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SUMMARY

Hemibiotrophic plant pathogens, such as the oomycete
Phytophthora infestans, employ a biphasic infection strategy, ini-
tially behaving as biotrophs, where minimal symptoms are exhib-
ited by the plant, and subsequently as necrotrophs, feeding on
dead plant tissue. The regulation of this transition and the breadth
of molecular mechanisms that modulate plant defences are not
well understood, although effector proteins secreted by the patho-
gen are thought to play a key role. We examined the transcrip-
tional dynamics of P. infestans in a compatible interaction with its
host tomato (Solanum lycopersicum) at three infection stages:
biotrophy; the transition from biotrophy to necrotrophy; and
necrotrophy. The expression data suggest a tight temporal regu-
lation of many pathways associated with the suppression of plant
defence mechanisms and pathogenicity, including the induction of
putative cytoplasmic and apoplastic effectors. Twelve of these
were experimentally evaluated to determine their ability to sup-
press necrosis caused by the P. infestans necrosis-inducing protein
PiNPP1.1 in Nicotiana benthamiana. Four effectors suppressed
necrosis, suggesting that they might prolong the biotrophic phase.
This study suggests that a complex regulation of effector expres-
sion modulates the outcome of the interaction.

Keywords: hemibiotroph, in planta effectors, Phytophthora
infestans, transcriptome.

INTRODUCTION

Plant pathogens can be classified by their infection strategy as
biotrophs, hemibiotrophs or necrotrophs. Biotrophic pathogens

proliferate within and feed on living tissues, necrotrophs kill
host tissue and feed on dead cells (Glazebrook, 2005) and
hemibiotrophic pathogens, such as the oomycete Phytophthora
infestans, show an initial asymptomatic biotrophic phase of infec-
tion followed by a necrotrophic phase. During the biotrophic
stage, P. infestans sequentially forms appressoria, primary and
secondary hyphae and, finally, specialized structures called
haustoria, through which proteins and small molecules, called
effectors, are delivered into the apoplast or adjacent plant cells
(Dou et al., 2008; Grenville-Briggs et al., 2005).These effectors are
thought to enable pathogens to manipulate host metabolism and
suppress host defences (Abramovitch and Martin, 2004; Axtell and
Staskawicz, 2003; Hahn and Mendgen, 2001; Mackey et al.,
2003; Restrepo et al., 2005; Tian et al., 2004). The subsequent
necrotrophic phase is characterized by hyphal ramification and
water soaking, followed by necrosis of the tissue (Grenville-Briggs
et al., 2005). However, marked differences in the duration of both
biotrophic and necrotrophic growth, depending on the host–
P. infestans isolate interaction, have been reported previously
(Berg, 1926; Cai et al., 2013; Smart et al., 2003; Vega-Sanchez
et al., 2000). There is an extended period of biotrophy between
tomato and certain tomato-specialized isolates of P. infestans,
(Berg, 1926; Cai et al., 2013; Smart et al., 2003; Vega-Sanchez
et al., 2000).

The diversity of processes that regulate each pathogenicity
stage and the molecular mechanisms that trigger the transition
from biotrophy to necrotrophy (Lee and Rose, 2010) are not well
understood. The first detailed global insights have come from
recent studies of the hemibiotrophic oomycete P. capsici–tomato
interaction (Jupe et al., 2013), suggesting defined shifts in gene
expression during the different stages of hemibiotrophy and a
dynamic transcriptional regulation of effector-coding genes. In
addition, studies of the hemibiotrophic fungus Colletotrichum
(Gan et al., 2013; O’Connell et al., 2012) have resulted in the*Correspondence: Email: jr286@cornell.edu
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identification of suites of genes that are associated with stage
transitions, with effectors and secondary metabolism-related
genes predominating during biotrophy, and lytic hydrolases and
transporters featured more during necrotrophy. However, it is not
known whether such features are common to all hemibiotrophic
infections. The goal of this study was to determine whether similar
transcriptional signatures are evident in P. infestans over the time
course of its interaction with its tomato host.

The characterization of some effectors/proteins suggests that
Phytophthora actively induces or suppresses cell death in plants
(van Damme et al., 2012; Kelley et al., 2010; Lee et al., 2014; Lee
and Rose, 2010; Wang et al., 2011). Moreover, the analysis of
apoplastic effectors overexpressed in planta indicates that INF1
causes a hypersensitive response (HR) and cell death in Nicotiana
benthamiana, and is highly expressed at later stages of the inter-
action of P. infestans with potato (Kamoun et al., 1997). Likewise,
the P. infestans Nep-1-like protein PiNPP1.1 (Kanneganti et al.,
2006), which acts synergistically with INF1, induces necrosis late
in the infection of tomato or N. benthamiana (Kanneganti et al.,
2006), and the RXLR effector PexRD2 causes cell death in
N. benthamiana (Oh et al., 2009) and suppresses both mitogen-
activated protein kinase kinase kinase (MPKKK)-triggered cell
death and cell death elicited by effector/resistant protein interac-
tions that are MPKKK dependent (King et al., 2014). Recently, the
CRN8 effector, which shows similarity to a serine/threonine kinase,
has been found to cause cell death when transiently expressed
in planta (van Damme et al., 2012). In contrast, the AVR3aKI (Bos
et al., 2006), PexED8 and PexRD36 (Oh et al., 2009) cytoplasmic
effectors from P. infestans suppress the INF1-induced HR in
N. benthamiana, and the RXLX effector SNE1 of P. infestans sup-
presses necrosis caused by either PiNPP1.1 or PsojNIP (Kelley
et al., 2010). SNE1 is secreted during the biotrophic phase of the
tomato–P. infestans interaction and has been hypothesized to
promote biotrophy by suppressing necrosis (Kelley et al., 2010;
Lee and Rose, 2010). Another example of the modulation of host
responses by P. infestans comes from the interaction between
the P. infestans effector protein IpiO-1 and the Solanum
bulbocastanum resistance gene protein RB. After recognition of
IpiO-1 by RB, HR is elicited in a typical gene-for-gene interaction,
but this effector-triggered immunity is suppressed by pathogen
genotypes expressing the competing effector, IpiO-4, which abol-
ishes the HR and leads to susceptibility (Halterman et al., 2010).
Other components of this intricate regulatory system include the
Crinkler (CRN) effector proteins, which were initially identified by
their ability to cause necrosis in planta (Torto et al., 2003). It has
been shown recently that, although one of these (PsCRN63)
caused necrosis in N. benthamiana, the other (PsCRN115) sup-
pressed necrosis caused by PsojNIP or PsCRN63 (Liu et al., 2011).

