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ABSTRACT

Cassava (Manihot esculenta Crantz) is an
important economic crop worldwide as well as
Thailand. One of the major problems resulting in its
yield loss is cassava bacterial blight (CBB) disease
caused by Xanthomonas axonopodis (XAM). However,
the basic knowledge regarding cultivar-specific
defense mechanism is limited. Therefore, in this work
protein-protein interaction (PPI) networks of two
cassava cultivars; KU50 and AM560, and XAM were
reconstructed using domain-domain interaction method
(DDI) to study interactions between XAM and cassava.
The PPlxam-«uso consisted of 24,509 interactions from
4,754 proteins while PPlxam-amseo contained 28,962
interactions from 6,153 proteins. The results
demonstrated that XAM used different mechanisms to
invade specific cassava cultivar. This study would
provide knowledge regarding the protein-protein
relationship between bacterial pathogen and cassava.
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INTRODUCTION

Protein-protein interaction (PPI) plays an
important role for studying the molecular interactions
between plants and pathogens. Many plant proteins
interact directly with the pathogen proteins, and some of
them can initiate plant defense responses to the infection.
Understanding the PPI between plant proteins and
pathogen proteins is a critical step for proposing precise
targets against the pathogens and leading to super-crop
breeding program. By using yeast two-hybrid system
(Y2H), the first PPI involved in plant-pathogen was
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discovered in tomato. The interaction between the R
protein of tomato, a serine/threonine protein kinase, and
the AVR-Pto protein of Pseudomonas syringae pv.
tomato could determine resistance to bacterial speck of
tomato (Scofield et al., 1996). Moreover, Jia et al.
(2000) also found the interaction between the
Magnaporthe grisea AVR-Pita protein and the Pi-ta
protein functioning in resistance to rice blast disease.
Nowadays, the advanced high-throughput
technologies provide extensive biological information
about plants and pathogens in the genomics,
transcriptomics, proteomics levels which allows us to
investigate the PPIs for each organism, and also the
interactions between species at the whole genome level.
For example, many genes potentially associated with
pathogenicity of Ralstonia solanacearum (Salanoubat et
al., 2002) and plant defense in Arabidopsis thaliana
(Bishop et al., 2000) were reported. The PPl networks
between plants and pathogens were predicted by
interolog or domain-based methods for studying inter-
species interactions, such as R. solanacearum and
Arabidopsis (Li et al., 2012) and Ustilaginoidea virens
and rice (Zhang et al., 2017). These predictions provided
the potential PPIs leading to finding of important proteins
and vital biological processes during the infection.
Cassava (Manihot esculenta Crantz) is an
important staple crop since its edible starchy tuberous
roots feed at least 800 million people worldwide (FAO,
2013). It can tolerate poor quality soil and the valuable
starch extracted from cassava roots is used for many
industrial purposes, such as food and beverages,
cosmetics, medicine and printing. Cassava is also the
economic crop for Thai farmers as 80 percent of its
productions were exported making Thailand the largest
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cassava exporter in the world (FAO, 2015). Although
many cultivation systems have been developed to
increase the productivity, the biotic stresses from
various pathogenic diseases have caused in yield losses
in many countries (Bock and Woods, 1983, Dutt et al.,
2005). The cassava bacterial blight (CBB) disease is
considered to be one of the important diseases in many
cassava-growing locations. The symptoms are characterized
by angular leaf spotting and blight, wilting, dieback,
and vascular necrosis leading to cassava death. A
previous report showed that Xanthomonas axonopodis
(XAM), gram negative bacteria, was the cause of this
disease (Lozano, 1986). XAM invades and destroys the
spongy mesophyll, then enters the vascular tissues
where it propagates and spreads throughout the plant.
In general, the plant shows the symptoms around 11-
13 days after infection (Lozano, 1986), thus, plant
probably performs some actions against the pathogen
during this period before its death.

