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Phytophthora infestans, the pathogen responsible for causing late blight in potato and tomato, is a rapidly evolving

and highly adaptable pathogen. Following the appearance of a new clonal genotype in Kenya (KE-1 lineage) in 2007,

there was a need to document possible displacement of the US-1 genotype by the newer lineage. Samples from Kenya

(260) collected on potato and from Uganda collected on potato (134) and tomato (32) were genotyped with simple

sequence repeat (SSR) and mitochondrial DNA haplotype (mtDNA) markers. Results show that, four years after its dis-

covery, the KE-1 lineage has completely displaced the US-1 lineage on potato in Kenya. The KE-1 lineage has also

migrated into Uganda through the eastern part of the country that borders western Kenya. All potato samples from

eastern Uganda were of the KE-1 lineage. Moreover, samples from eight fields in western Uganda were also of the

KE-1 lineage, which is in agreement with an ongoing westward displacement. However, the new lineage has not dis-

placed the old lineage on tomato, as all samples from tomato were US-1. Principal coordinate analysis (PCA) scatter

plots revealed clustering that indicated separation between the lineages and also between the subpopulations of the

US-1 lineage on potato and tomato.
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Introduction

Late blight, caused by the oomycete plant pathogen Phy-
tophthora infestans, is a devastating disease of potato
and was responsible for the epidemics that led to the
Irish potato famine in 1845. The pathogen genome codes
for a large number of effector proteins (Haas et al.,
2009) and exhibits a very high risk of rapid evolution
owing to high mutation rates, large effective populations,
a high gene flow, a mixed reproduction system and effi-
cient directional selection (McDonald & Linde, 2002).
Populations of P. infestans undergo major population
shifts in agricultural systems via the successive emergence
and migration of asexual lineages (Cooke et al., 2012).
Although the phenotypic and genotypic bases of these
selective changes are largely unknown, effective manage-
ment strategies, including the use of host resistance, need
to adapt to reflect the changing pathogen population.
Before the 1980s, the global population of P. infestans

was dominated by a single clonal lineage known as the
US-1 ‘old’ population (Goodwin et al., 1994). However,
this changed as a result of pathogen migrations, believed
to have arisen in 1976 following the importation from
Mexico into Europe of potatoes that contained a popula-

tion of P. infestans of diverse mating types and with
novel alleles (Fry et al., 1993, 2009; Goodwin & Drenth,
1997). Because Europe exports seed tubers throughout
the world, the new genotypes of P. infestans were widely
distributed in Europe and subsequently to South Amer-
ica, North Africa and Asia. Sexual reproduction has been
shown to occur in several parts of Europe, e.g. in Scandi-
navia (Andersson et al., 1998; Widmark, 2010), and
both mating types have been reported to occur else-
where, for example in India (Chimote et al., 2010) and
the UK (Cooke et al., 2003).
In North Africa, the A1 and A2 mating types have

been reported in Algeria, Egypt and Morocco (Sedegui
et al., 2000; Hammi et al., 2001; Corbi�ere et al., 2010).
Less is known about the P. infestans population in East
and Southeast Africa. The earliest reports involving mar-
ker data indicate that some isolates collected in Rwanda
were not US-1 lineage (Forbes et al., 1998; Gavino &
Fry, 2002). Studies conducted in late 1990s in South
Africa found the population from varied hosts (tomato,
potato, petunia) to be exclusively US-1 (McLeod et al.,
2001). In the eastern and western highlands of Uganda,
potato isolates collected in 2001 were also found to be
US-1 lineage (Ochwo et al., 2002), as were isolates col-
lected in Kenya and Uganda from tomato and potato in
1995–97 (Vega-S�anchez et al., 2000). Thus, excluding
the study from Rwanda, the US-1 lineage and its variants
have been the dominant genotypes in Kenya, Uganda
and South Africa until very recently.
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There is less information about the P. infestans popu-
lation in the Horn of Africa. If the US-1 lineage were
dominant at one time, it must have been displaced more
than a decade ago: Schiessendoppler & Molnar (2002)
found no US-1 isolates in Ethiopia, but instead found a
population characterized by the mitochondrial (mt) DNA
haplotype Ia.
The appearance of a new lineage in Kenya, KE-1, was

