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The transcriptome of the oomycete plant pathogen Phytoph-
thora sojae was profiled at ten different developmental and
infection stages based on a 3'-tag digital gene-expression
protocol. More than 90 million clean sequence tags were
generated and compared with the P. sojae genome and its
19,027 predicted genes. A total of 14,969 genes were de-
tected, of which 10,044 were deemed reliable because they
mapped to unambiguous tags. A comparison of the whole-
library genes’ expression patterns suggested four groups: i)
mycelia and zoosporangia, ii) zoospores and cysts, iii) ger-
minating cysts, and iv) five infection site libraries (IF1.5 to
IF24h). The libraries from the different groups showed
major transitional shifts in gene expression. From the ten
libraries, 722 gene expression—pattern clusters were ob-
tained and the top 16 clusters, containing more than half of
the genes, comprised enriched genes with different functions
including protein localization, triphosphate metabolism,
signaling process, and noncoding RNA metabolism. An
evaluation of the average expression level of 30 pathogene-
sis-related gene families revealed that most were infection
induced but with diverse expression patterns and levels. A
web-based server named the Phytophthora Transcriptional
Database has been established.

Phytophthora sojae is an oomycete plant pathogen that
causes stem and root rot of soybean. The oomycetes are fun-
gus-like organisms that are evolutionarily related to algae and
are classified in the kingdom Stramenopila (Baldauf et al.
2000; Forster et al. 1990; Harper et al. 2005). The economic
impact of P. sojae is large, as it is responsible for $1 to 2 bil-
lion in crop losses per year worldwide (Tyler 2007). Thus, this
organism has been the focus of molecular genetic and genomic
studies and is a model species for the study of oomycete plant
pathogens (Tyler 2007), along with the potato and tomato
pathogen Phytophthora infestans and the Arabidopsis thaliana
pathogen Hyaloperonospora arabidopsidis (Coates and
Beynon 2010).

P. sojae has a narrow host range and is restricted primarily
to soybean (Erwin and Ribeiro 1996). It is a homothallic or-
ganism that propagates clonally and through rare sexual out-
crossing (Tyler 2007). Asexual single-celled zoospores are bi-
flagellate, motile, and chemotactic to isoflavonoids secreted by
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soybean roots (Morris et al. 1998; Hua et al. 2008; Tyler
2002). Zoospores encyst and germinate on the root or hypo-
cotyl surface, and the resulting germ tube may swell to form
an appressorium-like structure at the point of penetration into
host tissues (Moy et al. 2004; Tyler 2007). Soybean cultivars
that carry an effective resistance (Rps) gene to an attacking P,
sojae strain react rapidly with a hypersensitive response (HR),
which is activated within hours of zoospore attachment and
arrests further pathogen growth. This is characteristic of a re-
sistant or incompatible interaction. In contrast, no early HR
occurs in a susceptible or compatible interaction, and P. sojae,
which is hemibiotrophic, is able to colonize host cells in an
initial biotrophic phase of growth that lasts for approximately
12 h (Moy et al. 2004). At later stages of infection, the patho-
gen enters a necrotrophic growth mode, spreading quickly
throughout host tissues, causing large, water-soaked, necrotic
lesions and leaving dead host cells in its wake (Supplementary
Fig. S1).

Defining the P. sojae transcriptome is an important molecu-
lar strategy to study gene function and to dissect the molecular
events that accompany pathogenesis. Gene transcripts can be
profiled by high throughput techniques such as serial analysis
of gene expression (Velculescu et al. 1995), microarray
(Lockhart et al. 1996; Schena et al. 1995), and sequencing of
clones from cDNA libraries (Adams et al. 1995; Asmann et al.
2009; Boguski et al. 1994). For the last decade, expressed se-
quence tag (EST) analysis and oligo-nucleotide microarrays
have been relied upon for transcriptional profiling of P. sojae
and its interaction with the soybean host plant. At least 31,314
P. sojae EST have been generated from a variety of tissues and
conditions, including free-swimming zoospores, germinating
cysts, mycelium, and P. sojae-infected soybean tissue (Qutob
et al. 2000; Torto-Alalibo et al. 2007). An amplified-cDNA mi-
croarray containing 3,927 soybean and 969 P. sojae sequences
was constructed to examine plant and pathogen gene expres-
sion over a timecourse of infection (Moy et al. 2004; Tyler
2007). More recently, a commercial array containing 37,637
soybean and 15,820 P. sojae targets was used to profile tran-
scription during infection (Dong et al. 2009; Qutob et al. 2009;
Zhou et al. 2009).

