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Isolates of Phytophthora infestans (n = 178) were collected in 2002 to
2009 from the eastern United States, Midwestern United States, and
eastern Canada. Multilocus genotypes were defined using allozyme
genotyping, and DNA fingerprinting with the RG-57 probe. Several
previously described and three new mulitilocus genotypes were de-
tected. The US-8 genotype was found commonly on commercial potato
crops but not on tomato. US-20 was found on tomato in North Carolina
from 2002 through 2007 and in Florida in 2005. US-21 was found on
tomato in North Carolina in 2005 and Florida in 2006 and 2007. US-22
was detected on tomato in 2007 in Tennessee and New York and be-
came widespread in 2009. US-22 was found in 12 states on tomato and
potato and was spread on tomato transplants. This genotype accounted
for about 60% of all the isolates genotyped. The US-23 genotype was

found in Maryland, Virginia, Pennsylvania, and Delaware on both
tomato and potato in 2009. The US-24 genotype was found only in
North Dakota in 2009. Al and A2 mating types were found in close
proximity on potato and tomato crops in Pennsylvania and Virginia;
therefore, the possibility of sexual reproduction should be monitored.
Whereas most individuals of US-8 and US-20 were resistant to
mefenoxam, US-21 appeared to be intermediately sensitive, and iso-
lates of US-22, US-23, and US-24 were largely sensitive to mefen-
oxam. On the basis of sequence analysis of the ras gene, these latter three
genotypes appear to have been derived from a common ancestor. Further
field and laboratory studies are underway using simple sequence repeat
genotyping to monitor current changes in the population structure of P,
infestans causing late blight in North America.

Late blight of potato and tomato caused by Phytophthora in-
festans (Mont.) de Bary is a devastating disease worldwide and led
to the Irish potato famine in 1845 (5,6). Late blight is considered
the most important biotic constraint to potato production world-
wide and is a major threat to food security (1,42). Under favorable
weather conditions, tomato and potato crops can be destroyed
within days (6). Yield losses caused by late blight and the cost of
control measures have been estimated to exceed $6.7 billion annu-
ally (4,32,34). Socioeconomic hardships are still caused by the
disease, as evidenced by the severe epidemics that occurred in
Russia in the 1990s (17) and in the northeastern United States in
2009 (40).

P. infestans is a heterothallic oomycete plant pathogen more
closely related to brown algae than to true fungi (30). The
pathogen reproduces predominately by asexual sporangia formed
on infected host tissue. Sporangia can be dispersed by rain splash
very locally (meters) and by wind for hundreds of meters to
kilometers. Movement over continental distances is typically via
infected plant materials. The pathogen typically survives from
season to season as mycelia in infected potato tubers, in volunteer
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plants, or in infected culled potato tubers that can serve as initial
inoculum and contribute to epidemic development on subsequent
crops. When both Al and A2 mating type strains are present,
sexual reproduction and oospore formation can occur (22). Oo-
spores are thick-walled spores that can overwinter and act as a
source of inoculum for early infections the following season (2).
Populations of P. infestans are genotypically more diverse when
sexual reproduction occurs (15,49).

Potato and tomato late blight epidemics in 2009 in the eastern
United States were severe. Widespread inoculum that moved on
infected tomato transplants, above-normal rainfall, and cool
weather conditions that occurred early and lasted well into July in
most areas of the eastern United States led to extensive disease
outbreaks (41). Tomato late blight occurred in the southeastern
United States in winter tomato in Florida through March 2009; in
late April in Beaufort, SC; and in early June in Charleston, SC (T.
Keinath, personal communication). The disease was found on po-
tato in eastern North Carolina in Tyrell, Pasquotank, and Camden
Counties in late May and early June on the DELMARVA Peninsula
(Deleware, Maryland, and Virginia). In late June, epidemics in the
northeast became severe as tomato transplants infected with P.
infestans were distributed through the major garden center chains
from Maryland to Maine. The pathogen quickly spread from
backyard garden tomato plants to commercial fields of tomato and
potato. The disease did not appear on tomato in northeastern
Georgia and western North Carolina until late July. Late blight
appeared in Wisconsin and North Dakota in commercial
production areas in mid-August and caused severe losses in some
fields. The disease led to millions of dollars of lost income to
growers in many areas of the northeastern United States, and some
organic tomato growers abandoned production altogether. The
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pathogen has reemerged as a significant disease threat to the or-
ganic tomato industry in the United States, where management
options are limited (46).

New strains of the pathogen have migrated worldwide to exacer-
bate disease (21). The global population structure of P. infestans
includes a series of migrations and displacements of clonal line-
ages (10,20,26,38,44). In contrast to parts of Europe, where patho-
gen populations are genetically very diverse, the genetic structure
of P infestans has been much simpler and largely clonal in the
United States and Canada, consisting of a few multilocus geno-
types (21). This is despite the occurrence of both Al and A2 mat-
ing types in the United States. In the United States, greater genetic
diversity of the pathogen has been observed on tomato than on
potato, and tomato-specific lineages have been reported
(19,26,36,48). In the mid-1990s, the majority of the genotypes on
tomato were US-6, US-7, US-11, and US-17 whereas, on potato,
the US-8 genotype was the most frequent genotype in some parts
of the United States (26). Subsequently, US-18 and US-19 were
found on tomato (48). A recent study in Florida documented the
presence of two new genotypes named US-20 and US-21 on to-
mato, and the continued presence of the US-8 genotype on potato
(45).