In this work, the PPI networks between
Xanthomonas axonopodis (XAM) and two cassava
cultivars; AM560 (experimental trait) and KU50 (high
yield commercial trait) were reconstructed using
bioinformatics approach based on protein domain
method. This method relied on information on domain-
domain interaction (DDI) which was based upon the
observation that the proteins usually interact via
specific domains. The resulting PPI networks provided
the different interactions between each cassava cultivar
and pathogen that would help us to gain a better
understanding for cultivar-specific defense mechanism
between plant-bacteria interactions.

MATERIALS AND METHODS
Reconstruction of species-specific PPl networks
using domain-based method

PPIs of two cassava cultivars; KU50, AM560
and XAM pathogen were reconstructed using DDI
information. This was based on the hypothesis that
PPIs occur when binding domains of both proteins
interact. The information of cassava AM560 and KU50
proteins were retrieved fromPhytozome V.9
(Goodstein et al., 2012) and Wang et al (2014),
respectively while information regarding XAM proteins
were collected from Bart et al (2012). All proteins from
each species were predicted for their domain based on
Pfam (Finn et al., 2013) with E-value and aligned
sequence length coverage cutoffs at 0.001 and 90%,
respectively. The DDIs retrieved from iPfam database
(Finn et al., 2014) were used to predict the PPIs for
each organism. In this work, the PPl was predicted
when at least one DDI occur between the protein pair.
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Reconstruction of cassava—pathogen PPI networks
using domain-based method

The interspecies PPl networks were
reconstructed based on XAM secreted proteins and
whole genome sequence of cassava proteins. To
identify the invaded protein from pathogen, all XAM
proteins in its genome were identified as effector
proteins by using Effective database (Jehl et al., 2010)
which was based on the identification of eukaryotic-
like protein domains and the recognition of signal
peptides in amino acid sequences. The XAM effector
proteins and all proteins of the two cassava cultivars
were used to predict interspecies interactions based on
their domains and DDI information. The criteria of
interspecies PPI prediction were the same as individual
species PPI prediction.

Functional analysis

Biological functions of the proteins based
on ontology of the constituent proteins in all
constructed networks were examined through
AgriGO (Duetal., 2010) and visualized by REVIGO
(Supek et al., 2011).

RESULTS AND DISCUSSION
Predicted PPI network of the two cassava cultivars,
AMS560 and KU50, and bacterial pathogen, XAM

The domain-based prediction approach
provided PPI networks of specific cassava cultivars
and the pathogen. Based on at least one DDI occurs
between each protein pair, the PPI networks of KU50,
AM560 and XAM were predicted. The KU50 PPI
network contained 2,247,030 interactions from 16,049
proteins (~41% of all 38,845 proteins in the genome)
while the AM560 PPI network consisted of 3,625,335
interactions from 19,161 proteins (~56% of total
34,152 proteins in the genome). For XAM PPI network,
it consisted of 21,102 interactions from 2,227 proteins
(~83% of total 4,216 proteins in the genome). The
number of proteins and interactions of each organism
were shown in Table 1.

Although the three PPl networks were
successfully reconstructed, this method was confined
by the amount of domain and domain-domain
interaction information. Around 38, 19 and 17 percent
of all proteins in KU50, AM560 and XAM genome,
respectively, could not be studied because their domain
information are unavailable. Thus, if there are more
available domain and DDI information in the future,
the predicted networks will be nearly completed to
cover the actual genome-scale study.
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Table 1 Protein information and characteristics of the reconstructed PPI networks of cassava cultivars, KU50 and

AM560, and XAM.