The published 95-Mbp P. sojae genome and its 19,027 pre-
dicted gene models (Tyler et al. 2006) provide important ref-
erence points for more comprehensive transcriptional studies
that can be done using next-generation sequencing (NGS)
technology (Mardis 2008). The NGS technologies offer an
opportunity to exhaustively sample transcripts and digitally
measure transcription levels in particular organs, tissues, or
cells, under different treatments or conditions (Asmann et al.
2009). For example, the 3’-tag digital gene expression (DGE)



protocol generates such extensive sequence data and depth-
of-coverage that even the rare transcripts can be detected and
quantified. This method uses oligo-dT to generate libraries
that are enriched in the 3’ untranslated regions of polyade-
nylated mRNAs and produces 20- to 21-bp cDNA tags
(Eveland et al. 2010; Morrissy et al. 2009; t Hoen et al.
2008). The expression level of virtually all genes in the sam-
ple is measured by counting the number of the tags produced
from each gene (Xiang et al. 2010). Previously, the DGE pro-
filing of transcriptomes for organisms with completed ge-
nomes confirmed that the relatively short reads produced can
be effectively assembled and used for comparison of gene
expression profiles (Hegedus et al. 2009; Rosenkranz et al.
2008; Wang et al. 2010).

In this study, we report the massive parallel sequencing of P,
sojae transcriptome by the DGE protocol. A total of ten RNA
samples from various life cycle stages of development and in-
fection were sequenced, and the results were analyzed. A web
server named the Phytophthora transcriptional database was
developed to provide access to this transcriptome data.

RESULTS

Ten stages of development and infection were sampled
for library sequencing.

To capture a variety of developmental and infection stages,
a total of ten samples were collected from P. sojae P6497.
The five axenically grown stages were mycelia (MY), zoospo-
rangia (SP), zoospores (ZO), cysts (CY), and germinating
cysts (GC) (Fig. 1). The five infection stages, 1.5, 3, 6, 12,
and 24 h after inoculation onto susceptible soybean leaf tis-
sues (IF1.5h to IF24h), are illustrated in Figure 1, and the
description of each infection stage is provided in Supplemen-
tary Table S1. On the basis of the Illumina 3’-tag DGE proto-
col, we generated between 3.9 and 14.8 million raw tags for
each of the ten samples. After removing low-quality reads,
the total number of clean tags per library ranged from 3.7 to
14.0 million and the number of tag entities with unique nu-
cleotide sequences (distinct tags) ranged from 84,181 to
666,004 (Table 1). From all libraries, 1,585,220 distinct tags
were obtained, with a total of 90.1 million clean tags (Sup-
plementary Fig. S3A).
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Large proportions of P. sojae genes were detected
in the ten libraries.

The P. sojae reference genome assembly and the 19,027 pre-
dicted genes were used as a reference sequence database (Joint
Genome Institute website, P. sojae v1.1) (Tyler et al. 2006).
The reference database contains 486,711 distinct tags. After
mapping the clean tags generated from the ten DGE libraries
to the reference database, at least 68.4% of the clean tags were
mapped to the reference database in seven of the libraries (MY,
SP, ZO, CY, GC, IF1.5h, and IF3h). The mapped percentages
were lower (between 35.6 and 40.2%) in the remaining three
libraries (IF6h, IF12h, and IF24h) because the samples also
contained soybean tissue. Next, the gene-expression levels
were determined by calculating the number of tags for each
gene and, then, normalizing this value to the number of tran-
scripts per million tags (TPM) (Asmann et al. 2009; Wang et
al. 2010). A large portion of the 19,027 predicted P. sojae
genes was detected ranging from 10,532 (55.4%) to 13,805
(72.6%) among the ten libraries (Table 1; Fig. 2A). When con-
sidering all libraries, 14,969 (78.7%) P. sojae genes were de-
tected in at least one library (Fig. 2A).

Detected genes are assigned reliability categories based
on a multiple loci of the genome (MMT) value.

