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Abstract

Plant pathogenic bacteria cause many serious disease symptoms by injecting a variety of effector proteins to reprogram the host
defense mechanism. Protein-protein interaction is an essential process playing a crucial role in host-pathogen interactions and
pathogenicity. However few have been known for how pathogen bacteria interact with their hosts. In this study, the interactions of A.
thaliana proteins and Xanthomonas campestris pv.campestris (Xcc) pathogen bacteria proteins are identified by two different
approaches: the domain-based approach which infers interspecies protein-protein interactions by known domain-domain interactions
recorded by various databases; and the interolog approach that identifies protein-protein interactions based on homologous pairs of
protein interactions across different organisms. The results from these two methods are integrated and the dense protein interaction
regions are specified by clique percolation analysis. In particular, the plant resistance genes (PRG) information and the bacterial
effector proteins are studied to provide new insights into the molecular mechanism of plant immunity systems against bacteria. From
our findings, we demonstrate that a pathogen employs five strategies to reprogram the host defense mechanism. First, ome Xcc
proteins tend to interact with A. thaliana’s hub proteins or the PRGs. Second, Xcc proteins tend to interact with many A. thaliana
proteins indicating that a pathogen mutates its genes to infect the host. Third, some Xcc proteins target a group of A. thaliana proteins
that are involved in responding to cadmium ions, a significant plant biological process against pathogen. Fourth, many Xcc proteins
target a few A. thaliana proteins which are involved in the plant-pathogen interaction pathways. Finally, the pathogen may make use
of a type Ill effector protein to reprogram the host protein-protein interactions. Host-pathogen interactions remain a largely
unexplored area in computational biology. The present work may provide some key information useful for revealing the biological
mechanism of a plant’s immune system against bacteria. A web-based interface has been established
(http://ppi.bioinfo.asia.edu.tw/AtXccPPI) where investigators can pose queries.

Keywords: Arabidopsis thaliana, Xanthomonas campestris pv campestris, Protein-protein interaction, Plant-pathogen interactions,
Domain-based prediction, Interolog, Clique network clustering, Gene Ontology, Effector protein.

Abbreviations: A. thaliana_Arabidopsis Thaliana; Xcc_Xanthomonas campestris pv. campestris; PRG_Plant Resistance Genes;
PPI_Protein-Protein Interaction; GO_Gene Ontology; DDI_ Domain-Domain Interaction; DIP_the Database of Interacting Proteins;
TAIR_The Arabidopsis Information Resource; 3DID_3D Interacting Domains database; DAVID_The Database for Annotation,
Visualization and Integrated Discovery; PFam_Protein Family; UniProt_Universal Protein Resource; CPM_Clique Percolation
Method; KEGG_Kyoto Encyclopedia of Genes and Genomes.