. cassava pathogen
Description
KU50 AM560 XAM
Numbers of proteins in the genome 38,845 34,152 4,216
Numbers of proteins with domain information 23,917 27,732 3,494
Numbers of proteins in the reconstructed PPI network 16,049 19,161 2,227
Numbers of PPIs based on DDI method 2,247,030 3,625,335 21,102

The interspecies PPl networks providing the
possible protein interactions between cassava and
XAM during the infection

The PPI network between cassava and XAM
was predicted by using DDI information of cassava and
XAM proteins. The PPlxam-kuso interactive protein
network contained 24,509 interactions from 368 XAM
and 4,386 KU50 protein (Figure 1a) while the PPlxam-
Amseo interactive protein network consisted of 28,962
interactions from 422 XAM and 5,731 AM560 proteins
(Figure 1b). The result showed that XAM used almost
the similar proteins to infect KU50 and AM560
cultivars (Figure 2a). Around 364 effector proteins
interacted with cassava proteins involving in signaling
pathways, response to stimuli, biological regulations
and transmembrane transport in the pathogen. This
result was corresponded to a previous report that
showed important functions of XAM proteins during
infection (Li and Wang, 2011). On the other hand, our
prediction demonstrated that some XAM proteins
interacted with only one cultivar leading to specific
interactions based on each unique species (Figure 2a).
Only four XAM proteins infected with KU50 proteins
functioning as carboxylesterases via eight PPIs (Figure
2b). This result corresponded with a previous study
demonstrating that carboxylesterases involved in
Arabidopsis-pathogen interactions (Marshall et al.,
2003). Furthermore, 58 unique XAM proteins infecting
AMB560 were found to interact with 17 AM560 proteins
leading to specific 69 interactions between XAM and
AMS560 (Figure 2c). Most of the XAM-targeted KU50
proteins were TonB-dependent receptor and ligand-
gate channel proteins which have roles in signaling and
transport processes (Chimento et al., 2003). These
specific targets and their interactions in PPlxam-kusoand
PPlxam-amseo interactive protein network probably
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related to different responses during bacterial infection
in specific cassava cultivars, KU50 and AM560.

The XAM-targeted proteins were further
analyzed based on GO enrichment analysis. For
KU50, most of the target proteins involved in cellular
homeostasis, biological regulation and signaling
processes while most of the XAM-targeted proteins in
AMB560 related to protein phosphorylation, responses
to stimuli and cellular metabolism processes. These
results showed that each cassava trait used different
processes to defense pathogen, even though XAM
used the similar proteins to invade KU50 and AM560.
Moreover, these target proteins in both traits were
further used to find their partners through KU50 and
AMS560 PPI network in order to understand the plant
responses during XAM infection. The protein-protein
interactions between XAM-targeted proteins in KU50
and their partners (1% neighbor proteins) in KU50 PPI
network was visualized. It consisted of 1,638,939
interactions from 10,937 proteins. It implied that the
XAM targeted proteins could interact with the other
68 percent of all proteins in the KU50 PPI network
which could affect various biological processes such
as glycosyl compound biosynthesis, energy couple
proton transport and cell recognition (Figure 3a).
While PPI between XAM-targeted proteins in AM560
and their partners in the AM560 PPl network,
contained 2,682,573 interactions from 12,556
proteins (65 percent of total proteins in AM560 PPI
network) which involved in post-translational
modification, cell cycle and response to stress
processes (Figure 3b). These results suggested that
the plant proteins responding to XAM infection in
KU50 and AMS560 are different based on PPI
information.
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Figure 1 Scheme of PPI networks between cassava and XAM. The interspecies PPI networks were represented in
a) PPlxamkuso and b) PPlxam.amseo interactive protein network, respectively. The nodes represented proteins;
cassava (blue circle) and XAM (orange rectangular) while edges represented interactions between XAM proteins
(orange), cassava protein (blue) and XAM-cassava proteins (black).
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Figure 2 XAM effector proteins in interspecies PPI network of each cassava cultivar, KU50 and AM560. a) Venn
diagram demonstrating XAM effector protein comparison when invaded to specific cassava cultivar, KU50 (368)
and AM560 (422). PPIs between unique XAM proteins with KU50 proteins (b) and with AM560 protein (c) were
showed. The nodes represented proteins; cassava (blue circle) and XAM (orange rectangular) while edges
represented interactions between XAM and cassava protein.