In this study, clean tags mapped to the reference database
from MMT were used to calculate a reliability measure, called
the MMT value, based on the proportion of TPM derived from
MMT. Because the data of MMT can not be separated to indi-
vidual mapped genome loci, they only represent the collective
expression levels of all genome loci having the identical tag
sequence. Another type of tag, unique mapped tags (UMT),
unambiguously mapped to single genome loci, indicating that
the transcription data are reliable. According to this, from the
ten libraries, 10,044 (52.8%) were detected by perfect matches
to UMT and were marked as reliable (MMT value = 0%;
unless otherwise stated, this set of genes was used for all fur-
ther analyses in this research), 4,915 (25.8%) were detected
but the expressed tags potentially matched MMT and were,
therefore, marked as unreliable (MMT value > 0%) and 3,134
(16.5%) were not detected (Fig. 2A; Supplementary Table S2).
The remaining 934 genes (4.9%) lack a tag site in their se-
quences to be mapped by DGE-generated tag, rendering them

Infection stages

Fig. 1. Schematic illustration and microscopic observation of the ten sampled stages: mycelia (MY), zoosporangia (SP), zoospores (ZO), cysts (CY),
germinating cysts (GC), and IF1.5h to IF24h (samples from 1.5, 3, 6, 12, and 24 h after infection of soybean leaves). The sandwiched inoculation method is
shown in the center of the figure. The scale bars in CY, ZO, and GC are 20 pm, others are 100 pm.
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undetectable by our sampling method. The full lists of the
18,093 genes having at least one tag are provided in Supple-
mentary Tables S4 and S5.

Comparison of DGE values
with quantitative reverser transcription-
polymerase chain reaction (qRT-PCR) analysis results.
Total sequence tags from all libraries that match to the
10,044 genes classified as detected and reliable were plotted as
integrated log, values. As shown in the graph in Figure 2B, the
highest number of genes (1,737) distributes around 7 (=7 and
<8, and 7 refers to 128-1 TPM) and 9.0% of the genes (899 of
10,044) are highly expressed at more than 10. To determine
whether gene expression levels estimated by TPM counts were
comparable to qRT-PCR results, 28 genes from different fami-
lies and with a range of expression values were selected for
further study. These genes and primers are listed in Supple-
mentary Table S3. Expression levels of the 28 genes were de-
termined by qRT-PCR from the ten different RNA samples
used for the DGE analysis, resulting in 280 datapoints (Fig.
2C). The Pearson correlation coefficient (R value) between the
cycle threshold (Ct) value of the qRT-PCR analysis and the

Table 1. Summary of the output data and mapping work

log, TPM values of the DGE analysis was —0.75, meaning that
the genes’ expression levels from DGE analysis are positively
correlated with qRT-PCR (lower Ct value refers to higher ex-
pression level). This correlation between the two different plat-
forms (JR| = 0.75) is higher than many correlations of whole-
library gene-expression patterns between two DGE libraries
(but not replication) in our study but also lower than many oth-
ers, such as IF3h to IF6h (R = 0.97). A Pearson correlation co-
efficient matrix of all library pairs was generated and is pro-
vided in Supplementary Figure S4, with R values ranging from
0.48 (ZO-IF3h) to 0.97 (IF3h to IF6h).

Correlation among the ten libraries establishes
four different expression groups.

To study the relatedness of overall gene-expression patterns
among the ten libraries, a hierarchical clustering (HCL) tree
using the Pearson correlation method with average linkage was
constructed, using the DGE data from the 10,044 detected reli-
able genes (Fig. 3A). This shows that the DGE profiling of the
ZO library is closest to CY, GC is alone in a branch, MY is
close to SP, and the five infection site libraries (IF1.5h to
IF24h) exist in the same branch. Principal component analysis

Tag or gene name?

Category” MY*¢ SP 70 CY GC IF1.5h IF3h IF6h IF12h 1F24h
Raw tags

Total 7,618,146 3,889,220 9,115,349 8,722,222 10,942,428 14,794,423 10,406,821 11,338,625 10,353,209 10,660,949

Distinct 339,251 235,351 305,957 341,113 1,400,829 980,071 1,439,380 2,052,365 1,917,624 2,011,485
Clean tags

Total 7,406,626 3,737,336 8,909,709 8,491,318 9,936,835 14,033,907 9,387,619 9,930,713 9,010,412 9,247,642

% of raw tags 97.2% 96.1% 97.7% 97.4% 90.8% 94.9% 90.2% 87.6% 87.0% 86.7%

Distinct 128,354 84,181 102,771 112,284 432,812 286,150 451,475 666,004 596,675 616,298

% of raw tags 37.8% 35.8% 33.6% 32.9% 30.9% 29.2% 31.4% 32.5% 31.1% 30.6%
Clean tags mapping to genome or gene

Total 6,763,028 3,397,523 8,221,308 7,861,599 6,933,838 12,980,742 6,421,067 3,987,978 3,514,638 3,287,787