Introduction

Plants are continuously invaded by pathogens including and interactome analysis can help accelerating protein
bacteria, fungi, nematodes, viruses and insect pests. annotations and elucidate a plant’s immune system against
Generally, a pathogenic bacterium attacks hosts in many bacteria. Several computational methods have been
ways including sticking and colonizing host tissues, secreting developed to evaluate and predict PPI, such as mRNA-co
degradation enzymes and toxins release. Many of such expression based on the assumption that proteins that are co-
mechanisms  involve  host-pathogen  protein-protein expressed are more likely to interact in comparison to
interactions (PPI). PPI is an essential process of living cells proteins that are not co-expressed (Browne et al., 2010). The
(Lin et al., 2004). It also plays a crucial role in some critical Gene Ontology (GO) annotation (Wu et al., 2006) implies
interspecies interactions such as host-pathogen interactions that proteins found within the same biological process are
and pathogenicity (Casadevall and Pirofski, 2000). Recently more likely to interact than proteins from a different
high throughput proteomic technology has uncovered a large biological process. The Interolog approach involves PPI
number of PPI, particularly in interspecies protein transfer from one organism to another using comparative
interactions of plants and bacteria (Tsao et al., 2011). genomics (Jansen et al., 2003). With the protein domain
Therefore, comprehensive knowledge of host-pathogen PPI interaction approach (Ng et al., 2003), PPI could be inferred
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by recognizing protein domains and the interaction transfers
by known domain-domain interactions (DDI). Also, it was
proposed that PPl can be inferred from protein structural
information (Ogmen et al.,, 2005). Among those
computational methods, the interolog approach has been
broadly used for PPI prediction (Von-Mering et al., 2007).
Also, the interolog approach has been justified to be reliable
on exploring interaction subnetworks in cancer (Rhodes et
al., 2005). The interolog hypothesis is based on the
assumption that two proteins (A and B) are predicted to
interact if a known interaction between two proteins (A’ and
B’) exists, where A is similar to A’ and B is similar to B’.
Gallone (Gallone et al., 2011) introduced InterologWalk, a
PERL program, to identify putative PPl by implementing the
interolog method on fruit fry (Drosophila melanogaster).
Wang (Wang et al., 2012) had worked on the prediction of
PPI networks in swine based on the interolog, domain-motif
interaction and motif-motif interaction approaches. Their
work has shown that the interolog approach could yield high
accuracy and precision in PPI prediction. Moreover, the work
of He (He et al., 2008) implemented the interolog method to
construct a predicted PPl map of rice and fungus
Magnaportha grisea. They found pathogenicity proteins tend
to interact with hub proteins, i.e., proteins with higher
numbers of interaction partners. A protein domain is a
conserved structural or functional unit of protein sequence
which is the key regulator in PPI. The biological mechanism
underlying PPI involves protein domains and their
interactions. The domain-based method adopts DDI
information to infer potential PPl based on the assumption
that if proteins A and B contain an interacting domain pair, it
is expected that the two proteins interact with each other.
Recently, the domain-based method has received much
attention in PPl prediction. Kim (Kim et al., 2008)
constructed XooNET which is an integrated database for
Xanthomonas oryzae pathovar oryzae based on the Protein
Structural  Interactome  MAP  (PSIMAP),  Protein
Experimental Interactome MAP (PEIMAP) and DDI.
Furthermore, the interacting domain profile pairs (IDPP)
approach was proposed by Wojcik and Schachter (Wojcik
and Schachter, 2001). This method uses a combination of
sequence similarity search and clustering based on interaction
patterns and domain information. Their work proved that the
use of domain information has provided better identification
than the use of methods which are based on sequence
information only. In addition, Li (Li et al., 2011) predicted
the host-pathogen PPI between bacterium R. solanacearum
and A. thaliana based on two well-known PPI prediction
methods: (1) interolog, and (2) domain-based. Their findings
illustrated that the potential targeted proteins of a pathogen
are more important in the host PPl network, and the over
represented biological functions are different in the two
species: The R. solanacearum proteins are mainly enriched in
transportation, and A. thaliana targeted proteins are enriched
in the functions that respond to environmental stimuli. It is
well-known that A. thaliana, a long day plant, is a good
model organism for plant science (Mandoli and Olmstead,
2000). A. thaliana is chosen as the model system for two
reasons: (1) The complete genome sequence has been known
since 2000; and (2) There are many molecular tools, such as
cDNA, genomic libraries, bacterial artificial chromosomes,
microarrays and ESTs, are available for the study of its
biological functions (Mandoli and Olmstead, 2000). Only a
small number of bacteria are pathogenic on A. thaliana,
where more than 3,000 proteins are directly related to the
plant defense response mechanism (Bishop et al., 2000,
Postnikova et al., 2011). In this work, we focus on
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Xanthomonas campestris pv campestris (Xcc) which is one of
the pathogenic bacteria that cause blights and rots in plants
(Tsuji and Somerville, 1988; Tsuji et al., 1991; Tsuji and
Somerville, 1992; Buell C. Robin, 2002). Host infections
caused by Xcc can occur in any stage of the plant life cycle.
Symptoms resulted from this pathogen have been reported in
many previous research works (Tsuji and Somerville, 1988;
Tsuji et al., 1991; Tsuji and Somerville, 1992; Buell C.
Robin, 2002; Mayer et al., 2005). Recently, PPI networks in
model organisms such as Saccharomyces cerevisiae (Uetz et
al., 2000; Ito et al., 2000; Ito et al., 2001) and Escherchia coli
(Arifuzzaman et al., 2006) have been reported. However, few
have been known for plant-pathogen interactions. Flor (Flor
1971) proposed a theory on the PPl between pathogen
effector protein and a specific receptor in the host plant that
results in a hypersensitive response and resistance. Pinzon
(Pinzol et al, 2010) purposed a targeted metabolic
reconstruction approach for characterizing plant-pathogen
interactions by investigating the host metabolic network
phenotype during the interaction with pathogens. Protein
interactions appear to form a molecular network, which
usually contains small circuit patterns called network motifs.
The proteins of a network motif are usually involved in
similar biological processes, and protein complexes can be
identified by clustering the network (Palla et al., 2005;
Jonsson et al., 2006). While many computational techniques
have been proposed to predict and prioritize PPI (Berggard et
al., 2007), we focus here on the interspecies PPl of A.
thaliana and Xcc based on the interolog and the domain
based approach. With comprehensive and up to date sets of
known PPI and DDI, experimentally confirmed PPI data can
be obtained from the Database of Interacting Proteins (DIP)
(Xenarios | et al., 2000) which integrates a diverse body of
experimental evidences on PPI into a single, easily accessible
online database. This resource contains much more PPI
information compared to the Arabidopsis Information
Resource (TAIR) (Rhee et al., 2003) and BioGrid (Stark et
al., 2005). Besides, we adopt the known DDI information
obtained from two different up to date resources: the iPFam
database (Finn et al., 2005) and the 3D Interacting Domains
database (3DID) (Stein et al., 2011). Furthermore, we study
the molecular network motifs specified by the clique
percolation technique and the enriched biological processes
of both A. thaliana and Xcc appeared in the motifs. In
particular, we focus on the plant resistance genes (PRG)
information and the effector bacterial protein to provide new
insights into the plant pathogen interaction networks. A
prediction pipeline has been implemented as an online
system, which can be freely accessible at
http://ppi.biocinfo.asia.edu.tw/AtXccPPI.

