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Abstract

Phytophthora infestans is a devastating phytopathogenic oomycete that causes late blight on tomato and potato. Recent genome
sequencing efforts of P. infestans and other Phytophthora species are generating vast amounts of sequence data providing opportunities to
unlock the complex nature of pathogenesis. However, accurate annotation of Phytophthora genomes will be a significant challenge. Most
of the information about gene structure in these species was gathered from a handful of genes resulting in significant limitations for devel-
opment of ab initio gene-calling programs. In this study, we collected a total of 150 bioinformatically determined near full-length cDNA
(FLcDNA) sequences of P. infestans that were predicted to contain full open reading frame sequences. We performed detailed computa-
tional analyses of these FLcDNA sequences to obtain a snapshot of P. infestans gene structure, gauge the degree of sequence conserva-
tion between P. infestans genes and those of Phytophthora sojae and Phytophthora ramorum, and identify patterns of gene conservation
between P. infestans and various eukaryotes, particularly fungi, for which genome-wide translated protein sequences are available. These
analyses helped us to define the structural characteristics of P. infestans genes using a validated data set. We also determined the degree of
sequence conservation within the genus Phytophthora and identified a set of fast evolving genes. Finally, we identified a set of genes that
are shared between Phytophthora and fungal phytopathogens but absent in animal fungal pathogens. These results confirm that plant
pathogenic oomycetes and fungi share virulence components, and suggest that eukaryotic microbial pathogens that share similar lifestyles
also share a similar set of genes independently of their phylogenetic relatedness.
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1. Introduction be developed to use FLcDNA sequence information to

improve ab initio gene predictions (Ashurst and Collins,

One of the challenges of the post-genomics era is the
identification and annotation of genes from genome
sequences. Accurate annotation is particularly challenging
for eukaryote genomes, which are interspersed with non-
coding DNA sequences and contain structurally complex
genes (Stein, 2001). Characterization of transcripts in the
form of full-length or near full-length cDNA (FLcDNA)
sequences is an invaluable resource for gene identification
and annotation (Haas et al., 2002). Computer programs can

* Corresponding author. Fax: +1 330 263 3841.
E-mail address: kamoun.l @osu.edu (S. Kamoun).

1087-1845/$ - see front matter 0 2005 Elsevier Inc. All rights reserved.
doi:10.1016/5.fgb.2005.10.003

2003; Brendel et al., 2004; Davuluri and Zhang, 2003). The
importance of FLcDNAs in genomics is illustrated by the
significant efforts undertaken by several research communi-
ties to construct and sequence collections of FLcDNAs
with the aim of identifying the complete transcriptome of a
given organism. For example, following the completion of
the Arabidopsis and mouse genome sequences, large-scale
FLcDNA sequencing projects were initiated resulting in the
Arabidopsis FLcCDNA database (Seki et al., 2002) and the
RIKEN mouse genome encyclopedia (Hayashizaki, 2003b).
The information collected in such databases, together with
the corresponding genomic DNA sequences, has enabled
the validation of existing genome annotations as well as the
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development of new ‘gene models’ for these organisms
(Castelli et al., 2004; Haas et al., 2002, 2003; Hayashizaki,
2003a,b; Okazaki et al, 2002; Wortman et al,, 2003). In
addition, FLcDNAs are critical reagents for functional
expression assays and other types of functional analyses
(Borevitz and Ecker, 2004; Frech and Joho, 1989; Kato
et al., 1994; Ogihara et al., 2004).

Phytophthora infestans, the Irish potato famine patho-
gen, causes the devastating late blight disease of potato and
tomato. Re-emergence of late blight during the late twenti-
eth century ensured that this pathogen continues to be an
important threat to agriculture (Fry and Goodwin, 1997).
Late blight is estimated to cost growers billions of dollars
annually through losses in crop production and increased
fungicide expenses (Duncan, 1999). The study of P. infestans
and other Phytophthora spp., such as Phytophthora sojae
and Phytophthora ramorum, has entered the genomics age.
The genome size of P. infestans was calculated to be
approximately 237 Mb (Tooley and Therrien, 1987) with at
least 51% repeated DNA sequences (Judelson and Randall,
1998). Due to this considerable genome size and complex-
ity, early P. infestans genomics efforts focused on cDNA
sequencing and generated collections of expressed sequence
tags (ESTs) from a variety of developmental, stress, and
infection conditions (Kamoun et al., 1999; Randall et al.,
2005). So far, more than 75,000 ESTs and about 1X whole
genome shotgun (WGS) sequence have been generated and
assembled into about 18,000 genes (Randall et al., 2005).
Genome sequencing, as well as the development of detailed
genetic and physical maps, is also under way through work
by an international consortium of researchers led by the
Broad Institute, Boston, MA. In the near future, these
efforts should lead to the complete sequencing of the
P. infestans genome, thus adding to the genome sequence
drafts of P. sojae and P. ramorum. However, accurate anno-
tation of Phytophthora genomes will be a significant chal-
lenge. Most of the information about gene structure in
these species was gathered from only a handful of genes
resulting in significant limitations for development of
ab initio gene-calling programs (Huitema etal, 2004;
Kamoun, 2003). High quality genome annotation of the
P. infestans genome sequence will also be essential for
increasing the momentum of ongoing functional genomics
studies (Birch and Whisson, 2001; Torto et al., 2003).

Phytophthora infestans belongs to the oomycetes, a deep
branching group of eukaryotic microbes, that are related to
diatoms and brown algae within the stramenopiles or het-
erokonts (Baldauf, 2003; Baldauf et al., 2000). The oomyce-
tes share a number of morphological and physiological
similarities with the fungi, such as filamentous growth
habit, heterotrophic lifestyle, and specialized infection
structures (Kamoun, 2003; Latijnhouwers etal.,, 2003).
However, oomycetes and fungi represent some of the most
highly divergent pathogenic eukaryotes and their patho-
genic lifestyles have clearly evolved independently (Baldauf
et al, 2000; Kamoun, 2003; Sogin and Silberman, 1998).
The increased availability of genome sequences offers