% of clean tags 91.3% 90.9% 92.3% 92.6% 69.8% 92.5% 68.4% 40.2% 39.0% 35.6%

Distinct 95,904 65,520 74,605 79,620 186,826 212,225 191,088 155,151 145,068 141,085

% of clean tags 74.7% 77.8% 72.6% 70.9% 43.2% 74.2% 42.3% 23.3% 24.3% 22.9%
All tag-mapped genes

gene 12,323 11,978 10,532 11,450 13,179 13,805 12,743 12,519 12,394 12,196

% of 19,027 64.8% 63.0% 55.4% 60.2% 69.3% 72.6% 67.0% 65.8% 65.1% 64.1%

* Raw tags, sequence data prior to trimming and processing; clean tags, trimmed and processed 21-bp sequences.
b Distinct tags are classified according to their sequence. The Phytophthora sojae reference genome (Joint Genome Institute P. sojae v1.1) describes 19,027

predicted genes, including 18,093 with at least one tag.

¢ MY = mycelia, SP = zoosporangia, ZO = zoospores; CY = cysts, GC = germinated cysts, and IF1.5h to IF24h, indicates samples from 1.5, 3, 6, 12, and 24 h

after infection of soybean leaves.
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Fig. 2. Characteristics and validation of detected genes. A, The distribution of genes within the different detectable categories, based on the sequence tag
analysis as described in the text. B, The distribution of gene expression levels, based on the number of genes falling in each log, gene expression category.
Data are from all ten samples. C, Validation of digital gene expression (DGE) data by quantitative reverse transcription-polymerase chain reaction (qRT-
PCR). Scatter plots indicate the cycle threshold (Ct) value of qRT-PCR analysis and the log, transcripts per million tags value of DGE for 280 datapoints
from 28 genes in ten samples. The Pearson correlation coefficient (R) is also shown.
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(PCA) is a statistical method to reduce the dimensionality of
the dataset and allows a visual inspection of the samples based
on gene-expression profiles. Samples with a similar gene-ex-
pression profile would cluster in the same direction (Elferink
et al. 2011). The PCA plot of principal component (PC) 1 and
PC 2 shown in Figure 3B reveals a situation consistent with
the HCL tree. In the PCA plot, the libraries in the four major
branches of the tree (ZO and CY, GC, MY and SP, and IF1.5h
to IF24h) locate in distinguishably different regions. The accu-
mulated eigenvalue of the first two PC is 74.2% (PC 1, 56.7%
and PC 2, 17.5%), which means that the information from PC
1 and PC 2 have a highly reliable degree.

Differentially expressed gene analysis
reveals transcriptional shifts between libraries.

To study the differentially expressed genes between each li-
brary pair, we performed filtering to identify twofold upregu-
lated and twofold downregulated genes with P value < 0.01,
employing the Chi® test and Bonferroni correction. The re-
sults, shown in Figure 4A, indicate that the greatest changes in
gene expression occur during cyst germination and host infec-
tion, when thousands of genes were detected as upregulated
(GC and IF1.5h to IF24h compared with MY, SP, ZO, and
CY). However, by contrast to the five infection libraries, GC
downregulated more genes compared with MY and SP and
upregulated fewer genes compared with ZO and CY. This also
confirmed that the GC was a distinct group. For ZO and CY,
many more genes were downregulated when compared with
the other libraries. In contrast, comparison among the infection
libraries (IF1.5 to IF24h) indicates that gene-expression pat-
terns changed steadily but not dramatically during the course
of infection. The full list of differentially expressed genes be-
tween each library pair is provided in Supplementary Table S6.
Three stage pairs (MY-ZO and ZO-IF1.5h, with the largest
number of genes down- or upregulated, and IF3h-IF6h, with
least genes changed) were selected to represent the distribution
of genes corresponding to different fold change categories
(Fig. 4B).

Clustering analysis shows
different gene-expression patterns.

The ten libraries provide a wide range of stages to under-
stand gene expression during the P. sojae life cycle. To eluci-
date detailed gene-expression patterns, the clustering affinity
search technique (CAST) was used to generate clusters (Saeed
et al. 2003). Figure 5A shows a breakdown of 722 clusters
generated with members (genes) ranging from 1,675 to 1.
Most of the clusters (662 clusters) had no more than 20 genes.
However, the top 16 clusters, each of which had more than 90
members, contained >50% (51.4%) of all detected genes, illus-
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Functional annotation of genes
in clusters with similar expression patterns.