To gain a more comprehensive insight into the processes that
mediate the hemibiotrophic infection, we used the infection of
tomato (Solanum lycopersicum) by P. infestans as a model

pathosystem. The P. infestans–tomato interaction can be highly
compatible, partially compatible or incompatible, and these differ-
ences can be a consequence of both the plant genotype and
whether or not the P. infestans strain is tomato specialized (Smart
et al., 2003). Importantly, it has been demonstrated previously
that the P. infestans–tomato interaction is characterized by a pro-
longed biotrophic phase and a distinct necrotrophic phase at later
stages of infection with tomato-specialized isolates (Berg, 1926;
Cai et al., 2013; Smart et al., 2003; Vega-Sanchez et al., 2000).We
analysed the transcriptomes of the tomato-specialized P. infestans
isolate (US-11) and its host tomato (M82) in a highly compatible
interaction using RNA sequencing (RNA-Seq), in order to identify
suites of co-expressed genes that could be associated with each
stage of the interaction and to infer regulated pathways from both
the pathogen and host plant. Here, we compare the changes that
occur in gene expression as the pathogen progresses from
biotrophic to necrotrophic growth in planta and present the tran-
scriptional dynamics of P. infestans effectors and other patho-
genicity genes that are expressed during different stages of
infection. We also describe the evaluation of candidate secreted
effectors that were expressed at different infection stages for their
ability to suppress or induce necrosis.

RESULTS

Dynamics of P. infestans infection of tomato plants

We first defined the time points at which the various stages of
hemibiotrophic growth were exhibited by P. infestans (US-11
clonal lineage) during infection of a compatible tomato cultivar
(Solanum lycopersicum, cv. M82).To do this, we harvested samples
from the inoculation site (7-mm-diameter discs of tomato leaves
every 12 h over a 7-day period (Fig. S1, see Supporting Informa-
tion). Three methods were used to evaluate the time points: mac-
roscopic observation of symptoms in leaves; microscopic
evaluation of the pathogen developmental stage; and molecular
assessment based on biotrophic and necrotrophic stage-specific
genes of P. infestans. Using these methods (as described below),
we identified 48, 96 and 144 h after inoculation (hai) as being
representative of biotrophy, transition to necrotrophy and
necrotrophy for this particular interaction. Once the time points
had been selected, we performed a large-scale experiment with
four biological replicates with 25 plants per time point in each
replicate. Plant samples from each time point were then pooled
(see Experimental procedures).

In the macroscopic assessment in tomato leaflets, we observed
no symptoms at the inoculation site up to 60 hai (Fig. 1A shows a
macroscopic assessment at 48 hai; Fig. S1 shows various time
points). Water soaking was visible at the inoculation site starting
at 96 hai (Figs 1B, S1), indicating the transition from biotrophy to
necrotrophy. Necrosis was seen at the 7-mm-diameter inoculation
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site at the centre of the lesion at 144 hai (Figs 1C, S1), indicating
a well-established necrotrophic phase. To determine the develop-
mental stage of the pathogen in planta, we observed microscopi-
cally the inoculation site that had been stained using trypan blue
(Chung et al., 2010; Knox-Davies, 1974). In the biotrophic phase
(48 hai), germinating sporangia and invading hyphae were seen
penetrating plant tissue (Fig. 1D), whereas, at 96 hai, hyphal
growth and some mycelial branching were apparent (Fig. 1E).
Finally, in the necrotrophic phase (144 hai), there was abundant
mycelial growth and ramification (Fig. 1F).

The expression of three P. infestans genes that represent
markers for the stages of infection was assessed using reverse
transcription-polymerase chain reaction (RT-PCR).Two P. infestans
RXLR/RXLX effector genes, IpiO (also known as Avr-blb1; van West
et al., 1998) and SNE1 (Kelley et al., 2010), have been shown
previously to be expressed predominantly during the biotrophic
phase of the interaction. The PiNPP1.1 gene was used as the
necrotrophic marker as its expression is restricted to the
necrotrophic phase (Kanneganti et al., 2006). The expression of
both biotrophic markers was detected during the early stages of
the interaction (48 hai) and transcript accumulation increased
during the biotrophic and transition phase, before decreasing at

the necrotrophic phase [Figs 2, S2 (see Supporting Information)].
In contrast, PiNPP1.1 was first detected at 96 hai and was pre-
dominantly expressed at later stages of the interaction (Figs 2, S2).
Expression of the P. infestans Actin-A gene was used to show that
the apparent reduction in SNE1 and IpiO expression during the
time course did not reflect less pathogen biomass. Overall,
we conclude that, for this specific pathogen–host interaction,
48, 96 and 144 hai represent biotrophic growth, transition to
necrotrophic growth and mainly necrotrophic growth, respectively.
These time points were therefore used for the more intensive
analysis described below.

Analysis of 454-reads and mapping to
P. infestans unigenes

We generated cDNA libraries from 7-mm discs of tomato leaves
inoculated with P. infestans at 48, 96 and 144 hai. These were
then sequenced using the 454-pyrosequencing technology to
generate transcriptome profiles of biotrophic, transition and
necrotrophic growth.

A summary of the number of 454-reads before and after quality
filtering, as well as the average length in nucleotides (nt) for
the three samples, is shown in Table 1. Based on these criteria,

Fig. 1 Macroscopic assessment of symptoms of Phytophthora infestans
development on tomato leaflets. (A–C) Macroscopic symptoms of P. infestans
development on tomato leaflets. (D–F) Pathogen developmental stages
(trypan blue staining). Detached M82 tomato leaves were inoculated with
P. infestans (US-11). Symptoms were monitored at 48 h after inoculation (hai;
A, D), 96 hai (B, E) and 144 hai (C, F). The red circles denote examples of the
7-mm-diameter sample areas from which RNA was subsequently extracted.
Scale bars: (A-C) 7 mm; (D, E) 20 μm; (F) 100 μm.

Fig. 2 Expression profile of the molecular markers used to characterize
Phytophthora infestans developmental stage. Semi-quantitative reverse
transcription-polymerase chain reaction (RT-PCR) evaluation of the expression
of P. infestans biotrophic (IpiO and SNE1) and necrotrophic (PiNPP-1)
stage-specific marker genes in infected tomato leaves at 48, 96 and 144 h
after inoculation and in water control tomato mock-inoculated leaves after
48 h (48m). The left panels show gels of the reverse transcription products
and the right panels show the corresponding quantification of relative band
intensity, with the band showing the maximal intensity set at a value of 1.0.
Phytophthora infestans Actin-A was used as control to assess pathogen
abundance.
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98%–99% of the sequences from each sample were determined
to be of high quality. A total of 86 319 cDNA sequences were
aligned to the genomes of P. infestans, P. sojae and P. ramorum,
85 952 (99.57%) of which mapped to the P. infestans T30-4 ref-
erence genome, 21 967 (25.45%) to the genome of P. sojae and
18 699 (21.66%) to the genome of P. ramorum, with at least 90%
sequence identity and 50% length coverage (Fig. S3, see Support-
ing Information). After a BLASTX database analysis, 737, 8472 and
51 732 predicted Phytophthora spp. sequences were identified
from the biotrophic, transition and necrotrophic stages, respec-
tively (Table 1). As expected, the number of P. infestans sequences
detected increased as infection progressed, presumably reflecting
the increase in pathogen biomass. Sequences from P. infestans
represented 0.3%, 6% and 28% of the total number of sequences
identified at these three time points. The remaining sequences
corresponded to those from the host tomato plant.