unique opportunities to perform comparative analyses
among eukaryotes and improve our understanding of the
evolution of pathogenic lifestyles in eukaryotic microbes
(Huitema et al.,, 2004; Kamoun, 2003). Several pertinent
questions can now be addressed. Are there common mecha-
nisms of infection among pathogenic eukaryotes? How did
the arsenal of pathogenicity genes emerge and evolve? To
what extent do these genes vary between plant and animal
pathogenic eukaryotes? In this study, we collected a total of
150 bioinformatically determined near full-length cDNA
(FLcDNA) sequences for the oomycete plant pathogen
P. infestans. The majority (131) of these FLcDNA
sequences originated from our laboratory either as original
sequences generated for this study or as part of earlier stud-
ies (Torto et al., 2003). We performed detailed computa-
tional analyses of these FLcDNA sequences to (1) obtain a
snapshot of P. infestans gene structure, (2) gauge the degree
of sequence conservation between P. infestans genes and
those of P. sojae and P. ramorum, and (3) identify patterns
of gene conservation between P. infestans and various
eukaryotes, particularly fungi, for which genome-wide
translated protein sequences are available. These analyses
helped us to define the structural characteristics of
P. infestans genes using a validated data set. We also deter-
mined the degree of sequence conservation within the genus
Phytophthora and identified a set of fast evolving genes.
Finally, we also identified a set of genes that are shared
between Phytophthora and fungal phytopathogens but
absent in animal fungal pathogens.

2. Materials and methods
2.1. Data set

We performed all our analyses on a data set that includes
150 P. infestans cDNA bioinformatically predicted to be near
full-length and to contain complete open reading frames
(ORF) (Table 1). The cDNA sequences either originated
from the GenBank sequence database (Benson et al., 1999)
or were sequenced in our laboratory by primer walking, and
they covered a wide range of cellular functions. We enforced
two requirements for including sequences in this data set: (1)
the cDNAs must correspond to nuclear encoded genes, and
(2) they must have high quality sequences and complete
ORFs. The cDNAs were identified by scanning ESTs for 5’
proximal ATGs. A cDNA was deemed likely to be full-
length or near full-length when it was the most 5" proximal
EST among assemblies and gave hits to the N-terminal por-
tion of known proteins following BLAST searches against
GenBank. Throughout the paper these near full-length
cDNAs will be referred to as FLcDNAs.

2.2. Analysis of nucleotide composition and ATG start codon
context

The sequences in the untranslated regions (UTRs) and
coding regions were manually extracted. G+ C contents and
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Identities of 150 P. infestans FLcDNA sequences and signal peptide predictions of the translated proteins

Categories and Accession

Identity of predicted protein®

Extracellular protein®

SignalP-HMM probability®

Small cysteine-rich
AY9614464
AY961447¢
AY961418¢
AY9614484
AF424679¢
AF4246804
AF424670¢
AF424669¢
AF424683
AY9614274
AY961428¢

Elicitors and virulence
U508444
AF004951
AF004952
AF4198414
AF419842
AF419843
AF419844
AY9614264
AY961417
AY961431
AY961432
AY961430¢
AY9614294
AY961420¢

Small cysteine-rich protein SCR74
Small cysteine-rich protein SCR74
Small cysteine-rich protein SCR91
Small cysteine-rich protein SCR91
Small cysteine-rich protein SCR50
Small cysteine-rich protein SCR58
Small cysteine-rich protein SCR76
Small cysteine-rich protein SCR108
Small cysteine-rich protein SCR122
Cysteine-rich protein

Cysteine-rich protein

Elicitin INF1

Elicitin INF2A

Elicitin INF2B
Elicitin-like INF4
Elicitin-like INF5
Elicitin-like INF6
Elicitin-like INF7
Elicitin-like protein
NPPI-like protein
NPPI-like protein
NPPI-like protein

In planta-induced IPIO1
In planta-induced IPIB-like protein
CBEL-like protein

Extracellular protease inhibitors ( EPI)

AY586273
AY586274
AY586276
AY586281
AY935250¢
AY9352544

Kazal-like serine protease inhibitor EPI1
Kazal-like serine protease inhibitor EP12
Kazal-like serine protease inhibitor EP14
Kazal-like serine protease inhibitor EPI9
Cysteine protease inhibitor EPIC1
Cysteine protease inhibitor EPIC4

Crinkling and necrosis inducing (CRN )

AF4246759
AF4246774
AY9614514
AY9614524
AY9614534
AY9614544
AY9614559
AY961456

AY961457¢
AY9614584
AY9614594
AY961460¢
AY9614619
AY9614624
AY961463¢
AY9614649

HAM34-likellow complexity
AF424659
AF424687
AY961416
AY961437
AY961438
AY961439
AY961440
AY961441
AY961442
AY961443

Crinkling and necrosis-inducing protein CRN1
Crinkling and necrosis-inducing protein CRN2

CRN-like CRN3
CRN-like CRN4
CRN-like CRNS5
CRN-like CRN6
CRN-like CRN7
CRN-like CRNS
CRN-like CRN9
CRN-like CRN10
CRN-like CRN11
CRN-like CRN12
CRN-like CRN13
CRN-like CRN14
CRN-like CRN15
CRN-like CRN16

HAM34-like protein

HAM34-like putative membrane protein
HAM34-like putative membrane protein
HAM34-like putative membrane protein
HAM34-like putative membrane protein
HAM34-like putative membrane protein
HAM34-like putative membrane protein
HAM34-like putative membrane protein
HAM34-like putative membrane protein
Low complexity protein

0.997
0.997
0.986
0.986
1.000
0.998
0.638
0.999
0.983
1.000
0.999

0.998
0.999
1.000
1.000
0.997
1.000
1.000
1.000
0.999
0.999
0.997
1.000
0.999
0.997

1.000
0.999
0.961
1.000
0.999
0.999

0.902
0.977
0.963
0.541
0.554
0.955
0.970
0.935
0.984
0.718
0.718
0.934
0.962
0.902
0.970
0.718

1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
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Categories and Accession

Identity of predicted protein®

Extracellular protein®

SignalP-HMM probability®

AY961444
AY961445

Metabolic enzymes
AF394510
AF424638
AF424644
AF424646
AF424647
AF424653
AF424654
AF424658
AF424660
AF424661
AF424662
AF424663
AF424664
AF424665
AF533882
AY098641

Hydrolytic enzymes
AF424684
AY052571
AF352032
AY961421
AY961419
AY961424
AY961425
AY961422
AY961423
AY961449
AY961450