To study the major gene functions of different expression
patterns, we performed gene ontology (GO) enrichment analy-
sis for genes from the top 16 clusters (Fig. 5B). The mapped
GO terms referring to biological process were compared with
the whole-genome background (GO terms for all of the 19,027
predicted P. sojae genes) and were filtered with P value < 0.5
by Chi? test and false discovery rate (FDR) correction. Figure
5C shows that the number of enriched GO terms per cluster
ranged from O (clusters h, i, and o) to 26 (cluster d). Different
gene functions were overrepresented in certain clusters. For
example, the genes in cluster a were rich in function of protein
localization (transport). Cluster d also had this characteristic,
but additionally, it had genes related to processes such as the
triphosphate metabolic process and the signaling process. Genes
in clusters b and p mostly referred to regulation of metabolic
process and transcription. A GO term, noncoding RNA meta-
bolic process, was found in clusters b, g, j, and k, whose ex-
pression patterns were all infection related. Furthermore, for
clusters m and n, a single enriched GO term was matched to
response to stress and carbohydrate metabolic process, respec-
tively. The full list of enriched GO terms and corresponding
genes was provided in Supplementary Table S7.

Average gene-expression patterns
of putative pathogenicity gene families.

Many gene families from P. sojae were studied or suggested
to have important roles in pathogenesis. To further understand

Signal transduction and regulation

the expression patterns, 30 different gene families or groups
were selected, with each group containing from three to 396
distinct genes (Torto-Alalibo et al. 2007) (Fig. 6). To deter-
mine an average expression pattern, the TPM values for each
stage were calculated group by group by pooling data from the
UMT and the nonredundant MMT. The MMT provide good
data for this purpose because this is an analysis of gene-family
expression, anticipating that many MMT were mapped to the
same group. The results illustrated diverse expression patterns
but most gene groups were up-regulated during the above-
mentioned major transcriptional shifts. For example, the PDR-
like ABC transporters, glutathione transferase, and glutare-
doxin were up-regulated at GC; the aspartyl proteinases were
highly expressed at GC and IF1.5h; the cutinases were up-
regulated from ZO and highly expressed in GC; the RxLR and
NLP effector families were highly induced at GC and with an-
other peak at late infection; another two effector families, CRN
and elicitin (or elicitin-like), although expressing similar two-
peak patterns, consistently showed higher average expression
levels than RXxLR and NLP; however, elicitin was expressed
with higher level at MY, ZO, and CY. For ubiquitin protease,
the genes stably had a high expression level.

Community access
to the Phytophthora transcriptional database (PTD).

We established the PTD web server (v1.1) to allow the re-
search community easy access to our data (Supplementary Fig.
S5). Each gene has a detailed page describing its basic annota-
tion and the DGE transcriptional data. The transcriptional data
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include expression TPM values together with MMT values and
sequences that correspond to the gene of interest. Graphical
outputs include histogram views that are intuitive for exploring
the data. The PTD provides access to the gene data via
searches by the gene ID, annotation, fold change between two
stages, and BLAST to search sequence-homologous genes. It
also provides links to the P. sojae databases and assemblies at
the Department of Energy Joint Genome Institute (Tyler et al.
2006) and the Virginia Bioinformatics Institute microbial data-
base (Tripathy et al. 2006) for quick access to extensive gene
or genome contextual information. To facilitate further analy-
sis of these data, the related tag data and analysis results are
also provided for downloading. A list of the current web re-
sources related to oomycete genomics research is also pro-
vided in PTD and Supplementary Table S8.

DISCUSSION

In this study, we used massively parallel sequencing tech-
nologies coupled with computational DGE analysis to charac-
terize the transcriptome of P. sojae during development and in-
fection. Our results provide an extensive picture of transcrip-
tion in P. sojae and offer investigators a rich set of sequence
data for reference and interrogation.