Inferring transcription levels using
transcript abundance

The estimation of relative transcript levels by 454-pyrosequen-
cing has been reported previously (Fernandez et al., 2012;
Vega-Arreguín et al., 2009). In order to confirm the accuracy of
transcript abundance from the RNA-Seq data, we analysed the
expression of the four P. infestans genes that were initially used as
markers to characterize the stage of infection: SNE1, IpiO,
PiNPP1.1 and Actin-A (Fig. 2). A similar pattern of expression for
these genes was seen using either RT-PCR or 454-reads (Fig. S4,
see Supporting Information), although it appeared that RT-PCR
was more sensitive. SNE1 was detected at 48 hai using RT-PCR,
but was not identified until 96 hai in the 454-sequence profiles. A
peak of expression of SNE1 at 96 hai was observed using both
techniques and its expression then declined at 144 hai. Similarly,
IpiO was first detected at 48 hai using RT-PCR and at 96 hai using
the RNA-Seq data. With both approaches, the peak of expression
for this marker was at the transition phase, whereas the
necrotrophic marker PiNPP1.1 was maximally expressed at
144 hai. Finally, when we analysed the P. infestans Actin-A
expression profile, we observed, as expected, an increase in
expression over the infection time course, reflecting the increasing
relative amount of pathogen biomass. Thus, RNA-Seq-based tran-
script abundance analysis was considered to be an accurate
measure of the steady state of transcript levels.

Transcriptome of P. infestans during infection of
tomato leaves

Of the 18 178 predicted genes in the genome of P. infestans (Haas
et al., 2009), we detected the expression of 9109 over the time
course of the interaction with tomato. In subsequent analyses,
only unigenes that had at least five reads were considered, in
order to focus on genes that were identified with the highest
confidence, reducing the number studied to 3495 (filtered file:
File S1, see Supporting Information; all the sequence data
described in this article can be found in the GenBank Sequence
Read Archive (SRA) under accession number SRP041501; Fasta
files are also available at: http://solgenomics.net/download
/data/secretom/Secretome_Phytophthora_tomato_interactions/P
.infestans_unigenes.fasta). Approximately 38% of these corre-
spond to hypothetical proteins, 10% of which are predicted to be
secreted based on the presence of the N-terminal signal peptide
(SP), as determined using SignalP software (Bendtsen et al.,
2004). A total of 818 genes (23%) listed in the filtered file had not
been previously annotated in the T30-4 P. infestans reference
genome sequence. The two genotypes (US-11 and T30-4) are
unlikely to be closely related because US-11 was collected in the
USA (see below) and T30-4 is a recombinant between parents
collected in Europe. Some new genes were detected at each time
point (32% of the genes at 48 hai, 23% of the genes at 96 hai and
23% of the genes at 144 hai). Many (11% of the 818 genes) are
predicted ribosomal proteins, some are putative effectors (six
RXLR, six CRN and 12 correspond to elicitins) and one is annotated
as carbonic anhydrase (CA). The majority (43% of the 818) corre-
spond to hypothetical or unknown proteins, whereas 29% have no
homology to known genes using BLASTX (File S2, see Supporting
Information).

In order to determine which pathogen genes were differentially
expressed throughout the interaction with tomato, we compared
all the genes expressed at 48 hai with the genes expressed at
96 hai. Similarly, we compared the genes expressed at 96 hai with
those expressed at 144 hai. The relative transcript abundance of a
particular gene was assessed by comparing its absolute abun-
dance with the absolute abundance of all genes (see Experimental
procedures). Ten per cent of the P. infestans genes were differen-
tially expressed (defined as two-fold or greater change in tran-
script abundance) using a false discovery rate (FDR) of 0.05

Table 1 Summary of the number of 454-sequence reads and BLASTX hits to the Phytophthora infestans genome (Broad Institute, Cambridge, MA, USA).

Sample
Total number
of reads

High-quality
reads

Length
average (nt)

P. infestans BLAST hits to
reference genomes
(e-value ≤ 9e-7)

Match to existing
P. infestans unigenes (%)

48 hai 248 172 245 631 225 737 0.3
96 hai 154 842 151 863 209 8472 6
144 hai 187 459 184 620 201 51 732 28

hai, hours after inoculation; nt, nucleotides.
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(File S3, see Supporting Information). Of these, 34% are classified
as hypothetical proteins, 6% are putative effectors (14 RXLR, five
CRN, three elicitins and an NPP-1-like protein), 3% are categorized
as detoxification genes (including ATP-binding cassette and a
cytochrome P-450) and 10% correspond to ribosomal proteins. Of
the differentially expressed genes, 8% show no homology to
known genes in public databases. The remaining genes (39%) are
associated with primary metabolism.

Phytophthora infestans gene expression during stages
of hemibiotrophy

Transcriptome of P. infestans at the biotrophic stage: 48 hai
Phytophthora infestans acts as a biotrophic pathogen during the
early stages of the interaction and as a necrotroph at later stages.
We hypothesized that P. infestans effectors modulate the outcome
of the interaction by either blocking host defence mechanisms or
avoiding recognition by the plant, or a combination of both.There-
fore, we examined a temporal profile of the transcript accumula-
tion of some of the genes that are known or that have been
hypothesized previously to be involved in the P. infestans–tomato
or P. infestans–potato interaction, using the scheme adopted by
Torto-Alalibo et al. (2007). We examined the abundance of puta-
tive pathogenicity genes from eight functional categories in each
of the three stages of the interaction (Fig. 3 depicts the abundance
trend for each category; for individual gene ID and number of
reads for each gene, see File S4 in Supporting Information). Puta-
tive effectors, elicitins and elicitin-like (INFs), CRNs, necrosis-
inducing protein (NPP) and RXLRs were analysed separately, as
shown in Fig. 4 (for individual gene ID and number of reads for
each gene, see File S5 in Supporting Information).