Other enzymes
AF424685
AF424690
AF424668
AF424667
AY237405
AY237403¢
AY2374044
AF424650
AF424649
AF424648
AF424645
AF424642
AF424641
AF424651

Ribosomal proteins
AF424686
AF424689
AY961480
AY961465
AY961477
AY961473
AY961479
AY961475
AY961476
AY961471
AY961469
AY961478
AY961467
AY961470
AY961468
AY961474

Low complexity protein
Low complexity protein

6-Phosphogluconate dehydrogenase

Glutamine synthetase
Dihydrodipicolinate synthase
Fructose-1,6-biphosphatase
Argininosuccinate lyase
NADH dehydrogenase
Enolase

Peptidylprolyl isomerase
Diaminopimelate decarboxylase
Cystathionine B-synthase
Thioredoxin peroxidase
DAHP synthase

S-Adenosyl methionine synthetase

Transaldolase
Glutamate dehydrogenase
Glucose 6-phosphate isomerase

Acidic chitinase
Endopolygalacturonase
B-Glucosidase/xylosidase
Cutinase

Aspartic protease
Cathepsin-like cysteine protease
Cathepsin-like cysteine protease
Cysteine protease

Cysteine protease

Trypsin protease GIP-like
Trypsin protease GIP-like

Peroxidase-like protein
Peroxidase-like protein

Protein disulfide-isomerase
Peptidylprolyl isomerase
Transglutaminase elicitor M81E
Transglutaminase elicitor M81C
Transglutaminase elicitor M8§1D

Serine/threonine protein phosphatase

Phosphoglycerate kinase
GMP reductase
Pyrophosphatase

ADP/ATP translocase
Ubiquitin-conjugating enzyme
Ubiquitin-conjugating enzyme

Ribosomal protein

Ribosomal protein

Ribosomal protein L18
Ribosomal protein L23
Ribosomal protein L.27
Ribosomal protein L.28
Ribosomal protein L31
Ribosomal protein L34
Ribosomal protein L35
Ribosomal protein L37
Ribosomal protein L38
Ribosomal protein L.39
Ribosomal protein S10
Ribosomal protein S12
Ribosomal protein S19
Ribosomal protein S19

1.000
1.000

0.224
0.000
0.214
0.000
0.000
0.303
0.000
0.009
0.006
0.103
0.000
0.000
0.001
0.000
0.000
0.000

0.998
1.000
0.992
1.000
0.999
1.000
1.000
1.000
1.000
0.989
0.995

0.994
0.999
1.000
1.000
0.994
0.990
0.993
0.000
0.000
0.000
0.406
0.455
0.000
0.009

0.974
0.999
0.000
0.312
0.000
0.012
0.000
0.000
0.001
0.000
0.000
0.000
0.002
0.000
0.000
0.000

(continued on next page)
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Table 1 (continued)

Categories and Accession Identity of predicted protein®

Extracellular protein® SignalP-HMM probability®

Unknown proteins

AF424666 Unknown protein
AF424671 Unknown protein
AF424672 Unknown protein
AF424673¢ Unknown protein
AF424674¢ Unknown protein
AF424676 Unknown protein
AF424678¢ Unknown protein
AF424681 Unknown protein
AF424682¢ Unknown protein
AY961433¢ Unknown protein
AY9614344 Unknown protein
AY961435¢ Unknown protein
AY961436¢ Unknown protein
AY961481 Unknown protein

Other proteins

AF424688 Ammonium transporter

AF507054 Elicitin-like mating protein M25
AF507055 Elicitor-like mating protein M81
AF507059 Mating-induced protein M96
AY050538 G-protein  subunit 1

AY204515 G-protein § subunit 1

AY204881 Cell cycle protein cdcl4

AF424657 GTP binding protein

AF424656 Argonaute-like protein

AF424655 Microtubial binding protein

AF424652 Electron transfer flavoprotein § subunit
AF424640 14-3-3-like protein

AF424639 K* channel protein

AF404749 Syntaxin 6

AJ133023 RICI protein

AY961466 Ubiquitin-like protein/ribosomal protein
AF424643 Proteasome subunit

AY961472 Proteasome subunit

AF507057 Croquemort-like mating protein M82
AF507056 Pumilio-like mating protein M90

No 0.331
No 0.767
Yes 1.000
No 0.866
Yes 1.000
Yes 0.997
No 0.639
Yes 0.999
Yes 0.998
Yes 0.975
Yes 1.000
Yes 0.980
Yes 0918
No 0.007
Yes 0.982
Yes 1.000
Yes 0.998
Yes 0.998
No 0.000
No 0.000
No 0.004
No 0.002
No 0.000
No 0.000
No 0.000
No 0.017
No 0.209
No 0.000
No 0.035
No 0.002
No 0.000
No 0.004
No 0.000
No 0.000

% Determined by sequence similarity to the non-redundant GenBank protein database and literature searches.

® Predicted using the PexFinder algorithm (Torto et al., 2003) based on the SignalP signal peptide prediction program. A protein sequence is assigned
“Yes” for extracellular protein if the protein is predicted to be signal peptide by SignalP Hidden Markov Model (SignalP HMM) with a probability
greater than 0.900, and the SignalP Neural Network-predicted cleavage site between 10 and 40 amino acid residues. Otherwise, it is assigned “No.”

¢ Calculated by SignalP Hidden Markov Model algorithm.
4" Phytophthora-specific proteins.

lengths of the sequences were calculated using customized
Perl scripts. Sequences surrounding the translational start
codon ATG (—10 to +3) of the FLcDNA set were manually
extracted, aligned, and submitted to WebLogo server (http://
weblogo.berkeley.edu) (Crooks et al, 2004) to generate a
sequence logo that graphically displays the consensus.

2.3. Analysis of polyadenylation signals

To determine the polyadenylation signals in the
FLcDNA set, we searched the 3'-end sequences for known
polyadenylation signals based on the conserved poly(A)
signal (AAUAAA) found in animal (Manley and Proud-
foot, 1994), yeast (Wahle, 1995), and angiosperm mRNAs
(Rothnie etal, 1994). Putative polyadenylation signals
were extracted and manually aligned to identify sequence

conservation. Number of cDNA sequences in each varia-
tion in the motif “AAUAAA” was then counted and their
representations were plotted graphically.