Our goal was to gain a contemporary understanding of the domi-
nant multilocus genotypes of P. infestans on tomato and potato in
the eastern part of the United States. We wanted to know if popula-
tions are still likely to be highly clonal and to determine whether
previously dominant multilocus genotypes were still dominant. We
also identified the widespread genotype present on tomato trans-
plants and examined the evolutionary relationships of the most
recent clonal lineages identified. A preliminary report of this work
has been published (33).

Materials and Methods

Isolates. We collected and cultured 178 isolates of P. infestans
from 2002 to 2009. During the period between 2002 and 2008,
epidemics were sporadic in the eastern United States; therefore,
fewer isolates from that time period were obtained. In 2009, as
disease reports began to emerge in the eastern United States from
plant disease clinics and extension faculty in our network, we col-
lected isolates from many states. Isolates were analyzed using a

series of molecular markers, and mating type and sensitivity to
mefenoxam was determined.

Isolates of P. infestans were collected from tomato (n = 40) be-
tween 2002 and 2008 from Florida, Tennessee, North Carolina, and
New York. However, in 2009, the widespread epidemic enabled a
much wider sampling (12 states and Canada), including both po-
tato (n = 57) and tomato (n = 81) (Tables 1 and 2; Supplementary
Table S1). Sporangia were removed from the infected tissue and
plated on nonamended or antibiotic-amended Rye-V8 medium (8)
at 18°C. Some tomato strains from North Carolina were main-
tained in planta by inoculating sporangia (5.0 x 10* sporangia/ml)
on excised healthy tomato cuttings that were placed in a plastic
vial with distilled water in a plastic box until isolations could be
done.

Mating type. Mating types were determined by pairing an Al
tester or an A2 tester isolate on clarified V8 agar with each test
isolate (11). A mycelial plug (8 mm in diameter) of a known Al or
A2 isolate was placed on one side of a petri dish (90 mm in diam-
eter) and a mycelial plug of an unknown isolate at the other side.
Oospore formation was checked after 10 to 14 days of incubation
at 18°C in the dark, using a microscope. Isolates that produced
oospores with the known Al tester isolate were designated as the
A2 mating type and isolates that produced oospores with the
known A2 tester isolate were designated the A1l mating type. Posi-
tive controls consisted of pairings between the opposite mating
type of tester isolates, and negative controls consisted of pairings
between isolates of the same mating type.

Mefenoxam sensitivity. Sensitivity to mefenoxam was esti-
mated on the vast majority of isolates (n = 155) based on radial
growth on mefenoxam-amended Rye-V8 agar, as described
previously (12). An 8-mm-diameter mycelial plug from a 7- to 14-
day-old colony was placed at the center of a petri plate containing
Rye-V8 agar amended with mefenoxam (Ridomil 2E; Syngenta,
Research Triangle Park, NC) at 5 or 100 pug/ml. Control plates
contained nonamended Rye-V8 medium (0 pg/ml). Two
replications were conducted per treatment for each isolate, and the
experiment was done at least twice. Plates were maintained at
18°C in the dark. Radial growth of each colony was measured after
10 to 14 days, and the relative growth of each isolate at each
mefenoxam concentration was calculated as a percentage of the

Table 1. Summary of multilocus genotypes of Phytophthora infestans collected from 2002 to 2008 in North Carolina (NC), Tennessee (TN), Florida (FL).

and New York (NY)
Allozyme genotype? Mefenoxam

State, year  n Host MT¢ Gpi Pep sensitivity!  mtDNA®¢  Genotype' RG57 RFLP®

NC
2002 1 Tomato A2 100/100 100/100 R Ia US-20 1,3,5,7,10,13,14,16,18,20,21,24,25
2003 1 Tomato A2 100/100 100/100 R JE US-20 1,3,5,7,10,13,14,16,18,20,21,24,25
2004 5 Tomato A2 100/100 100/100 R/ Ia US-20 1,3,5,7,10,13,14,16,18,20,21,24,25
2005 3 Tomato A2 100/100 100/100 R/T Ia US-20 1,3,5,7,10,13,14,16,18,20,21,24,25
2006 1 Tomato A2 100/100 100/100 I Ia US-20 1,3,5,7,10,13,14,16,18,20,21,24,25
2007 1 Tomato A2 100/100 100/100 1 Ia US-20 1,3,5,7,10,13,14,16,18,20,21,24,25
2007 1 Tomato A2 100/122 100/100 I Ia US-21 1,5,10,13,14,18,20,21,24,25

FL
2005 2 Tomato A2 100/100 100/100 S/ Ia US-20 1,3,5,7,10,13,14,16,18,20,21,24,25
2006 3 Tomato A2 100/122 100/100 1 JE US-21 1,5,10,13,14,18,20,21,24,25
2007 2 Tomato A2 100/122 100/100 S/ Ia US-21 1,5,10,13,14,18,20,21,24,25
2008 15 Tomato A2 100/122 100/100 1 JE US-22 1,5,13,14,16,20,21,24,25

