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Summary

� The oomycete pathogens Phytophthora infestans and P. capsici cause significant crop

losses world-wide, threatening food security. In each case, pathogenicity factors, called RXLR

effectors, contribute to virulence. Some RXLRs are perceived by resistance proteins to trigger

host immunity, but our understanding of the demographic processes and adaptive evolution

of pathogen virulence remains poor.
� Here, we describe PenSeq, a highly efficient enrichment sequencing approach for genes

encoding pathogenicity determinants which, as shown for the infamous potato blight

pathogen Phytophthora infestans, make up < 1% of the entire genome.
� PenSeq facilitates the characterization of allelic diversity in pathogen effectors, enabling

evolutionary and population genomic analyses of Phytophthora species. Furthermore, PenSeq

enables the massively parallel identification of presence/absence variations and sequence

polymorphisms in key pathogen genes, which is a prerequisite for the efficient deployment of

host resistance genes.
� PenSeq represents a cost-effective alternative to whole-genome sequencing and addresses

crucial limitations of current plant pathogen population studies, which are often based on

selectively neutral markers and consequently have limited utility in the analysis of adaptive

evolution. The approach can be adapted to diverse microbes and pathogens.

Introduction

The oomycete pathogens Phytophthora infestans and P. capsici
are widespread and economically significant threats to global
crop production. Phytophthora infestans causes late blight dis-
ease in Solanaceae plants, including potato and tomato, and
led to the Irish potato famine in the mid-1840s (Birch et al.,
2012). Phytophthora capsici shares with P. infestans the common
hosts tomato and Nicotiana benthamiana, but infects, in addi-
tion to some Solanaceae, a number of plants within the Cucur-
bitaceae and Fabaceae families (Lamour et al., 2012a). Both
Phytophthora species are very destructive and can adapt rapidly
to new selection pressures imposed by modern agriculture
(Rocha-Castro et al., 2014; Fry et al., 2015). As shown for
P. infestans, the migration of new genotypes can result in major
population shifts. This is exemplified by the rapid emergence
of the P. infestans lineage 13_A2 in Europe, which came to
dominate the UK pathogen population within 3 yr of its
arrival (Cooke et al., 2012). Such dramatic change is often
marked by the spread of clonal, asexual lineages (Fry et al.,

2015), usually tracked through traditional population genetic
studies of a few selectively neutral markers.

On a molecular level, pathogen avirulence or virulence to natu-
rally occurring or deployed host disease resistances is determined
by effectors, which, for both P. infestans and P. capsici, may contain
a signal peptide (SP) followed by the canonical arginine (Arg)-any
amino acid-leucine (Leu)-Arg (RXLR) domain (Birch et al., 2006;
Hein et al., 2009; Lamour et al., 2012a). The effector recognition-
based inducible defence response is often governed by nucleotide-
binding, leucine-rich repeat (NLR) disease resistance proteins, and
the resulting incompatibility is known as effector-triggered immu-
nity (ETI) (Jones & Dangl, 2006; Dodds & Rathjen, 2010; Jones
et al., 2016). Despite an increasing molecular understanding of the
mechanisms that govern pathogen virulence or avirulence, our
understanding of the demographic processes and adaptive evolu-
tion of virulence of P. infestans remains poor.

The repeat-rich, 240-megabase (MB) genome of the P. infestans
strain T30-4 and the 64-MB genome of the partially inbred
P. capsici line LT1534 have provided an overview of the genomic
organization of effectors (Haas et al., 2009; Lamour et al., 2012b).
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In contrast with core orthologous genes, RXLRs are predomi-
nantly found in gene-sparse, repeat-rich regions, which has been
proposed to facilitate their fast evolution (Haas et al., 2009; Raf-
faele et al., 2010; Lamour et al., 2012b). Various computational
algorithms have been developed to predict RXLR effector genes in
oomycete genomes (Bhattacharjee et al., 2006; Whisson et al.,
2007; Win et al., 2007; Haas et al., 2009). The number of pre-
dicted RXLRs in different oomycetes varies considerably, with
563 in the P. infestans genome (Haas et al., 2009), 516 in
P. capsici (J. Jupe et al., 2013), 531 in P. ramorum, 672 in P. sojae
(Tyler et al., 2006) and 149 in Hyaloperonospora arabidopsidis
(Win et al., 2007; Baxter et al., 2010). Compared with the overall
genome sizes of these oomycetes, RXLR effector repertoires typi-
cally are encoded by < 1% of a given pathogen genome.

The availability of genome-wide sequence information from
plant pathogens has given rise to population genomics, a form of
population genetics based on large-scale genotyping (Gr€unwald
et al., 2016). This study describes the development and utiliza-
tion of targeted Pathogen enrichment Sequencing (PenSeq) for
secreted proteins, including RXLR effectors which are required
for disease. The development of PenSeq is a critical and logical
next step to understand the evolutionary forces that govern
plant–pathogen coevolution in a targeted and therefore cost-
effective manner. An understanding of pathogen diversity on a
molecular level is a prerequisite for the development and achieve-
ment of more durable resistance in crops with wide-reaching con-
sequences for food security. The method has broad applications
and can be adapted to diverse microbes and pathogens across a
wide host spectrum. The secretome and, particularly, the RXLRs
are of interest, as adaptive evolutionary changes are most likely to
occur in these genes in response to host recognition responses
(Albert et al., 2007; Hodges et al., 2007; Cronn et al., 2012).
Compared with whole-genome sequencing, the sequencing of
enriched samples offers the benefits of achieving sufficient read
depth of targeted genes to facilitate the accurate identification of
sequence polymorphisms (Parla et al., 2011; Saintenac et al.,
2011). Such deep sequencing is also important to uncover copy
number variation (CNV) in multigene families with high allelic
variance (Lighten et al., 2014). As shown in plants, target enrich-
ment sequencing has proven to be an effective tool to aid the
annotation of genomes, to map new traits and to be utilized as a
diagnostic tool to study the presence/absence as well as sequence
variations (F. Jupe et al., 2013; Van Weymers et al., 2016; Chen
et al., 2018; Jiang et al., 2018).

Materials and Methods

Phytophthoramycelial growth and DNA extraction

Phytophthora capsici was grown on pea broth medium at 28°C
for 3 d; P. infestans was grown on pea broth medium at 20°C
for 7 d. Mycelia were harvested, dried using a vacuum pump
and stored at �80°C until DNA extraction. DNA extraction
from mycelia was conducted using the cetyltrimethylammo-
nium bromide (CTAB) method described by Wangsomboondee
& Ristaino (2002).

Bait design

Biotinylated, RNA-derived baits of 120 nucleotides (nt) in
length were designed for targeted genes using end-to-end tilling
and were manufactured by MYCROARRAY (MYbaits; Ann Arbor,
MI, USA). The library contains 18 348 baits in total (see Jouet
et al., 2018), 7296 of which were designed to target P. infestans
and P. capsici genes. Of the latter, 3729 target P. infestans genes
with gene identifiers (PITG, including predicted RXLRs and
other genes of interest), 24 were specifically designed to enable
the enrichment of additional RXLRs identified in the UK isolate
3928A, and 10 target other P. infestans genomic loci with no
known PITG identifier. Similarly, 2531 baits were designed to
target P. capsici predicted RXLRs, and 1002 baits to target
P. capsici predicted Crinklers (CRNs).

Target enrichment sequencing

DNA from all Phytophthora isolates was sheared with an
M220 Focused-ultrasonicator (Covaris, Woburn, MA, USA).
The following conditions were used on 50 ll containing 1 lg
of DNA to obtain 500-bp-long fragments: peak, 50W; 200
cycles per burst; duty factor of 20 for 60 s. The size of the
fragment was checked on a 2100 Bioanalyzer (Agilent Tech-
nologies, Santa Clara, CA, USA). After library preparation,
performed according to J. Jupe et al. (2013) and F. Jupe et
al. (2013), a Qubit instrument (Thermofisher, Waltham, MA,
USA) was used to quantify DNA from each isolate. Equimo-
lar amounts of DNA from the 12 individually barcoded sam-
ples were pooled to obtain 500 ng of total DNA. Enrichment
was performed employing the protocol described in the
Mybait user book v.2.3 (MYCROARRAY) using conditions
which allow for more interspecific hybridization. The enrich-
ment hybridization was incubated for 37 h. The post-capture
amplification was performed with Herculase II polymerase
(Agilent Technologies). Paired-end sequencing of the enriched
pool libraries was conducted on an Illumina MiSeq platform
using 29 300-bp chemistry. Cutadapt was used for adapter
trimming and quality trimming (Martin, 2011), and FASTQC
(v.0.10.0) was used to generate a quality control report of
MiSeq reads (Andrews, 2010), as described in J. Jupe et al.
(2013) and F. Jupe et al. (2013).

Computational analyses

The computational analyses for single nucleotide polymorphism
(SNP) calling, nucleotide diversity and heterozygosity study,
de novo RXLR predictions and relative gene expression analysis
are detailed in Supporting Information Methods S1.

PCR-based validation of PenSeq-predicted presence/
absence variations

PCR primers were designed for 10 RXLR genes to
confirm their presence/absence in the six isolates (Meth-
ods S1).
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Results

Biotinylated RNA baits for selected P. infestans and P. capsici
genes were used for target enrichment of genomic DNA. We
refer to this new method as PenSeq following the nomenclature
used for Resistance gene enrichment Sequencing (RenSeq)
(F. Jupe et al., 2013). The probe library was designed to capture
genes that encode Phytophthora secreted proteins, including
RXLR effectors (Table S1). These include annotated genes from
the P. infestans T30-4 reference genome, which are denoted with
PITG identifiers (Haas et al., 2009), and novel RXLRs identified
in isolate 3928A (Cooke et al., 2012), referred to as PiUK3928A
genes. We also targeted P. capsici predicted RXLRs, annotated as
PcRXLR (Lamour et al., 2012b; F. Jupe et al., 2013), and pre-
dicted CRNs (Lamour et al., 2012b; Stam et al., 2013).