After penetration of the host tissue, the pathogen must over-
come preformed or induced host defences. Accordingly, the
P. infestans RNA-Seq data revealed high levels of transcript accu-
mulation during the biotrophic phase of genes associated with
detoxification, such as cytochrome P450 and ATP-binding cassette
transporters (ABC-transporters; Coleman et al., 2011; Matthews
and VanEtten, 1983), and protection against oxidative stress
(peroxidase and superoxide dismutase) (Fig. 3; File S4). Another
abundant class of genes encodes enzyme inhibitors, including a
Kazal-like serine protease inhibitor, which inhibits a subtilisin-like
serine protease from tomato (Tian et al., 2004), glucanase inhibi-
tor proteins that bind and inhibit host endo-β-1,3-glucanases of
glycosyl hydrolase (GH) family 17 (Damasceno et al., 2008; Rose
et al., 2002), and a cystatin-like cysteine protease inhibitor that
targets a tomato papain-like apoplastic protease (Tian et al.,
2007; Fig. 3; File S4). A cysteine protease, a homologue of which
has been suggested to inhibit reactive oxygen species by interfer-
ing with photosynthesis and to suppress the plant innate immune
responses in Pseudomonas syringae (Rodríguez-Herva et al.,
2012), also showed the highest accumulation at 48 hai (Fig. 3).

Hemibiotrophic pathogens, such as P. infestans, avoid causing
host cell death at early stages of the interaction. Consistent with
this suggestion, only a few examples of cell wall hydrolase tran-
scripts were detected at this stage. One example is predicted to
encode the GH17 protein endo-1,3-β-glucanase (Fig. 3; File S4),
which is suggested to be involved in remodelling the P. infestans
cell wall for hyphal tip growth and branching in the initial coloni-
zation steps (McLeod et al., 2003). Serine protease homologues
were also abundant, reaching a peak at 96 hai, as were members
of the family of cysteine proteases (cathepsin-B and papain-like)
(Fig. 3; File S4). Genes that are involved in pathogen cell wall
formation also accumulated to high levels at this stage. Similarly,
elicitin-like (INF) genes, which are sterol carriers (Mikes et al.,
1998), and are also known to cause HR-like cell death in
N. benthamiana (Kamoun et al., 1997) (Fig. 4), as well as five

Fig. 3 Relative expression of classes of Phytophthora infestans putative
pathogenicity genes based on RNA-Seq data during a time course of
infection of tomato. The units are the number of normalized number of reads
for each category, representing all the detected homologues for each gene.
The individual datasets for each homologue are provided in File S4.
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RXLR genes and nine CRN cytoplasmic putative effectors, were
highly abundant. One of the P. infestans genes with the highest
transcript abundance at 48 hai is a predicted CA (Fig. 3), an
enzyme that has been reported to be involved in the pathogen
sensing of CO2 concentrations (Schlicker et al., 2009), and was
described as a candidate virulence factor (Raffaele et al., 2010).

Transcriptome of P. infestans at 96 hai
At 96 hai, we observed a shift in the categories of expressed
P. infestans genes (Fig. 3; File S4). There was an increase in the
number and diversity of families of GHs that probably faci-
litate plant cell wall breakdown, including members of
GH-1 (β-glucosidase), GH-6 (endo-1,4-β-glucanase), GH-16
[endo-1,3(4)-β-glucanase], GH-28 (polygalacturonase), GH-31
(α-glucosidase), GH-38 (α-mannosidase) and pectin esterases, or
pathogen wall modification, such as GH-17 (exo- and endo-1,3-
β-glucosidase) and GH-19 (chitinase). Other putative degradative
enzymes, such as lipases and serine proteases, were also first
detected at this stage (Fig. 3; File S4), as were major facilitator
superfamily (MFS) transporters, which may be involved in patho-
gen protection (Hayashi et al., 2002; Torto-Alalibo et al., 2007;
Zwiers et al., 2003). In addition, members of four phospholipase D
subfamilies, including the putatively secreted Pi-sPLD-like-1, were
first detected at 96 hai, and their transcript abundance increased
at 144 hai (Fig. 3). Recent characterization of some members of
the P. infestans phospholipase D family has suggested that some
members are secreted and may be involved in pathogenicity
(Meijer et al., 2011).

The relative transcript abundance of RXLR cytoplasmic effectors,
which are hypothesized to modulate the host defences,was highest
at 96 hai (Fig. 4). Among these RXLR effectors were the previously
characterized IpiO (also known as Avr-blb1) (Vleeshouwers et al.,
2008), SNE1 (Kelley et al., 2010), Avr1, Avr2 and two members of
the Avr-blb2 superfamily (Oh et al., 2009). In contrast, the CRN
effectors showed the lowest relative transcript abundance at this
time point (Fig. 4). Other genes that had a reduction in transcript
abundance relative to the previous time point were genes related to
protection against oxidative stress (Fig. 3; File S4).

Transcriptome of P. infestans at the necrotrophic stage: 144 hai
The 7-mm tomato tissue discs were entirely necrotic at 144 hai
and, at this time point, there was an increase in the number and
expression of genes that have previously been associated with
necrosis. Among these were small cysteine-rich proteins, NPP-like
family proteins, NAPDH oxidases and GHs. Similarly, the transcript
abundance of genes involved in signal transduction, protection
against oxidative stress, detoxification and the cytoplasmic effec-
tors CRNs and INFs was highest at this stage, whereas that of the
RXLRs was lowest (Figs 3,4; for individual gene ID and number of
reads for each gene, see File S5). Among the RXLRs detected was
PexRD2, which has been shown to induce plant cell death (King
et al., 2014; Oh et al., 2009).

Cluster analysis

Hierarchical cluster analysis was performed in order to identify
genes and pathways with similar expression profiles. Regardless of
the level of transcript accumulation, profiles were characterized as
the number of reads for each gene at each time point compared
with the mean of that gene across all time points (Fig. S5, see
Supporting Information). Homologues of a particular gene may
show differences in their transcription profiles, and so not all
homologues are in the same cluster. Using all the genes of the
filtered file, five major clusters were identified (Fig. S5). Clusters P2
(76 genes) and P5 (362 genes) include genes whose transcript
accumulation was predominant at the biotrophic stage (Fig. S5;
File S6, see Supporting Information). Among the genes that were
abundant in this category were many (24%) predicted to code for
unknown or hypothetical proteins. Others are predicted to encode
proteins involved in transcription, such as helicases, translation
(ribosomal proteins and elongation factors) and the initiation of
protein synthesis, including eukaryotic initiation factor 4A-III,
DEAD/DEAH box RNA helicase and eukaryotic translation initiation
factor 3 subunit C. Clusters P1 (947 genes) and P4 (695 genes)
include genes whose transcript abundance peaked at the transition
stage. Finally, cluster P3 (1415 genes) includes genes that are most
abundant at the necrotrophic stage (Fig. S5).Approximately 38% of
the genes with higher transcript abundance in the necrotrophic
stage correspond to unknown or hypothetical proteins.