TN
2007 3 Tomato A2 100/122 100/100 1 JE US-22 1,5,13,14,16,20,21,24,25

NY
2007 1 Tomato A2 100/122 100/100 1 £ US-22 1,5,13,14,16,20,21,24,25
2008 1 Tomato A2 100/122 100/100 I Ia US-22 1,5,13,14,16,20,21,24,25

2 Allozyme genotyping done using methods of Goodwin et al. (25); Gpi = glucose-6-phosphate isomerase and Pep = peptidase.

b Number of isolates.
¢ Mating type.

d Sensitivity to mefenoxam. R = mefenoxam resistant, I = intermediate, and S = sensitive by the methods of Deahl et al. (11).

¢ mtDNA haplotype determined by the methods of Griffith and Shaw (28).

f US-22 genotype isolates collected by Meg McGrath in Long Island, NY in September 2007 and October 2008, Ken Deahl in TN in July 2007, and Pam

Roberts in FL in 2008.

¢ DNA fingerprinting by restriction fragment length polymorphism (RFLP) by methods of Goodwin et al. (24) and genotype name assigned.
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growth on nonamended Rye-V8 medium (control plate). Isolates
with a colony diameter less than 40% of the nonamended control at
5 and 100 pg/ml were classified as mefenoxam sensitive. Isolates
with a colony diameter greater than 40% of the nonamended
control at 5 ug/ml but less than 40% of the nonamended control at
100 pg/ ml were classified as intermediate. Isolates with a colony
diameter greater that 40% of the nonamended control at both 5 and
100 pg/ml were classified as mefenoxam insensitive (resistant)
(12).

Allozyme analysis. Allozyme genotypes were determined for
the vast majority of isolates (n = 177) at glucose-6-phosphate iso-
merase (Gpi) and peptidase (Pep) loci. Mycelia obtained from pea
broth culture or directly from sporangia were placed in sterile 1.5-
ml microcentrifuge tubes and extracted according to Goodwin et
al. (25). Allozyme genotypes were determined at the Gpi and Pep
loci by cellulose-acetate electrophoresis. Isolates of two clonal
genotypes—US-1 (Gpi 86/100, Pep 92/100) and US-8 (Gpi
100/111/122, Pep 100/100)—were used as standards on each
acetate plate. Migration distances of proteins from the unknown
isolates were compared with migration distances of proteins from
the tester genotypes. Alleles in individual isolates were scored
based on the migration of their proteins relative to the protein
produced at the 100 allele, which is the most common allele.

DNA extraction. Mycelia of a subset of isolates from pea broth
culture were harvested by centrifugation at 13,000 rpm, rinsed in
sterile distilled water, dried, and either stored at —20°C or used
immediately for DNA extraction. Total DNA was extracted from
the mycelia by using a cetyltrimethylammonium bromide (Sigma-
Aldrich, St. Louis) protocol (48). DNA was diluted 1:10 or 1:100
and stored at —20°C until use.

mtDNA haplotype analysis. The vast majority of isolates (n =
128) were analyzed for mtDNA haplotype. DNA extraction,
polymerase chain reactions (PCRs), and digestion with restriction

enzymes were used to determine haplotypes according to the
methods of Griffith and Shaw (28) modified by Wangsomboondee
et al. (48). Four different mitochondrial haplotypes have been
described in P. infestans: Ia, Ib, Ila, and IIb (7). The mitochondrial
haplotypes of isolates were determined by comparing their patterns
to reference isolates of mtDNA haplotypes Ia, Ib, IIa, and IIb.
Restriction fragment length polymorphism genotype. Isolates
were grown in pea broth for 14 days at 18°C. The mycelia were
vacuum-filtered through Whatman Number 1 filters lyophilized at
—5°C overnight. Total DNA was extracted using Sigma’s GenElute
Plant Genomic DNA Extraction Kit and restriction fragment length
polymorphism (RFLP) analysis was done using the RG-57 probe
carried out using the methodology described by Goodwin et al.
(24) on 132 isolates. Transfer to a positively charged nylon
membrane, hybridization with a nonradioactive RG-57 probe, and
autoradiography were all performed according to the manu-
facturer’s instructions (Roche Applied Science DIG High Prime
Labeling and Detection Kit II). The RFLP genotype of the isolates
was determined by comparing their patterns with those of
reference isolates US-1, US-8, and US-18 (18). Data obtained from
RFLP analysis were used to name the clonal lineages after
comparison with previously reported U.S. lineages (18,26,48).
Simple sequence repeat analysis. Simple sequence repeats
(SSRs) were analyzed on a subset of isolates (n = 56) from New
York, Maine, Florida, and Virginia using slightly modified pub-
lished protocols (37). We analyzed SSRs on the previously identi-
fied US-8 and US-22 clonal lineages determined previously by
RFLP analysis, because these lineages varied in mefenoxam sensi-
tivity. Many of the U.S. clonal lineages have subsequently been
tested with the complete set of SSR markers and will be published
elsewhere (W. Fry, unpublished data). The SSR loci that were
amplified included Pi4B, PiG11 (35), Pi02, Pi89, Pi04, Pi70, Pi56,
Pi 63, D13, Pil6, Pi33, and Pi66 (37). PCR products were mixed

