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The population of Phytophthora infestans in Brazil was first characterized 12 years ago. In this
research, isolates of P. infestans from potato (n = 184) and tomato (n = 267) collected in south-
ern and southeastern Brazil were characterized to provide more detailed analysis of the current
structure of the population. All 451 isolates were analyzed for mating type, and subsets of the
isolates were analyzed for allozymes, restriction fragment length polymorphism fingerprint,
mtDNA haplotypes, and metalaxyl resistance. Tomato isolates were all of Al mating type,
mtDNA Ib, and US-1 genotype or some variant within this clonal lineage. Of the potato isolates,
82% were A2 mating type, mtDNA Ila, BR-1 genotype, which is a new lineage of P. infestans.
All A2 isolates were found on potato, whereas 91% of the A1 isolates were from tomato. Al and
A2 isolates were never found in the same field. The frequency of resistance to metalaxyl was
higher in isolates from tomato (55%) than in isolates from potato (38%). After more than a dec-
ade of coexistence of isolates of the A1 and A2 mating types, the population was highly clonal,

dominated by the BR-1 and US-1 clonal lineages.

Tomato (Lycopersicon esculentum Mill.)
and potato (Solanum tuberosum L.) are the
two most important vegetable crops in
Brazil. Approximately 3 million metric
tons of tomato and 2.6 million tons of
potato were produced in 2000 (21), mainly
for fresh market consumption. Processing
tomato is becoming an important com-
modity in Central Brazil, where large
acreages are being cultivated. Meanwhile,
potato crops grown for the chip industry
still are restricted to contracted growers.
Tomato production areas are located in
many states throughout the country (Fig.
1A), whereas potato is cultivated mainly in
southeastern and southern Brazil (Fig. 1B).
Together, the two regions account for 62
and 96% of total production of tomato and
potato, respectively.

Late blight caused by the oomycete Phy-
tophthora infestans (Mont.) de Bary is a
highly destructive disease for both potato
and tomato crops in Brazil. The disease is
especially important in the southeast and
southern regions, where weather conditions
in some areas favor late blight devel-
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opment almost all year round. Late blight
control is estimated to be 20% of the total
production costs and fungicide spraying is
the most commonly adopted control meas-
ure (26). Large amounts of protectant and
systemic fungicides are used to control late
blight and the consequences of irrational
use of chemicals concern environmental-
ists, society at large, and growers. There
have been complaints about reduction in
efficacy of fungicides, mainly metalaxyl,
in controlling the disease. Poor plant
coverage and changes in the pathogen
population with occurrence of resistant
isolates could be responsible for the
reduction in fungicide efficacy.

The population of P. infestans affecting
potato and tomato in Brazil was character-
ized (1,15) immediately after the migration
of genetically distinct isolates outside the
Toluca Valley, Central Mexico, the center
of diversity for P. infestans, was first re-
ported (15). The pathogen is a heterothallic
species with two mating types, Al and A2
(12), and isolates of the latter type were
not reported outside Central Mexico until
1984 (20). Studies carried out during the
mid- to late 1980s revealed a low diversity
of Brazilian isolates of P. infestans (1,15).
At that time, isolates belonging to two
clonal lineages were found, US-1 (found
mainly on tomato) and BR-1 (found only
on potato) (1). These lineages were defined
based on DNA fingerprinting, sexual
compatibility mating types, isozymes,
resistance to metalaxyl, and mitochondrial
DNA patterns (1,11,15,19). The US-1

genotype in Brazil had two variants, US-
1.1 with 86/100 and 100/100 genotypes for
isozymes glucose-6-phosphate-isomerase
(Gpi) and peptidase (Pep), respectively,
and US-1.7 with 100/100 and 92/100
genotypes for Gpi and Pep, respectively
(15). These studies were conducted with a
relatively small number of isolates
collected from 1984 to 1987 and DNA
fingerprinting analysis was performed on
only one isolate each of the Al and A2
mating types (15).

It is possible that sexual reproduction is
now part of the life cycle of P. infestans in
Brazil, and this may affect disease control
strategies. In many southeastern and south-
ern regions, there are several counties
where both potato and tomato crops are
cultivated and sexual recombination could
take place. In these regions, the mixture of
inoculum of the populations affecting to-
mato (Al mating type) or potato (A2 mat-
ing type) could generate a more diverse
population of P. infestans and eliminate
host specificity. Oospores resulting from
sexual reproduction (6,30) can play an
important role in the epidemiology of late
blight. Oospores can serve as survival
structures (25,33,36) and progeny derived
from them could generate genetically new
genotypes that are epidemiologically im-
portant (13) and that could compromise the
benefits of using resistant cultivars.