Fig. 4 Temporal profile of the expression of Phytophthora infestans putative
effectors. Expression of P. infestans elicitins and elicitin-like (INF), Crinkler
(CRN), necrosis inducing-like (NPP1.1) genes and RXLR effectors based on
the RNA-Seq data during a time course of infection of tomato leaves (hours
after inoculation). Units are normalized to the number of reads representing
all the detected homologues for each gene category. The individual datasets
for each homologue are provided in File S5.
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Functional characterization of putative effectors:
RXLR, CRN and hypothetical proteins

To test the hypothesis that P. infestans effectors differentially
modulate the outcome of the interaction with tomato, depending
on the infection phase in which they are expressed, a subset of
putative effectors identified in this study was evaluated by tran-
sient expression in N. benthamiana leaves using agro-infiltrations.
As several reports have indicated that induction or suppression of
cell death mediated by RXLR effectors occurs regardless of the
presence or absence of an N-terminal secretory SP, the full-length
sequence was used for each candidate gene (Bos et al., 2006;
Dong et al., 2009). Each selected gene was expressed in a region
overlapping an area of a leaf in which the necrosis-inducing
PiNPP1.1 effector was also transiently expressed (Fig. 5A,B). Three
possible outcomes were anticipated: (i) necrosis in both agro-
infiltrated areas; (ii) necrosis only in the area infiltrated with
PiNPP1.1; or (iii) no necrosis in the overlapping area if the putative
effector suppresses necrosis caused by PiNPP1.1.

Based on their high transcript abundance at a particular stage,
three putative RXLR effectors, PITG_09216 (48 hai), PITG_13452
and PITG_18215 (96 hai), as well as two CRNs, PITG_04742 and
PITG_17176 (144 hai), were selected for functional analysis. We
hypothesized that effectors with high transcript abundance during
the biotrophic and transition phase might suppress plant cell
death and delay the onset of necrosis. In agreement with our
model, the three candidates expressed during the biotrophic and
transitional phase suppressed necrosis caused by the PiNPP1.1
effector (Fig. 5C). As several CRN families have been shown to
cause necrosis in planta (Haas et al., 2009), we hypothesized that
the two CRN effectors expressed during the necrotrophic phase
might cause necrosis; however, the expression of these two can-
didate genes neither suppressed nor induced necrosis in the
N. benthamiana infiltration assays (Fig. 5C).

As P. infestans cytoplasmic effectors have an SP for secretion
from the pathogen cell and additional peptide signals that direct
translocation into the host cytoplasm (e.g. RXLR/RXLX, LQLFLAK)
(Haas et al., 2009), some of the hypothetical proteins with an SP
predicted by SignalP software (Bendtsen et al., 2004), but lacking
the RXLR/RXLX motif, were selected to investigate whether they
played a role as effectors. In addition, hypothetical proteins
lacking an SP, but showing a high number of reads at the different
stages, were selected to evaluate whether they induced or sup-
pressed necrosis. The selected proteins comprised: two hypotheti-
cal proteins with the highest transcript abundance at 48 hai;
PITG_07892 lacking an SP; the secreted PITG_12766; a 60s ribo-
somal protein lacking an SP which was highly expressed at the
transitional stage (PITG_15638) and four that were highly
expressed at the necrotrophic phase (PITG_03583 with SP,
PITG_07285 lacking SP, PITG_10543 without an SP and
PITG_13919 without an SP). The candidates were agro-infiltrated

into N. benthamiana leaves and any induction of necrosis, or
suppression of PiNPP1.1-mediated necrosis, was noted. None of
these genes induced necrosis and only one putative effector
(PITG_03583, encoding a hypothetical secreted protein, which
was expressed at the necrotrophic stage) suppressed necrosis in
the majority of trials (13/15) (Fig. 5C).

DISCUSSION

The primary goal of this study was to test the hypothesis that the
evaluation of patterns of gene expression in P. infestans during
the various stages of hemibiotrophy would provide insights into

Fig. 5 Necrosis induction or suppression assays in Nicotiana benthamiana.
(A, B) Areas of an N. benthamiana leaf infiltrated with Agrobacterium
tumefaciens to transiently express RXLR18215, a suppressor of necrosis (B,
black circle), or a pART27 empty vector control which does not suppress
necrosis (A, black circle), and 24 h later infiltrated to express a
necrosis-inducing protein (PiNPP1.1; red circles in A and B), such that an
overlapping region of infiltration is generated. (C) Number of times a
candidate gene (RXLRs, CRNs and hypothetical proteins) suppressed cell
death caused by PiNPP1.1 (results of at least 15 infiltrations per gene) in the
transient expression assays, with those showing suppression activity 80% of
the time or more highlighted in red. hai, hours after inoculation. Positive
control SNE1 without a signal peptide (SP).
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the underlying mechanisms of the transition from biotrophy to
necrotrophy.

One of the unexpected results was the identification of 818
unigenes that had not previously been annotated as genes in the
P. infestans sequenced genome. There are several possible expla-
nations for this: (i) these ‘orphan’ genes are located in areas of the
P. infestans genome that were not sequenced or, if sequenced,
might have been incorrectly assembled and so incorrectly anno-
tated; (ii) they correspond to non-coding RNAs; (iii) they represent
untranslated region (UTR) sequences that were not included in the
predicted genes; (iv) they correspond to novel genes of this particu-
lar strain; (v) they are expressed pseudogenes; and/or (vi) they are
the products of alternative splicing. Indeed, approximately one-
third of the P. infestans genes have introns (Win et al., 2006).These
results are consistent with previously reported and well-annotated
genome sequences,where 454-sequencing-derived reads could not
be mapped to previously predicted genes.This occurred for 36% of
the reads in humans (Mane et al., 2009), 13% of the reads in
Arabidopsis thaliana (Weber et al., 2007) and 28% of the reads in
cucumber (Guo et al., 2010), and confirms the value of RNA-Seq
transcriptome sequencing as a gene discovery platform.

To date, many of the analyses of P. infestans effectors have been
based on the selection of candidates in silico and functional analy-
sis by expression in a heterologous system (Haas et al., 2009; Oh
et al., 2009). This has been a successful strategy for both the
discovery of expressed effectors and the assignment of function
(Haas et al., 2009; Oh et al., 2009; Whisson et al., 2007). The
RNA-Seq analysis presented here provides additional identification
of predicted effectors. For example, we found 31 RXLRs expressed
during the tomato–P. infestans interaction, 14 of which had not
been identified previously among the 79 RXLRs that were differen-
tially expressed in a potato–P. infestans interaction study (Haas
et al., 2009), and only three of which were found in common with
those identified through a screen using a P. infestans–Solanum
bulbocastanum pathosystem (Oh et al., 2009). Similarly, although a
P. infestans–potato analysis identified 10 CRN proteins as being
induced during infection (Haas et al., 2009), our study identified 51
and, indeed, these were the most abundant family of effectors
expressed in the tomato–P. infestans interaction. Remarkably,
none of the 51 CRN effectors identified here was present in the
expression profile of P. infestans genes expressed during infection
of potato (Haas et al., 2009). This highlights the importance of
using complementary approaches when studying plant–pathogen
interactions to obtain a more comprehensive coverage of putative
in planta expressed effectors, the expression of which may be
strongly influenced by the nature of the host.