Table 2. Summary by state of multilocus genotypes of Phytophthora infestans collected during 2009 late blight epidemics

a
Allozyme genotype Mefenoxam
State nP Host MTe Gpi Pep sensitivity! mtDNA®¢ Genotype RGS57 RFLPf
Florida 8 Tomato A2 100/122 100/100 S Ia US-22 1,5,13,14,16,20,21,24,25
North Carolina 4 Potato A2 100/111/122 100/100 R/ la US-8 1,5,10,13,14,16,20,21,23,24,25
4 Tomato A2 100/122 100/100 S Ia US-22 1,5,13,14,16,20,21,24,25
Tennessee 1 Tomato A2 100/122 100/100 S Ta US-22 1,5,13,14,16,20,21,24,25
Maryland 1 Potato Al 100/100 100/100 S/ Ia US-23 1,2,5,6,10,13,14,17,20,21,24,24a,25
2 Tomato A2 100/122 100/100 S Ta Us-22 1,5,13,14,16,20,21,24,25
Virginia 1 Potato A2 100/111/122 100/100 R/ Ia US-8 1,5,10,13,14,16,20,21,23,24,25
3 Tomato Al 100/100 100/100 S Ta UsS-23 1,2,5,6,10,13,14,17,20,21,24,24a,25
2 Tomato A2 100/122 100/100 S Ia US-22 1,5,13,14,16,20,21,24,25
2 Potato A2 100/122 100/100 S Ta US-22 1,5,13,14,16,20,21,24,25
West Virginia 3 Tomato A2 100/122 100/100 S Ia US-22 1,5,13,14,16,20,21,24,25
Delaware 4 Potato Al 100/100 100/100 S/ Ta US-23 1,2,5,6,10,13,14,17,20,21,24,24a,25
New Jersey 1 Tomato A2 100/122 100/100 S/ Ia US-22 1,5,13,14,16,20,21,24,25
Pennsylvania 5 Potato Al 100/100 100/100 S/ Ia US-23 1,2,5,6,10,13,14,17,20,21,24,24a,25
2 Potato A2 100/122 100/100 S/ Ia US-22 1,5,13,14,16,20,21,24,25
7 Potato A2 100/111/122 100/100 R/T Ta US-8 1,5,10,13,14,16,20,21,23,24,25
9 Tomato Al 100/100 100/100 S/t Ia US-23 1,2,5,6,10,13,14,17,20,21,24,24a,25
10 Tomato A2 100/122 100/100 S/ Ta Us-22 1,5,13,14,16,20,21,24,25
New York 33 Tomato A2 100/122 100/100 1 Ia USs-22 1,5,13,14,16,20,21,24,25
8 Potato A2 100/122 100/100 1 Ta US-22 1,5,13,14,16,20,21,24,25
11 Potato A2 100/111/122 100/100 R/ Ia US-8 1,5,10,13,14,16,20,21,23,24,25
Maine 2 Potato A2 100/122 100/100 S Ta US-22 1,5,13,14,16,20,21,24,25
1 Potato A2 100/111/122 100/100 R Ia US-8 1,5,10,13,14,16,20,21,23,24,25
1 Tomato A2 100/122 100/100 S Ta Us-22 1,5,13,14,16,20,21,24,25
Indiana 1 Tomato A2 100/122 100/100 S Ia US-22 1,5,13,14,16,20,21,24,25
‘Wisconsin 1 Tomato A2 100/122 100/100 S Ta US-22 1,5,13,14,16,20,21,24,25
North Dakota 6 Potato Al 100/100/111 100/100 1 Ia US-24 1,3,5,7,10,13,14,16,20,21,23,24,25
2 Tomato Al 100/100/111 100/100 S la UsS-24 1,3,5,7,10,13,14,16,20,21,23,24,25
Canada 3 Potato A2 100/122 100/100 S Ia US-22 1,5,13,14,16,20,21,24,25

2 Allozyme genotyping done using methods of Goodwin et al. (25); Gpi = glucose-6-phosphate isomerase and Pep = peptidase.

b Number of isolates.
¢ Mating type.

d Sensitivity to mefenoxam. R = mefenoxam resistant, I = intermediate, S = sensitive by the methods of Deahl et al. (11).

¢ mtDNA haplotype determined by the methods of Griffith and Shaw (28).

f DNA fingerprinting by restriction fragment length polymorphism (RFLP) by methods of Goodwin et al. (24) and genotype name assigned.
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with LIZ 500 size standard (Applied Biosystems Inc., Foster City,
CA), and analyzed on an ABI 3730 48 capillary system. Elec-
tropherograms were visualized and scored using Peak Scanner
software (Applied Biosystems Inc.).