first detected in 2007; isolates have a unique glucose-6-
phosphate isomerase genotype (90/100), some private
simple sequence repeat (SSR) alleles, mtDNA haplotype
Ia and a unique restriction fragment length polymor-
phism (RFLP) fingerprint with probe RG-57 (Pule et al.,
2013). In the 2007 survey of eight African countries
(Burundi, Kenya, Malawi, Mozambique, Rwanda, South
Africa, Tanzania and Uganda), only two fields in Kenya
had the new KE-1 lineage; all the other isolates were of
the US-1 lineage that, as noted above, was dominant in
eastern sub-Saharan Africa. Another survey in 2009 also
identified isolates belonging to a new European lineage,
2_A1, with the new lineage found on more farms than
the US-1 lineage (Were et al., 2013). Both Were et al.
(2013) and Pule et al. (2013) found at least one field
with a mixture of the US-1 and new lineages. Markers
used in these two studies did not permit an assessment of
whether KE-1 and 2_A1 were the same lineage, but they
were found in nearby locations.
This current study was carried out to test the hypothe-

sis that displacement of US-1 by one or more new lin-
eages is ongoing in Kenya and Uganda. An additional
objective was to provide an initial map of the major lin-
eages of P. infestans on potato and tomato in Kenya and
Uganda.

Materials and methods

Field sampling

Leaves with young sporulating single lesions of late blight were
sampled between November 2011 and July 2012 from farmers’

fields in the potato-growing areas of Uganda and Kenya. In

Kenya, collections were made from 65 fields in seven districts

with four samples taken per field. Fields were chosen based on
reported locations where the new lineage was previously found

as well as areas with extensive potato farming. Moreover,

multiple samples per field were collected to detect lineage mix-
tures or within-lineage variants occurring within a single field.

No tomato samples were obtained from Kenya because tomato

was not found growing in the areas visited during the survey.

In Uganda, a more extensive sampling approach was taken to
be able to cover all production areas in the east and west parts

of Uganda, bordering Kenya and Rwanda, respectively. One

sample per field was collected from 166 fields in 15 districts, of

which 32 samples were tomato.
DNA for fingerprinting was collected by squashing individual

leaflets with freshly sporulating lesions on FTA cards (Whatman;

Li et al., 2013). To do this, each lesion-containing leaflet was
placed between a piece of Parafilm and the appropriate section

of the card with the back of the leaflet facing towards the card.

The card was placed on a small plastic board in the field and

the sample rubbed with a pestle until sap soaked through to the

back of the card. The cards were allowed to air dry for at least

5 min before storage. The materials (scissors, crushing board
and pestle) were wiped with 70% ethanol between each sample

to avoid cross-contamination and a new piece of Parafilm was

used for each lesion.

DNA extraction

The FTA cards were stored at room temperature for between 2

and 10 months after samples were collected before DNA extrac-

tion was carried out. A single 6 mm disc was punched out from

the dry sample spot and transferred to a 1�5 mL microfuge tube.
To ensure that no residue was carried over to the next sample,

the punch tip was rinsed in 70% ethanol, wiped with a paper

towel and punched through unused chromatography paper.

After adding 400 lL FTA purification reagent (Whatman) to
each tube, the tubes were vortexed and the samples incubated

for 4 min at room temperature. The FTA purification reagent

was then discarded and the FTA purification reagent wash was
repeated once. The disc was then rinsed twice with 400 lL
T10E0�1 buffer (10 mM Tris, 0�1 mM EDTA, pH 8) in a similar

manner. Using a pipette tip, the disk was transferred to a

0�5 mL microfuge tube and 80 lL T10E1 buffer (10 mM Tris,
1 mM EDTA, pH 8) was added. After centrifugation, the disc

was incubated in the buffer for 5 min at 95°C, cooled on ice

and the tube (containing the buffer and disc) was stored at

�20°C.