2.4. Codon usage

To calculate the codon usage of P. infestans based on the
FLcDNA data set, we used “cusp” program from the Euro-
pean Molecular Biology Open Source Software Suite
(EMBOSS). We generated a codon usage table specific for
P. infestans from this analysis.

2.5. Intron sequences

To determine the gene structure and to obtain intron
sequences in the genes corresponding to the FLcDNA


http://weblogo.berkeley.edu
http://weblogo.berkeley.edu
http://weblogo.berkeley.edu

J. Win et al. | Fungal Genetics and Biology 43 (2006) 20-33 25

set, we performed BLASTN searches against WGS
sequences of P. infestans, and retrieved top 10 genomic
sequence hits (when available). The top hits in high scor-
ing pairs were visually inspected for quality of match,
length of coverage, and putative gaps. Genomic
sequences that showed 100% nucleotide identity were
then aligned with FLcDNA sequences to determine the
positions of the introns.

2.6. Intron consensus sequences

To assess the conservation of nucleotides at the intron
splice sites, we manually aligned nucleotide sequences (3
from exon region and 12 from intron region) covering
each exon-intron junction for both 5’ and 3’ ends of
introns. The sequence line-ups were submitted to the
WebLogo server to calculate consensus sequences and rel-
ative conservation of nucleotides at their respective posi-
tions relative to the splice sites. The sequence
conservations were shown as sequence logo plots in which
the size of the letter representing the sequence is directly
proportional to the degree of conservation of that partic-
ular sequence within the alignment (Crooks et al., 2004).

2.7. Comparative sequence analyses

To determine the conservation of the sequences in the
FLcDNA data set within the Phytophthora species, we
translated the ORFs into amino acid sequences and used
TBLASTN against the genome sequences of P. sojae and
P. ramorum (Joint Genome Institute, Department of
Energy, http://genome.jgi-psf.org) with an Expect (FE)
value cut-off at 0.001 and without the low complexity
filter. Top hits were collected in a spreadsheet and percent
amino acid identities were plotted in a scatter graph.
Additionally, we divided the P. infestans protein data set
into cellular proteins or extracellular proteins based on
presence or absence of a signal peptide predicted using the
criteria of Torto et al. (2003). We plotted sequence conser-
vation of cellular proteins and extracellular proteins
among the Phytophthora spp. in scatter graphs.

To determine the conservation of the sequences in the
FLcDNA data set within the phylogenetically distinct
organisms, we used BLASTP to search against the amino
acid sequences of predicted proteomes of several phyloge-
netically distinct organisms (Table 2) with an E value cut-
off at 0.001 and with the low-complexity filter on query
sequences. Top hit scores were collected in a spreadsheet
and percent amino acid identities were plotted in a scatter
graph. To reveal any distantly related conserved func-
tional or structural domains in protein sequences that
were present only in P. infestans, we used hmmpfam pro-
gram (HMMER software, http://hmmer.wustledu) to
search Pfam Hidden Markov Model profile database of
protein domains (Bateman et al.,, 2004) with an E value
cut-off at 1.0. Sequences were then annotated with this
data.

3. Results
3.1. Full-length cDNA data set

At the time of this analysis, there were less than 100
P. infestans cDNA/mRNA sequences in GenBank.
Among these, 77 contained complete sequence informa-
tion suggesting near full-length cDNAs. These 77
sequences were incorporated into this study. Fifty-eight of
these sequences originated from our laboratory, mainly as
part of a control data set for an earlier study that included
cDNAs encoding proteins with diverse functions and cel-
lular locations (Torto et al., 2003). To increase the sample
size, we completely sequenced additional 73 FLcDNA
inserts by primer walking and submitted the sequences to
GenBank. The full data set of 150 FLcDNAs is described
in Table 1. The predicted proteins were annotated by
sequence similarity and literature searches, and they pos-
sessed a variety of functions ranging from basic cellular
activities to virulence (Table 1). A total of 73 sequences
could be grouped into 17 protein families with family sizes
ranging from 2 to 16. Most of the FLcDNAs were
between 0.5 and 2 kb in length (Fig. 1). The majority (145)
contained both 5’ and 3’ untranslated regions (Table 3)
with 118 entries containing complete 3' UTR sequences as
indicated by the presence of 10 or more consecutive ade-
nine bases at the 3’ ends of the sequences. The 3’ UTR
sequences were longer than the 5" UTR sequences possi-
bly reflecting in part the lack of complete 5 UTR
sequences in many cases.

3.2. Nucleotide composition

Analysis of nucleotide composition of the FLcDNA
sequences revealed that the coding regions of P. infestans
genes have higher G+ C content (57%) compared to non-
coding regions (45% for 3’ UTR and 56% for 5’ UTR). The
G + C content of P. sojae was similarly estimated at 58%
based on EST sequences (Qutob et al., 2000).

3.3. ATG context

Alignment of nucleotide sequences (—10 to +6) around
the ATG start codons of the FLcDNA showed weak but
significant conservation (Fig. 2). The consensus sequence
ACCATGA was similar to the Kozak sequence that is con-
served in the majority of eukaryotic translation start sites
(Kamoun, 2003).

3.4. Polyadenylation signal

Among the data set, 118 sequences contained 10 or more
consecutive adenine residues (poly(A) track) at their 3’-ends.
This enabled us to screen the 3’-end sequences preceding the
poly(A) track for polyadenylation signals. We found that
the eukaryotic polyadenylation signal (AAUAAA) was con-
served in this data set. A synopsis of the molecular architec-
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Table 2
Sequence databases used to analyze the P. infestans FLcDNA data set
Data set® Subset® Taxon/species Data source® No. peptide
sequences
Fungi Non-pathogenic fungi Saccharomyces cerevisiae® SGD 5855
and saprophytes Schizosaccharomyces pombe* Sanger 4992
Neurospora crassa® Broad 10620
Phanerochaete chrysosporium® JGI 10048
Aspergillus nidulans® Broad 9541
Plant pathogenic fungi Magnaporthe grisea® Broad 11109
Fusarium graminearum® Broad 11640
Ustilago maydis* Broad 6522
Animal pathogenic fungi (I)¢ Candida albicans® Stanford 9256
Cryptococcus neoformans® TIGR 5882
Animal pathogenic fungi (11)¢ Aspergillus fumigatus® TIGR 9926
Chaetomium globosum® Broad 11124
Others Plants Arabidopsis thaliana® TAIR 25545
Oryza sativa® GenBank 55299
Animals Homo sapiens® GenBank 25319
Mus musculus® GenBank 25371
Drosophila melanogaster® FlyBase 18107
Caenorhabditis elegans® WormBase 17083
Discicristates Euglenozoa GenBank 9176
Alveolates Plasmodium falciparum® Sanger 5334
Ciliates GenBank 2249