Results and Discussion

The A.
network

thaliana and Xcc Protein-Protein Interaction

A total of 1,011 possible PPI were predicted, which include
398 A. thaliana proteins and 57 Xcc proteins, where 241 and
913 predicted PPI were derived from the domain-based and
interolog approaches respectively. Figure 1 shows the A.
thaliana-Xcc PPI networks predicted by the domain-based
and interolog approaches. Ten PPl were consistently
predicted by both methods. Of the consistently predicted PPI,
five PPI predicted by the domain-based approach were
confirmed by both the iPFam and 3DID databases. The
number of consistent predicted PPI, i.e. 10, found in our
work is close to that was predicted in the work of Li (Li et al.,
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Table 1. List of top five Xcc proteins interact with A. thaliana proteins with large number of interaction partners.

Xcc #A' tha'llana Predicted approach Effector protein Biological process
interacting partner
Q8PAKO (DnaK) 140 Interolog Type 11 effector Protein folding,
(predicted by response to stress
ModLab)
Q8PD23 (60 kDa chaperonin) 135 Interolog N/A Protein refolding
P63447 (Acyl carrier) 66 Domain-based N/A Fatty acid biosynthetic
process
Q8PC59 (Elongation factor Tu-A) 48 Interolog N/A Protein biosynthesis
Q8PC51 (Elongation factor Tu-B) 48 Interolog N/A GTP catabolic process
S ]
o S
A A 4
A
JER N

Fig 1. The A. thaliana-Xcc PPI network predicted by domain-based and interolog approaches, circle node indicates A. thaliana

protein, triangle node indicates Xcc protein, and the edge indicates PPI.

2011), i.e. 12, which used the interolog and domain-based
methods to predict the PPI between the R. solanacearum and
A. thaliana proteins. On average an Xcc protein has about 18
A. thaliana interacting partners, while an A. thaliana protein
interacts with around 2.5 Xcc proteins. Our result indicates
that Xcc proteins tend to interact with many A. thaliana
proteins. Our findings are consistent with a scenario in which
a few pathogenic proteins attack the host’s proteome (He et
al., 2008; Li et al., 2011). In addition, the work of Stahl and
Bishop (Stahl and Bishop, 2000) indicates that a pathogen
mutates its genes to infect the host. However, the plant
defends the attacks by expanding its gene families. Table 1
lists the top five Xcc proteins that interact with A. thaliana
proteins which have a large number of interaction partners
(so-called hub proteins). Our result indicates that effectors
Q8PAK9 (Dnak), Q8PD23 (60 kDa chaperonin), Q8PC59
(Elongation factor Tu-A) and Q8PC51 (Elongation factor Tu-
B) target AT4G20360 (ATRABSD). It is known that
ATRABSD is involved in plants that are lack of a animal-like
adaptive immunity mechanism; therefore it evolves a specific
system with multiple layers against invading pathogens
recorded by the Kyoto Encyclopedia of Genes and Genomes
(KEGG). Furthermore, the A. thaliana protein AT3G13860
(heat shock protein 60-3A, HSP60-3A) is one of the targeted
proteins of Q8PAK9, Q8PC59 and Q8PC51. This
AT3G13860 protein is involved in the process against the
pathogen when responding to cadmium ion. Besides,
Q8PD23 (60 kDa chaperonin) targets PRG, AT3G48750
(CDC2) and AT1G54270 (EIF4A-2) which are also involved
when responding to cadmium ion. Previous studies have
suggested that metal ions are required for pathogen virulence
and plant defense. Our findings support the work of Fones
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(Fones et al., 2010) who demonstrated that Zn, Ni or Cd are
accumulated when Thlaspi caerule resists to a leaf spot
caused by Pseudomonas syringae pv. maculicola (Psm).
Thlaspi was grown in soil with a higher concentration of Zn,
Ni and Cd. It was found that the degree of these metals’
concentration is a direct variation of the intensity of the
defensive mechanism of Thlaspi. In addition, there are other
metal ions needed for plant defenses. For example, high
levels of Fe are needed for the infection process of bacteria
(Franza et al., 2005); a high Zn or Mn is important in the
mandibles of seed-penetrating larvae (Morgan et al., 2002).
Furthermore, our result indicates that Q8PD23, Q8PC59 and
Q8PC51 target AT2G25140 (casein lytic proteinase B-M)
which is the gene involved in the response to heat, light
intensity and hydrogen peroxide. As shown in Table 2, a few
A. thaliana proteins interact with more than ten Xcc pathogen
proteins. It is found that AT4G02930 and AT4G20360
(ATRABSD) which interacts with 15 different Xcc proteins
are involved in the plant-pathogen interaction pathway
recorded by KEGG and they are also consistent with a
scenario in which an essential metal ion such as Cd is
required for pathogen virulence and plant defense.
Furthermore, the TAIR results indicate that the proteins
AT5G02490 (ATHSP70-2) and AT5G02500 (AT-HSC70-1)
are involved in the defense response to bacterium.