Target enrichment was conducted simultaneously for genomic
DNA from six individually barcoded P. infestans and six P. capsici
isolates. Post-enrichment samples were sequenced on a single lane
of Illumina MiSeq. The P. infestans selection comprised diverse
genotypes, including a copy of the reference strain T30-4 (Haas
et al., 2009), and the isolates 88069 (Whisson et al., 2007), EC1-
C7, 3928A (representing genotype 13_A2; Cooke et al., 2012),
110059 (genotype US23) and 110153 (genotype US24). The
P. capsici isolates included the reference strain LT1534 (Lamour
et al., 2012b) and isolates LT123, PC204, LT6535, Y006 and
Q108. Following adapter trimming and quality control,
39 630 942 high-quality post-enrichment reads (‘PenSeq reads’)
were retained for downstream analysis. Of these, 10 487 858
reads originated from P. infestans and 29 143 084 from P. capsici
isolates (Table S2).

PenSeq reads have a high ‘on-target’ rate when mapped
against the Phytophthora reference genomes

The percentage of mapped reads on-target was calculated as the
proportion of PenSeq-derived reads mapping to the respective
reference genome at positions that are associated with baits.
These include bait design sequences for which probes and targets
are 100% identical and putative bait target sites that exhibit a

minimum of 80% sequence identity with corresponding baits
(F. Jupe et al., 2013). Intersecting these regions (plus 1000 bp
upstream and downstream) against the mapped PenSeq reads
yields the number of on-target reads.

For the P. infestans T30-4 genome, 1457 534 high-quality
PenSeq reads were obtained. Of these, 1136 644 reads could be
mapped to the reference genome at a 1% mismatch rate
(Table 1). Of the latter, 427 792 reads (37.64% of all mapped
reads) corresponded to bait design sites with 100% sequence
identity, and 573 168 reads (50.43%) to bait binding sites with a
minimum of 80% sequence identity. Increasing the mismatch
rate to 5% enabled the mapping of 1349 756 of the 1457 534
PenSeq reads to the reference. Of these, 484 648 (35.91% of
mapped reads) corresponded to bait design sites and 654 139
(48.46%) to bait binding sites.

Interestingly, PenSeq reads derived from EC1-C7, 3928A,
110059 and 110153, when mapped against the T30-4 reference
genome at a 1% mismatch rate, had similar if not slightly higher
on-target rates, ranging from 51.98% for isolate 3928A to 61.71-
% for isolate 110059 (Table S2). Comparable on-target rates
were achieved for the bait design and putative bait binding sites
in P. capsici when mapping LT1534-derived PenSeq reads to the
P. capsici reference genome. The percentage of PenSeq reads that
mapped to the bait design sites at a 1% mismatch rate accounted
for 44.50% of all mapped reads, and increased to 66.48% for the
on-target rate for putative bait binding sites (Table 1).

Considering the genome sizes of P. infestans (240MB) and
P. capsici (64MB), and the gene space that was specifically
enriched in both oomycetes (0.436MB in P. infestans and
0.394MB in P. capsici; Table S1), the achieved on-target rates at
a 1% mismatch rate correspond to an average 308-fold enrich-
ment for P. infestans and 101-fold enrichment for P. capsici
isolates.

Targeted Phytophthora genes are highly represented by
PenSeq reads

The coverage of RXLR and non-RXLR target genes was first eval-
uated for the reference genomes T30-4 and LT1534 as the baits

Table 1 Proportion of on-target reads for the T30-4 and LT1534 reference genomes.

MM Read input
Reads
mapped

Bait design sites (100% sequence identity) Bait binding sites (min 80% sequence identity)

Reads
Percentage of
total reads (%)

Percentage of
mapped reads (%) Reads

Percentage of
total reads (%)

Percentage of
mapped reads (%)

T30-4
1% 1457 534 1136 644 427 792 29.35 37.64 573 168 39.32 50.43
2% 1457 534 1262 455 461 847 31.69 36.58 621 805 42.66 49.25
5% 1457 534 1349 756 484 648 33.25 35.91 654 139 44.88 48.46

LT1534
1% 2085 062 971 963 432 549 20.75 44.50 646 163 30.99 66.48
2% 2085 062 1231 333 520 357 24.96 42.26 831 119 39.86 67.50
5% 2085 062 1475 423 619 139 29.69 41.96 990 977 47.53 67.17

The on-target rate for PenSeq reads (Read input) is shown for the Phytophthora infestans T30-4 genome and the P. capsici LT1534 reference genome.
High-quality PenSeq reads are mapped to the respective reference isolates under different mismatch (MM) conditions. A 1%mismatch rate allows for a
maximum of one sequence polymorphism in a 100-bp target sequence, whereas 2% and 5% allow for up to two and five polymorphisms, respectively.
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were designed from these genome sequences (Table S1). PenSeq
analysis for the T30-4 reference genome yielded 1457 534 high-
quality reads (Tables 1, S2). These reads were mapped against the
T30-4 genome at high stringency, allowing for a 1% mismatch
rate (Fig. 1a), and the read coverage of regions corresponding to
the 579 targeted genes was determined. Medium-stringent (2%

mismatch rate) and low-stringent (5% mismatch rate) mapping
conditions were also assessed to ascertain the level of gene cover-
age achieved in the multiplexing approach utilized (Fig. S1).

As expected, the number of target genes that were fully covered
by PenSeq reads correlated with the read mapping stringencies
applied. For the T30-4 genome, 505 genes were fully represented
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Fig. 1 Representation of target gene
coverage in (a) Phytophthora infestans
reference strain T30-4 and (b) P. capsici
reference strain LT1534 at a high-stringent,
1%mismatch mapping rate. The x-axis
represents the percentage gene coverage of
RXLRs (blue) and non-RXLR target genes
(red), which ranges from 0 (not covered) to 1
(100% sequence representation with PenSeq
reads). The y-axis reveals the average read
depth per kb of the target genes.
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at 1%, 522 at 2% and 529 at 5% mapping mismatch rates. This
represented, at the most stringent mapping condition (1% mis-
match rate), > 87% of all targeted genes that are fully covered by
PenSeq reads. The remaining, partially covered genes had, on
average, a read representation of between 88.43% (at 1% mis-
match rate) and 82.76% (at 5% mismatch rate) of the full-length
genes (Figs 1, S1). Unexpectedly, 16 RXLR effector sequences
were not covered by T30-4-derived PenSeq reads, but were repre-
sented in at least two other isolates, such as 3928A and EC1-C7,
which yielded similar numbers of high-quality PenSeq reads
(Tables 2, S2). This is indicative of a presence/absence polymor-
phism in this specific T30-4 isolate analysed, rather than an ascer-
tainment problem or bait failure, as the DNA from all isolates
was multiplexed and enriched simultaneously.

To independently validate the observation that effectors are
absent in this T30-4 isolate, which has been maintained since
before the genome sequence was released in 2009 (Haas et al.,
2009), as well as in other isolates where predicted, we conducted
PCR amplifications of selected genes. Using the core gene Avr3a
(PITG_14371) as a positive control, PCRs were conducted for
nine additionally randomly selected genes from the 16 PITGs
(Fig. S2). With the exception of PITG_22727, which failed to

yield a reproducible amplicon for all isolates, the absence of effec-
tors PITG_04097, PITG_04099, PITG_04182, PITG_12010,
PITG_16282, PITG_16283, PITG_16285 and PITG_19800 in
the isolate T30-4 could be independently confirmed by PCR.
Similarly, the absence of PITG_04182 in the US24 isolate
110153 and PITG_12010 in 3928A was also independently con-
firmed. It is worthwhile noting that the PCR products for effec-
tors PITG_04097 and PITG_16283 were weaker when
compared with other effectors, despite utilizing the same amount
of template DNA for all amplifications. This highlights the
potential ambiguity of PCR-based presence/absence analysis and
further highlights the efficacy and advantages of PenSeq.

In total, 2 085 062 PenSeq reads were obtained for the
P. capsici isolate LT1534 (Tables 1, S2) and mapped against the
published reference genome (Lamour et al., 2012b) at the same
mismatch rates as used for the T30-4 target enrichment analysis
(Figs 1b, S1). At a 1% mismatch rate, 517 target genes (represent-
ing > 90% of all selected genes) were fully represented by PenSeq
reads and 56 were partially covered, with an average of 85.02%
sequence representation of the full-length genes. PenSeq reads
from LT1534 were only missing for one gene, PcRXLR005.
However, PcRXLR005 was fully represented in P. capsici isolates
LT123 and Q108 at a 1% mismatch rate (Table 2). Allowing for
a 2% mapping mismatch rate yielded 559 genes that were fully
represented and 15 that were partially covered, with an average
sequence representation of 85.01% (Fig. S1). At a 5% mismatch
rate, 572 target genes were fully represented by PenSeq reads and
only two genes were partially covered, with an average sequence
representation of 76.04% (Fig. S1).

This analysis was widened to include the nonreference
P. infestans and P. capsici isolates. At a 1% mismatch rate, the
average representation of all target genes by PenSeq-derived reads
was 90.97% across the P. infestans and P. capsici isolates (Fig. S3).
This provides evidence that the gene-specific probes performed
effectively during the hybridization and that sufficient sequencing
coverage was achieved across diverse Phytophthora species and iso-
lates.

PenSeq enables nucleotide diversity and heterozygosity
evaluation of RXLR and non-RXLR encoding genes in
P. infestans

Phytophthora infestans RXLR and non-RXLR encoding genes
that were included in the bait library design (Table S1) were
assessed for their representation by PenSeq reads in all six isolates.
Of the 579 targeted P. infestans genes, 433 genes were present in
all six isolates and comprised 259 ‘core’ RXLRs and 174
non-RXLRs. As a result of the high gene coverage achieved
through enrichment sequencing (Fig. 1a), the nucleotide diversity
and heterozygosity could be calculated for these genes. A compar-
ison of the nucleotide diversity between RXLR and non-RXLR
coding sequences (Fig. 2a) revealed that the mean (� SE)
nucleotide diversity of RXLRs (1.639 10�3 (� 1.109 10�4))
was significantly higher than for the non-RXLRs (1.149 10�3

(� 0.909 10�4)) (Mann–Whitney test, W = 58962.5, P =
0.0282 (adjusted for ties)).