% “Fungi” data set contains sequences from fungi with different growth habits and “Others” contains sequences from representative organisms of other

major phyla.

b Protein sequences were acquired from the following resources: SGD, Saccharomyces genome database (http://www.yeastgenome.org); Sanger, The
Sanger Institute (http://www.sanger.ac.uk); Broad, Broad Institute (http://www.broad.mit.edu); JGI, Joint Genome Institute, US Department of Energy
(http://www jgi.doe.gov); Stanford, The Stanford Genome Technology Center (http://www.sequence.stanford.edu/group/candida); TIGR, The Institute for
Genome Research (http://www.tigr.org); TAIR, The Arabidopsis Information Resource (http://www.arabidopsis.org); GenBank, National Center for Bio-
technology Information (http://www.ncbinih.gov); FlyBase, The FlyBase Consortium, Genetics Society of America (http:/flybase.bio.indiana.edu);

WormBase, WormBase website (http://www.wormbase.org).
¢ Organisms for which complete predicted proteomes are available.

4 Animal pathogenic fungi are divided into two subgroups: (I) specialized animal pathogens and (II) opportunistic pathogens with substantial sapro-

phytic stages on decaying plant materials.
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Fig. 1. Length distribution of the 150 P. infestans FLcDNA data set.

ture of putative polyadenylation signals in P. infestans is
presented in Fig. 3. The 3" UTR of 86 out of the 118 cDNAs
contained the consensus hexanucleotide or a single nucleo-
tide substitution in either AAUAAA or AAUGAA. Seven
of the 86 cDNAs contained two or more putative polyade-
nylation sites. AAUAAA was the most prevalent of the
identified polyadenylation motifs (Fig. 3).

Table 3
Features of 150 P. infestans FLcDNA sequences

Feature Number Average Shortest Longest G+C
length (bp) (bp) (bp) content (%)

FLcDNA 150 980 305 5121 55

ORF 150 811 153 4824 57

3’ UTR 145 110 6 444 45

5" UTR 145 41 1 293 56

3.5. Codon usage

Nucleotide sequences of the coding regions in the
FLcDNA set were used to calculate codon usage frequen-
cies for P. infestans (Supplementary Table 1). This table
was similar to a previously published codon usage table of
P. infestans (Randall et al., 2005). Codon bias towards G
and C nucleotides, particularly in the third ‘wobble’ posi-
tion, was noted for almost all amino acids encoded by
degenerate codons. This was also reflected in the high G+ C
content of the coding sequences. However, as reported for
other GC-rich organisms, the codon ‘GGG’ encoding for
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Fig. 2. Sequence conservation around translational start codons of P. infe-
stans. Consensus sequences surrounding the ATG start codon (—10 to +3)
were calculated based on 150 FLcDNA set using WebLogo server at
http://weblogo.berkeley.edu (Crooks et al., 2004).
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Fig. 3. Distribution of polyadenylation signal variants present in
P. infestans FLcDNA data set. Polyadenylation signals were determined
based on the eukaryotic consensus sequence of AAUAAA and its variants
in the 3’ UTR of 118 P. infestans sequences.

glycine residue was under-represented suggesting potential
selection against G-homotetramer (De Amicis and March-
etti, 2000).

3.6. Intron sequences

To identify intron junctions, we performed BLASTN
searches of the FLcDNA sequences against P. infestans
WGS reads (GenBank Trace Archives and Syngenta Phy-
tophthora Consortium Database) and 10 BAC sequences
(GenBank). Identical genome sequence matches were found
for 101 FLcDNAs and the full gene sequence was recov-
ered for 33 of these cDNAs. Among the 33 genes, eight
genes (27%) had introns (six genes had one intron each and
two genes had two introns each). Nine introns were found
in seven of the 68 partially covered genes. Thus, a total of

19 introns were identified in 15 different genes. The average
length of the introns was 84 bp with the majority of the
introns between 61 and 80bp (Fig. 4). G+ C content of the
introns was 44%, which was significantly less than the
G + C content of coding regions (57%). We examined con-
servation at intron junctions based on 19 introns. The
dinucleotides at each end of the introns (GT at the 5’ end
and AG at the 3’ end) were totally conserved in all
introns and intron sequences at the exon—intron junctions
followed previously reported conserved sequence of 5'-GT
RNGT...YAG-3' (Fig. 5) (Kamoun, 2003). However, only
six introns contained a conserved sequence CTRAC
(Fig. 5) similar to the common branch point sequence
(CUAACQ) that is involved in lariat formation and intron
splicing (Green, 1991). The introns of P. infestans did not
show similarity to the genomic sequences of P. sojae and
P. ramorum suggesting that intron sequences are diverse
within the Phytophthora spp.

3.7. Phytophthora infestans protein sequence identities to
P. sojae and P. ramorum sequences

To determine sequence conservation of the 150 P. infestans
proteins within the Phytophthora genus, we used TBLASTN
to search the WGS reads of P. sojae and P. ramorum. To
identify trends and differences in the BLAST results, we
extracted the amino acid identity of the top hits and visual-
ized them using scatter plots (Fig. 6). Amino acid sequence
identities between the P. infestans sequences and their top
matches in these two species ranged from 27 to 100% over
regions of significant similarity (Fig. 6). The average identity
was 76% to P. sojae sequences and 75% to P. ramorum. The
majority of the proteins were highly conserved within the
Phytophthora species, with two-thirds showing more than
70% identity. Twenty P. infestans proteins were the most
divergent with less than 50% amino acid identities to their
best matches and can be considered as relatively fast evolving
in Phytophthora (Supplementary Table 2). These included sev-
eral secreted proteins that have been implicated in virulence,
such as members of the CRN family of necrosis-inducing pro-
teins, small cysteine-rich proteins, in planta-induced protein
IPIO1, as well as a peroxidase-like protein, three proteins with
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Fig. 4. Length distribution of the introns of 15 P. infestans genes.
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Fig. 5. Sequence conservation in P. infestans introns. Consensus sequences
for (A) 5’ exon-intron junctions, (B) 3’ intron—exon junctions, and (C)
putative branch point sequences were calculated based on 19 introns for
the junctions and 6 introns for the branch point using WebLogo server at
http://weblogo.berkeley.edu (Crooks et al., 2004). The intron sequences
start at position 4 in (A) and end at position 12 in (B).

similarity to highly abundant mRNA protein 34 (HAM34-
like), mating-induced protein M96, and two proteins of
unknown function. There was only one protein, namely the
small cysteine-rich protein SCR50 (GenBank Accession No.
AF424679), that did not have a matching sequence above the
cutoffin the P. ramorum genome, but showed 35% amino acid
identity to a P. sojae sequence.