Microsatellite (SSR) analysis

Eight polymorphic microsatellite loci were chosen from previ-

ously published markers and PCR was conducted in separate

reactions for each locus. The markers used were Pi4B, PiG11
(Knapova & Gisi, 2002), Pi04, Pi16, Pi56, Pi70, Pi89 and D13

(Lees et al., 2006). The forward primers for loci PiG11 and

Pi70 were labelled at the 50 end with the fluorescent dye NED,

while Pi04, Pi16, Pi56, Pi89, Pi4B and D13 were 50-labelled
with FAM.

PCR was performed in a 15 lL volume containing 3 lL of

the solution eluted from the FTA cards, 1 9 PCR green buffer,

0�2 mM each dNTP, 2 mM MgCl2, 0�3 lM each forward and
reverse primer, and 0�36 U DreamTaq (Fermentas). Amplifica-

tions were performed in a PTC200 thermocycler (MJ Research)

under the following conditions: initial denaturation at 94°C for
2 min; followed by 33 cycles of 30 s at 94°C, 30 s at 62°C
(Pi04, PiG11), 60°C (Pi16), 58°C (Pi56, Pi70, Pi89, Pi4B) or

50°C (D13), 45 s at 72°C; and finished with an elongation cycle

of 25 min at 72°C.
The PCR amplification products were diluted with distilled

deionized water to approximately 10 ng lL�1. Sample dilution

depended on band intensities that were visually estimated on

1�5% agarose gels. The lengths of SSR amplicons were deter-
mined using an ABI 3730xl DNA Analyzer (Uppsala Genome

Center at Rudbeck Laboratory, Uppsala University, Sweden).

The peak positions of the SSR alleles were scored using the soft-
ware GENEMARKER (Soft Genetics) to identify polymorphisms.

Allele sizes were calibrated to reference DNA alleles kindly pro-

vided by David Cooke of The James Hutton Institute, UK.

Mitochondrial DNA haplotype analysis

In total, 250 lesion samples were genotyped for mtDNA haplo-
type using PCR-RFLP analysis, as described by Griffith & Shaw

(1998) with minor modifications. Two primer pairs (F2/R2 and
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F4/R4) were used. Amplification was as follows: final concentra-

tions of 1 9 Green buffer, 0�1 mM dNTPs each, 1�5 mM MgCl2,
0�32 lM of each forward and reverse primer and 1�5 U Dream-

Taq, in 25 lL final volume. The PCR conditions were: 1 cycle

of 94°C for 3 min; 30 cycles of 94°C for 30 s, 62°C for 30 s

and 72°C for 60 s; followed by a final extension at 72°C for
5 min. Amplified PCR products (10 lL) of the primer pair F2/

R2 and F4/R4 were cleaved with MspI and EcoRI restriction

endonucleases, respectively. The resultant DNA fragments were
separated by agarose gel electrophoresis to discriminate between

the Ia and Ib haplotypes. Electrophoresis was carried out for

3 h in TAE (Tris–acetate–EDTA) buffer in a horizontal 2%

agarose gel containing GelGreen stain (Biotium; 1 lL/50 mL).

Data analysis

Seven of the eight SSR markers produced two alleles at each

locus of the P. infestans samples. The other marker (Pi04) gen-

erated three alleles, of which two were common to all samples
and were consequently included with the other SSR markers

used for genetic analyses described below to identify multilocus

genotypes (MLGs).

Analysis of molecular variance (AMOVA) was conducted in
GENALEX v. 6.5 (Peakall & Smouse, 2006, 2012) based on

clone-corrected SSR data to avoid over-representation of fre-

quently occurring clones. This analysis was used to test for pop-

ulation differentiation based on the pairwise comparisons of
KE-1 subpopulations in Uganda and Kenya, and US-1 subpopu-

lations on potato and tomato in Uganda. A principal coordinate

analysis (PCA) was performed from a genetic distance matrix

generated in GENALEX v. 6.5 based on the SSR data to reveal
clustering of genotypes.