A more detailed analysis of the popula-
tion of P. infestans would be of interest
from both the basic and applied scientific
perspectives. The basic scientific question
is related to the pathogen population dy-
namics in a continuous cropping system. In
some regions of Brazil, three crops of
potato and tomato can be grown through-
out the year, which would be roughly
equivalent to 3 years of host—pathogen
interaction in temperate climates where
usually only one growing season is possi-
ble. From the applied perspective, it is
important to determine the geographical
distribution of A1 and A2 isolates, if there
is still host specificity, and the frequency
and distribution of metalaxyl resistant
isolates.

After more than 10 years of coexistence
of isolates of both mating types in Brazil, it
is possible that there have been major
changes in the population structure of P.
infestans. The objectives of this study were
to characterize current populations of P,
infestans from southern and southeastern



Brazil to obtain better insight into the
population structure of this pathogen. We
tested three hypotheses: (i) that there is
sexual reproduction of P. infestans in Bra-
zil, (ii) that the population of P. infestans in
Brazil is highly diverse, and (iii) that there
is no host specificity within the population
of P. infestans in Brazil. The approach was
to sample potato and tomato fields in
southern and southeastern Brazil, to
characterize these isolates using a variety
of markers and traits, and to identify
associations among the markers.

MATERIALS AND METHODS
Isolates of P. infestans. Potato and to-
mato leaves, stems, fruit, or tubers with
typical late blight symptoms were collected
from commercial production fields in most
of the major potato- and fresh tomato-
producing regions of Brazil from January
of 1998 to October of 2000. Additionally,
samples from universities and experi-
mental research stations from different
states in Brazil also were obtained. De-
pending on the quality of the sample,
isolation was performed either directly on
Rye B culture media amended with antibi-
otics (nystatin, rifampicin, and ampicillin)
or using tomato or potato as bait, with
subsequent isolation on culture media
(8,9). Uncontaminated colonies, deter-
mined by visual inspection, were grown on
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Rye-B culture media (3) at 18°C in the
dark. The isolates were characterized for
mating type, genotypes at the Gpi and Pep
loci, genomic DNA restriction fragment
length polymorphism (RFLP) fingerprint-
ing using the RG57 probe, mitochondrial
DNA haplotype, and metalaxyl resistance.
Mating type. All isolates were analyzed
for mating type. Isolates were paired with
known Al (US-1) and A2 (US-8) tester
isolates on 10% clarified V8 juice agar
(32). Mycelial plugs (8 mm in diameter) of
a known Al or A2 isolate were placed on
opposite sides of the strip of unknown
isolate. A strip (5 to 6 mm in width by 40
to 50 mm in length) of culture medium
containing mycelial growth of a 7- to 10-
day-old isolate was centered in the plate
(90 mm in diameter), between the two
discs. The plates were transferred to an
incubator at 18°C. After incubation for 3 to
4 weeks in the dark, plates were checked
microscopically for the presence of
oospores where mycelia of the known and
unknown isolates intermingled. Isolates
that produced oospores when paired with
the Al tester isolate, but did not produce
oospores with the A2 isolate were

designated A2. Isolates that formed oo-
spores when paired with the A2 tester and
did not form when paired with the Al iso-
late were designated Al. Mating type was
determined for 451 isolates.

Allozymes. The Gpi loci were deter-
mined using either cellulose-acetate or
starch gel electrophoresis (14), and the Pep
loci were determined using only cellulose-
acetate electrophoresis (17). Mycelia from
7- to 10-day-old colonies grown on rye-B
agar (A1 isolates) or pea agar (A2 isolates)
were used for allozyme profile analysis
using cellulose acetate (17). Mycelial
growth of A2 isolates was more abundant
on pea agar than on rye-B. Mycelia for
starch gel analysis were obtained from
cultures grown in 50 ml of pea broth for 10
to 15 days. Allozyme alleles were
designated by the numbers representing
their percentage of mobility relative to
previously established standards (15). A
subset of 270 isolates was analyzed for Gpi
(172 from tomato and 98 from potato) and
113 isolates were analyzed for Pep (67
from tomato and 46 from potato).