Xcc effector predicted by EffectiveT3 and the type 111
secretion system effector prediction (ModLab) system

Among 57 Xcc proteins involved in our predicted PPI, two
(P58892 and Q8PC32) are predicted as bacterial secreted
proteins by the EffectiveT3 tool, and two (Q8PBK7 and



Table 2. A. thaliana proteins with their Xcc interacting partners (more than ten Xcc interaction partners).

# Xcc interaction

A. thaliana partner Biological processes (TAIR) KEGG pathway
AT4G02930 15 Response to cadmium ion Plant-pathogen interaction
AT4G20360 ) )
15 N/A Plant-pathogen interaction
(ATRABS8D)
AT5G02490 (ATHSP70-2) 14 Defer]se response to bacterlgm, response to N/A
cadmium ion, response to virus
AT5G28540
14 Response to heat N/A
(BIP1)
Defense response to bacterium, defense response
AT5G02500 (AT-HSC70-1) 14 to fungus, response to cadmium ion, response to N/A
virus
AT5G42020 (BIP) 14 Response to cadmium ion N/A
AT4G37910 o
12 Response to cadmium ion N/A
(MTHSC70-1)
AT5G49910 o
12 Response to cadmium ion N/A
(CPHSCT70-2)
AT5G09590 12 Response to cadmium ion, response to heat, N/A
(HSC70-5) response to high light intensity, response to virus
AT4G24280 S
12 Response to cadmium ion, response to cold N/A

(CPHSC70-1)

DDI approach

Interolog approach

‘ searchfor DDI )

A.thaliana domains Xccdomains Xcc protein A.thaliana protein
(TAIR) (Uniprot) sequences sequences
e-value<=10"* (uniprot) (uniprot)
ALC>=90%
. BlastP
confirmed PPIs e-value <= 10 /
(ipFam, 3did)
(DIP)

filtering:
e-value <=107°
identity >=50%
ALC>=80%

data set of

PPs

predicted

enrichment
analysis (DAVID)
-

PRG, TF, Xec
effector

our database

*ALC: aligned sequence length coverage

web site

Fig 2. System flowchart of PPI prediction of A. thaliana and Xcc. Prediction is based on the (i) domain-based and, (ii) interolog

approaches.

P22260) are predicted as type Il effector proteins. Q8PC32
(dsbB) had been reported in the work of Jiang (Jiang et al.,
2008) that a mutation in the dsbB gene can result in
ineffective type Il and type Il secretion systems. The dsbB
gene is required for the pathogenesis process of Xcc because
it is involved in virulence, hypersensitive response and
bacterial growth in plants. Besides, the work of Hsiao (Hsiao
et al., 2005) demonstrated that P22260 (Clp) up-regulates the
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transcription of the engA gene encoding a virulence factor in
Xcc by a direct binding to the upstream tandem Clp sites.
Another four Xcc proteins (Q8P7S1, P22260, Q8PAKI and
Q8P815) were predicted as type Il effector proteins by the
ModLab software. Interestingly, P22260 (CRP-like protein)
was identified as a type Il effector protein by both predictors
and also it was recorded by the Universal Protein Resource
(UniProt) as a pathogenesis effector protein, as it undergoes



Table 3. KEGG pathway annotations of the A. thaliana proteins and Xcc effector interaction.

Xcc effector type # A. thaliana KEGG pathway
interaction
partner
(P;ri?j?czted by EffectiveT3) Secretion 4 Metabolic pathways *(4)
protein Cysteine and methionine metabolism *(3)
Biosynthesis of secondary metabolites *(3)
Phenylalanine, tyrosine and tryptophan
biosynthesis *(3)
Tyrosine metabolism *(3)
Isoquinoline alkaloid biosynthesis (3)*
Tropane, piperidine and pyridine alkaloid
biosynthesis (3)*
Carbon fixation in photosynthetic organisms *(2)
Alanine, aspartate and glutamate metabolism *(2)
Arginine and proline metabolism *(2)
2-oxocarboxylic acid metabolism *(2)
Q8PC32 . .
(predicted by EffectiveT3) Secre_tlon 1 Not available
protein
PBK7 . . .
gﬁedi cted by EffectiveT3) Type Il 16 Biosynthesis of secondary metabolites *(4)
ff i .
effector protein Metabolic pathways *(4)
Glutathione metabolism *(4)
Pentose phosphate pathway *(3)
Tyrosine metabolism *(1)
Alanine, aspartate and glutamate metabolism *(1)
P22260 -
(predicted by EffectiveT3 Type lll 6 Hepatitis B *(1)
ModLab) ' effector protein
P7S1 . L L
ggrediited by ModLab) Type Il 10 Protein processing in endoplasmic reticulum *(7)
effector protein .
Protein export *(3)
Endocytosis *(5)
Spliceosome *(4)
PAK . . .
g?edi ctgd by ModLab) Type Il 20 Biosynthesis of secondary metabolites *(6)
effector protein .
Metabolic pathways *(6)
Glycolysis/gluconeogenesis *(5)
Hepatitis B *(2)
Q8P815 Type Il 6 Biosynthesis of secondary metabolites *(4)