Results

The 426 P. infestans samples genotyped from both
Kenya and Uganda were classified into 80 unique MLGs
(Table 1), 50 of which were represented by a single sam-
ple (Table S1). Nonetheless, based on mtDNA haplotype
(either Ia or Ib) and SSR genotype, all samples were clas-
sified into one of two lineages: US-1 or KE-1 (Table 1).
All potato samples from Kenya and eastern Uganda

were KE-1; potato samples that were US-1 lineage were
only found in western Uganda (Fig. 1). All samples taken
from tomato were US-1, even in eastern Uganda.
All the putative KE-1 samples collected on potato from

the two countries had a Ia mtDNA haplotype while all

the US-1 samples from both potato and tomato in
Uganda had a 1b mtDNA haplotype.
PCA of the SSR data confirmed separation of the KE-1

and US-1 lineages, and also separated US-1/potato from
US-1/tomato genotypes (Fig. 2). Several putative KE-1
genotypes that did not cluster with any of the groups
were also identified. An AMOVA based on SSR data indi-
cated a significant difference between US-1/potato and
US-1/tomato subpopulations (P = 0�002; Table 2) and
was thus consistent with the PCA.
Based on the frequency of MLGs (Table 1), it was

clear that there is more diversity within the US-1 lineage
than within the KE-1 lineage. A total of 108 US-1 sam-
ples from potato and tomato in Uganda produced 60
MLGs, while 318 KE-1 samples from potato in both
Kenya and Uganda produced only 20 MLGs (Table 1).
An AMOVA based on SSR data from KE-1 samples from
Kenya and Uganda found no evidence for geographic
substructuring between the two countries (P = 0�232;
Table 3).

Discussion

This study used two genetic markers, microsatellite fin-
gerprinting and mtDNA haplotypes, to demonstrate that
the P. infestans population in East Africa has changed
since the pathogen population study in 2007 (Pule et al.,
2013), in which the US-1 lineage was dominant through-
out sub-Saharan Africa except in two fields, one in west-
ern and another in central Kenya, where the new KE-1
lineage was found. A comparison of the SSR data from
the current study with that of Pule et al. (2013) indicates
that the new lineage in the current study is the same as

Table 1 Clonal lineage and number of SSR multilocus genotypes

(MLGs) of Phytophthora infestans

Country Host

Lineage

TotalKE-1 US-1

n MLG n MLG n MLG

Kenya Potato 260 16 0 0 260 16

Uganda Potato 58 9 76 38 134 47

Tomato 0 0 32 27 32 27

Potato and tomato 58 9 108 60 166 69

Total 318 20 108 60 426 80

Figure 1 The Phytophthora infestans population in Kenya and Uganda

showing occurrence and distribution of US-1 and KE-1 lineages. Red

circle = KE-1 from potato; blue square = US-1 from potato; cyan

triangle = US-1 from tomato.
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KE-1 (data not presented). Within the 4 years between
the sampling of Pule et al. (2013) and the current study,
displacement of US-1 on potato by KE-1 appears to have
been more or less complete in Kenya and eastern
Uganda; no US-1 was found on potato in these regions.
The fact that a mixture of lineages was found on

potato in midwestern Uganda, but only US-1 was found
on potato in southwestern Uganda, suggests that the cur-
rent study represents a snapshot of KE-1 in a process of
migration toward the west. Future sampling in Uganda
would enable a test of this hypothesis. As KE-1 was not
found in Tanzania or Rwanda by Pule et al. (2013), it
would also be useful to sample there to monitor the
spread of the lineage.