DNA amplification and sequencing. Two regions of the ras
gene, a single-copy nuclear gene (9), including intron 1 (224 bp),
and a 542-bp region, including exons 3-6 and introns 3-5, were
amplified from a subset of isolates by PCR and sequenced. PCR
reactions were done as previously described (23). Sequencing
reactions were prepared using the ABI PRISM BigDye Terminator
Cycle Sequencing Ready Reaction Kit and analyzed on an ABI
PRISM 377 automated sequencer (Applied Biosystems Inc.).
Sequences of representative haplotypes were submitted to
GenBank (accession numbers JF431434 to JF431457; Supple-
mentary Table S2).

Data statistical analysis. Statistical analyses of the nucleotide
sequences were performed in SNAP Workbench version 2.0 (43).
Multiple DNA sequences were aligned and edited manually with
BioEdit (31). Sequence data from nuclear (IntronRas + Ras) loci
were combined separately into alignment files using SNAP Com-
bine (3). Sequences were collapsed into unique haplotypes using
SNAP Map (3) after removing insertions and deletions from each
of the aligned multilocus data sets and excluding infinite-sites
violations. Base substitutions were categorized as phylogenetically
informative or uninformative, transitions or transversions, and
nonsynonymous (replacement) or synonymous amino acid changes
in the coding region of each alignment. Resultant haplotype data
sets were used to examine the overall support or conflict among
the variable sites in the DNA sequence alignment. A site
compatibility matrix was generated from each haplotype data set
using SNAP Clade and Matrix (3). Compatibility matrices were
used to examine compatibility or incompatibility among all
variable sites, with any resultant incompatible sites removed from
the data set. Data sets were also evaluated using RecMin (3) for
evidence of recombination boundaries and for estimating the
minimum number of recombination events. Conflicting data
partitions or putative recombinant haplotypes were also excluded
from further analyses. Nonrecombining data sets were collapsed
into unique haplotypes excluding infinite-sites violations using
SNAP Map. The nonrecombining data set included both the
nuclear gene region intron 1 of ras and introns and exons 3 to 5 of
ras (IntronRas + Ras).

Genealogical analysis. The ancestral history of the populations
for the nonrecombining data set (nuclear IntronRas + Ras com-
bined) were inferred using Genetree (version 9.0) and Treepic (43)
in SNAP Workbench. The genealogy with the highest root proba-
bility, ages of mutations, the TMRCA of the sample, and the geo-
graphic distribution of the mutations were estimated from coales-
cent simulations. Coalescent analyses with population subdivision
were performed and a backward migration matrix was estimated
for each locus using IM. Recombinant haplotypes were identified a
priori using SNAP Clade and excluded from the analysis. Coales-
cent simulations were performed assuming an infinite-sites model,
constant population size, and population subdivision. Gene geneal-
ogies for each locus were inferred using five million simulations of
the coalescent. Additionally, we performed five independent runs
of five million simulations using a different starting random num-
ber seed for each run to ensure convergence.

Results

Forty isolates of P. infestans were collected from tomato in Flor-
ida, North Carolina, Tennessee, and New York from 2002 to 2008
These included the multilocus genotypes US-20 and US-21 (45)
(Table 1). These two genotypes are both A2 mating type and Ia
mtDNA haplotype. US-20 (Gpi 100/100; Pep 100/100; RG-57
1,3,5,7,10,13,14,16,18,20,21,24,25) was collected on tomato each
year in North Carolina from 2002 through 2007 and in Florida in
2005. US-21 (Gpi 100/122; Pep 100/100; RG-57 1,5,10,13,14,
18,20,21,24,25) was found on tomato in Florida in 2006 and 2007
and in North Carolina in 2007 (Table 1). The US-21 genotype
appears to be a tomato-specific lineage and did not infect tomato
grown adjacent to potato in the same field at the Mountain
Horticultural Research Center in Fletcher, NC in 2007 (Fig. 1). US-
20 and US-21 share a common ras haplotype (H3) and contain three
unique mutations not found among the other lineages (Fig. 2).

A new genotype proposed here for the first time as US-22 (Gpi
100/122; Pep 100/100; RG-57 1,5,13,14,16,20,21,24,25) was first
found in garden tomato in Tennessee and later in a commercial
tomato field in Suffolk County on Long Island, NY in September
2007 and again in New York in 2008 (Table 1). The US-22 was
also identified in 15 isolates from winter tomato from three
counties in Florida (Collier, Manatee, and Hendry) in 2008 (Table
1). Isolates of the US-22 genotype are A2 mating type and Ia
mtDNA haplotype (Table 1). The three US-22 isolates found in

Fig. 1. Tomato late blight caused by the US-21 genotype, a tomato specific lineage of Phytophthora infestans on tomato in western North Carolina. Healthy potato in the

foreground are not infected with this genotype. Photo by Kelly Ivors.
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Tennessee in 2007 share a common ras haplotype (H4) and also
share a mutation (site 11) that was found in all the subsequent US-
22 genotypes found later in 2009 (Fig. 2).

In 2009, the US-22 genotype (Table 2) was identified in tomato
transplants in home garden centers and the genotype was wide-
spread in fields in the northeast. This genotype accounted for 61%
of the isolates genotyped in 2009 and was found on both tomato
and potato (Table 2). These isolates all shared a common ras
haplotype (H2) and this haplotype contained five unique mutations
(Fig. 2).