(predicted by ModLab)

effector protein

Metabolic pathways *(4)
Cysteine and methionine metabolism *(4)

Plant-pathogen interaction *(2)

*(x), x indicates number of A. thaliana proteins involve in KEGG pathway
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Acthaliana -all protein- Identity( %) ==50 |Z|
XCC -all protein- |Z| e-value <=1E-70 |Z|
Protein 1 P1 Interactor <=PPl=> P2 Interactor Protein 2
AT4G02530.1 P23568 g===3 P23568 Q8PC51
AT4G02930.1 P23568 S===> P23568 Q8PC53
AT4G02930.1 POAGN1 g===> POAGES QBPD23
AT4G02930.1 POAGN1 <===> POAGHS Qaps52
AT4G02930.1 POAGN1 g===> P03004 QBPEHS
AT4G02830.1 POAGNA L===3> P33138 Q8PBYS
AT4G029350.1 POAGN1 g===3 P32168 Q8pP552

coverage 700
Bubmit

P1identity  P2ldentity  P1Evalue P2 Evalue pg‘\'}” pzc“;'\',g”
64.47 654 48150 26151 863436 997475
6447 654 48150 2e-151 863436 997475
59.85 77.65 8e-156 0 874449 965201
69.85 §6.52 8e-156 36-165 874440  98.022
59.85 54.62 8e-156 3e-145 874440 995475
69.85 75.06 86.156 0 874449 907664
59.85 §6.52 8e-156 36-165 874449  98.022

Fig 3. Output screen of predicted PPI by interolog approach; P1 Interactor: homolog protein of protein 1, P2 Interactor: homolog
protein of protein 2, P1 Identify: identity degree of proteinl and its homolog protein, P2 Identity: identity degree of protein 2 and its
homolog protein, P1 e-value: e-value of protein 1 and its homolog protein, P2 e-value: e-value of protein 2 and its homolog protein,
P1 Align Cov: aligned sequence length coverage of protein 1 and its homolog protein, P2 Align Cov: aligned sequence length

coverage of protein 2 and its homolog protein.

specific processes that generate the ability of an organism to
cause disease. It is found that Q8P815 targets two A. thaliana
proteins involved in the plant-pathogen interaction pathway
recorded by KEGG. This evidence is consistent with the
report of Buell (Buell 2002) indicating that the genes
involved in the resistance response can be classified into
three classes: (1) R genes which are involved in the
recognition of the pathogen; (2) signal transduction genes;
and (3) defense response genes which are involved in the
suppression of pathogen development. Our predictions
demonstrated that the Xcc effector tends to interact with A.
thaliana proteins, which are likely to be involved in the same
pathway. For instance, the type 111 effector protein, Q8P7S1,
targets ten A. thaliana proteins, where seven of them are
involved in the same process in the endoplasmic reticulum
pathway and five of them are involved in the endocytosis
pathway. More instances are presented in Table 3.

Gene ontology enrichment analysis result

The functional annotation of Xcc and their interacting A.
thaliana proteins involved in the predicted PPI are given in
the Database for Annotation, Visualization and Integrated
Discovery (DAVID) (Huang et al., 2009). The over-
represented biological processes of Xcc proteins involved in
the predicted PPl are mainly enriched in (1) the generation of
precursor metabolites and energy with 1.16x10* as the p-
value; (i) the protein folding process with 2.82x10™as the p-
value; and (3) the carboxylic acid biosynthetic process with
3.27x10* as the p-value. On the other hand, the A. thaliana
proteins involved in the predicted PPI are mainly enriched in
(1) oxidation and reduction with 7.07x102 as the p-value;
(i) protein folding with 8.76x102* as the p-value; and (iii)
response to cadmium ion with 1.76x10%! as the p-value.
Previous study also reported that responding to cadmium ion
is a significant strategy adopted by plant defense against
pathogen (Fones et al., 2010).