To organize the voluminous data and to differentiate the
transcripts, we based our computational analysis on 21-bp
tags because this approach has been proven successful in
other species (Asmann et al. 2009; Saha et al. 2002). Never-
theless, the numerous gene paralogs sharing sequence tags
resulted in a high frequency of MMT. The detected genes
with MMT represented 25.9% of the total number of genes
detected in P. sojae. In some DGE studies MMT are filtered
during the mapping process (Asmann et al. 2009; Wang et al.
2010). Such an approach provides expression values for all
reliably tagged genes. However, the expression values for
genes with MMT may be underestimated or completely lack-
ing; these genes would correspond to genes detected-reliable
or undetected in our study (2,324/12.2% and 2,591/13.6%
genes fit these descriptions, respectively). To avoid this prob-
lem, the MMT data were counted for gene expression level,
and the proportion of value derived from MMT was used to
calculate an MMT-value as a reliability measure. This
method provides more complete information of gene expres-
sion level and allows for the classification of reference genes
into four categories: detected-reliable, detected-unreliable,
undetected, and no tag. Although we deemed genes with
MMT to be detected-unreliable and did not analyze these
genes in this study, their expression data and MMT-values
were also provided in PTD, which are still valuable for genes
with low MMT-values. Moreover, the MMT data remain use-
ful for determining collective expression patterns for the dif-
ferent genes sharing the same tags (Fig. 6).

Another limitation of DGE analysis lies in the annotation of
the reference genome. The 19,027 predicted P. sojae genes
represent an estimation based on gene modeling programs
(Tripathy et al. 2006; Tyler et al. 2006). Many gene models are
erroneous, and annotation may be completely lacking for cer-
tain genes. These would cause the bias or absence of gene ex-
pression data. However, the transcript tag data that we have de-
veloped may be used to improve gene models (Supplementary
Fig. S6). It is even possible that tags that do not map to the
genome or to a predicted gene represent the junction of two
exons in a misannotated gene. Genome annotation is an itera-
tive process that will inevitably improve with time. The se-
quence data generated in this study offer an opportunity to
improve the annotation of the P. sojae genome. Biologists have
long realized that problems with gene annotation exist for even
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the best-characterized model species; thus the situation for P,
sojae is not unusual or extraordinary.

Besides the above mentioned limitations, there are still sev-
eral problems with DGE, including statistical modeling (par-
ticularly normalization) (Mak 2011); the depth of sequencing
required to effectively sample the transcriptome; the cost,
which may tempt some to avoid using biological replicates;
and the bioinformatics required to manage such a large amount
of data (Malone and Oliver 2011). However, every technology
has its advantages and inherent biases. For example, of the
established methods, microarrays remain useful and accurate
tools for measuring expression levels (Malone and Oliver
2011) with high throughput, but they have relative low sensi-
tivity for the detection of rare transcripts and potentially can
miss many targets that may not be included on the array. EST
studies can obtain longer full-length transcripts; however, they
are incomplete in their coverage of transcripts and are expen-
sive to perform (Asmann et al. 2009). Although the DGE tran-
scriptome profiling also has some draw-backs, it is based on
the produced relatively short reads and used for comparison of
gene expression profiles (Hegedus et al. 2009; Rosenkranz et
al. 2008; Wang et al. 2010), with extensive sequence data and
depth-of-coverage such that even the rare transcripts can be
detected and quantified (Eveland et al. 2010; Morrissy et al.
2009; t Hoen et al. 2008). Thus, NGS-based transcription pro-
filing methods can complement and extend other technologies,
(Malone and Oliver 2011), but it will take time to update and
improve the technology and protocol.

To evaluate the DGE data, a comparison with 280 datapoints
from the output of two different platforms (DGE and qRT-
PCR) was performed that indicated a positive correlation be-
tween the data. And the correlations between DGE data from
similar samples indicated that the highest R value was 0.97
(IF3h-IF6h). Overlooking the transcriptional analysis of ten
stages of the P. sojae life cycle, four library groups were found
by a comparison with whole-library gene-expression patterns.
This was confirmed by the analysis of differentially expressed
genes, which showed major transitional shifts between the
libraries from the different groups. Beside the inherent techno-
logical problems of DGE, some other points cannot be ex-
cluded when interpreting the data, including the experiment
time, conditions, and people. However, these transcriptional
shifts generally agreed with the biological process, for be-
tween the libraries, that of the pathogen grown axenically
(MY, SP, ZO, CY, and GC) and that of the pathogen grown in
contact with the plant (IF1.5h to IF24h), the host-pathogen
interaction can reasonably be expected to modify the patho-
gen’s expression profile. The distinction of ZO and CY from
the other libraries is probably due to its divergence from non-
mycelium status (e. g., they are either swimming in water or
attached to the host surface). And GC is a transitionary status
between cysts and mycelium. For the RNA samples we used
comparing the seven libraries collected from the pathogen
only, we also paid attention to the other three timepoint sam-
ples (IF6h, IF12h, and IF24h), collected from a mixture of in-
oculated mycelium and host tissue. In these three libraries,
fewer clean tags were mapped to the reference sequences, al-
though there was no obvious difference in the number of de-
tected genes (Table 1; Fig. 2A) or in the distribution of gene
numbers assigned to different expression level (data not
shown). The whole-library expression patterns and the analysis
of differentially expressed genes for these three samples also
did not show distinction from the unmixed samples IF1.5h and
IF3h (Figs. 3A and B and 4A).