In addition to US-22, three other multilocus genotypes were
identified among the isolates obtained from different fields in 14
states in the United States and eastern Canada in 2009 (Tables 2
and 3). The US-8 genotype was found on potato in North Carolina,
Virginia, Pennsylvania, New York, and Maine, and retained its
relative resistance to mefenoxam. Two new multilocus genotypes,
US-23 (Gpi 100/100; Pep 100/100; RG-57 1,2,5,6,10,13,14,17,
20,21,24,24a,25) and US-24 (Gpi 100/100/111; Pep 100/100; RG-
57 1,3,5,7,10,13,14,16,20,21,23,24,25) were obtained for the first
time from both tomato and potato and, unlike the other genotypes,
were Al mating types (Table 3). US-8, US-23, and US-24 also
shared a common ras haplotype (H2) with the 2009 US-22 isolates
(Fig. 2).

In many cases, the same multilocus genotype was detected over
a broad area, consistent with epidemic populations that were
clonal. For example, all samples from North Carolina from 2002 to
2007 were US-20. In 2009, US-22 was detected over very broad
areas in the northeastern United States. In 2009 in New York and
Maine, two A2 genotypes (US-8 and US-22) were found on potato;
however, US-8 was found on conventional commercial potato,
whereas US-22 was found on home garden potato, indicating that
these epidemic populations were clonal and that different sources
of inoculum were responsible for disease. In North Dakota in 2009,
all samples were US-24 and potato seed was suspected as a source
of inoculum.

SSR analysis was conducted on a subset of the US-8 and US-22
isolates collected in New York, Maine, Florida, and Tennessee. The
SSR alleles for the US-8 and US-22 genotypes were identified and
all the SSR alleles at each individual locus were identical for all
isolates of either the US-22 or US-8 genotypes tested (Table 3),
also indicating that both lineages were highly clonal. The US-8 and
US-22 genotypes could be distinguished from each other at the
SSR loci Pi4B, PiG11, Pi70, Pil6, and Pi33 (Table 3).

There were several instances in 2009 when more than one mat-
ing type was detected in a given state and, in some cases, more
than one mating type was found in a county in the same state. The
proximity of Al and A2 mating types is of particular interest be-
cause of the possibility of sexual reproduction. Both the A1 and A2
mating types were found on potato (different fields) in the same
county in two cases in Pennsylvania (Blair and Centre Counties).
In Accomak County, VA, US-23 (A1) was found on tomato and
US-8 (A2) was detected on potato. However, because populations
were highly clonal, the likelihood of sexual reproduction is low.

Most US-22 isolates were sensitive to mefenoxam but a few
were intermediate in sensitivity. Isolates of the US-23 genotype
found along the DELMARVA Peninsula in Virginia, Maryland, and
Delaware and in Pennsylvania were also sensitive to mefenoxam.
The US-24 genotype was found only in North Dakota in
commercial potato and tomato fields (Tables 2 and 3), and most
isolates were intermediate in their resistance to mefenoxam.

Sequence diversity and evolutionary relationships among
haplotypes. Sequence diversity in intron 1 of the ras gene was
higher than in exons 3 to 6 of the ras gene. Two synonymous
substitution sites were found in exon 5 of the ras gene. Nucleotide
diversity (), the average number of nucleotide differences per site
between two sequences, for the pooled sample (tomato and potato)
was 5.70 x 107 (Table 4). The Watterson’s estimate (Oyw) of
population mean mutation rate for the pooled sample was 2.033.
Isolates from potato and tomato had similar nucleotide diversity
estimates but isolates found on tomato had higher mean mutation

rates (By = 2.189) compared with those from potato (6y = 1.881)
(Table 4).

In total, 766 nucleotides of nuclear ras gene (intron 1 and exon 3
to 6 regions) were sequenced for a subset of isolates (Tables 4).
Allele sequences were used for the analysis due to the hetero-
zygous sites in the ras gene (Supplementary Table S3). There are
two allele sequences for each isolate and the phases were
determined and coded. In the case of homozygous sequence, two
identical sequences were used for the analysis. Eleven segregating
nucleotide sites were identified for the ras gene. Five segregating
nucleotide sites were identified in intron 1 and six segregating
nucleotide sites were identified in exons 3 to 6 of the ras gene that
were phylogenetically informative (4). Four different haplotypes
were identified. Haplotype 1 (H1) was the most common and
distributed among many of the isolates sequenced (Fig 2).
Haplotype 2 (H2) was identified among the US-8, US-22, US-23,
and US-24 genotypes. Haplotype 3 (H3) was identified among the
US-20 or US-21 genotypes, while haplotype 4 (H4) was found
only among isolates collected in Tennessee in 2007 (US-22).

os

04

02

00

H1 H3 H2 H4
counts 63 18 42 3
tomato 43 18 22 3
potato 20 0 20 0
All Us-20 US-8,US-22  US22
us-21 US-23,US-24
NC and FL 14 states & TN
2002-2007 Can 2007- 2007
2009