Our result also demonstrated that Xcc proteins tend to interact
with a group of A. thaliana proteins involved in the same
biological process. For instance, (1) P63447 interacts with 60
A. thaliana proteins all are involved in the oxidation
reduction process; and (2) the type Il effector Q8PAK9
interacts with 21 proteins of A. thaliana proteins all are
involved in the process of responding to cadmium ion (Table
4). More examples are presented in Table 4.
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Clique network analysis result

The A. thaliana interactome set obtained from TAIR and
BioGrid was analyzed by CFinder to identify PPl dense
regions. A total of 116 three-community were obtained, of
which eight communities contain A. thaliana proteins
targeted by Xcc. These eight communities are referred to as
pathogen-targeted communities in this study. The over-
represented biological processes of A. thaliana proteins in
these eight communities whose satisfied p-value cutoff was
set to 0.05 are: (1) those involving photosynthesis (three out
of the eight communities); (2) those responding to steroid
hormone stimulus (two out of the eight communities), steroid
hormone mediated signaling (two out of the eight
communities), inorganic substances (two out of the eight
communities), metal ion (two out of the eight communities),
regulation of the cell cycle process (two out of the eight
communities), brassinosteroid mediated signaling (two out of
the eight communities), and the generation of the precursor
metabolites and energy (two out of the eight communities).
Among the eight communities, it was found that AT4G01370
(ATMPK4) exists in two communities; this protein is
recorded by TAIR that it encodes a nuclear and
cytoplasmically localized MAP kinase that is involved in
mediating the responses to pathogens, the defense responses
to bacterium, the defense response to fungus, the jasmonic
acid mediated signaling pathway, the regulation of innate
immune responses, the responses to bacterium, the responses
to cadmium ion, the responses to cold, the responses to
fungus, and the responses to jasmonic acid stimulus. The
KEGG (http://www.genome.jp/kegg/) also records that
AT4G01370 is involved in the plant-pathogen interaction
pathway. Besides, one of the Xcc proteins found in the eight
communities is P22260 (CRP-like protein), which was
recorded by UniProt (www.uniprot.org) as a pathogenesis
effector protein that undergoes specific processes generating
the ability of an organism to cause disease. A 9-community,
which is the highest k degree, was identified by Cfinder.
Figure 5 shows that the 9-community is composed of four
Xcc effectors (P22260, Q8PD23, Q8P494, Q8PAV3) and six
Xcc interacting partners  (AT3G54180, AT1G66750,
AT1G18040, AT4G28980, AT1G76540, AT3G48750). The
over-represented biological processes of a group of
interacting proteins whose satisfied p-value cutoff was set to
0.05 are: (1) cell cycle (p-value: 1.25x10°%), (2) cell division


http://www.genome.jp/kegg/

Table 4. Enriched biological process of the Xcc protein (including effector) interaction with A. thaliana protein.

# A. thaliana . .

Xcc effector type interaction partner biological process
P63447 - 60 Oxidation reduction
Q8PD23 - 24 Protein folding
Q8PAK9 Type 111 effector 21 Response to cadmium ion

(predicted by ModLab)
Q8PC59 - 20 Response to abiotic stimulus
Q8PC51 - 13 Response to heat

Type 111 effector .
Q8PAK9 (predicted by ModLab) 7 Response to bacterium
Q8PBK?7 Type 11 secreted (predict 4 Oxidation reduction

by EffectiveT3)
Q8P815 Type 111 effector (predict by 4 S-adenosylmethionine

ModLab) biosynthetic process

8
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Fig 4. The 3-community PPI network; triangle: Xcc pathogen protein, diamond: A. thaliana protein interacts to Xcc protein, circle: A.

thaliana protein.

Fig 5. The 9-community PPI network; triangle: Xcc pathogen protein, diamond: A. thaliana protein interacts to Xcc protein, circle: A.
thaliana protein.
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(p-value: 1.04x107), (3) protein amino acid phosphorylation
(p-value: 2.52x10°®), (4) phosphorylation (p-value: 4.19x10"
%), (5) phosphate metabolic process (p-value: 1.68x10®), and
(6) phosphorus metabolic process (p-value: 6.20x10°).

Materials and Methods
Data sources

To implement the domain-based approach, information about
a collection of 46,991 PFam domains of A. thaliana was
downloaded from TAIR (http://www.arabidopsis.org) version
10. From which we filtered out a set of PFam domains which
satisfy the BLAST e-value, 10, and the aligned sequence
length coverage was selected to be 90%. A set of 304 PFam
domains of Xcc was obtained from UniProt, the Universal
Protein Resource (http://www.uniprot.org). The DDI was
gathered from iPFam (http://ipfam.sanger.ac.uk) and 3DID
(http://3did.irbbarcelona.org). To perform the interolog
prediction, a collection of 35,386 A. thaliana protein
sequences was obtained from TAIR, and a set of 202 Xcc
protein sequences was gathered from UniProt. Besides, a
total of 63,830 experimentally verified PPl were obtained
from DIP (http://dip.doe-mbi.ucla.edu/dip/main.cgi). To
build the community of interacting A. thaliana PPI, a
collection of 7,466 experimentally confirmed A. thaliana
interactomes was obtained from two databases: TAIR and
BioGrid (http://www.thebiogrid.org). A total of 1713 putative
PRGs were obtained from the PRGdb (Sanseverino et al.,
2010) by using the keyword “A. thaliana,” and the TF data
were retrieved from the TRANSFAC® database (Matys et al.,
2006).