The expression patterns of predicted pathogenicity effectors
observed in this study suggest that there might be a coordinated
regulation of these effectors over time. During the biotrophic
phase, the pathogen must overcome potential plant defences.
Accordingly, we observed a large induction of genes involved in

detoxification, enzyme inhibitors and protection against oxidative
stress during this stage. In addition, the pathogen modulates the
plant response by the secretion of predicted cytoplasmic effectors.
Similarly, a dynamic expression pattern of effectors throughout a
time course has also been described for the P. capsici–tomato
interaction (Jupe et al., 2013), P. sojae–soybean interaction
(Wang et al., 2011), Melampsora larici-populina–poplar interac-
tion (Duplessis et al., 2011) and Hemileia vastatrix–Coffea arabica
pathosystem (Fernandez et al., 2012) in the transition from
biotrophy to sporulation.

Two families of putative cytoplasmic effectors (RXLR and CRN
proteins) have been the subject of many studies because of their
presumed role in pathogenicity (e.g. Haas et al., 2009; Kelley
et al., 2010; Oh et al., 2009; Rietman et al., 2012; van West et al.,
1998; Whisson et al., 2007). We found that many of these genes
were expressed during tomato infection, with a higher proportion
of annotated CRN genes (25%) than of RXLR genes (5%), a
phenomenon that has also been observed in the infection of
Helianthus annuus by Plasmopara halstedii (As-sadi et al., 2011).

The timing of expression of previously characterized effectors
coincided in general with their predicted function. The RXLR gene
products that are either associated with the biotrophic phase, or
that have been shown to suppress necrosis (such as SNE1, Kelley
et al., 2010; IpiO, van West et al., 1998) were detected early in the
interaction (48 and 96 hai, respectively) in this study, whereas
transcript abundance for genes whose products are thought to be
involved in necrosis (INF-like elicitins, Kamoun et al., 1997; PiNPP-
like, Kanneganti et al., 2006; and PexRD2, Oh et al., 2009) and
GHs was higher at later stages (144 hai). We showed that three
RXLRs expressed at 48 and 96 hai suppressed necrosis caused by
the PiNPP1.1 effector, supporting the hypothesis that effectors
secreted at the early stages of the interaction may allow the
pathogen to extend its biotrophic phase. However, contrary to our
expectation that proteins expressed at 144 hai would contribute
to necrosis, the hypothetical protein (PITG_03583), expressed at
144 hai, suppressed rather than induced necrosis. None of the
effectors evaluated caused necrosis in N. benthamiana.

The use of agro-infiltration proved to be an effective tool to
assess the putative function of several candidate effector proteins,
although there are potential limitations. For example, it is possible
that the putative effectors interact with other effectors or with
plant-specific genes, in which case the use of heterologous
systems would not be appropriate. A next step in the characteri-
zation of these candidate effectors is to find their targets in the
affected plant cell and to elucidate how they function in the
context of other virulence genes.

Our expression data provide support to other investigations of
pathogenesis by P. infestans. For instance, Meijer et al. (2011)
suggested that members of the P. infestans phospholipase D
(PLD)-like family may have a role in pathogenicity, and our data
show that the expression of phospholipases is induced at 96 hai in
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the interaction with the host. As another example, one of the
P. infestans transcripts that was most abundantly expressed
during the biotrophic phase corresponds to a putative CA, which
was found to be one of the most abundant proteins identified in
in silico analyses (Raffaele et al., 2010). This class of enzyme has
been widely studied in mammalian pathogenic microbes, such as
the yeasts Cryptococcus neoformans and Candida albicans and
the malaria pathogen Plasmodium (Schlicker et al., 2009). Silenc-
ing of CA in N. benthamiana resulted in a faster growth of
P. infestans, suggesting a role for this gene in resistance (Restrepo
et al., 2005). Thus, CA may be important to both host and patho-
gen, although the underlying mechanisms remain mysterious.

To conclude, these results confirm previous suggestions that
effectors modulate the outcome of the interaction with tomato,and
we have identified a large number of such effectors that show
stage-predominant expression patterns. The identification of an
effector that apparently suppresses necrosis late in the interaction
suggests that the interaction is more complex than originally
assumed by our initial hypothesis. This is in agreement with Dong
et al. (2012), who found some NLP toxin proteins of P. sojae to be
expressed at early stages (cyst germination) and only 50% of all the
NLPs studied caused necrosis in N. benthamiana (Dong et al.,
2012). However, our proposal that necrosis-inducing factors
operate late in the interaction was confirmed by detection late in
the interaction of the abundant expression of apoplastic effectors,
such as GHs, PiNPP and others. The dynamics of the plant host
transcriptome that accompany the expression of the pathogen
effectors are described in an accompanying paper (Zuluaga et al., in
press), and may help guide the identification of molecular targets
and identify the consequences of effector action.

EXPERIMENTAL PROCEDURES

Plant material

Four-week-old tomato (Solanum lycopersicum cv. M82) glasshouse-grown
plants were used. Natural light was supplemented with 400-W high-
pressure sodium lamps for 12 h and temperatures were maintained
between 24 and 29 °C. Plants were grown in a soil-less mix (Cornell mix)
consisting of a 1 : 1 (v/v) peat–vermiculite mix supplemented with nitro-
gen, phosphorus and potassium (0.4 kg each per cubic metre of mix).

Inoculum preparation and P. infestans isolate

The tomato-specialized P. infestans US-11 (US050007) was used in this
study, a genotype that most likely originated from a cross between US-6
and US-7 in the western USA (Gavino et al., 2000) and that has been
sporadically problematic in the USA since the 1990s (Gavino et al., 2000).
Sporangia used for inoculations were obtained from lesions on detached
tomato leaflets in order to ensure that the inocula were robust and that
P. infestans was virulent, as axenically grown inocula loses virulence
throughout time (Mizubuti et al., 2000). Sporangia were harvested in
distilled water and the concentration was adjusted to 4000 sporangia per

millilitre using a haemacytometer. Subsequently, the sporangia were incu-
bated at 4 °C for 1 h to release zoospores. After 1 h at 4 °C, a mixture of
sporangia and zoospores is typically generated, as most of the sporangia
germinate indirectly (forming zoospores), which is typically the case with
field infections. Inoculation involved the application of a 20-μL drop of this
mixture of sporangia and zoospores to the abaxial side of the leaflet, and
the inoculated leaflet was placed in a Petri dish containing water agar as
a humid chamber. The drop was left on the leaflet until the tissue was
harvested to ensure that the inoculated site was sampled, especially at
early time points when symptoms of infection were not apparent.