Table 2 Sequence coverage of effectors that are absent from the reference
genomes across diverse isolates.

Effector
Sequence coverage in isolates (0 = 0%–1 = 100%)

Phytophthora

infestans T30-4 3928A 88069 110059 110153 EC1-C7

PITG_04085 0 1 1 1 1 1
PITG_04089 0 0.92 0.76 0.96 0.60 0.63
PITG_04097 0 1 1 1 1 1
PITG_04099 0 1 1 1 1 1
PITG_04182 0 0.97 1 1 0 1
PITG_04279 0 0 1 1 1 1
PITG_12010 0 0 1 1 1 1
PITG_16282 0 1 1 1 1 1
PITG_16283 0 1 1 1 1 1
PITG_16285 0 1 1 1 1 1
PITG_19800 0 1 1 1 1 1
PITG_21107 0 1 0 0 0 1
PITG_21778 0 1 1 1 1 1
PITG_22724 0 1 1 1 1 1
PITG_22727 0 1 1 1 1 1
PITG_23011 0 1 0 1 0 0

Effector
Sequence coverage in isolates (0 = 0%–1 = 100%)

P. capsici LT1534 LT123 Pc204 LT6535 Y006 Q108

PcRXLR005 0 1 0.32 0.30 0.36 1

The sequence coverage of 16 Phytophthora infestans effectors that were
not enriched in the T30-4 genome is shown for the P. infestans isolates
3928A (13_A2), 88069, 110059 (US23), 110153 (US24) and EC1-C7
(EC1). The sequence coverage of the P. capsici effectors that were not
identified in the LT1534 reference gene is shown for the P. capsici isolates
LT123, Pc204, LT6535, Y006 and Q108. The sequence coverage with
PenSeq-derived reads is shown as a percentage, ranging from 0 (no cover-
age) to 1 (full coverage).
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An outlier analysis identified seven PITGs (PITG_06432,
PITG_07947, PITG_10396, PITG_11484, PITG_13018,
PITG_14986 and PITG_18325) for which the nucleotide diver-
sity (pi) fell outside the 99% confidence interval (CI) of the dis-
tribution of pi values, which suggests that these PITGs may be
evolving non-neutrally (Fig. 2b). The difference between the
RXLR and non-RXLR distributions of pi is driven by these seven
outlier loci, without which the difference in pi is no longer signif-
icant (Mann–Whitney test, W = 55952.5, P = 0.0802 (adjusted
for ties)). The seven outlier genes also had a significantly higher
observed heterozygosity (mean(� SE) = 0.4970(� 0.1080)) com-
pared with all targeted PITGs (mean(� SE) = 0.4287(� 0.1113),
Mann–Whitney test, W = 32582.5, P = 0.0002 (adjusted for
ties)). Pairwise comparisons of these seven genes in isolate 3928A
with five other isolates (88069, 110059, 110153, EC1-C7, T30-
4) revealed that one or more polymorphisms were detected in 96
of 115 pairwise comparisons (83.5%). Furthermore, in 70 of 96
comparisons (72.9%), the number of nonsynonymous substitu-
tions exceeded the synonymous ones (Table S3). Altogether,
these data suggest that the gene diversity at these seven outlier loci
may be elevated relative to other PITGs by balancing selection.
Intriguingly, these PITGs all encode for RXLR effector candi-
dates annotated by Haas et al. (2009), and include Avr10
(PITG_11484), a homologue of Avr1 (PITG_06432), which is
functionally distinct from Avr1 (Du et al., 2015), and PexRD26
(PITG_07947), which triggers cell death in pepper (Lee et al.,
2014).

PenSeq reveals P. infestans RXLR gene presence/absence
polymorphisms and allelic variation

PenSeq reads from T30-4, 3928A, 88069, 11059, 110153 and
EC1-C7 were used to establish simultaneously the presence/ab-
sence and allelic variation of known recognized effector (Avr)
genes. PenSeq reads were mapped allowing a 1% mismatch rate
to T30-4 supercontigs. Genomic regions representing selected
recognized effector genes were oriented 50 to 30 according to the
gene coding sequence, and subsequently extracted (Fig. 3). The
mapping data for selected genes are shown, including
PITG_04314 (also known as PexRD24, a putative non-host
determinant in pepper) (Lee et al., 2014), PITG_07387 (Avr4)
(van Poppel et al., 2008), PITG_07550 (Avrsmira1) (Rietman
et al., 2012), PITG_07558 (Avr8/Avrsmira2) (Rietman et al.,
2012; Vossen et al., 2016), PITG_22870 (Avr2) (Gilroy et al.,
2011), PITG_11484 (Avr10; K. P. Kandel, unpublished),
PITG_14371 (Avr3a) (Armstrong et al., 2005), PITG_16294
(Avrvnt1) (Pel, 2010; Vleeshouwers et al., 2011), PITG_16663
(Avr1) (Vleeshouwers et al., 2011), PITG_18215 (Avr3b) (Riet-
man et al., 2012), PITG_20300 (Avrblb2) (Oh et al., 2009) and
PITG_21388 (Avrblb1; IPIO1) (Vleeshouwers et al., 2008;
Champouret et al., 2009). A summary of the 2345 SNPs found
in all P. infestans PITG genes is presented in Table S4.

PenSeq reads from the six diverse isolates in this study were
obtained, which correspond to the full-length sequences of
PITG_04314 (PexRD24), PITG_07558 (Avr8), PITG_11484

(a)

(b)

Fig. 2 (a) Comparative nucleotide diversity
study of 259 RXLRs and 174 non-RXLRs
across six Phytophthora infestans isolates.
The mean (� SE) nucleotide diversity of the
RXLRs (1.639 10�3 (� 1.109 10�4)) is
significantly higher than that of non-RXLRs
(1.149 10�3 (� 0.909 10�4)) (Mann–
Whitney test,W = 58962.5, P = 0.0282
(adjusted for ties)). (b) Nucleotide diversity
calculated for 433 P. infestans PITGs, with
259 RXLRs (blue) and 174 non-RXLRs (red)
across six P. infestans isolates. An outlier
analysis identified seven PITGs (PITG_06432,
PITG_07947, PITG_10396, PITG_11484,
PITG_13018, PITG_14986 and PITG_18325)
which all encode for RXLRs and display
significantly elevated nucleotide diversity (pi),
indicative of non-neutral evolution. The
difference between the RXLR and non-RXLR
distributions of pi is driven by these seven
outlier loci, without which the difference in pi
is no longer significant (Mann–Whitney test,
W = 55952.5, P = 0.0802 (adjusted for ties)).
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Fig. 3 Presence/absence variations of Phytophthora infestans Avr genes. The x-axis represents the nucleotide sequence of the full-length reference genes
Avr1 (PITG_16663), Avr2 (PITG_22870), Avr3a (PITG_14371), Avr3b (PITG_18215), Avr4 (PITG_07387), Avr8/AvrSmira2 (PITG_07558), Avr10
(PITG_11484), AvrSmira1 (PITG_07550) and Avr_vnt1 (PITG_16294), and the y-axis represents the PenSeq read coverage. PenSeq reads from the isolates
T30-4, 88069, EC1-C7 (EC1), 3928A (13_A2), 110059 (US23) and 110153 (US24) are shown in distinct colours. Mapping of the reads is carried out at 1%
mismatch rate
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(Avr10), PITG_14371 (Avr3a) and PITG_16294 (Avrvnt1).
This is in line with previous research which suggested that, for
example, PITG_04314 and Avr3a are ‘core’ effectors that are
likely to be present in diverse genotypes (Armstrong et al., 2005;
Bos et al., 2010; Boevink et al., 2016). For Avr3a, six sequence
polymorphisms were identified, four of which result in amino
acid substitutions (Table 3). These include S19C in the SP,
which has been described previously by Armstrong et al. (2005)
and C�ardenas et al. (2011), and two amino acid changes in the
C-terminal part of Avr3a in positions 80 and 103 (E80K and
M103I), which determine virulence/avirulence in plants contain-
ing R3a (Armstrong et al., 2005; Bos et al., 2006). One further
amino acid substation, R124G, was found in the isolate 110059
(US23), and has been described previously in isolates derived
from Mexico (Seman, 2013).

By contrast, PITG_18215 (Avr3b) was only represented by
PenSeq reads from the isolates T30-4 and 110059 (US23). In
these two isolates, three nonsynonymous substitutions were

identified (R41L, G85R and R124; Table 3). PITG_16663
(Avr1) was only identifiable in the T30-4 reference genome and
is identical to the nucleotide sequence described by Haas et al.
(2009). The absence of conserved sequences that represent Avr3b
and Avr1 in 3928A corroborates the whole-genome sequence
analysis described by Cooke et al. (2012).

PITG_20300 and PITG_21388 are representative RXLRs of
the highly diverse, multigenic Avrblb2 and Avrblb1 families,
respectively. PITG_20300 was highly conserved in the isolates
T30-4, EC1-C7 and 88069 (Fig. 3). In addition, a heterozygous
nonsynonymous substitution, R78K, was identified in the isolate
88069, which has been reported previously, but has no associated
function (Oliva et al., 2015; Table 3). PITG_20300 is only par-
tially represented in isolates 3928A, 11059 and 110153 (Fig. 3).

PITG_21388 (Avrblb1), which is also known as IPIO, is part
of a highly diverse gene family, and > 16 sequence variants (in
three distinct phylogenetic classes) have been described following
PCR amplification in diverse isolates (Champouret et al., 2009).

Table 3 Sequence diversity within selected, known Phytophthora infestans Avr genes.

Gene name Amino acid (s) Cons. Ref. Alt.

Isolates

T30-4 3928A (13_A2) 88069 110059 (US23) 110153 (US24) EC1-C7

Avr3a S19C NS A T A A A A/T A A
S19S S C T C/T C C C C C
E80K NS G A G G G G/A G G
M103I NS G T G G G G/T G G
L121L S T C T T T T/C T T
R124G NS C G C C C C/G C C

Avr3b R41L NS C A C . . A . .
G85R NS C G C . . G . .
R124K NS C T C . . T . .