While it is impossible from the current study to know
which fitness advantages KE-1 has over US-1 to explain
the displacement, it is noteworthy that displacement of
US-1 in the past by other lineages has frequently been
associated with increased difficulty in disease manage-
ment (Cooke et al., 2011). It is possible that fungicide
resistance might have played a role in the KE-1 spread,
but there is no evidence to support this hypothesis. Fur-
thermore, at least one previous study demonstrated high
frequencies of metalaxyl resistance in the US-1 lineage in
the region (Mukalazi et al., 2001).
The results of the present study are consistent with an

earlier study in the region demonstrating host specializa-
tion on potato and tomato of the P. infestans US-1 popu-
lation (Vega-S�anchez et al., 2000): the SSR data separated
the potato and tomato US-1 subpopulations found in
Uganda. In the current study there was no indication that
KE-1 is displacing US-1 on tomato. Displacement of US-1
on potato but not tomato has been noted in other regions
(Oyarzun et al., 1998; Ghimire et al., 2003).
Although this study was not designed to determine the

origin of KE-1, some speculation is possible. At the onset
of the study, it was not clear whether KE-1 found by
Pule et al. (2013) was the same lineage as found in 2009
in the same region by Were et al. (2013), which was sub-
sequently identified as identical to 2_A1, an old Euro-
pean lineage. However, recent analyses in the authors’
laboratory and by A. K. Lees (The James Hutton Insti-
tute, UK, personal communication) indicate that 2_A1
and KE-1 are the same lineage, indicating a possible
European origin for KE-1.
Genotypes similar to some variants of KE-1 have been

found in Ethiopia (D. Shimelash, Hiramaya University,
Ethiopia, personal communication) and KE-1 shows lim-
ited similarity to some isolates found in the 1990s in
Rwanda (Pule et al., 2013). Although KE-1 was origi-
nally reported from only two fields, Pule et al. (2013)
found unexpected variation for a recent clonal introduc-
tion, with at least seven genotypes identified from 15 iso-
lates collected. These observations indicate that the
question of when, where and how the KE-1 was intro-
duced into the region remains unanswered.

Figure 2 Principal coordinate analysis (PCA)

based on the calculated genetic differences

of SSR multilocus genotypes of Phytophthora

infestans samples. 1 = lineage KE-1 from

potato (Kenya and Uganda); 2 = lineage

US-1 from tomato (Uganda); 3 = US-1 from

potato (Uganda).

Table 2 Analysis of molecular variance (AMOVA) based on eight SSR

loci for US-1 lineage Phytophthora infestans samples collected from

tomato or potato plants in Uganda

Source df SS MS Est. Var. % Var. P

Between hosts 1 9�894 9�894 0�263 9 0�002
Within hosts 58 148�756 2�565 2�565 91

Total 59 158�65 2�828 100

df, degrees of freedom, SS, sums of squares; MS, mean squares; Est.

Var., estimated variance within and among populations; % Var., per-

centage of estimated variance within or among populations; P, proba-

bility of observing the data assuming there is no differentiation.

Table 3 Analysis of molecular variance (AMOVA) based on eight SSR

loci for KE-1 lineage Phytophthora infestans samples collected from

potato plants in Kenya and Uganda

Source df SS MS Est. Var. % Var. P

Between countries 1 2�998 2�998 0�072 3 0�232
Within countries 18 41�202 2�289 2�289 97

Total 19 44�2 100

df, degrees of freedom; SS, sums of squares; MS, mean squares;

Est.Var., estimated variance within and among populations; % Var., per-

centage of estimated variance within or among populations;

P, probability of observing the data assuming there is no differentiation.
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Despite the uncertainty concerning the origin of KE-1
noted above, the data in the current study indicated that
the present KE-1 population is less diverse than the US-1
population. This implies that US-1 has been evolving in
the region significantly longer than KE-1.
The two genetic markers used in this study clearly dif-

ferentiated KE-1 from the US-1 lineage. From the eight
SSR markers used, all putative KE-1 samples had two
private alleles: 193 at locus Pi70 and 172 at locus Pi56
(Table S1). These alleles may prove useful as simple
markers in studies to simply distinguish between the two
lineages. All KE-1 samples were mtDNA haplotype Ia,
which differentiated them from the US-1 lineage, which
was mtDNA haplotype Ib. Both lineages are of the A1
mating type as earlier reported by Pule et al. (2013),
indicating that, although displacement is occurring, there
is no evidence for sexual recombination in the region.
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