Assessment of the biotrophic, transition to
necrotrophic and necrotrophic phases

The interaction between P. infestans and tomato was studied over a time
course spanning 7 days, in order to define the biotrophic, transition to
necrotrophic and necrotrophic phases. To define the three pathogenicity
stages, samples were collected every 12 h and analysed using three
methods: (i) macroscopic observation of the tomato symptoms after
P. infestans inoculation; (ii) microscopic observation of P. infestans devel-
opment using trypan blue; and (iii) the use of P. infestans molecular
markers that are specifically expressed at the biotrophic and necrotrophic
stages of infection.

Macroscopic observation

The biotrophic period was defined as the time of inoculation until just
before the tissue was first observed to be water soaked. The period from
just prior to the appearance of water soaking to just before the appear-
ance of necrosis was designated as the transition phase, and the necrotic
phase occurred when the entire inoculation site (7 mm in diameter) was
necrotic (Fig. S1).

Microscopic observation using trypan blue staining

Trypan blue staining was based on an established technique (Knox-Davies,
1974), modified by Chung et al. (2010). Briefly, leaflets were submerged in
a clearing solution A (acetic acid–ethanol, 1 : 3 v/v) overnight. After 16 h,
the clearing solution A was discarded and replaced by clearing solution B
(acetic acid–ethanol–glycerol, 1 : 5 : 1 v/v/v) for 3 h. Clearing solution B
was replaced by staining solution (0.01% trypan blue in lactophenol)
overnight. The staining solution was removed and the leaves were rinsed
with sterile 60% glycerol. After rinsing, the glycerol was removed and new
60% glycerol was added to the leaflets for 2 h prior to microscopic
observation.

RT-PCR for stage-specific P. infestans genes

For the RT-PCR analyses, total RNA was extracted using the protocol of
Perry and Francki (1992), as modified by Gu et al. (2000). DNaseI-treated
RNA (1 μg) was employed for cDNA synthesis, using the ImProm-IITM
Reverse Transcription System (Promega Madison, WI, USA), following the
manufacturer’s instructions. PCR was carried out with 2 μL of the cDNA
synthesis reaction in a 30-μL volume containing 0.2 mM of each
deoxynucleoside triphosphate (dNTP), 2 μM of each of the primers
(Table S1, see Supporting Information) and 0.5 U Taq polymerase
(Invitrogen Grand Island, NY, USA). PCR conditions consisted of one cycle
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of 95 °C for 5 min, followed by 35 cycles of a three-step procedure (1 min
at 94 °C, 1 min at 55 °C and 1 min at 72 °C) and a final step of 5 min at
72 °C. As a control, RT-PCR of the P. infestans Actin-A gene was per-
formed. The PCR conditions for Actin-A were as described above. The
relative intensities of the PCR amplified bands were assessed using ImageJ
software (Abramoff et al., 2004).

Tissue collection and 454-sequencing

Tissue was collected from P. infestans-inoculated leaves at 48, 96 and
144 hai. Leaf discs from the centre of the inoculation sites were harvested
using a paper hole puncher (7 mm in diameter; Fig. S6, see Supporting
Information) and immediately frozen in liquid nitrogen.Twenty-five tomato
plants per time point were used for each experimental trial and the
experiment was repeated three times.The leaf discs from the four trials were
then pooled (100 plants per time point) and total RNA was extracted as
above.

mRNA was isolated from 250 ng of total RNA and amplified using a
TargetAmp™ One-Round aRNA Amplification Kit 103 (Epicentre Biotech-
nologies Madison, WI, USA). First, poly-A RNA was transcribed from total
RNA to generate first-strand cDNAs. The reaction was primed with a
synthetic oligo (dT) primer containing a phage T7 RNA polymerase pro-
moter sequence at its 5' end. The first-strand cDNA synthesis was cata-
lysed by SuperScript III reverse transcriptase (Invitrogen) generating a
cDNA:RNA hybrid. The RNA component of the cDNA:RNA hybrid was then
digested using the RNase H enzyme and the RNA fragments primed the
second-strand cDNA synthesis. The resulting product was a double-
stranded cDNA containing T7 transcriptional promoter in an orientation
that generated anti-sense RNA. High yields of anti-sense RNA were pro-
duced in a rapid in vitro transcription reaction (amplified RNA) using the
double-stranded cDNAs (Epicentre Biotechnologies).

cDNA was synthesized from three reactions of 5 μg of amplified RNA,
yielding a total of 15 μg of amplified RNA per sample, using 100 ng of
random hexamers in each reaction. The SuperScript choice system was
used for cDNA synthesis (Invitrogen) following the manufacturer’s instruc-
tions. Following second-strand synthesis, the cDNA samples were purified
using a PureLink™ PCR purification kit (Invitrogen Grand Island, NY, USA)
following the manufacturer’s instructions and quantified using a
Nanodrop 2000 apparatus (Thermos Scientific), Madison, WI, USA., with a
minimum of 9 μg of cDNA per sample. The construction of cDNA libraries
for 454-sequencing took place at the Cornell University Life Sciences Core
Laboratories Center. The raw 454-sequencing reads have been deposited
at the National Center for Biotechnology Information (NCBI) SRA under
accession SRA027389.

cDNA sequence processing and assembly

The raw 454-sequence files in SFF format were base called using the
Pyrobayes base caller (Quinlan et al., 2008). The sequences were then
processed to remove low-quality regions and adaptor sequences using
LUCY (Chou and Holmes, 2001) and SeqClean. The resulting high-quality
sequences were then screened against the NCBI UniVec database, the
Escherichia coli genome sequences and Phytophthora ribosomal RNA, to
remove contaminants. Sequences shorter than 30 bp were discarded. To
identify P. infestans transcript sequences, the cDNA sequences were
aligned with the P. infestans, P. sojae and P. ramorum genomes (Broad

Institute, Cambridge, MA, USA), using SPALN (Gotoh, 2008) for those
longer than 100 bp and BLAT (Kent, 2002) for those shorter than 100 bp.
Sequences that could be aligned with any of the three Phytophthora
genomes with at least 90% sequence identity and 50% length coverage
were regarded as derived from P. infestans, whereas the remaining
sequences were designated as derived from tomato. Phytophthora
infestans cDNA sequences, together with P. infestans transcripts predicted
from the genome sequences (Haas et al., 2009), were assembled into
unigenes using the iAssembler program (Zheng et al., 2011).