Avr4 L139S NS T C T . C T C C
L221V NS T G T . G T G G

Avrvnt1 P107P S A G A A G A/G G G
Avrblb1 R2R S T G T/G T/G T/G G T T/G

L26L S C A C C C/A C C C
A113A S T C T T/C T T C T
A134G NS C G C C/G C C - C
K143N NS A C A A/C A A - A

Avrblb2 R78K NS G A G . G/A . . G
Avr10 D84A NS T G T/G T/G T T T/G T

D84N NS C T C C/T C C C/T C/T
D118G NS T C T T/C T T T/C T/C
D118N NS C T C/T C/T C C C/T C
K122R NS T C T T T T T T/C

Avrsmira1 A44A S T C T T T/C T/C T/C T
P45P S T A T T T/A T/A T/A T
N123N S C T C C C C C T
K131R NS A G A A/G G G G .
M156L NS A T T A/T A A A .
L162L S G A G G . A G G
R170Q NS G A G G . . A .

PexRd24 N18D NS A G A A A A/G G A/G

The sequence diversity of selected known P. infestans Avr genes is shown in isolates T30-4, 3928A (13_A2), 88069, 110059 (US23), 110153 (US24) and
EC1-C7 (EC1). The nucleotide sequence variations (Alt.) compared with the reference allele (Ref.), which refers to the T30-4 genome sequence from Haas
et al. (2009), are shown. The consequence (Cons.) of the variation is marked: S, synonymous polymorphism; NS, nonsynonymous variation. Sites that
failed the single nucleotide polymorphism (SNP) filtering parameters are shown as (-). (.), absence of sequences at the site and therefore the absence of
polymorphisms.
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However, despite this diversity, the gene family is represented by
a single gene model in the T30-4 genome sequence
(PITG_21388). IPIO class I variants are important for recogni-
tion and subsequent resistance by Rpi-blb1 (Champouret et al.,
2009). All isolates, with the exception of 110153, contained full-
length PITG_21388 (Fig. 3). In total, five polymorphisms were
identified at 1% mismatch in PITG_21388, two of which
resulted in amino acid substitutions (A134G, K143N; Table 3),
both of which have been well documented previously (Cham-
pouret et al., 2009).

By using the PCR amplicon sequences identified by Cham-
pouret et al. (2009) as references for the additional IPIO family
members, and a read mapping protocol that effectively does not
allow mismatches, the isolates 88069, 3928A, 110153 and EC1-
C7 were determined to have full sequence representation of the
known IPIO class I variant O10, and isolates 3928A, EC1-C7
and 110059 of the IPIO class I variant O11 (Fig. S4b). Intrigu-
ingly, although these IPIO variants had not been described in the
T30-4 reference genome, we detected almost complete sequence
representation of IPIO class I members O10/O11, as well as
IPIO class II members O13/O3, in T30-4-derived PenSeq reads
(Fig. S4b).

PenSeq enables the detection of allelic variants/paralogues
of Avrblb1 (IPIO) and Avrblb2

The realization that variants of Avrblb1, which had been identi-
fied by PCR from diverse isolates but not in the T30-4 genome,
have almost complete coverage by T30-4-derived PenSeq reads
(Fig. S4b) prompted us to test whether PenSeq data could be
used to deduce the sequences of such highly polymorphic RXLR
gene variants. A key concept utilized for this in silico variant anal-
ysis was the identification of uni-reads. Here, we use the strictest
sense of a uni-read to describe reads that Bowtie 2 was unable to
map to any alternative map position in the reference genome at
the prescribed mismatch rate.

For Avrblb1 (PITG_21388 and associated PCR variants), the
sequence identity ranges between 87% and 99%. We reduced the
score-min threshold to allow an incremental mapping of reads
with up to 4% polymorphic nucleotides. Subsequently, we sub-
tracted reads that were identical to the reference from the result-
ing SAM files, revealing clear evidence of allelic/paralogous
variation of Avrblb1 in T30-4. Critically, all reads that mapped
to this locus were uni-reads. The read depth afforded by enrich-
ment sequencing was sufficient to enable haplotypes for the vari-
ants to be determined de novo (Fig. S5).

Using this approach, we determined three variants of
PITG_21388 in T30-4, which we designated as A1, A2 and A3
(Table S5). Comparison of these predicted sequences with the
IPIO PCR sequences obtained by Champouret et al. (2009)
revealed that A2 was identical to IPIO class I member O10 and
A3 was identical to IPIO class II member O3 over the 396 bp of
comparable sequence (Fig. S6). As we mapped to the T30-4
genome, we were able to predict additional SNPs in the remain-
ing 50 coding sequence not covered by the PCR products (459 bp
in total) and flanking regions (Fig. S6; Table S5). We extended

the analysis to the other five P. infestans isolates and found evi-
dence for PITG_21388_A2 or PITG_21388_A2-like sequences
in all of these isolates (Table S5). We then generated new
sequence references for the de novo predicted PITG_21388 vari-
ants and mapped the PenSeq reads from all isolates back to these
at a 0% mismatch (Fig. S7). In line with our prediction and in
agreement with Champouret et al. (2009), we achieved full
sequence coverage of new variants across different isolates
(Table S6). The data are consistent with an expansion of what
had previously been thought of as a single copy gene to a small
gene family with allelic variants. The de novo prediction of IPIO
variants provides, in this case, an independent confirmation of
the IPIO haplotypes defined by Champouret et al. (2009).

Coding sequences of the seven members of the Avrblb2 family
vary in nucleotide identity from 96% to 100%. Consequently,
reducing the score-min threshold to allow reads to map at a 4%
mismatch rate inevitably runs the risk of mapping reads to a locus
which, in fact, originates from family members. However, by
using uni-reads derived at different mismatch rates (Table S7),
we were able to predict five allelic variants for four of the seven
family members (Table S5; Fig. S8). Mapping the PenSeq reads
to each member of this gene family at 0% mismatch (Fig. S4a)
surprisingly suggested that none of the six P. infestans isolates,
including T30-4, contained full coverage of PITG_18683. How-
ever, examination of the uni-reads that mapped to this locus at
between 1% and 4% mismatch rates (Table S7) revealed evidence
for the same polymorphic sequence in all reads derived from
T30-4. We subsequently refer to this variant form as
PITG_18686_T30-4 (Table S5). Additional variants were identi-
fied for PITG_04090, PITG_20300 and PITG_20303
(Table S5). As with Avrblb1, we generated a unique reference for
these sequence variants and re-mapped all PenSeq reads from the
six isolates at a 0% mismatch rate to these bespoke references.
The error-corrected sequence, PITG_18683_T30-4, was 100%
identical and fully represented in the isolates T30-4, 88069 and
EC1-C7, which indicates the presence of the de novo discovered
sequence variant (Table S5) in these isolates (Fig. S9; Table S8).

Mapping PenSeq reads to P. infestans genome scaffolds
identifies additional effector candidates

The prediction of putative bait annealing sites that exhibit a min-
imum of 80% sequence identity to the P. infestans and P. capsici
baits was further investigated through the mapping of T30-4-
derived PenSeq reads. This analysis enabled the identification of
41 genomic intervals for which open reading frames (ORFs)
could be established that potentially encode for previously un-
annotated RXLRs (Whisson et al., 2007; Haas et al., 2009).
Amongst the 41 ORFs, 11 overlap at least partially (including on
the complementary strand) with genomic regions denoted as can-
didate genes by PITG identifiers, but which were not annotated
as RXLR effectors. The remaining 30 ORFs do not correspond
to genes previously predicted (absence of PITG identifier) in the
T30-4 reference genome (Table S9). Of these 41 ORFs, 18 were
specifically targeted by baits designed from P. capsici RXLR effec-
tors PcRXLR038, PcRXLR078, PcRXLR195, PcRXLR271,
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PcRXLR272, PcRXLR294 and PcRXLR352 (Table S9). Baits
from PcRXLR195 enabled the enrichment of eight distinct
regions in the T30-4 genome and yielded homologous sequences
that contain signal SPs and RXLR sequences (two examples are
detailed in Fig. S10). Similarly, PcRXLR271 facilitated the
enrichment of four RXLR-containing genes in the T30-4 genome
(Table S9).

Some of the newly predicted SP-RXLR-containing ORFs are
short and thus may be pseudogenes (Table S9). For example, six
of the 41 predicted ORFs were smaller than 60 amino acids and,
in total, 22 were smaller than 80 amino acids. Evidence for gene
expression was sought for the predicted 41 ORFs by mapping
reads from 34 publicly available RNA sequencing (RNA-Seq)
datasets involving P. infestans studies from the Sequence Read
Archive (Table S10). Of the 41 ORFs predicted following
PenSeq enrichment, 17 were expressed in at least three sets and
12 in at least five experiments. The latter included nine effector
candidates identified following cross-hybridization with
P. capsici-derived probes (Tables S9, S10).