DNA fingerprinting (RG57). The DNA
extraction protocol and the RFLP analysis
using RG57 probe was carried out on 94
isolates using the methodology described
by Goodwin et al. (16). The pathogen was
grown in pea broth supplemented with
CaCO; for 15 days at 18°C, as standing
culture. The mycelium was filtered through
filter paper on a Buchner funnel, frozen at
—80°C, and lyophilized overnight. Alkaline
blotting to Hybond-N* nylon membrane,
hybridization with nonradioactive RGS57

Fig. 1. A, Tomato- and B, potato-growing areas in Brazil and total production. Sampled areas are marked with a circle. Production data compiled from

IBGE (21).
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probe, and autoradiography were all ac-
cording to the manufacturer’s instructions
(Renascence Kit; NEN Life Science,
Boston) and standard protocols (29). The
DNA fingerprinting of the isolates was
determined by comparing their patterns
with those of the three reference isolates
(US-1, US-8, and US-17).

Mitochondrial haplotypes. Based on
nuclear DNA data, 41 isolates were chosen
for analysis of mitochondrial DNA. DNA
extraction, digestion with restriction en-
zyme, polymerase chain reaction, and de-
termination of the four known mitochon-
drial haplotypes of P. infestans (2) were
according to Griffith and Shaw (19). The
mitochondrial haplotypes of tested strains
were determined by comparing their pat-
terns to reference isolates US-1 (Ib) and
US-8 or US-17 (I1a).

Metalaxyl resistance. Metalaxyl resis-
tance of 122 isolates was estimated based
on radial growth on metalaxyl-amended
rye-B agar, as described elsewhere
(5,24,34,35). An 8-mm-diameter mycelial
plug from a 7-day-old colony was placed
on the center of a petri plate containing
rye-B amended with metalaxyl (Ridomil
2E; Syngenta Co., Greensboro, NC) at 5 or
100 ppm. Control plates were rye-B
medium with no metalaxyl (0 ppm). Two
replicates of each metalaxyl concentration
for each isolate were used. Plates were

Table 1. Number of isolates of Phytophthora
infestans collected from tomato and potato
regions of Brazil and characterized

Host

Region, state Tomato Potato
South

Rio Grande do Sul 1 15

Santa Catarina 18 16

Parana 19 41
Southeast

Sao Paulo 13 18

Minas Gerais 164 87

Rio de Janeiro 29 0

Espirito Santo 23 7
Total 267 184

maintained at 18°C in the dark. Colony
diameter was measured after 14 days,
when the diameter of the colony grown at
0 ppm concentration was at least 30 mm.
The diameter of the colony was corrected
for the diameter of the initial mycelial
plug. The mean colony diameter of both
plates with metalaxyl at 5 and 100 ppm
were divided by the mean colony diameter
on the control plates to determine the
relative growth. Isolates that grew less than
40% of the control on metalaxyl plates at 5
and 100 ppm were recorded as sensitive.
Isolates that grew more than 40% of the
control on metalaxyl medium at 5 ppm and
less than 40% at 100 ppm were recorded as
intermediately resistant. Isolates that grew
more than 40% of the control at both 5 and
100 ppm were recorded as resistant (35).
The entire experiment (122 isolates) was
repeated once and the mean of both trials is
presented in the results.

RESULTS

A total of 451 isolates of P. infestans
from individual lesions on diseased tomato
foliage and fruit or potato foliage and
stems from 132 different fields were ob-
tained. Tomato isolates composed 59% and
potato isolates 41% of the total number of
isolates (Table 1). Of the 132 fields, 51
were cultivated with potato and 81 with
tomato. Both A1 and A2 mating types were
detected among Brazilian isolates of P.
infestans that were collected. In all cases,
all isolates from the same field were
monomorphic for mating type.

All tomato isolates were of the A1 mat-
ing type. Of the 67 tomato isolates ana-
lyzed for both Gpi and Pep, 63 had the
allozyme genotype of the US-1 clonal
lineage (86/100 and 92/100). Two isolates
(4.5%) were 86/100 for Gpi and 100/100
for Pep, similar to US-1.1 lineage. One
additional genotype, Gpi and Pep 100/100,
was detected in one tomato field from
Minas Gerais State (BR980070). The Gpi
profile of the 105 tomato isolates not ana-
lyzed for Pep was 86/100 (103 isolates)
and 100/100 (2 isolates) (Table 2).

Most of the potato isolates (82%) were
A2 mating type. The isozyme profile of 40
potato isolates (40.8%) was 100/100 for
both Gpi and Pep, the same as previously
reported for BR-1 lineage (15). Four potato
isolates (4.1%) from the Horticulture
Experimental Area of Universidade Fed-
eral de Vigosa, were the Al mating type,
86/100 for Gpi and 92/100 for Pep, typical
of the US-1 genotype. Two potato isolates
from the same area were Al, and had
86/100 and 100/100 for Gpi and Pep, re-
spectively. Of the potato isolates that were
tested for Gpi and not for Pep, 52 had the
Gpi genotype 100/100 (40 A2 isolates) and
86/100 (11 Al isolates) or 100/100 (one Al
isolate) (Table 2).