Fig. 2. Rooted coalescent-based gene genealogy showing the distribution of
mutations for the nuclear ras locus (IntronRas + Ras) for populations of Phy-
tophthora infestans from tomato and potato collected from 2002 to 2009 in the
eastern United States generated using GENETREE (43). Time scale is in coales-
cent units of effective population size. The direction of divergence is from the top
(past-oldest) to the bottom (present-youngest). The numbers below the tree from
top to bottom designate each distinct haplotype and its count (i.e., the number of
occurrences of the haplotype in the sample) and the count of each haplotype in
each population. Relationship to U.S. restriction fragment length polymorphism
genotypes is also shown. NC = North Carolina, FL = Florida, Can = Canada, and
TN = Tennessee.
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Discussion

Five multilocus genotypes of P. infestans are described in our
study from populations of the pathogen sampled in the eastern and
midwestern United States between 2002 and 2009 (Table 3). One
of these genotypes, US-22, was very broadly distributed in 2009
and detected in 12 states and eastern Canada. This genotype was
found on tomato transplants prior to sale in several states (Maine
and New York). These plants were bought by homeowners and
planted in home gardens in late June and early July 2009. Weather
very favorable for late blight in the summer of 2009 enabled this
genotype to cause considerable damage to tomato throughout the
northeastern United States in 2009.

The widespread occurrence of a single multilocus genotype
starting first on tomato is unusual. In our experience, infected to-
mato transplants have not been a source of major late blight out-
breaks in eastern United States previously. In contrast, infected
potato tubers (seed tubers, cull tubers, and volunteers) are the more
usual source of this pathogen. However, the synchronous appear-
ance of the infected transplants in garden centers in mid- to late
June and the cool wet weather at that time favored a pandemic.
These transplants were initially started from seed in a production
facility in the south. Very small plants (“plugs”) were then sent to
growers in the north for further growing and “hardening off”.

Infected transplants were not the only source of inoculum for
late blight outbreaks in 2009. The US-8 genotype most likely sur-
vived in potato tubers to initiate disease found in North Carolina,
Virginia, Pennsylvania, and New York. In addition, a new geno-
type, US-23 was found on tomato and potato in Virginia, Mary-
land, and Delaware, respectively, in late May and later on both
hosts in Pennsylvania (Table 2). The source of this genotype re-
mains unknown. Finally, US-24 was found in North Dakota on
potato initially but the genotype was subsequently found also on

tomato in that state. Although the original source of these geno-
types is unknown, the ras analysis indicates that US-22, US-23,
and US-24 are all related.

The concern about sexual reproduction remains. The fact that
both US-22 (A2) and US-23 (Al) multilocus genotypes were
found in the same host and in two counties in Pennsylvania (Blair
and Centre) is worrisome. In Virginia, the occurrence of US-23
(A1) in tomato fields in close proximity to potato fields with the
A2 mating type is cause for concern. This is because physical
association of two mating types creates the possibility of sexual
reproduction. The resulting oospores enable overwintering of this
organism in the absence of a host and also the generation of recom-
binant genotypes. This type of close proximity of opposite mating
types of P. infestans is not unprecedented and occurred in the
1990s in New York and elsewhere, when the US-1 and US-7 or
US-8 and US-17 multilocus genotypes were widely distributed in
the United States (11,27,39).

The possibility of sexual reproduction in the pathogen should
continue to be examined by further sampling and genotyping in
these areas of the eastern United States. In the Netherlands, Po-
land, and Nordic countries, sexual reproduction has become com-
mon and led to increased genetic diversity in the pathogen, and
also earlier epidemic onset from survival of soilborne oospores
(2,14-16,47). Even though both mating types of the pathogen have
been found commonly in the United States and Canada in the past,
it appears that populations of P. infestans remain largely clonal and
there is currently no well-documented example of sexual reproduc-
tion of the pathogen in United States (21,27).

During the past two decades in the United States, populations of
the pathogen on tomato have been genotypically more diverse than
those on potato (19,21,26,48). During 1993 and 1994, the US-7
genotype (76%) was dominant. Subsequently, US-11 and US-17
became dominant (26). Between 1995 and 1998, the US-18 and

Table 3. Summary of multilocus genotypes of Phytophthora infestans collected in the United States and Canada, 2002 to 2009

Allozyme genotype?

Mefenoxam
Genotype® Host MTe Gpi Pep sensitivity! ~ mtDNA® RG57 RFLPf
US-8¢ Potato A2 100/111/122 100/100 R/T la 1,5,10,13,14,16,20,21,23,24,25
US-20 Tomato A2 100/100 100/100 R/ Ia 1,3,5,7,10,13,14,16,18,20,21,24,25
US-21 Tomato A2 100/122 100/100 R//S Ta 1,5,10,13,14,18,20,21,24,25
US-22h Potato and tomato A2 100/122 100/100 SN Ia 1,5,13,14,16,20,21,24,25
US-23 Potato and tomato Al 100/100 100/100 S Ta 1,2,5,6,10,13,14,17,20,21,24,24a,25
US-24 Potato Al 100/100/111 100/100 I Ia 1,3,5,7,10,13,14,16,20,21,23,24,25

2 Allozyme genotyping done using methods of Goodwin et al. (25); Gpi = glucose-6-phosphate isomerase and Pep = peptidase.

b US-8 was found on only on potato in North Carolina, Virginia, Pennsylvania, New York, and Maine; US-20 was found in western North Carolina tomato
between 2002 and 2007; US-21 was found in Florida in 2006 to 2007 and North Carolina in 2007; US-22 was first found in Tennessee in 2007, in Long
Island NY in September 2007 and October 2008, and in Florida in winter tomato in 2008, and it is the genotype that was widespread in 2009 on tomato
transplants in the northeast United States; US-23 was found in 2009 and, along with US-22, caused the majority of potato and tomato late blight outbreaks
in the eastern United States; and US-24 was found only in North Dakota on potato in 2009.