Discussion

Current Phytophthora population studies often utilize co-
dominant, simple sequence repeat (SSR) markers, including a
set of 12 SSR markers developed for P. infestans by Lees et al.
(2006). These neutral markers are well established worldwide
and enable the rapid genotypic classification of isolates as part
of population genetic studies (Widmark et al., 2011; Delgado
et al., 2013; Fry et al., 2013; Childers et al., 2015; Tian et al.,
2016). SSR markers are useful for the study of demographic
processes, and can reveal population bottlenecks and founder
events, as well as patterns and rates of gene flow. However,
because of their selective neutrality, SSR markers have limited
utility in the analysis of adaptive evolution, and only through
genetic hitchhiking can they reveal selection in neighbouring
genomic regions (i.e. selective sweeps and background selection)
(Casa et al., 2005). Hence, the correlation between genotypic
variation and phenotypic variations in virulence, aggressiveness,
host adaptation and race (i.e. the ability to overcome deployed
resistance genes) often remains elusive (Delgado et al., 2013).
Population genomic studies offer a way forward, using whole-
or reduced representation genome sequencing across natural
pathogen populations to identify genes that influence disease
development (Gr€unwald et al., 2016). PenSeq provides a
focused, reduced genome representation sequencing method
which can address complex biological questions on a population
scale. From a population biology and evolutionary perspective,
PenSeq offers two important advantages over traditional neutral
markers, such as SSRs. First, by targeting hundreds of genes
and thousands of SNPs across the genome, population genetic
summary statistics, such as FST, can be estimated with little or
no bias, using sample sizes as small as N = 4 per population
(Willing et al., 2012). Second, by targeting effector genes,
genetic variation that is under positive (or balancing) selection
can be studied directly, enabling the identification of causal
genetic variants, and revealing patterns of adaptive evolution

with higher statistical power and lower type I error rate (false
positive rate) than can whole-genome sequencing approaches.
Indeed, the analysis identified seven RXLRs amongst 433 PITG
genes (259 RXLRs and 174 non-RXLRs) that had PenSeq rep-
resentation across all six P. infestans isolates (Fig. 2b). These
seven loci displayed a significantly elevated nucleotide diversity
(pi) and observed heterozygosity compared with all targeted
PITGs, which is consistent with balancing selection. Positive
selection can also increase gene diversity when a novel,
favourable variant increases in frequency in the population.
However, this effect is transient, because positive selection will
ultimately cause the fixation of the favoured variant, thus reduc-
ing polymorphism of the gene under selection and its nearby
genomic region (cf. a selective sweep; Biswas & Akey, 2006).
Hence, we postulate that balancing selection, such as novel
allele or rare allele advantage (Phillips et al., 2018), is most con-
sistent with the pattern of polymorphism at these seven PITG
genes. In a companion paper, we show the population genetic
application of PenSeq employed on field samples (Jouet et al.,
2018).

The availability of high-throughput and accurate sequencing
technologies has enabled whole-genome sequencing of different
Phytophthora species (reviewed in Gr€unwald, 2012). Moreover,
several isolates of P. infestans have been sequenced (Haas et al.,
2009; Cooke et al., 2012; Martin et al., 2013, 2016; Yoshida
et al., 2013), providing an early insight into the diversity of this
pathogen. However, genome assemblies are complex and the read
coverage for genes of interest can be quite low. This is particularly
problematic when disentangling allelic variants from CNV in
multigene families, which requires (ultra)deep sequencing
(Lighten et al., 2014), and can lead to insufficient sequence cover-
age to accurately determine SNPs across a population. This holds
especially true for P. infestans, which has the largest oomycete
genome to date (~240MB) (Haas et al., 2009), and for which
repetitive elements account for c. 74% of the genome (Haas
et al., 2009). Target enrichment and sequencing provide a cost-
effective alternative to whole-genome sequencing, and have been
used previously to sequence gene families and reduce genome
complexities (Mamanova et al., 2010). Furthermore, with regard
to hypothesis testing, targeted sequencing is superior to whole-
genome sequencing because it reduces the type I error rate (false
positive rate), thereby increasing the statistical power.

In this study, PenSeq was applied to pathogen genes, such as
effectors, which are predicted to provide information relating to
host–pathogen coevolution. PenSeq can thus be used to inform
population genomic studies related to disease development and
resistance gene efficacy, which could benefit and direct breeding
programmes, disease control strategies and resistance deployment
strategies. Critically, PenSeq reduced the genome complexity of
P. infestans from 240MB to < 0.5MB (c. 0.2% of the genome).
For P. capsici, the gene space of interest was 0.394MB of a total
of 64MB for the genome, which represents c. 0.62% of the
genome or a > 162-fold complexity reduction. We multiplexed
six P. infestans and six P. capsici strains in a single PenSeq experi-
ment and, owing to genome reduction, achieved full representa-
tion for over 87% of all specifically re-sequenced genes from the
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T30-4 and LT1534 reference genomes at an average read depth
of 70 and 85, respectively. The remaining, partially covered genes
displayed > 86% sequence representation (Fig. 1). We could cor-
roborate by PCR the absence of selected effectors in the genome
of T30-4 and other isolates, which suggests a genuine presence/
absence polymorphism, rather than ambiguity in the PenSeq
approach. Indeed, such deletions of genomic segments in
P. infestans are not uncommon and have been reported previously
(Van Der Lee et al., 2001; Jiang et al., 2006). It is also worthwhile
noting that this specific isolate of T30-4, studied by PenSeq, has
been maintained for over 10 yr and has lost its ability to infect
normally susceptible hosts, such as potato cultivar Craig Royal
and the model Solanaceae Nicotiana benthamiana. As the enrich-
ment on all isolates was performed simultaneously, and the effec-
tors that were absent from T30-4 could be identified in other
isolates, we conclude that the enrichment approach is highly
robust and representative.

Typically, more than one-half of the PenSeq reads that could
be mapped to the reference genomes were within the predicted
bait binding sites and thus allowed a marked increase in the read
depth achieved for the target genes when compared with the
expected value of an untargeted whole-genome sequencing
approach. These on-target rates are comparable with those
reported in other enrichment sequencing studies, such as Van
Weymers et al. (2016), where on-target rates ranged from 50% to
70%. For the large genome of P. infestans, for example, > 300-
fold enrichment was achieved and, for the smaller P. capsici
genome, a 100-fold increase in read depth was observed. This
makes PenSeq highly cost-effective compared with non-enriched
whole-genome sequencing, as consequently 300 or 100 times
more raw sequencing data would be required, respectively, to
achieve the same read depth for effector analysis. RNA-Seq,
which also represents a genome reduction as only expressed genes
are sequenced, is less suitable for high-throughput evolutionary
genomics studies as, typically, multiple time points, pre- and
post-infection, are required for sequencing to ensure the repre-
sentation of all known effectors (Wang et al., 2011). This, in
turn, increases the costs significantly compared with PenSeq.
Similarly, PCR-based analysis of effector diversity is significantly
more labour intense and slower as, for example, shown for
P. infestans Avr2 (Gilroy et al., 2011). Crucially, PenSeq evaluates
all known effectors simultaneously, whereas a PCR-based analysis
is limited to single genes per reaction. PenSeq can thus be
deployed to investigate specific, targeted genomic variation across
a large-scale population study at relatively low cost, and to help
to identify candidate genes for functional characterization via
association genetics. In addition, it could be applied to segregate
populations resulting from crosses to identify loci that explain
phenotypic variation, as well as for population and evolutionary
genetic analyses.

PenSeq was used to perform a presence/absence avirulence
(Avr) effector analysis (Fig. 3) and detailed corresponding SNP
analysis (Tables 3, S4) for P. infestans. Both types of analysis cor-
roborated previously described patterns of Avr diversity that were
established by whole-genome sequencing and/or PCR-based
allele mining (Vleeshouwers et al., 2011), but did so

simultaneously for all six P. infestans isolates and all genes of
interest. Thus, in addition to applications in population
genomics to identify candidate genes that explain phenotypic
variation, PenSeq can be used to predict virulence or avirulence.
For example, whereas Avr4 is present in the T30-4 genome, indi-
cating that the cognate resistance gene R4 would provide resis-
tance to it, no functional Avr4 is present in the 3928A genome,
indicating that this isolate of P. infestans evades R4 resistance. In
the future, monitoring Avr gene diversity across a population
could inform on which R genes to deploy, and on whether a
deployed R gene would be vulnerable to becoming ineffective.

The read depth achieved through PenSeq, combined with a
selection of uni-reads that were specific to a single gene and its
variants, enabled us to identify novel forms for the complex
Avrblb1 and Avrblb2 family which, on inspection, were present
in multiple isolates (Figs S7, S9). For example, we predicted
de novo variants of the Avrblb1 effector PITG_21388, which
turned out to be identical to variants previously mined by PCR
(Champouret et al., 2009). This makes it likely that allelic/paral-
ogous variation in RXLRs has been understudied, even in the ref-
erence strain T30-4.

Furthermore, PenSeq data enabled us to correct a gene model
for the Avrblb2 member PITG_18683 (referred to as
PITG_18683_T30), which we detected in the isolates T30-4,
88069 and EC1-C7. The original gene model for PITG_18683
was derived from the T30-4 genome, but was absent in all isolates
at a 0% mismatch rate. The plasticity of the P. infestans genome,
in terms of the tendency to delete effectors, is apparent, with iso-
lates lacking subsets of the Avrblb2 family, a phenomenon which
may suggest functional redundancy within the group, given that
all P. infestans isolates tested are avirulent on plants expressing
Rpi-blb2.

Although not the focus of this PenSeq study, other research
has demonstrated that the gene coverage depth from whole-
genome sequencing can be used to infer CNVs in genomes,
including genomes from plant pathogens, beyond presence/ab-
sence CNV (Brynildsrud et al., 2016; Arsenault-Labrecque et al.,
2018). Additional, recent studies have further revealed that tar-
geted enrichment sequencing reads are also suitable for CNV
analysis (Ellingford et al., 2017), which provides additional scope
for future applications of PenSeq technology beyond the pres-
ence/absence CNV analysis described here.

The examination of regions of the P. infestans T30-4 genome
that yielded a large number of PenSeq reads, but for which no
PITG gene models were described, revealed a correlation in
sequence homology to other P. infestans- or P. capsici-specific
RXLR-derived probes. A search for ORFs and canonical SP-
RXLR domains corroborated that the gene models that were con-
sequently established displayed high homology to characterized
RXLR-type effectors (Table S9; Fig. S10), several of which had
only previously been annotated in the P. capsici genome. Thus, it
was hypothesized that some putative RXLR-encoding genomic
regions had been omitted in the original P. infestans genome
annotation.