The results of the DNA fingerprinting
analysis of 93 isolates (39 from potato and
54 from tomato) agreed with allozyme
analyses and revealed a very uniform
structure of the population of P. infestans
in Brazil. Among the 93 isolates tested,
there were five distinct RG57 banding
patterns that differed by one to five RFLP
loci (Table 2). Tomato isolates belonged to
the US-1 clonal lineage, with six variants
differing in only one locus (band 9 or 10). In
all, 7 potato isolates belonged to the clonal
lineage BR-1 (15), but 27 isolates belonged
to one possible variant missing band number
22 (Fig. 2). Three potato isolates, from
Vicosa, MG, had an RFLP pattern similar to
the tomato isolates (Table 2).

Only two mitochondrial DNA haplo-
types were found among 41 Brazilian iso-
lates of P. infestans tested. The mtDNA of
all A1 isolates had the Ib haplotype, typical
of the US-1 clonal lineage. The A2 isolates
had the haplotype Ila, typical of the newly
introduced lineages.

Of 122 isolates tested, 79 isolates
(64.8%) were ranked as either intermedi-
ately resistant (59 isolates, 48.4%) or resis-
tant (20 isolates, 16.4%) to metalaxyl.
Only 43 isolates (35.2%) were sensitive to
metalaxyl. Metalaxyl resistance was more
frequently found among tomato isolates
than among potato isolates. Of the 74 to-
mato isolates, 12 (16.2%) were intermedi-

Table 2. Genotypes of Phytophthora infestans detected in potato and tomato in southern and southeastern Brazil from 1998 to 2000

Characteristic?
Host, mating type Gpi Pep RG57 Genotype No. of isolates
Tomato
Al 86/100 92/100 1010101011001101000110011 US-1 44
Al 86/100 92/100 1010101001001101000110011 US-1.3 5
Al 86/100 92/100 1010101010001101000110011 US-1.2 1
Al 86/100 100/100 1010101011001101000110011 US-1.1 2
Al 86/100 100/100 1010101010001101000110011 US-1.4 1
Al 100/100 100/100 1010101011001101000110011 RU-1 1
Potato
Al 86/100 92/100 1010101011001101000110011 US-1 3
Al 86/100 100/100 1010101001001101000110011 Us-1.9 1
Al 86/100 100/100 1010101010001101000110011 UsS-14 1
A2 100/100 100/100 1010101000001100001111011 BR-1 7
A2 100/100 100/100 1010101000001100001110011 BR-1.1 27

4 Gpi = glucose-6-phosphate isomerase; Pep = peptidase; RG57 probe used for restriction fragment length polymorphism analysis (0 = putative band).

Genotype designation sensu Goodwin et al. (19).
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ately resistant and 41 (55.4%) were resis-
tant to metalaxyl. For the 48 potato
isolates, the number of intermediately re-
sistant and resistant isolates was 8 (16.7%)
and 18 (37.5%), respectively.

Two variants of P. infestans genotypes,
not previously described, were named here
as US-1.9 and BR-1.1, according to the
criteria proposed by Goodwin et al. (14).
The US-1.9 was different from the US-1 in
Pep pattern (100/100 instead of 86/100)
and for missing band number 9 in the
RFLP assay. The BR-1.1 did not have band
22 on the fingerprinting profile using the
RG57 probe.

A total of nine multilocus genotypes,
based on combinations of the markers in
270 isolates (mating type, Gpi, Pep, and
RG57) were identified (Table 2). Of these,
two genotypes (US-1 and US-1.4) were
isolated from both hosts, four genotypes
(US-1.1, US-1.2, US-1.3, and RU-1) were
isolated from tomato, and three genotypes
(BR-1, BR-1.1, and US-1.9) were isolated
from potato.

DISCUSSION

More than a decade after the first detec-
tion of isolates of the A2 mating type of P.
infestans, isolates of both mating types can
be found widespread in southern and south-
eastern Brazil, indicating the opportunity
for sexual reproduction by this plant patho-
gen. The Brazilian population of P in-
festans collected in 1998 to 2000 had a
clonal structure. A2 isolates always were
collected from potato plants, while most
Al isolates (91%) were found on tomato
plants, which indicates a strong host speci-
ficity of the lineages of P. infestans in Bra-
zil. The few Al isolates found on potato
were from highly susceptible cultivars
(Bintje and Monalisa) collected in a region
where tomato but not potato is grown com-
mercially. In this traditional tomato-grow-
ing area, the Al isolates infecting potato
most likely came from tomato plants due to
the high amount of inoculum available.