The plot of amino acid identities showed that the
P. infestans proteins have more or less equal identities to
their top matches in P. sojae and P. ramorum (Fig. 6). This
is consistent with ribosomal gene phylogenetic analyses of
Phytophthora that suggest that P. infestans, P. sojae, and
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Fig. 6. Scatter plot of amino acid identities (%) of P. infestans proteins to
P. sojae proteins vs. P. ramorum proteins. Amino acid identities were
extracted from top high scoring pairs from TBLASTN searches of P. infe-
stans protein sequences against WGS sequences of P. sojae and P. ramorum.

P. ramorum fall in three distinct clusters (Cooke et al., 2000;
Kroon et al., 2004).

3.8. Extracellular proteins have evolved faster than cellular
proteins in Phytophthora

To determine differences in divergence rates between cel-
lular and extracellular proteins, we classified the P. infestans
proteins based on the presence or absence of a secretory sig-
nal peptide. Using the criteria of Torto et al. (2003), 86 of the
150 proteins were predicted to contain signal peptides (Table
1). We observed significant differences in degree of conserva-
tion among Phytophthora species (Fig. 7). Extracellular pro-
teins had average identity of 67% towards both P. sojae and
P. ramorum proteins. This was considerably lower than cellu-
lar proteins, which had 90 and 88% identity to P. sojae and
P. ramorum proteins, respectively. Fifty P. infestans proteins
were the most divergent with less than 70% amino acid iden-
tities to their best matches against the P. sojae proteins (Sup-
plementary Table 2). Forty-five of these 50 proteins were
predicted to contain signal peptides indicating that the great
majority of cellular proteins were highly conserved. These
data suggest that, in average, genes encoding extracellular
proteins are evolving faster than those encoding cellular
products in Phytophthora.

3.9. Proteins shared between P. infestans and fungi but
absent in other eukaryotes

Molecular phylogenies indicate that oomycetes are dis-
tantly related to fungi, despite apparent similarities. We took
advantage of the availability of several eukaryotic genomes
to investigate whether there are proteins that are uniquely
shared by oomycetes and fungi. To this end, we put together
a data set covering five major phyla of eukaryotes: fungi, ani-
mals, plants, alveolates, and discicristates (Table 2). The data
included the complete proteomes of at least one species for
all phyla except for discicristates. To identify P. infestans pro-
teins that are conserved in fungi but absent in other eukary-
otes, we plotted amino acid identities of BLASTP top
matches to fungi vs. other eukaryotes (listed as “others” in
Table 2) (Fig. 8). The majority of the data points scattered
more or less along the diagonal line with no major bias
towards either one of the two data sets. Average amino acid
identity of P. infestans proteins was 47% to fungal sequences
and 49% to other eukaryotes. A total of 43 P. infestans pro-
teins did not show similarities to sequences in both data sets
and will be referred to as putative “Phytophthora-specific
proteins” (indicated with superscript “d” in Table 1). We also
discovered P. infestans proteins that showed biased phyloge-
netic distribution (Table 4). Seven P. infestans proteins had
matches in fungi but none in the other eukaryotes. Inversely,
eight P. infestans proteins had matches in others but none in
fungi. Proteins uniquely shared by P. infestans and fungi
were annotated as the necrosis-inducing protein NPP1 and
other NPPI1-like proteins, cutinase, two peroxidase-like pro-
teins, and a DAHP synthase (Table 4).
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Fig. 7. Scatter plots of amino acid identities (%) of P. infestans cellular and
extracellular proteins to P. sojae proteins vs. P. ramorum proteins. Amino
acid identities were extracted from top high scoring pairs from TBLASTN
searches of P. infestans protein sequences against WGS sequences of
P. sojae and P. ramorum. (Top panel) Distribution of amino acid identi-
ties for cellular proteins. (Bottom panel) Distribution of amino acid iden-
tities for extracellular proteins. Extracellular proteins were determined by
presence of a signal peptide predicted using the PexFinder algorithm
(Torto et al., 2003).

3.10. Phytophthora infestans and phytopathogenic fungi
share a set of proteins that are absent in specialized animal
pathogenic fungi

We took advantage of the recent completion of the
genome sequence of several fungal pathogens to address
whether there are proteins that are shared by P. infestans
and plant pathogenic fungi, but absent in animal patho-
genic fungi. We divided the animal pathogenic fungi into
two groups (Table 2) based on their adopted life styles. Ani-
mal fungi (I) contain fungi that are known to be specialized
animal pathogens such as Candida albicans (Odds, 1988)
and Cryptococcus neoformans (Casadevall and Perfect,
1998). Animal fungi (IT) contain Aspergillus fumigatus and
Chaetomium globosum that are known to exist largely as
saprophytes on decaying plant materials and considered to
be opportunistic pathogens (Sigler, 2003; Tekaia and Latgeé,
2005). First, we compared the BLASTP hits of P. infestans
protein data set against sequence databases of all plant
pathogenic fungi vs. all animal pathogenic fungi (I+1I) in a

100
A/
» 80 o 6
2
° ° 8 %
o 60 Q@ R,
:g. (o]
z o © O@
3 408 o =3
=2 ] o
X @ 0®8 o
20
0 —@-6—6—0 T r
0 20 40 60 80 100

% Identity to fungi

Fig. 8. Scatter plot of amino acid identities (%) of P. infestans proteins to
fungal proteins vs. proteins from other eukaryotes. Amino acid identities
were extracted from top high scoring pairs from BLASTP searches of
P. infestans protein sequences against protein sequence databases of fungi
and other eukaryotes as shown in Table 2.