Unigene annotation and pathway prediction

Phytophthora infestans unigenes were employed to interrogate the
GenBank non-redundant protein and UniProt databases using BLASTX with
a cut-off e-value of 1e-5. The unigene sequences were also translated into
proteins using ESTScan (Iseli et al., 1999) and the translated protein
sequences were then compared with InterPro and pfam domain data-
bases.The gene ontology (GO) terms were assigned to each unigene based
on the GO terms annotated to the corresponding homologues in the
UniProt database (Camon et al., 2004), as well as to the InterPro and pfam
domains (cut-off value of 1e-5), using interpro2go and pfam2go mapping
files, respectively, provided by the GO website. The CAZy database was
used to define the members of each GH family.

Identification of differentially expressed genes

The 454-reads were normalized with the calculation: number of reads of a
unigene from the specific sample × 100 000 (that is, the number of reads
if 100 000 reads are collected)/total number of reads collected from that
specific sample. The significance of differential gene expression was deter-
mined using the R statistic described in Stekel et al. (2000), and the
resulting raw P values were adjusted for multiple testing using FDR
(Benjamin and Hochberg, 1995). Genes with a fold change of >2.0 from
one infection time point to another and FDR < 0.05 were considered to be
differentially expressed genes. GO terms enriched in the set of differen-
tially expressed genes were identified using GO::TermFinder (Boyle et al.,
2004), requiring P values adjusted for multiple testing to be less than 0.05.

A hierarchical clustering was performed to identify groups of genes with
similar expression patterns, using the expression values from the three
pathogenicity stages of P. infestans. The analysis was conducted using
MATLAB version 7.8 (R2009a).

Cloning of P. infestans putative effector genes

Putative P. infestans effector genes were cloned using total RNA from the
three pathogenicity stages. A SuperScript™III One-step RT-PCR system
with Platinum® Taq High Fidelity (Invitrogen) was used to synthesize the
full-length cDNA of each candidate gene with gene-specific primers
(Table S2, see Supporting Information). The PCR amplification conditions
were as described above for the stage-specific primers. Amplified PCR
fragments were purified using a QIAquick® PCR purification kit (Qiagen
Grand Island, NY, USA) following the manufacturer’s instructions. Candi-
dates were cloned into pGEMT®-easy vector with 2 × rapid ligation buffer
(Promega). Plasmids were sequenced using T7 universal primers in the
Genomics Facility at Cornell University. Once the sequence was confirmed,
the candidate genes were excised from the plasmid using the respective
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restriction enzymes (Table S2) and purified in a 1.2% agarose gel using the
E.Z.N.A™ Gel extraction kit (Omega bio-Tek Norcross, GA, USA). Candi-
date genes were ligated into the pART plasmid (Kelley et al., 2010) at
15 °C overnight. After ligation, the plasmids were transformed into E. coli
and the inserts were confirmed by sequencing using the 35S promoter
primer 5'-CTATCCTTCGCAAGACCCTTC-3'. After sequence confirmation,
the plasmid was transformed into Agrobacterium tumefaciens strain
GV3101.

Transient expression assays in Nicotiana benthamiana

Transient expression of recombinant proteins in N. benthamiana was per-
formed as described previously (Bos et al., 2006). Agrobacterium
tumefaciens strains were grown at 29 °C for 24 h in induction medium
(Sessa et al., 2000) and then centrifuged for 5 min at 10 000 g; the pellet
was resuspended in 5 mL of infiltration medium [10 mM MgCl2, 10 mM

2-(N-morpholino)ethanesulfonic acid (MES), pH 5.5, and 200 μM

acetosyringone] and centrifuged again as above. Cells were resuspended
in new infiltration medium and the optical density at 600 nm (OD600) was
adjusted to 0.3. For cell death assays, A. tumefaciens GV3101 carrying the
gene of interest was infiltrated into N. benthamiana leaves with a 1-mL
needle-less syringe. After 24 h, the necrosis inducer PiNPP1-1 (kindly pro-
vided by Dr S. Kamoun, Sainsbury Laboratory, John Innes Centre, Norwich,
UK) was infiltrated at the same OD. The plants were scored for necrosis
symptoms every 24 h for 4 days.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online
version of this article at the publisher’s website:

File S1 Filtered file with normalized number of reads from the
Phytophthora infestans RNA-Seq dataset.

File S2 Orphan Phytophthora infestans genes.
File S3 Differentially expressed Phytophthora infestans genes.
File S4 Putative Phytophthora infestans pathogenicity genes.
File S5 Normalized number of reads for each effector
homologue.
File S6 Hierarchical cluster analysis of Phytophthora infestans
genes.
Fig. S1 Macroscopic observation of the time course of the
Phytophthora infestans–tomato interaction. Time course of the
P. infestans–tomato interaction showing macroscopic evaluation
at 48, 72, 96, 120, 144 and 168 h after inoculation (hai). Tissues
were analysed every 12 hai, and the time points shown here
illustrate a summary of disease development. The pathogen
biotrophic growth can be seen up to 72 hai (no symptoms on the
leaflets) and water-soaking lesions are evident at 96 hai. Sporu-
lation surrounding the necrotic lesion is seen at 120 hai and a
well-established necrotrophic stage can be seen at 144 hai.
Fig. S2 Expression profile of the molecular markers used to char-
acterize the Phytophthora infestans developmental stage. Semi-
quantitative reverse transcription-polymerase chain reaction
(RT-PCR) evaluation of the expression of P. infestans biotrophic
(IpiO and SNE1) and necrotrophic (PiNPP1.1) stage-specific
marker genes in infected tomato leaves at 12, 24, 36, 48, 96, 108,
120 and 132 h after inoculation.
Fig. S3 Percentage of genes mapping to the Phytophthora
infestans, P. sojae and P. ramorum genomes. Of the 86 319 454
transcripts identified as Phytophthora, 99.57% were mapped to
the P. infestans reference genome T30-4, 25.45% to the P. sojae
reference genome and 21.66% to the P. ramorum reference
genome, with at least 90% sequence identity and 50% length
coverage.
Fig. S4 RNA-Seq representation of Phytophthora infestans stage-
specific gene expression. Normalized 454-reads for the three
stage-specific genes IpiO, SNE1, PiNPP1.1 and P. infestans
Actin-A. Units are normalized to the number of reads.
Fig. S5 Hierarchical cluster analysis of Phytophthora infestans
gene expression using the total number of genes from the
filtered file. Based on the transcript profile, five clusters were
generated identified as yellow circles (P1–P5). Red represents
values above the mean, black represents the mean, and
green represents values below the mean of a row (gene)
across all columns (time points, shown as hours after
inoculation).
Fig. S6 Sample collection method using a paper hole puncher.
Leaf discs from the centre of the inoculation sites were harvested
using a paper hole puncher (7 mm in diameter) and immediately
frozen in liquid nitrogen. The red dotted line corresponds to 7 mm.
Table S1 Primers used to determine the pathogenicity stage of
Phytophthora infestans.
Table S2 Primers used for cloning candidate effectors for
heterologous expression in Nicotiana benthamiana.
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