According to the results of mating, al-
lozyme, and DNA marker tests, isolates of
the US-1 lineage are still present in Brazil
and were most commonly associated with
tomato. Although the specific reasons for
host specialization are not certain, there are
some possible explanations. One possi-
bility is that there is, indeed, selection by
host. Such specialization has been reported
in Africa and the United States (23,37).
Another explanation is that either or both
lineages might be better adapted to the
environment in which each host is grown.
Tomato plants typically are grown in re-
gions of higher temperature and potato
plants typically are grown in regions of
lower temperature. We are currently testing
the hypothesis that “tomato” isolates re-
spond to temperature differently than “po-
tato” isolates. Finally, another possibility is
that genetic drift might have contributed to
the current population structure.

The clonal lineage BR-1 probably was
introduced to Brazil through seed tubers
imported from Europe. There is consider-
able trade of potato seed with the Nether-
lands, where sexual recombination can
occur and the population of P. infestans is
very diverse (7). The 100/100 Gpi and
Pep patterns found in BR-1 are common
in European population of P. infestans
(7,11). The spread of the BR-1 lineage to
other potato-producing areas could have
been through potato seed tubers or market
potato tubers. The US-1 lineage could
have been the dominant lineage on potato
in Brazil before the introduction of the
A2 isolates. Possibly, the US-1 pop-
ulation on potato was displaced by new
A2 genotypes of P. infestans, as has
been reported in other countries
(4,9,22,31).

Some variation on the known profiles of
allozymes and RG57 was found within the
US-1 lineage. Some of these variants of
US-1 also were observed by Goodwin et
al. (15,18). These variations (one RFLP
band or an allozyme allele) could have
resulted from mutation or mitotic recombi-
nation (parasexualism). The US-1 variants
were not detected in previous surveys in
Brazil, but our sample size was much lar-
ger and had greater chance of detecting

US-1
BR-1.1

Brazil

diversity. The US-1.7 genotype, which was
detected previously by Goodwin et al. (15),
was not found in this study, but we
included only one Al isolate from Rio
Grande do Sul State, where US-1.7 origi-
nally was isolated.

One isolate was similar to the RU-1
lineage previously found in Russia and
Rwanda (15). We do not have a sound
explanation for the occurrence of RU-1 in
Brazil. Further analysis using more mark-
ers is necessary to a better insight on the
origin of this isolate.

All isolates of P. infestans of the Al
mating type had mtDNA haplotype Ib,
which is typical of the US-1 lineage (2,19).
This fact supports the hypothesis that the
other Al isolates differing from US-1 in
one or two loci are variants from this line-
age and most likely arose by mutation or
mitotic recombination. The isolates of the
A2 mating type had the Ila mtDNA haplo-
type, typical of the new lineages, intro-
duced after 1980 (19).

In this study, a high percentage of US-1
isolates (72.2%) were resistant or interme-
diately resistant to metalaxyl, while most
of the BR-1 isolates (44.4 %) were sensi-
tive. This observation differs from results
obtained in the United States (10) and
Ecuador (9), where most of the isolates

US-1 US-8

25
24

21
20

16
14

13

10

Fig. 2. Autoradiogram of restriction fragment length polymorphism patterns of isolates of Phy-
tophthora infestans using RG57 probe. Lanes 1 and 2, Brazilian isolates of BR-1.1; lanes 3 and 4,
Brazilian isolates of the US-1 lineage; lanes 5 and 6, US-1 and US-8 isolates from the Cornell
University collection, respectively. RG57 fingerprint band numbers are indicated in the right.
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from the US-1 lineage are metalaxyl sensi-
tive and most of the recently introduced
new lineage isolates are metalaxyl resis-
tant. Excessive and inadequate use of
metalaxyl on tomato crops is not uncom-
mon in many growing areas in Brazil and
could have contributed to the higher fre-
quency of isolates resistant to metalaxyl in
tomato than in potato crops.

In spite of the presence of both Al and
A2 mating type of P. infestans in Brazil for
at least 12 years, the data collected in this
study do not indicate sexual reproduction.
The population structure remains clonal
and there is high host specificity, as ob-
served by Brommonschenkel (1). Several
scenarios could contribute to this situation:
(1) The lack of sexual reproduction may be
due to the host specificity of two clonal
lineages, as is the case in Ecuador (28).
This characteristic makes the chance of
both mating types occurring together rare.
(i) If both Al and A2 are present and
mate, the oospores are not viable, as ob-
served by Mosa et al. (27) in Japan. (iii) If
oospores are produced and germinate, the
progeny is less adapted than the parental
strains and may not survive, as observed by
Mayton et al. (25).
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