It is likely that the complement of RXLR effectors has been
underestimated in P. infestans. This is important for studies
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aiming to identify Avr candidates recognized by new R proteins
using effectoromic studies (Vleeshouwers et al., 2011). Impor-
tantly, some of the newly identified P. infestans RXLR candidates
have been identified as a consequence of the achieved enrichment
with probes thought to be specific for P. capsici. Given that these
pathogens share some common hosts (e.g. tomato), as well as
infecting distinct hosts (e.g. potato and pepper), the analysis of
RXLR effectors that are shared or distinct between P. infestans
and P. capsici will be important in understanding the host range
and non-host resistance. This also shows that the use of bait tar-
geting designs in related species, rather than a single species, helps
to identify previously unannotated genes.

In conclusion, PenSeq provides a cost-effective approach to
enrich specific portions of a pathogen or microbe genome to
rapidly and accurately assess presence/absence and sequence poly-
morphisms across multiple individuals. The method has broad
applications and can be adapted to diverse microbes and
pathogens across a wide host spectrum. Used on a population
scale, PenSeq reveals recognized effector genes that can determine
the potential durability of a deployed crop resistance gene. More-
over, PenSeq facilitates re-annotation of effector candidates across
the P. infestans genome. Critically, the approach will facilitate
cost-effective, statistically powerful population genomic studies,
opening the door to association studies that will help to deter-
mine the genes underlying pathogenicity, race, aggressiveness and
host adaptation.

Acknowledgements

This work was supported by the Rural & Environment Science
& Analytical Services Division of the Scottish Government; the
Biotechnology and Biological Sciences Research Council
(BBSRC) through projects BB/K018299/1 and BB/L008025/1;
and the US Department of Agriculture National Institute of
Food and Agriculture (USDA NIFA) grant 2011-68004-30154
awarded to IH. BW and CvO were supported by the BBSRC
project BB/N02317X/1. The data generated in this study are
available in the European Nucleotide Archive (ENA) under the
study accession number: PRJEB19656 (http://www.ebi.ac.uk/
ena/data/view/PRJEB19656). We would like to thank Dr David
Cooke for providing P. infestans isolates and Brian Harrower for
the maintenance of isolates.

Author contributions

GJAT and MRA performed target enrichment sequencing.
GJAT, MRA, T-YL and KB conducted computational analysis.
AJ, JDGJ, EH, PRJB and IH designed the bait library. BW,
CvO and GJAT conducted population genomics studies. GJAT,
T-YL, PRJB, JDGJ, MRA and IH wrote the manuscript. IH
planned and designed the research.

ORCID

Miles R. Armstrong http://orcid.org/0000-0002-9441-476X
Katie Baker http://orcid.org/0000-0002-6265-9252

Paul R. J. Birch http://orcid.org/0000-0002-6559-3746
Ingo Hein http://orcid.org/0000-0002-0128-2084
Edgar Huitema http://orcid.org/0000-0002-5766-0830
Agathe Jouet http://orcid.org/0000-0003-4998-9596
Cock van Oosterhout http://orcid.org/0000-0002-5653-
738X
Ben Ward http://orcid.org/0000-0001-6337-5238

References

Albert TJ, Molla MN, Muzny DM, Nazareth L, Wheeler D, Song X, Richmond

TA, Middle CM, Rodesch MJ, Packard CJ et al. 2007. Direct selection of

human genomic loci by microarray hybridization. Nature Methods 4: 903–905.
Andrews S. 2010. FastQC: A quality control tool for high throughput sequence data.
[WWW document] URL http://www.bioinformatics.babraham.ac.uk/projec

ts/fastqc [accessed 12 September 2018].

Armstrong MR, Whisson SC, Pritchard L, Bos JIB, Venter E, Avrova AO,

Rehmany AP, B€ohme U, Brooks K, Cherevach I et al. 2005. An ancestral

oomycete locus contains late blight avirulence gene Avr3a, encoding a protein
that is recognized in the host cytoplasm. Proceedings of the National Academy of
Sciences, USA 102: 7766–7771.

Arsenault-Labrecque G, Sonah H, Lebreton A, Labb�e C, Marchand G, Xue A,

Belzile F, Knaus BJ, Gr€unwald NJ, B�elanger RR. 2018. Stable predictive
markers for Phytophthora sojae avirulence genes that impair infection of soybean

uncovered by whole genome sequencing of 31 isolates. BMC Biology 16: 80.
Baxter L, Tripathy S, Ishaque N, Boot N, Cabral A, Kemen E, Thines M, Ah-

Fong A, Anderson R, Badejoko W et al. 2010. Signatures of adaptation to

obligate biotrophy in the Hyaloperonospora arabidopsidis genome. Science 330:
1549–1551.

Bhattacharjee S, Hiller NL, Liolios K, Win J, Kanneganti TD, Young C,

Kamoun S, Haldar K. 2006. The malarial host-targeting signal is conserved in

the Irish potato famine pathogen. PLoS Pathogens 2: 453–465.
Birch PRJ, Bryan G, Fenton B, Gilroy EM, Hein I, Jones JT, Prashar A,

Taylor MA, Torrance L, Toth IK. 2012. Crops that feed the world 8:

Potato: are the trends of increased global production sustainable? Food
Security 4: 477–508.

Birch PRJ, Rehmany AP, Pritchard L, Kamoun S, Beynon JL. 2006. Trafficking

arms: oomycete effectors enter host plant cells. Trends in Microbiology 14:
8–11.

Biswas S, Akey JM. 2006. Genomic insights into positive selection. Trends in
Genetics 22: 437–446.

Boevink PC, Wang X, McLellan H, He Q, Naqvi S, Armstrong MR, Zhang W,

Hein I, Gilroy EM, Tian Z et al. 2016. A Phytophthora infestans RXLR effector

targets plant PP1c isoforms that promote late blight disease. Nature
Communications 7: 10311.

Bos JIB, Armstrong MR, Gilroy EM, Boevink PC, Hein I, Taylor RM,

Zhendong T, Engelhardt S, Vetukuri RR, Harrower B et al. 2010.
Phytophthora infestans effector AVR3a is essential for virulence and manipulates

plant immunity by stabilizing host E3 ligase CMPG1. Proceedings of the
National Academy of Sciences, USA 107: 2–7.

Bos JIB, Kanneganti TD, Young C, Cakir C, Huitema E, Win J, Armstrong

MR, Birch PRJ, Kamoun S. 2006. The C-terminal half of Phytophthora
infestans RXLR effector AVR3a is sufficient to trigger R3a-mediated

hypersensitivity and suppress INF1-induced cell death in Nicotiana
benthamiana. Plant Journal 48: 165–176.

Brynildsrud O, Gulla S, Feil EJ, Nørstebø SF, Rhodes LD. 2016. Identifying

copy number variation of the dominant virulence factors msa and p22 within

genomes of the fish pathogen Renibacterium salmoninarum.Microbial Genomics
2: e000055.

C�ardenas M, Grajales A, Sierra R, Rojas A, Gonz�alez-Almario A, Vargas A,

Mar�ın M, Ferm�ın G, Lagos LE, Gr€unwald NJ et al. 2011. Genetic diversity of

Phytophthora infestans in the northern Andean region. BMC Genetics 12: 23.
Casa AM, Mitchell SE, Hamblin MT, Sun H, Bowers JE, Paterson AH,

Aquadro CF, Kresovich S. 2005. Diversity and selection in sorghum:

New Phytologist (2018) � 2018 The Authors

New Phytologist� 2018 New Phytologist Trustwww.newphytologist.com

Research

New
Phytologist12

http://www.ebi.ac.uk/ena/data/view/PRJEB19656
http://www.ebi.ac.uk/ena/data/view/PRJEB19656
http://orcid.org/0000-0002-9441-476X
http://orcid.org/0000-0002-9441-476X
http://orcid.org/0000-0002-9441-476X
http://orcid.org/0000-0002-6265-9252
http://orcid.org/0000-0002-6265-9252
http://orcid.org/0000-0002-6265-9252
http://orcid.org/0000-0002-6559-3746
http://orcid.org/0000-0002-6559-3746
http://orcid.org/0000-0002-6559-3746
http://orcid.org/0000-0002-0128-2084
http://orcid.org/0000-0002-0128-2084
http://orcid.org/0000-0002-0128-2084
http://orcid.org/0000-0002-5766-0830
http://orcid.org/0000-0002-5766-0830
http://orcid.org/0000-0002-5766-0830
http://orcid.org/0000-0003-4998-9596
http://orcid.org/0000-0003-4998-9596
http://orcid.org/0000-0003-4998-9596
http://orcid.org/0000-0002-5653-738X
http://orcid.org/0000-0002-5653-738X
http://orcid.org/0000-0002-5653-738X
http://orcid.org/0000-0001-6337-5238
http://orcid.org/0000-0001-6337-5238
http://orcid.org/0000-0001-6337-5238
http://www.bioinformatics.babraham.ac.uk/projects/fastqc
http://www.bioinformatics.babraham.ac.uk/projects/fastqc


simultaneous analyses using simple sequence repeats. Theoretical and Applied
Genetics 111: 23–30.

Champouret N, Bouwmeester K, Rietman H, van der Lee T, Maliepaard C,

Heupink A, van de Vondervoort PJI, Jacobsen E, Visser RGF, van der Vossen

EAG et al. 2009. Phytophthora infestans isolates lacking class I IPIO variants are

virulent on Rpi-blb1 potato.Molecular Plant–Microbe Interactions 22: 1535–1545.
Chen X, Lewandowska D, Armstrong MR, Baker K, Lim T-Y, Bayer M,

Harrower B, McLean K, Jupe F, Witek K et al. 2018. Identification and rapid

mapping of a gene conferring broad-spectrum late blight resistance in the

diploid potato species Solanum verrucosum through DNA capture technologies.

Theoretical and Applied Genetics 131: 1287–1297.
Childers R, Danies G, Myers K, Fei Z, Small IM, Fry WE. 2015. Acquired

resistance to mefenoxam in sensitive isolates of Phytophthora infestans.
Phytopathology 105: 342–349.

Cooke DEL, Cano LM, Raffaele S, Bain RA, Cooke LR, Etherington GJ, Deahl

KL, Farrer RA, Gilroy EM, Goss EM et al. 2012. Genome analyses of an

aggressive and invasive lineage of the Irish potato famine pathogen. PLoS
Pathogens 8: e1002940.