P. sojae is a widespread and destructive plant pathogen and
is one of the best-studied species among oomycete organisms.
Here, we have demonstrated that deep sequencing of the tran-



scriptome combined with computational tools such as DGE
can provide an unparalleled level of detail and coverage of
gene-expression patterns. Based on these DGE data and other
available resources of P. sojae, a number of questions remain
for further study. For example, what are the identities of the
genes and how do their functions contribute to the transcrip-
tional shifts or specific expression patterns at certain stages? Is
there really a set of noncoding RNAs with important roles in
the interaction of P. sojae with its host? Are there novel gene
families playing important roles in the life of P. sojae that
could be found according to the species-specially expansion of
gene copy numbers and the expression patterns, e.g., the cuti-
nase family? Finally, the pathogen effector is one of the hot
spots in current research of pathogen-host interaction. Further
studies on the effector genes, including RXLR, CRN, NLP, and
even unknown genes are on the way. In brief, these data will
serve as a valuable public genomic resource and will help fur-
ther clarify the biology of Phytophthora plant pathogens.

MATERIALS AND METHODS

Preparation of biological material.

P. sojae P6497 (race 2) (Forster et al. 1994), from which the
reference genome was derived (Tyler et al. 2006), was used in
this research. MY were cultivated in 10% V8 liquid medium at
25°C in darkness for 48 h and were then blotted dry with ab-
sorbent paper and were preserved in liquid nitrogen for RNA
isolation. SP were induced by repeatedly washing 48- to 72-h-
old mycelial mats with sterile distilled water at 25°C in dark-
ness until sporangia formed abundantly. ZO were released by
placing the zoosporangial mycelial mat into 10 ml of sterile
distilled water at 5 to 10°C for 10 to 15 min, and then, at 25°C
for 10 to 30 min. The ZO were then concentrated by centrifu-
gation at 2,000 rpm at 0°C to a concentration of >150 ZO per
microliter and were then preserved in liquid nitrogen for RNA
isolation. The ZO were counted under a microscope based on
2 ul of concentrated ZO suspension sample with three repeats.
CY were produced by vortexing the ZO suspension at room
temperature for 30 s and were then collected by centrifugation
at 2,000 rpm at 0°C and were preserved in liquid nitrogen for
RNA isolation. GC were obtained by cultivating cysts with 5%
V8 liquid medium at 25°C, 150 rpm for 1 h and were then col-
lected by centrifugation at 2,000 rpm at 0°C. For mycelial
infection (IF1.5h to IF24h), the soybean cultivar Williams,
which is susceptible to P6497, was grown in a greenhouse at
22 to 28°C and was used at the second-leaf stage. Soybean
leaves were treated with 0.05% vol/vol solution of Tween 20 to
improve wetting. A mycelial mat was washed with sterile dis-
tilled water and was then laid on and sandwiched (Fig. 1) be-
tween upper surfaces of two leaves at 25°C, respectively, for
1.5, 3, 6, 12, and 24 h after infection. For the 1.5- and 3- h
timepoints, the mycelial mat was carefully peeled from the
leaves and preserved in liquid nitrogen. For the later time-
points, the regions of the leaves in contact with the mycelia
were excised together with the mycelia and were preserved in
liquid nitrogen. Parallel samples were prepared simultaneously
and were used for microscopic analysis. In addition to the
infection samples, the leaves were decolorized with absolute
ethanol before observation.

Library preparation and sequencing.