¢ Mating type.

d Sensitivity to mefenoxam. R = mefenoxam resistant, I = intermediate, S = sensitive.

¢ mtDNA haplotype determined by the methods of Griffith and Shaw (28).

f DNA fingerprinting by restriction fragment length polymorphism (RFLP) by methods of Goodwin et al. (24).

¢ The simple sequence repeat (SSR) alleles for the US-8 genotype are 163/165, 176/179, 213/226, 155/155, 166/170, 190/190, 257/257, 280/280,
106/110,173/177, and 202/202 for the Pi02, Pi89, Pi4B, PiG11, Pi04, Pi70, Pi56, Pi63, D13, Pil6, and Pi33 loci, respectively, by the methods of Lee et al.
@37).

h SSR alleles for the US-22 genotype were 163/165, 176/179, 213/213, 131/155, 166/170, 190/193, 257/257,280/280, 177/177, and 202/205 for the Pi02,
Pi89, Pi4B, PiG11, Pi04, Pi70, Pi56, Pi63, Pil6, and Pi33 loci, respectively, by the methods of Lee et al. (37).

Table 4. Population statistics and diversity estimates based on variation in nuclear ras loci (IntronRas + Ras) of Phytophthora infestans®

Sample summaries Parameter estimates

Locus, population 1 n s h k 7 (SE) (x1073) Ow

Potato 766 40 8 2 4.103 5.36 (0.19) 1.881
Tomato 766 86 11 4 4.182 5.46 (0.44) 2.189
Pooled 766 126 11 4 4.369 5.70 (0.28) 2.033

2 [, consensus sequence length; n, sample size (number of alleles for nuclear locus); s, segregating nucleotide sites; &, haplotypes; k, average number of pair
wise nucleotide differences; m, average number of base differences per site; SE, standard error; and Oy, population mean mutation rate of Watterson’s theta
estimator.
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US-19 multilocus genotypes were found on tomato in North
Carolina (48). In 2002 to 2007 the US-20 multilocus genotype was
found in western North Carolina. A rapid displacement of the US-
20 and US-21 multilocus genotypes by US-22 was observed in
2009 on tomato in the eastern United States. Nucleotide diversity
and the mean population mutation rate of the ras gene and introns
were greater among tomato than potato isolates, and more haplo-
types were observed in tomato than potato. The underlying genetic
mechanisms of this more rapid displacement of genotypes on to-
mato needs further study

Our data indicate that isolates of the US-22 and US-23 geno-
types are generally sensitive to mefenoxam. Additionally, isolates
of the US-24 genotype are more sensitive to mefenoxam than are
isolates of the US-8 genotype. The difference between US-8 and
US-24 should be investigated further to determine whether
mefenoxam might be useful to suppress late blight outbreaks
caused by US-24. The reduced use of mefenoxam for late blight
suppression in the United States has lessened selection pressure for
mefenoxam-resistant strains. This situation is consistent with the
situation in other locations—reduced usage has been associated
with the recurrence of mefenoxam-sensitive strains. Such occur-
rences have been documented in locations that have very diverse
populations (central Mexico) as well as in locations where the
populations are asexual (Ireland) (13,29).

The results of this study have significant practical implication.
Because populations of P. infestans in the United States appear to
be still asexual and highly clonal, it is possible to use molecular
markers on a small sample to identify the genotype of the pathogen
in a field. SSR markers have great practical potential because they
are PCR based and highly sensitive, and can provide data on multi-
ple loci within a few days of receipt of a sample. Therefore, one
can assess the genotype without isolating the pathogen into pure
culture. We now know that US-22 and US-23 are sensitive to
mefenoxam. SSR markers can be used to determine multilocus
genotype quite rapidly. As long as these genotypes remain sensitive
to mefenoxam, in the short term, if either of these genotypes is
detected as the pathogen, growers could learn quickly whether
mefenoxam might be useful. Markers specifically linked to loci
associated with mefenoxam sensitivity in the pathogen also need to
be developed.

An integrated warning system that informs home gardeners, or-
ganic and conventional growers, extension personnel, and research
faculty has been developed to help prevent a pandemic such as
occurred in 2009. The early-warning alert system was used in 2011
for much of the United States and phone- and email-based alerts of
disease outbreaks were sent to users. The alert system can be found
at www.USAblight.org. Suppliers of tomato transplants are now
aware that transplants can be a source of inoculum and have taken
steps to avert the possibility of distributing infected transplants
over a wide area. These steps combined with rapid diagnostics for
detection of the pathogen and knowledge of fungicide sensitivity
should enable a much better-informed management strategy for
late blight in the future.
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