Cronn R, Knaus BJ, Liston A, Maughan PJ, Parks M, Syring JV, Udall J. 2012.

Targeted enrichment strategies for next-generation plant biology. American
Journal of Botany 99: 291–311.

Delgado RA, Monteros-Altamirano AR, Li Y, Visser RGF, van der Lee TAJ,

Vosman B. 2013. Large subclonal variation in Phytophthora infestans
populations associated with Ecuadorian potato landraces. Plant Pathology 62:
1081–1088.

Dodds PN, Rathjen JP. 2010. Plant immunity: towards an integrated view of

plant–pathogen interactions. Nature Reviews Genetics 11: 539–548.
Du Y, Mpina MH, Birch PRJ, Bouwmeester K, Govers F. 2015. Phytophthora
infestans RXLR effector AVR1 interacts with exocyst component Sec5 to

manipulate plant immunity. Plant Physiology 169: 1975–1990.
Ellingford JM, Campbell C, Barton S, Bhaskar S, Gupta S, Taylor RL,

Sergouniotis PI, Horn B, Lamb JA, Michaelides M et al. 2017. Validation of

copy number variation analysis for next-generation sequencing diagnostics.

European Journal of Human Genetics. 25: 719–724.
Fry WE, Birch PRJ, Judelson HS, Gr€unwald NJ, Danies G, Everts KL,

Gevens AJ, Gugino BK, Johnson DA, Johnson SB et al. 2015. Five
reasons to consider Phytophthora infestans a reemerging pathogen.

Phytopathology 105: 966–981.
Fry WE, McGrath MT, Seaman A, Zitter TA, McLeod A, Danies G, Small IM,

Myers K, Everts K, Gevens AJ et al. 2013. The 2009 late blight pandemic in

the Eastern United States – causes and results. Plant Disease 97: 296–306.
Gilroy EM, Breen S, Whisson SC, Squires J, Hein I, Kaczmarek M, Turnbull

D, Boevink PC, Lokossou A, Cano LM et al. 2011. Presence/absence,
differential expression and sequence polymorphisms between PiAVR2 and

PiAVR2-like in Phytophthora infestans determine virulence on R2 plants. New
Phytologist 191: 763–776.

Gr€unwald NJ. 2012. Genome sequences of Phytophthora enable translational
plant disease management and accelerate research. Canadian Journal of Plant
Pathology 34: 13–19.

Gr€unwald NJ, McDonald BA, Milgroom MG. 2016. Population genomics of

fungal and oomycete pathogens. Annual Review of Phytopathology 54: 323–346.
Haas BJ, Kamoun S, Zody MC, Jiang RHY, Handsaker RE, Cano LM,

Grabherr M, Kodira CD, Raffaele S, Torto-Alalibo T et al. 2009. Genome

sequence and analysis of the Irish potato famine pathogen Phytophthora
infestans. Nature 461: 393–398.

Hein I, Gilroy EM, Armstrong MR, Birch PRJ. 2009. The zig-zag-zig in

oomycete–plant interactions.Molecular Plant Pathology 10: 547–562.
Hodges E, Xuan Z, Balija V, Kramer M, Molla MN, Smith SW, Middle CM,

Rodesch MJ, Albert TJ, Hannon GJ et al. 2007. Genome-wide in situ exon
capture for selective resequencing. Nature Genetics 39: 1522–1527.

Jiang R, Li J, Tian Z, Du J, Armstrong M, Baker K, Tze-Yin Lim J, Vossen JH,

He H, Portal L et al. 2018. Potato late blight field resistance from QTL dPI09c
is conferred by the NB-LRR gene R8. Journal of Experimental Botany 69:
1545–1555.

Jiang RHY, Weide R, Van De Vondervoort PJI, Govers F. 2006. Amplification

generates modular diversity at an avirulence locus in the pathogen

Phytophthora. Genome Research 16: 827–840.

Jones J, Dangl J. 2006. The plant immune system. Nature 444: 323–329.
Jones JDG, Vance RE, Dangl JL. 2016. Intracellular innate immune surveillance

devices in plants and animals. Science 2: 354(6316).
Jouet A, Saunders DGO, McMullan M, Ward B, Furzer O, Jupe F, Cevik V,

Hein I, Thilliez GJA, Holub E et al. 2018. Albugo candida race diversity,
ploidy and host-associated microbes revealed using DNA sequence capture on

diseased plants in the field. New Phytologist. doi: 10.1111/nph.15417.
Jupe F, Witek K, Verweij W, Sliwka J, Pritchard L, Etherington GJ, Maclean D,

Cock PJ, Leggett RM, Bryan GJ et al. 2013. Resistance gene enrichment

sequencing (RenSeq) enables reannotation of the NB-LRR gene family from

sequenced plant genomes and rapid mapping of resistance loci in segregating

populations. Plant Journal 76: 530–544.
Jupe J, Stam R, Howden AJM, Morris JA, Zhang R, Hedley PE, Huitema

E. 2013. Phytophthora capsici–tomato interaction features dramatic shifts in

gene expression associated with a hemi-biotrophic lifestyle. Genome Biology
14: R63.

Lamour KH, Mudge J, Gobena D, Hurtado-Gonzales OP, Schmutz J, Kuo A,

Miller NA, Rice BJ, Raffaele S, Cano LM et al. 2012b. Genome sequencing

and mapping reveal loss of heterozygosity as a mechanism for rapid adaptation

in the vegetable pathogen Phytophthora capsici.Molecular Plant–Microbe
Interactions 25: 1350–1360.

Lamour KH, Stam R, Jupe J, Huitema E. 2012a. The oomycete broad-host-

range pathogen Phytophthora capsici.Molecular Plant Pathology 13: 329–337.
Lee HA, Kim SY, Oh SK, Yeom SI, Kim SB, Kim MS, Kamoun S, Choi D.

2014.Multiple recognition of RXLR effectors is associated with nonhost

resistance of pepper against Phytophthora infestans. New Phytologist 203: 926–
938.

Lees AK, Wattier R, Shaw DS, Sullivan L, Williams NA, Cooke DEL. 2006.

Novel microsatellite markers for the analysis of Phytophthora infestans
populations. Plant Pathology 55: 311–319.

Lighten J, Van Oosterhout C, Bentzen P. 2014. Critical review of NGS analyses

for de novo genotyping multigene families.Molecular Ecology 23: 3957–3972.
Mamanova L, Coffey AJ, Scott CE, Kozarewa I, Turner EH, Kumar A, Howard

E, Shendure J, Turner DJ. 2010. Target-enrichment strategies for next-

generation sequencing. Nature Methods 7: 111–118.
Martin M. 2011. Cutadapt removes adapter sequences from high-throughput

sequencing reads. EMBnet.journal 17: 10.
Martin MD, Cappellini E, Samaniego JA, Zepeda ML, Campos PF, Seguin-

Orlando A, Wales N, Orlando L, Ho SYW, Dietrich FS et al. 2013.
Reconstructing genome evolution in historic samples of the Irish potato famine

pathogen. Nature Communications 4: 2172.
Martin MD, Vieira FG, Ho SYW, Wales N, Schubert M, Seguin-Orlando

A, Ristaino JB, Gilbert MTP. 2016. Genomic characterization of a South

American Phytophthora hybrid mandates reassessment of the geographic

origins of Phytophthora infestans. Molecular Biology and Evolution 33:

478–491.
Oh S-K, Young C, Lee M, Oliva R, Bozkurt TO, Cano LM, Win J, Bos JIB, Liu

H-Y, van Damme M et al. 2009. In planta expression screens of Phytophthora
infestans RXLR effectors reveal diverse phenotypes, including activation of the

Solanum bulbocastanum disease resistance protein Rpi-blb2. Plant Cell 21:
2928–2947.

Oliva RF, Cano LM, Raffaele S, Win J, Bozkurt TO, Belhaj K, Oh S-K,

Thines M, Kamoun S. 2015. A recent expansion of the RXLR effector

gene Avrblb2 is maintained in global populations of Phytophthora infestans
indicating different contributions to virulence. Molecular Plant–Microbe
Interactions 28: 901–912.

Parla JS, Iossifov I, Grabill I, Spector MS, Kramer M, McCombie WR. 2011. A

comparative analysis of exome capture. Genome Biology 12: R97.
Pel MA. 2010.Mapping, isolation and characterization of genes responsible for late
blight resistance in potato. Wageningen University [WWW document] URL

http://edepot.wur.nl/138132 [accessed 12 September 2018].

Phillips KP, Cable J, Mohammed RS, Herdegen-Radwan M, Raubic J,

Przesmycka KJ, van Oosterhout C, Radwan J. 2018. Immunogenetic novelty

confers a selective advantage in host–pathogen coevolution. Proceedings of the
National Academy of Sciences, USA 115: 1552–1557.

van Poppel PMJA, Guo J, van de Vondervoort PJI, Jung MWM, Birch PRJ,

Whisson SC, Govers F. 2008. The Phytophthora infestans avirulence gene Avr4

� 2018 The Authors

New Phytologist� 2018 New Phytologist Trust
New Phytologist (2018)

www.newphytologist.com

New
Phytologist Research 13

https://doi.org/10.1111/nph.15417
http://edepot.wur.nl/138132


encodes an RXLR-dEER effector.Molecular Plant–Microbe Interactions 21:
1460–1470.

Quinlan AR, Hall IM. 2010. The BEDTools manual. Genome 16: 1–77.
Raffaele S, Win J, Cano LM, Kamoun S. 2010. Analyses of genome architecture

and gene expression reveal novel candidate virulence factors in the secretome of

Phytophthora infestans. BMC Genomics 11: 637.
Rietman H, Bijsterbosch G, Cano LM, Lee H, Vossen JH, Jacobsen E, Visser

RGF, Kamoun S, Vleeshouwers VGAA. 2012.Qualitative and quantitative

late blight resistance in the potato cultivar Sarpo Mira is determined by the

perception of five distinct RXLR effectors.Molecular Plant–Microbe Interactions
25: 910–919.