scattered graph (Fig. 9A) to survey the general conserva-
tion between the two groups. The majority of the data
points scattered more or less along the diagonal line sug-
gesting that majority of the P. infestans proteins in the data
set hold similar degree of conservation towards both plant
and animal pathogenic fungi. Only three proteins, two GIP-
like proteins (AY 961449 and AY961450) and a protein of
unknown function (AF424671), were common to P. infestans
and plant fungi but were missing in animal fungi. Second,
considering that A. fumigatus and C. globosum are opportu-
nistic fungi largely found in decaying plant materials, we
removed these two species from the comparison and com-
pared the BLASTP hits of P. infestans proteins to plant
fungi vs. the hits to specialized animal fungi (Fig. 9B).
Interestingly, we found 10 proteins that were common to
P. infestans and the plant pathogenic species, but absent in
specialized animal pathogenic fungi (Table 4). Remarkably,
no sequences were uniquely shared by P. infestans and the
specialized animal pathogens. The plant pathogen-specific
proteins that were missing from specialized animal fungi
included the necrosis-inducing protein NPP1, two NPPI1-
like proteins, a cutinase, two peroxidase-like proteins, a
B-glucosidase/xylosidase, two trypsin protease glucanase
inhibitor protein (GIP)-like proteins, and a protein of
unknown function. However, all these proteins were found
in saprophytic fungi such as Neurospora crassa and Asper-
gillus nidulans, which are usually associated with dead
plants and are capable of feeding on decaying plant
materials.

4. Discussion
In this study, we put together a data set of 150 near full-

length sequences for the oomycete plant pathogen P. infestans
and performed a variety of computational analyses on
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Table 4
Phytophthora infestans proteins that show biased phylogenetic distribution
Accession Protein identity Distribution®
Phytophthora Phytophthora Phytophthora Phytophthora
infestans and nfestans and infestans and infestans and
animal fungi (I)° animal fungi (IT)° plant fungi® others®
AF424663 DAHP synthase A A A
AF424685 Peroxidase-like protein A A
AF424690 Peroxidase-like protein A A
AY961421 Cutinase s A
AY961431 NPP1-like protein A A
AY961432 NPPI-like protein A A
AY961417 NPP1-like protein A A
AF352032 B-Glucosidase/xylosidase A A A
AY961450 Trypsin protease GIP like A A
AY961449 Trypsin protease GIP like A A
AF424671 Unknown protein A A
AY961422 Cysteine protease A A
AY961424 Cathepsin-like cysteine protease A A
AY961425 Cathepsin-like cysteine protease A A
AF424684 Acidic chitinase A
AF507057 Croquemort-like mating protein M82 A
AYS586273 Kazal-like serine protease inhibitor EPI1 A
AY586274 Kazal-like serine protease inhibitor EPI2 A
AY 586276 Kazal-like serine protease inhibitor EP14 A
AY586281 Kazal-like serine protease inhibitor EP19 A
AF424645 Pyrophosphatase A
AY961481 Unknown protein A

# Determined using BLASTP searches of P. infestans proteins against the databases of organisms described in Table 2 with an E value cut-off at 0.001.
‘A’ denotes a protein that is found in both P. infestans and a group of organisms being compared. For example, peroxidase-like proteins (AF424685 and
AF424690) and NPPI1-like proteins (AY961432 and AY961417) from P. infestans have similar proteins in plant pathogenic fungi and opportunistic
animal pathogenic fungi (II), but are missing in specialized animal pathogenic fungi (I) and other eukaryotes that are not fungi or oomycetes (see data

set “Others” in Table 2).

® Detailed descriptions of the organisms in these groups are given in Table 2.

these sequences. These analyses helped to further define the
structure of P. infestans genes with regard to G + C content,
ATG context consensus, polyadenylation signals, codon
usage, as well as intron size, composition, and junction con-
sensus. Some of these features, such as G+ C content of
UTRs, polyadenylation signals, and intron sequence com-
position, have not been reported earlier for Phytophthora
genes. Other features, such as consensus sequences at intron
junctions, have been reported but were based on intron pre-
dictions collected from GenBank, most of which were not
experimentally validated (Kamoun, 2003). In contrast, all
the intron predictions described here were based on com-
parisons of cDNA and genomic sequences. Overall, these
analyses help to improve our understanding of Phytoph-
thora gene structure and complement existing partial
cDNA sequences for the development of gene prediction
and annotation programs for Phytophthora.

We confirmed previous reports that the average G+ C
content of transcribed sequences of Phytophthora is high at
about 57-58% (Qutob et al., 2000). Considering that tran-
scribed sequences of plants have only 42% average G+C
content, high G+ C content was exploited for identifying
Phytophthora sequences in pools of expressed sequence tags
(ESTs) derived from Phytophthora—plant interaction
libraries (Hraber and Weller, 2001; Qutob et al., 2000).
Interestingly, untranslated regions and introns have signifi-

cantly lower G+ C contents at 45 and 44%, respectively.
This suggests that differences in G+ C content across
potential coding regions could be used as a criterion for
defining gene models from genome sequences of Phytoph-
thora. The codon usage determined in this study was similar
to a previously published codon usage table of P. infestans
(Randall et al, 2005). Additionally, codon usage for
secreted proteins was found to be similar to the usage for
non-secreted proteins in our follow-up analysis. The aver-
age 3’ UTR lengths were only slightly different between
non-secreted protein cDNAs (132 bp) and secreted protein
c¢cDNAs (100 bp). This suggests that the gene structures cor-
responding to secreted proteins and non-secreted proteins
are not significantly different in P. infestans. The majority
of genes corresponding to the FLcDNA set are free of
introns in line with previous estimates that at least two-
thirds of P. infestans genes are intronless (Kamoun, 2003).
In this study, we found introns in only 15 genes among 101
cDNA sequences that were covered at least in part by geno-
mic sequences. Dinucleotide pairs (5'-GT...AG-3") at the
intron splice sites were perfectly conserved in P. infestans as
previously reported (Kamoun, 2003). However, sequences
flanking the dinucleotides were highly variable and their
utility for reliable predictions is questionable. Introns were
small with an average length of 84 bp. It was particularly
interesting to note that all introns identified in this study
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Fig. 9. (A) Scatter plot of amino acid identities (%) of P. infestans proteins
to proteins of plant pathogenic fungi vs. proteins from animal pathogenic
fungi (I + II). (B) Scatter plot of amino acid identities (%) of P. infestans
proteins to proteins of plant pathogenic fungi vs. proteins from specialized
animal pathogenic fungi (I). Amino acid identities were extracted from
top high scoring pairs from BLASTP searches of P. infestans protein
sequences against protein sequence databases of plant pathogenic fungi
and animal pathogenic fungi (I) and (II) as shown in Table 2.

were less than 152 bp in length. Standard computer-gener-
ated gene finding programs often call introns of several
hundred bp or longer for Phytophthora sequences. We rec-
ommend that users keep in mind that such predictions may
not be realistic for Phytophthora genes. We did not discover
any microexons or alternative splice sites within the exam-
ined data set.