Tag library preparation for the ten samples was performed in
parallel, using the Illumina gene expression sample preparation
kit. Each sample of 6 ug of the total RNA was extracted from
above-mentioned samples (Total RNA purification system; In-
vitrogen, Carlsbad, CA, U.S.A.), and mRNA was purified by
oligo (dT) magnetic bead adsorption. mRNA bound to the

beads was then used as a template for first-strand cDNA syn-
thesis primed by oligo (dT), and the second-strand cDNA was
consequently synthesized using random primers. The cDNA
was cleaved with Nlalll at CATG sites, and then, the cDNA
fragments with 3” ends were purified with magnetic beads and
Illumina adapter A was added to their 5" ends, creating a rec-
ognition site of Mmel at the junction. Mmel cleaves 17 bp
downstream of the CATG site, producing tag fragments that
include Illumina adapter A. After removing 3’ fragments by
magnetic bead precipitation, [llumina adapter B was intro-
duced at the 3” ends of tags, thus acquiring tags with different
adapters at each end to form a tag library. After 15 cycles of
linear PCR amplification, 85-bp oligonucleotides were purified
by 6% Tris-borate-EDTA polyacrylamide gel electrophoresis.
These oligonucleotides were then digested, and the single-chain
molecules were fixed onto the flow cell (Illumina Sequencing
Chip) for sequencing. Raw reads were generated with a se-
quencing length of 35 bp (Supplementary Fig. S2).

Analysis and mapping of DGE tags.

Raw sequences have 3" adaptor fragments as well as a few
low-quality sequences and several types of impurities. Raw se-
quences were transformed into clean 21-bp (CATG+17 bp)
tags by the following steps: i) 3’ adaptor sequence was
trimmed, resulting in 21-bp tags from 35 bp of raw sequence,
ii) empty reads were removed (reads with only 3" adaptor se-
quences but no tags), iii) low-quality tags were removed (tags
with ambiguous base calls), iv) tags of unusual length were
removed, leaving only tags of 21 bp, and v) nonredundant tags
were removed (each tag needs to be detected at least twice to
be considered reliable). These raw datasets are available at the
National Center for Biotechnology Information Gene Expres-
sion Omnibus database with the accession number GSE29651.
A preprocessed database of all possible CATG+17 bp tag se-
quences was created using the P. sojae genome and gene mod-
els as a reference database (P. sojae v1.1) (Tyler et al. 2006).
All clean tags were mapped to this reference database, allow-
ing no more than 1 bp mismatch. The number of mapped clean
tags were calculated for each library and were then normalized
to TPM. Clean tags mapped to reference sequences from mul-
tiple loci (MMT) were identified but not removed. The expres-
sion value for a gene was derived from the sum of TPM for all
mapped tags. The proportion of TPM derived from MMT was
used to calculate an MMT value.

SYBR green real-time RT-PCR assay.

A total of 28 genes were selected for SYBR green real-time
RT-PCR assay, each using the same RNA for DGE from ten
samples, resulting in 280 datapoints. Pearson correlation coef-
ficient was calculated between the Ct value of the qRT-PCR
analysis and the log, TPM values from the DGE analysis. A
real-time RT-PCR reaction (20 pl) included 20 ng of DNA, 0.2
uM each prime, 10 pl of SYBR Premix Ex7ag (TaKaRa Bio
Inc. Shiga, Japan), and 6.8 ul of distilled H,0. Reactions were
performed on an ABI PRISM 7300 fast real-time PCR system
(Applied Biosystems, Foster City, CA, U.S.A.) under the fol-
lowing conditions: 95°C for 30 s, 40 cycles of 95°C for 5 s,
60°C for 31 s, to calculate Ct values, followed by 95°C for 15
s, 60°C for 1 min, and then, 95°C for 15 s, to obtain melt
curves. The 7300 system sequence detection software (v. 1.4)
was used for data analysis.

Further analysis of gene-expression data.

The MultiExperiment Viewer (v. 4.6) software package was
used to draw the heat maps, construct the HCL tree (using the
Pearson correlation method with average linkage), perform the
PCA (using the ‘mean’ for centering mode), and obtain the
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gene-expression pattern clusters using CAST (the distance
metric was the default Pearson correlation and the threshold
affinity value was 0.9) (Saeed et al. 2003). The differentially
expressed genes between each library pair were filtered by two
criteria: i) two-fold over- or underrepresentation of gene ex-
pression level, and ii) P value < 0.01, employing the Chi? test
and Bonferroni correction in the IDEG6 web server (Romualdi
et al. 2003). To determine the fold change, e.g., MY-SP is cal-
culated by (TPMgp + 0.1)/(TPMpyy + 0.1). The annotated GO
terms were downloaded from P. sojae v1.1 at the Joint Ge-
nome Institute database. For GO enrichment analysis, the
mapped GO terms referring to biological process were com-
pared with the whole-genome background (GO terms for all of
the 19,027 predicted P. sojae genes) and were filtered with P
value <0.5 by Chi? test and FDR correction using the singular
enrichment analysis methods found at the AgriGO web server
(Du et al. 2010).
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