Rocha-Castro A, Flores-Margez JP, Aguirre-Ramirez M, Fernandez-Pavia S,

Rodriguez-Alvarado G, Osuna-�Avila P. 2014. Traditional and molecular

studies of the plant pathogen Phytophthora capsici: a review. Journal of Plant
Pathology and Microbiology 5: 250.

Saintenac C, Jiang D, Akhunov ED. 2011. Targeted analysis of nucleotide and

copy number variation by exon capture in allotetraploid wheat genome.

Genome Biology 12: R88.
Seman ZA. 2013. A functional study of the Phytophthora infestans Avr3a alleles
and paralogs. PhD Thesis, University of Dundee, UK. [WWW document]

URL https://discovery.dundee.ac.uk/ws/portalfiles/portal/2273639/Seman_

phd_2013.pdf [accessed 12 September 2018].

Stam R, Jupe J, Howden AJM, Morris JA, Boevink PC, Hedley PE, Huitema E.

2013. Identification and characterisation of CRN effectors in Phytophthora
capsici shows modularity and functional diversity. PLoS ONE 8: e59517.

Steuernagel B, Periyannan SK, Hern�andez-Pinz�on I, Witek K, Rouse MN, Yu

G, Hatta A, Ayliffe M, Bariana H, Jones JDG et al. 2016. Rapid cloning of
disease-resistance genes in plants using mutagenesis and sequence capture.

Nature Biotechnology 34: 652–655.
Tian YE, Yin JL, Sun JP, Ma YF, Wang QH, Quan JL, Shan WX. 2016.

Population genetic analysis of Phytophthora infestans in northwestern China.

Plant Pathology 65: 17–25.
Tyler BM, Tripathy S, Zhang X, Dehal P, Jiang RHY, Aerts A, Arredondo FD,

Baxter L, Bensasson D, Beynon JL et al. 2006. Phytophthora genome

sequences uncover evolutionary origins and mechanisms of pathogenesis.

Science 313: 1261–1266.
Van Der Lee T, Testa A, Van‘t Klooster J, Van Den Berg-Velthuis G, Govers F.

2001. Chromosomal deletion in isolates of Phytophthora infestans correlates
with virulence on R3, R10, and R11 potato lines.Molecular Plant–Microbe
Interactions 14: 1444–1452.

Van Weymers PSM, Baker K, Chen X, Harrower B, Cooke DEL, Gilroy EM,

Birch PRJ, Thilliez GJA, Lees AK, Lynott JS et al. 2016. Utilizing “Omic”

technologies to identify and prioritize novel sources of resistance to the

oomycete pathogen Phytophthora infestans in potato germplasm collections.

Frontiers in Plant Science 7: 672.
Vleeshouwers VGAA, Raffaele S, Vossen JH, Champouret N, Oliva R, Segretin

ME, Rietman H, Cano LM, Lokossou A, Kessel G et al. 2011. Understanding
and exploiting late blight resistance in the age of effectors. Annual Review of
Phytopathology 49: 507–531.

Vleeshouwers VGAA, Rietman H, Krenek P, Champouret N, Young C, Oh SK,

Wang M, Bouwmeester K, Vosman B, Visser RGF et al. 2008. Effector
genomics accelerates discovery and functional profiling of potato disease

resistance and Phytophthora infestans avirulence genes. PLoS ONE 3(8): e2875.

Vossen JH, van Arkel G, Bergervoet M, Jo KR, Jacobsen E, Visser RGF. 2016.

The Solanum demissum R8 late blight resistance gene is an Sw-5 homologue

that has been deployed worldwide in late blight resistant varieties. Theoretical
and Applied Genetics 129: 1785–1796.

Wang Q, Han C, Ferreira AO, Yu X, Ye W, Tripathy S, Kale SD, Gu B, Sheng

Y, Sui Y et al. 2011. Transcriptional programming and functional interactions

within the Phytophthora sojae RXLR effector repertoire. Plant Cell 23: 2064–
2086.

Wangsomboondee T, Ristaino JB. 2002.Optimization of sample size and DNA

extraction methods to improve PCR detection of different propagules of

Phytophthora infestans. Plant Disease 86: 247–253.
Whisson SC, Boevink PC, Moleleki L, Avrova AO, Morales JG, Gilroy EM,

Armstrong MR, Grouffaud S, van West P, Chapman S. 2007. A translocation

signal for delivery of oomycete effector proteins into host plant cells. Nature
450: 115–118.

Widmark AK, Andersson B, Sandstr€om M, Yuen JE. 2011. Tracking

Phytophthora infestans with SSR markers within and between seasons – a field
study in Sweden. Plant Pathology 60: 938–945.

Willing EM, Dreyer C, van Oosterhout C. 2012. Estimates of genetic

differentiation measured by F(ST) do not necessarily require large sample sizes

when using many SNP markers. PLoS ONE 7: e42649.

Win J, Morgan W, Bos J, Krasileva KV, Cano LM, Chaparro-garcia A, Ammar

R, Staskawicz BJ, Kamoun S. 2007. Adaptive evolution has targeted the C-

terminal domain of the RXLR effectors of plant pathogenic oomycetes. Plant
Cell 19: 2349–2369.

Yoshida K, Schuenemann VJ, Cano LM, Pais M, Mishra B, Sharma R, Lanz C,

Martin FN, Kamoun S, Krause J et al. 2013. The rise and fall of the
Phytophthora infestans lineage that triggered the Irish potato famine. eLife 2013:
1–25.

Supporting Information

Additional Supporting Information may be found online in the
Supporting Information section at the end of the article.

Fig. S1 Representation of target gene coverage in Phytophthora
infestans reference strain T30-4 and P. capsici reference strain
LT1534 at 2% and 5% mismatch mapping rates.

Fig. S2 PCR amplifications of effectors and no-template control
(control) across six isolates of Phytophthora infestans.

Fig. S3 Representation of target gene coverage in Phytophthora
infestans isolates 88069, EC1-C7, 3928A, 110059 and 110153,
as well as P. capsici isolates LT123, LT6536, Pc204, Y006 and
Q108, at a 1% mismatch mapping rate.

Fig. S4 Presence/absence variations of complex Phytophthora
infestans Avrblb2 and Avrblb1 family members.

Fig. S5 Graphical representation of a sequence alignment map of
T30-4-derived PenSeq uni-reads mapped to PITG_21388.

Fig. S6 Graphical sequence comparison between the reference
Avrblb1 (PITG_21388), de novo predicted variants A1, A2,
88069_A2 and A3, and IPIO haplotypes amplified by Cham-
pouret et al. (2009).

Fig. S7 Presence/absence variations of PITG_21388 and de novo
predicted Phytophthora infestans family members.

Fig. S8 Graphical sequence comparison between reference
sequence of Avrblb2 members alongside de novo predicted
variants.

Fig. S9 Presence/absence variations of de novo predicted Avrblb2
members.

Fig. S10 Graphical representation of novel RXLRs identified in
the T30-4 Phytophthora infestans reference genome via P. capsici-
derived bait hybridization.

New Phytologist (2018) � 2018 The Authors

New Phytologist� 2018 New Phytologist Trustwww.newphytologist.com

Research

New
Phytologist14

https://discovery.dundee.ac.uk/ws/portalfiles/portal/2273639/Seman_phd_2013.pdf
https://discovery.dundee.ac.uk/ws/portalfiles/portal/2273639/Seman_phd_2013.pdf


Methods S1 Supporting materials and methods.

Table S1 Phytophthora infestans and P. capsici genes selected for
target enrichment sequencing.

Table S2 PenSeq read data analyses for Phytophthora capsici and
P. infestans isolates.

Table S3 The numbers and rates of synonymous and non-
synonymous substitutions based on a set of codon-aligned
nucleotide sequences of seven RXLR effectors that showed a sig-
nificantly elevated level of nucleotide diversity and heterozygos-
ity.

Table S4 Sequence diversity within known Phytophthora infestans
genes (PITGs) for all six P. infestans isolates.

Table S5 Sequence diversity within de novo predicted Avrblb2
and Avrblb1 variants for all six Phytophthora infestans isolates.

Table S6 The percentage coverage of full-length coding sequence
for PITG_21388, de novo predicted Phytophthora infestans family
members A1, A2 and A3 in T30-4, and an 88069 specific form
of A2.

Table S7 Number of uni-reads identified for Avrblb2 members
in the isolates T30-4, 88069, EC1-C7 (EC1), 3928A (13_A2),
110059 (US23) and 110153 (US24) as a function of relaxing the
mismatch rate for the PenSeq read mapping from 0%, 1%, 2%,
3% and 4%.

Table S8 The percentage coverage of full-length coding sequence
for Avrblb2 family members and de novo predicted variants.

Table S9 Phytophthora infestans- and P. capsici-derived bait
hybridization identifies novel RXLRs in the T30-4 P. infestans
reference genome.

Table S10 Expression analysis of bait hybridization-based pre-
dicted RXLRs.

Please note: Wiley Blackwell are not responsible for the content
or functionality of any Supporting Information supplied by the
authors. Any queries (other than missing material) should be
directed to the New Phytologist Central Office.

New Phytologist is an electronic (online-only) journal owned by the New Phytologist Trust, a not-for-profit organization dedicated
to the promotion of plant science, facilitating projects from symposia to free access for our Tansley reviews and Tansley insights.

Regular papers, Letters, Research reviews, Rapid reports and both Modelling/Theory and Methods papers are encouraged. 
We are committed to rapid processing, from online submission through to publication ‘as ready’ via Early View – our average time
to decision is <26 days. There are no page or colour charges and a PDF version will be provided for each article. 

The journal is available online at Wiley Online Library. Visit www.newphytologist.com to search the articles and register for table
of contents email alerts.

If you have any questions, do get in touch with Central Office (np-centraloffice@lancaster.ac.uk) or, if it is more convenient,
our USA Office (np-usaoffice@lancaster.ac.uk)

For submission instructions, subscription and all the latest information visit www.newphytologist.com

� 2018 The Authors

New Phytologist� 2018 New Phytologist Trust
New Phytologist (2018)

www.newphytologist.com

New
Phytologist Research 15