A. thaliana and Xcc Protein-Protein Interaction prediction

In the present study, the protein interaction between A.
thaliana and Xcc was identified using two pipelines as shown
in the system flowchart (Figure 2). The potential PPI between
A. thaliana and Xcc proteins were predicted using the
domain-based approach and the interolog approach.
Subsequently, the set of predicted PPl from both methods
was subjected to enrichment analysis via DAVID (Huang et
al., 2009), a web service that provides functional genomic
annotations for large gene lists. In addition, information
about PRG, TF and Xcc effector proteins was integrated into
our system.

Protein-Protein Interaction prediction by the domain-based
approach

The predicted PPI were identified if a protein pair contains an
interacting PFam domain pairs. In other words, interspecies
PPI between A. thaliana and Xcc could be inferred by known
DDIs which were recorded by the iPFam and 3DID
databases. With this approach three sets of input were
adopted: (1) information about a set of 1,555 A. thaliana
PFam domains, (2) information about a total of 304 Xcc
PFam domains, and (3) a collection of 7,039 known PFam
DDls recorded by the iPFam and 3DID databases.

Protein-Protein Interaction prediction by the interolog
approach

An interolog is a conserved interaction between a pair of
proteins which have interacting homologs in another
organism. Suppose that A and B are two different interacting
proteins of one organism, and 4’ and B’ are two different
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interacting proteins of another organism. Then the interaction
between A and B is an interolog of the interaction between 4’
and B, if all of the following conditions are held: (1) A is a
homolog of 4’; (2) B is a homolog of B’; (3) A and B
interact, and A’ and B’ interact, i.e., interologs are
homologous pairs of protein interactions across different
organisms. We adopted BLAST for searching homolog
proteins and then inferred the interacting protein pairs. A
total of 35,386 A. thaliana protein sequences and 202 Xcc
protein sequences were blasted against a set of 63,830 known
PPI from the DIP database with the e-value cutoff, sequence
identity bound and aligned sequence length coverage set to
1.0x107°, 50% and 80% respectively. The cutoff value was
carried forward from the work of Yu (Yu et al., 2004), stating
that interspecies PPI can be transferred when a protein pair
satisfies 1.0x107 of e-value or sequence identity bound
satisfies 80%. Their work assessed the degree to which
interologs can be reliably transferred between Saccharomyces
cerevisiae, Caenorhabditis elegans, Drosophila
melanogaster, and Helicobacter pylori as a function of the
sequence similarity of the corresponding interacting proteins.
Moreover, the threshold adopted in this work is more strict
than the work of Li (Li et al., 2011) which predicted the
interspecies PPl of bacterium R. solanacearum and A.
thaliana by the interolog approach (0.001 blast e-value, 30%
sequence identity and 80% aligned sequence length
coverage). Finally, the host-pathogen PPI were identified if a
protein pair of A. thaliana and Xcc has the corresponding
homologs in the DIP database.

Xcc effector protein prediction

Bacterial protein secretion is an essential key virulence
mechanism of symbiotic and pathogenic bacteria. The
effector proteins are transported across their cell membranes
and channel these proteins into the eukaryotic host cell. A
type 1l secretion system represents such a mechanism. To
identify the Xcc effector protein, two efficient prediction
tools were employed in our study: EffectiveT3
(http://www.effectors.org/) (Jehl et al., 2011) and the type 1l
secretion system effector prediction system developed by the
Molecular Design Laboratory (ModLab,
http://gecco.org.chemie.uni-frankfurt.de/index.html)  (Lower
and Schneider, 2009). The EffectiveT3 system identified
putative effectors by a combination of two complementary
approaches: (1) independent of the transport mechanism by
identifying eukaryotic like protein domains; and (2) detecting
the two known types of signal peptides regardless of the
presence of well-conserved protein domains. A set of Xcc
protein sequences was submitted to EffectiveT3, and we used
the default parameter setting in the prediction: (1) the
organism type was set to gram-negative; (2) the classification
module was set to type 11 effector prediction of the plant set;
and (3) the cutoff default setting was set to 0.999; and (4) the
domain score was set to 4.0. The type Ill secretion system
effector predicted by ModLab is a prediction system for
identifying the existence of type Ill secretion system (T3SS)
signals in amino acid sequences. This predictor is based on
known protein effectors compiled from literature and
sequence databases, and it served as the training data for
artificial neural networks and support vector machine
classifiers. A set of Xcc protein sequences was input into the
system, where the parameters were set to default values: (1)
the prediction method was set to “neural network;” (2) the
sequence truncation: N and C terminals were set to 1 and 30
respectively; and (3) the neural network threshold was set to
0.4.


http://www.arabidopsis.org/
http://www.uniprot.org/
http://3did.irbbarcelona.org/
http://dip.doe-mbi.ucla.edu/dip/main.cgi
http://www.thebiogrid.org/
http://gecco.org.chemie.uni-frankfurt.de/index.html

Gene ontology enrichment analysis

The functional annotation of the predicted interspecies PPI
was given by the Database for Annotation, Visualization and
Integrated Discovery, i.e., DAVID (Huang et al., 2009),
which accepts batch annotation and conducts GO term
enrichment analysis. Sets of A. thaliana and Xcc proteins
(genes) involved in the predicted PPl were submitted to
DAVID for clustering of the annotation terms. With such the
enriched biological processes related to both gene lists were
obtained.