We used the P. infestans FLcDNA sequences to per-
form comparative analyses within Phytophthora. Com-
parison of the FLcDNA data set to WGS sequences of P.
sojae and  P. ramorum revealed conserved proteins as
well as divergent ones with an average amino acid identity
of 75-76%. As expected, many of the conserved proteins,
such as ribosomal proteins and metabolic enzymes, were
predicted to carry housekeeping functions. Most of the
fast evolving proteins carried signal peptides and were
predicted to be extracellular. Indeed, 45 of the 50 P. infe-
stans proteins with less than 70% identity to their top
matches in P. sojae and P. ramorum were predicted to be
extracellular. Of these, 20 proteins were identified as par-
ticularly fast evolving with less than 50% matches to their
top hits. Several of these, such as CRN-like proteins
(Torto et al., 2003), small cysteine-rich proteins (SCRs)
(Bos et al., 2003; Liu et al., 2005), in planta-induced (IPI)
proteins (Pieterse et al,, 1994a,b; Van West et al., 1998),
and Kazal-like serine protease inhibitors (EPIs) (Tian

et al., 2004, 2005), have been previously implicated in
infection as putative virulence factors. Our findings are
consistent with the view that these genes may function in
virulence. However, we would like to point out that the
secreted proteins in this data were not selected entirely
randomly, and are enriched in proteins involved in plant—
pathogen interactions. Thus, it is reasonable to expect
them to be more divergent than non-secreted proteins.
Future whole genome-scale analyses will show whether
our observations will hold for the entire proteome.

We exploited the FLcDNA sequences to perform com-
parative analyses between Phytophthora and other eukary-
otes. We identified 43 proteins that are unique to
Phytophthora and absent in the other examined eukaryotes
(indicated with superscript “d” in Table 1). Several of these
proteins were previously functionally characterized. These
include CBEL (Gaulin et al., 2002; Mateos et al., 1997),
CRN family of necrosis-inducing proteins (Torto et al.,
2003), INF elicitins (Kamoun et al., 1997), as well as IPIB
and IPIO proteins that are encoded by in planta-induced
genes (Pieterse et al., 1994a,b; Van West et al., 1998). Other
Phytophthora-specific proteins have unknown functions but
include small cysteine-rich (SCR) proteins that are reminis-
cent of pathogen effectors. These include the products of
the scr74 and scr91 genes, which are polymorphic and
under diversifying selection in P. infestans (Bos et al., 2003;
Liu et al., 2005).

Comparative analyses of the P. infestans sequences and
the complete proteomes of fungal pathogens resulted in a
notable finding. Ten proteins were uniquely conserved
between the plant pathogens but were missing in special-
ized animal fungi (C. albicans and C. neoformans) despite
the fact that P. infestans and the plant pathogenic fungi
are highly divergent eukaryotes, whereas the plant and
animal pathogenic fungi are relatively closely related.
Remarkably, no sequences were uniquely shared by P.
infestans and the specialized animal pathogens. These
results suggest that eukaryotic microbial pathogens that
share similar lifestyles also share a similar set of genes
independently of their phylogenetic relatedness. A more
comprehensive analysis with a larger number of special-
ized animal fungi proteomes, which will undoubtedly
become available in near future, is needed to confirm this
conclusion. It should be noted, however, that all 10 pro-
teins identified here occur in saprophytic fungi and ani-
mal pathogenic fungi associated with decaying plant
materials (non-specialized). This is consistent with prior
observations that suggest that opportunistic animal
pathogens, such as A. fumigatus, have to rely on plant
materials for survival outside their animal hosts and
therefore carry a number of genes associated with utiliza-
tion of plant tissue (Tekaia and Latgé, 2005).

It is tempting to speculate that the proteins shared by
the plant pathogens function in infection of plants and/or
growth on plant tissues and are not relevant to interac-
tions of specialized animal fungi with their animal hosts.
Indeed, all 10 proteins in this group were predicted to con-
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tain a secretory signal, suggesting that they could directly
interact with host plants. In addition, some of the identi-
fied proteins, such as B-glucosidase/xylosidase and cutin-
ase, are plant cell wall degrading enzymes that directly
facilitate colonization of plant tissue. Other proteins in
this group include trypsin-like proteases with similarity to
P. sojae glucanase inhibitor GIP1 (Rose et al., 2002) and
the NPP-like necrosis-inducing proteins that were also
described in bacterial plant pathogens (Pemberton and
Salmond, 2004). In summary, these findings confirm that
there is significant overlap in the arsenal of virulence fac-
tors of plant pathogenic filamentous microbes (Latijn-
houwers et al., 2003; Randall et al., 2005). The similarities
could reflect convergent evolution between proteins from
unrelated plant pathogens. Phylogenetically distant viru-
lence factors may have evolved to share significant simi-
larity, perhaps by targeting similar substrates. However,
considering that these proteins occur in a wide range of
saprophytic fungi and non-specialized animal pathogenic
fungi, differential gene loss is the most parsimonious
explanation for the observed biased phylogenetic distri-
bution. Genes encoding the 10 proteins may have been
preserved in both the oomycete and plant-associated fun-
gal lineages, perhaps because they are essential for coloni-
zation of plant tissue. Loss of these genes in animal
pathogen lineages (e.g., C. albicans and C. neoformans)
may have accompanied host specialization and loss of
saprophytic stages in these fungi. Alternatively, horizon-
tal gene transfer events may have taken place in which
plant pathogenic oomycetes acquired a set of genes
encoding virulence factors from fungi. Future analyses
will help test these various hypotheses.
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