-50-



Thanasomboon et al.

Genomics and Genetics 2019, 12(2&3): 47-53

energy coupled
proton transport, multi-organism
repraductive
process

down electrochemical
gradient

glycosyl
compound
biosynthesis

cell recognition

reproduction Carbohydrate

metabolism

A Bacterial pathogen Cassava
Xam KU50 cultivar
P N
24509PPs Y [ @ ‘
Q ! i z it ®) "
21,102 PPIs | | 1638939 PPI
S | @ s e, 1,638,939 PPIs
2,227 proteins~______ o F 10,937 proteins
B
Xam AMB560 cultivar
PPI ) -
XAM-AM560 o
28,962 PPls '~.”r ® ]
P
o\
i \\\'_,‘/

H i

21,102 PPis : ° - | 2,682,573 PPis
=422 =5731 ;

2,227 proteins '\.\ / 12,556 proteins

cellular

cell

cycle

cellutar biological
regulation

component

biogenesis

primary
metabolism

response | raproductive
process.
wius

response

to stress

To
stim

metabolism

Figure 3 Functional content of cassava proteins which are the first neighbor of XAM-targeted proteins in KU50
(a) and AM560 (b). Their functional contents were represented as tree map based on GO enrichment analysis

(p-value <0.05) in biological process.

In addition, the important proteins of cassava
during XAM infection could be identified through node
degree defined as the number of interactions that a
node (protein) obtains. For PPlxam-xuso hetwork, two
key proteins involved in XAM infection were identified
through node degree information. Firstly, the
peptidylprolyl isomerase (RS0111635) of XAM
showed the highest (907) number of connections with
KU50 proteins functioning as calcium dependent
protein kinase (CDPK), calmodulin, receptor-like
protein kinase (RLK), peptidyl-prolyl cis-trans
isomerase (PPlases) and mitogen-activated protein
(MAP) kinase proteins which involved in many
biological processes, including intracellular signaling,
transcription, inflammation, and apoptosis (Hoffmann
and Schiene-Fischer, 2014). In pathologic process, the
peptidylprolyl isomerase was reported for modifying
outer membrane proteins to avoid or suppress host cell
immune response and wuse host peptidylprolyl
isomerase for modification of effector proteins
necessary for pathogenesis (Kromina et al., 2008). The
second key protein was methyltransferase (gk000101)
of KU50 protein which obtains the highest number of
interactions with pathogen proteins including histidine
kinase, methyltransferase ATPase and chemotaxis
proteins. This result corresponded to Berr et al. (2010).
They reported that methyltransferase played a crucial
role in Arabidopsis defense system. For PPlxam-amseo
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network, the peptidylprolyl isomerase (RS0117785)
showed the highest (1,187) number of connections with
AMB560 proteins. This protein could interact with many
types of AM560 proteins involving various biological
processes as mentioned above. Moreover, the
interspecies network also provided interesting AM560
proteins which could be the targets of many XAM
proteins. For example, signal transduction histidine
kinase (cassava4.l 026514m) that interacted with 40
XAM proteins. This protein was reported to play a
major role in cell signaling process (Bhate et al., 2015).

The relationship between cassava and
bacterial pathogen was investigated through protein-
protein interaction network. The KU50, AM560 and
XAM PPI as well as interspecies PPl network were
constructed. The PPlxam-kuso and PPlxam-amsso Network
provided possible active XAM and cassava proteins
during infection. The list of key protein targets of XAM
invading KU50 and AM560 was proposed. However,
the PPIs between XAM and specific cassava cultivars
were proposed based on annotated protein domain
information, that are around 62%, 81% and 83% of all
proteins in the genome of KU50, AM560 and XAM,
respectively. Therefore, more information of protein
domains would enable us to more comprehend plant-
bacterial pathogen relationship and shed light on
resistant trait screening in markers-assisted breeding
programs.
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