Clique clustering Protein-Protein Interaction network
analysis

Clique is a complete graph, i.e., a set of elements where each
pair of elements is connected. Entirely connected graphs
called cliques have been found to have a high functional
significance in cellular processes (Spirin and Mirny, 2003;
Yeger-Lotem et al., 2004). A cluster is a densely connected
area of proteins (nodes), which is a functional module. The
nodes of a cluster are usually involved in similar biological
processes, and protein complexes can be identified through
the clustering of a PPI network (Palla et al., 2005; Jonsson et
al., 2006). To investigate the functional modules in which
potential pathogen-targeted A. thaliana proteins are involved,
a set of 7,466 experimentally confirmed A. thaliana
interactomes was submitted to the CFinder software
(Adamcsek et al., 2006) based on the clique percolation
clustering approach, where CFinder is a tool for finding and
visualizing overlapping dense groups of nodes in a network
based on the clique percolation method (CPM) (Derenyl et
al., 2005, Palla et al., 2005). CPM infers large community or
cluster, which is also known as percolation community or
cluster. Percolation community is a maximal k-clique-
connected subgraph, i.e. it is the union of all k-cliques that
are k-clique-connected to a particular k-clique. Initially, the
3-community (complete sub-graph of size 3) was preliminary
considered to analyze a PPI topological network. The 3-
community, which contains at least one predicted A. thaliana
protein that interacts with Xcc, were filtered and kept for
enrichment analysis by using DAVID with the e-value cutoff
set to 0.05. Communities of higher degrees were also
observed in our study.

Website

A web site was set up to provide comprehensive information
of our result. It comprises the predicted interspecies PPI of A.
thaliana and Xcc for the study of host-pathogen interactions.
This system was constructed by using PHP as a scripting
language and MySQL as the database. Given an A. thaliana
or Xcc protein, the system returns useful outputs such as the
putative PPI, the prediction method, functional annotations of
the predicted protein and 3-community PPI networks. Figure
3 depicts the output screen of a predicted PPI based on the
interolog approach. Figure 4 is an example of the output A.
thanliana and Xcc 3-community PPI network. Our web site
can be freely accessed at: http://ppi.bioinfo.asia.edu.tw/
AtXccPPI.

Conclusions

In this study, we have identified interspecies PPl of A.
thaliana and Xcc based on the domain-based and interolog
approaches. Comprehensive and updated information from
various resources was adopted as the input for our prediction
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in order to obtain reliable and up to date results. The
functional annotations of both A. thaliana and Xcc proteins
involved in the predicted PPI were observed. The molecular
network motifs were specified by the concept of clique
percolation, and the biological processes of both A. thaliana
and Xcc that are involved in the network motifs were
observed. The PRG and also the effector bacterial protein
were focused in our study. Our result suggested that bacterial
proteins could possibly reprogram the host defense
mechanism. We have demonstrated that a pathogen employs
five strategies to achieve this goal. First, a few Xcc proteins
tend to interact with A. thaliana’s hub proteins or the PRG. It
is known that disruption of the hub protein may lead to the
PPI network disintegration. Second, some of the Xcc proteins
tend to interact with many A. thaliana proteins. This is
consistent with the previous work of Stahl and Bishop (Stahl
and Bishop, 2000) indicating that a pathogen mutates its
genes to infect the host. Third, we found that some Xcc
proteins target at a group of A. thaliana proteins involved in
the response to cadmium ions, which is a significant plant
biological process against pathogen. This finding is in
accordance with the previous works revealing that metals
ions (i.e., cadmium ion) are required for pathogen virulence
and plant defenses. Fourth, our findings indicated that many
Xcc proteins target a few A. thaliana proteins involved in the
plant-pathogen interaction pathways such as the response to
the cadmium ion pathway and the defense response to
bacterium, fungus and virus pathway. Fifth, the pathogen
may make use of a specific kind of protein, i.e., a type Il
effector protein, to reprogram the host PPI. For instance, the
effector Q8P815 targets two A. thaliana proteins which are
involved in the plant-pathogen interaction pathway. Host-
pathogen interactions remain a largely unexplored area in
computational biology. The present work may provide some
key information about and new insights into the molecular
mechanism of the plant immunity system against bacteria
attacks. A web-based service based on our study has been
provided to support public querying
(http://ppi.bioinfo.asia.edu.tw/AtXccPPl.)
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