = 41 to
70% LAA; 5 =71t0 90% LAA; and 6 =91 to
100% LAA or plant dead. Means were based
on four replicaitons and three samples each.

b Least significant difference.

numbers (r = -0.76) decreased signifi-
cantly (P < 0.05). Yield and fruit numbers
from plants in plots with one- or two-per-
week fungicide applications within each
tomato line did not differ significantly (P
< 0.05), but were significantly (P < 0.05)
less when fungicide was applied less than
once per week, except for the number of
fruits in L1197.

DISCUSSION
The results of our initial attempts to
culture P. infestans were somewhat incon-

sistent and limited in success. Once cul-
tured, the fungus grew poorly on most
media except for rye A agar. In Taiwan,
rye seed is difficult to obtain compared
with ingredients of other media tested.
This problem was solved when rye seed
was imported. Morphologically, our iso-
lates had sporangia and an LW ratio within
the described range of P infestans (22),
although the potato isolate had sporangia
smaller than those of the tomato isolates.
This potato isolate could have been differ-
ent due to its association with potatoes
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Fig. 2. Late blight severity 30 days after transplanting 30-day-old tomato seedlings at Puli Branch
Station, Taichung District Agriculture Improvement Station. Monthly means of (A) humidity and
precipitation and (B) temperature were recorded from August 1991 to June 1993.
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Fig. 3. Development of late blight on (A) tomato var. Taichung ASVEG No. 4 and (B) AVRDC ac-
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Table 2. Area under the disease progress curve (AUDPC) for late blight and yield of two tomato lines
TA4 and L1197 that were either sprayed or not sprayed with metalaxyl at various intervals during the

growing season

Yield Yield loss Fruit no. Fruit no. loss
Metalaxyl applications AUDPC® (ton per ha) (%) (x 105 per ha) (%)
TA4®
Two per week 113 100.0 co. 7.8 3.7
One per week 115 91.3 8.7 8.1
One every 2 weeks 291 539 46.1 39 51.9
One per month 316 50.8 49.2 4.8 40.7
None 309 41.0 59.0 3.7 54.3
LSD¢ (P < 0.05) 24 28.5 23
L11974
Two per week 50 100.0 23.2 8.3
One per week 68 109.8 oo 253 S
One every 2 weeks 129 75.9 30.9 18.8 257
One per month 152 80.0 27.1 19.3 23.7
None 148 80.7 26.5 18.9 253
LSD (P < 0.05) 28 17.5 52

tions.
b Taichung ASVEG No. 4.
¢ Least significant difference.
4 AVRDC germ plasm.

possibly over many generations. Alterna-
tively, it could represent a degenerative
type because it also exhibited poor coloni-
zation of tomato leaves. All the isolates we
tested were Al mating types and they
probably represent “old populations” (17)
imported initially on seed potato. All to-
mato isolates were race T1, which are re-
ported to be more prevalent and virulent
than TO (21).

Isolates in our study varied in their
virulence, based on AUDPC values of re-
sults from inoculated seedlings or de-
tached leaves. Because of this inconsis-
tency, it may not be useful to evaluate
isolate virulence and host resistance or
response under in vitro conditions. How-
ever, this method may give some indica-
tion of reproduction capacity, as was
shown for virulence of potato isolates of P,
infestans based on the production of
sporulating lesions on detached leaflets
(20).

Tomatoes transplanted monthly in the
central highlands of Taiwan developed late
blight throughout the year, but the disease
was especially severe from March through
June, which corresponds to the season of
tomato production in the highlands. Dis-
ease severity was much lower between
August and December when precipitation
was less. At lower elevations in Taiwan,
tomato production occurs in the winter and
early spring when temperatures and hu-
midity are extremely favorable for the
pathogen. Thus, tomato production in
Taiwan takes place during periods when
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Calculated based on a formula from Shaner and Finney (15) using a O to 6 scale from four replica-

late blight is most likely to occur and
commercially grown varieties are suscep-
tible to the races that are present.

The Taiwanese isolates of P. infestans
we tested were sensitive to metalaxyl.
Growers often spray mixtures using com-
binations of mancozeb and cymoxanil to
control late blight and to obtain better
overall control of foliar diseases. Although
the number of applications varies, growers
in the highland region frequently apply
fungicides. One grower sprayed 18 times
in one season (G. L. Hartman, unpublished
data). Our data indicated that weekly ap-
plications provided adequate control.
Further reductions in applications would
probably be obtained if disease forecasting
programs were used. Further losses may
be minimized by selecting partially resis-
tant lines or varieties. The commercial va-
riety used in our study (TA4) was much
more susceptible with higher yield losses
than L1197. Further characterization of
late blight resistance in Lycopersicon spp.,
as was done initially by Richards et al.
(13), is warranted as more accessions and
species are now available.
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