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Abstract

Xanthomonas oryzae pv.oryzae (Xo0) causes the serious bacterial blight disease of rice.
Xoo secretes a repertoire of plant cell wall degrading enzymes (CWDEs) like cellulases,
xylanases, esterases etc., which act on various components of the rice cell wall. The major
cellulases and xylanases secreted by Xoo have been identified and their role in virulence
has been determined. In this study, we have identified some of the pectin degrading
enzymes of Xoo and assessed their role in virulence. Bioinformatics analysis indicated the
presence of four pectin homogalacturonan (HG) degrading genes in the genome of Xoo.
The four HG degrading genes include one polygalacturonase (pgl/A), one pectin methyl
esterase (pmi) and two pectate lyases (pel and pell). There was no difference in the expres-
sion of pglA, pmt and pel genes by laboratory wild type Xoo strain (BXO43) grown in either
nutrient rich PS medium or in plant mimic XOM2 medium whereas the expression of pelL
gene was induced in XOM2 medium as indicated by gRT-PCR experiments. Gene disrup-
tion mutations were generated in each of these four genes. The polygalacturonase mutant
pglA”was completely deficient in degrading the substrate Na-polygalacturonicacid (PGA).
Strains carrying mutations in the pmt, pel and pelL genes were as efficient as wild type Xoo
(BX0O43) in cleaving PGA. These observations clearly indicate that PglA is the major pectin
degrading enzyme produced by Xoo. The pectin methyl esterase, Pmt, is the pectin de-
esterifying enzyme secreted by Xoo as evident from the enzymatic activity assay performed
using pectin as the substrate. Mutations in the pglA, pmt, pel and pell genes have minimal
effects on virulence. This suggests that, as compared to cellulases and xylanases, the HG
degrading enzymes may not have a major role in the pathogenicity of Xoo.

Introduction

The plant cell wall is a structural barrier that is mostly composed of polysaccharides such as
cellulose, various hemicelluloses and pectin. The pectin component includes homogalacturo-
nan (HG), xylogalacturonan (XGA), apiogalacturonan, rhamnogalacturonan I (RGI) and
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rhamnogalacturonan II (RGII). The ratio between these various pectic polysaccharides is vari-
able but often HG is the most abundant component [1]. Based on their activities, the enzymes
which are involved in degrading HG are grouped into three classes. The pectin methylesterases
de-esterify pectin. The de-esterified pectin is now available for degradation by enzymes that
degrade polygalacturonic acid (PGA). These enzymes are polygalacturonases and pectate
lyases. Polygalacturonases catalyse a hydrolytic cleavage while lyases act through transelimina-
tion mechanism. Pectin lyases and pectate lyases cleave natural pectin (PGA that is methyl
esterified) and PGA respectively [2].

Pectin degrading enzymes are secreted by many bacterial and fungal pathogens of plants. In
several such pathogens they are demonstrated to be important for full virulence[3-5]. Bio-
chemical and functional aspects of pectinases have been studied extensively in pathogens
which cause host tissue maceration like those belonging to genera Erwinia and Ralstonia. Pec-
tolytic enzymes are the principal virulence factors in these soft rot disease causing pathogens.
In these pathogens, mutations in genes encoding pectolytic functions results in reduced viru-
lence. Three polygalacturonases (namely PehA, PehB & PehC) and a pectin methyl esterase
(Pme) are encoded in the genome of Ralstonia solanacearum. The PehA protein is an endopo-
lygalacturonase while PehB and PehC are exopolygalacturonases. Mutations in the pehC and
pme genes do not affect virulence of R. solanacearum. Mutations in pehA and pehB cause
reduced virulence. These studies show, that polygalacturonase activity contributes to virulence
in this bacterium [6-9]. Interestingly, the pehA” pehB” pehC triple mutant is much more viru-
lent than the wild type strain. It has been suggested that this increase in virulence can be due to
the absence of degradation products of pectin that can serve as inducers of plant defense
responses [6, 10]. A quadruple mutant of Erwinia chrysanthemi that is deficient in four differ-
ent pectate lyases displayed reduced maceration (an indication of reduced virulence) on potato
tubers [11].

Although Xanthomonads do not cause much tissue maceration, pectolytic ability is
shown by some strains like Xanthomonas campestris pv. vescicatoria (Xcv), Xanthomonas
axonopodis pv. citri (Xac), Xanthomonas campestris pv. campestris (Xcc) etc. In Xcc, the
presence of pectate lyases and their role in virulence has been reported. A mutation in a
polygalacturonate lyase was shown to be not required for black rot pathogenesis in turnip
(Brassica campestris) [12]. Two polygalacturonase genes (pehA and pglA) and five pectate lyase
genes (pelAl, pelA2, pelB, hrpW and pelE) have been annotated in the genomes of Xcc strains
ATCC 33913 and 8004 [13, 14]. Three pectate lyase genes (pel, degenerated pel and pelB) and
two polygalacturonase genes (pehl and pglA) are encoded in the genome sequence of Xac 306
[14]. The role of some of these pectic enzymes in pathogenesis of Xcc and Xac is also deter-
mined. In Xac, pectate lyase activity is associated with water soaking symptoms [15]. In Xcc,
the pehA gene encodes the major polygalacturonase. As tested in cabbage seedlings, mutational
analysis suggested that PehA plays a minor role in Xcc virulence [2]. PelA1 is the major pectate
lyase of Xcc and like PehA, its expression is regulated by global regulators such as Clp and
RpfF [16].

Xanthomonas oryzae pv. oryzae (X00), the causal agent of bacterial leaf blight disease
secretes various cell wall degrading enzymes using the type two secretion system. Some of the
key cell wall degrading enzymes like a cellulase (ClsA), cellobiosidase (CbsA), xylanase (Xyn)
and an esterase (LipA) were identified and found to be required for full virulence of Xoo on
rice [17,18]. Till date, the pectin degrading enzymes secreted by Xoo have not been identified.
In this study, we have identified a pectin methyl esterase (Pmt) and a polygalacturonase (PglA)
as the pectin de-esterifying and pectin degrading enzymes secreted by Xoo. We also show that
pectinase deficient mutants are minimally affected for virulence on rice.
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Materials and Methods
Bacterial strains, plasmids, primers and culture media used

Bacterial strains and plasmids used in the study are listed in Table 1. Primers used in the study
are listed in S1 Table. E. coli strains were grown in Luria Bertani (LB) medium at 37°C. X. ory-
zae pv. oryzae strains were grown at 28°C in Peptone Sucrose (PS) medium. The plant mimic
XOM2 medium (pH 6.5) was prepared by adding 0.18% D (+) Xylose, 670uM L (-) Methioni-
ne,10mM Na-Glutamate, 40 uM MnSO4, 14.7 mM KH2PO4, 5mM MgCI2 and 20mM Fe-
EDTA. The concentrations of antibiotics used are rifampicin-50pg/ml; spectinomycin (Sp)-
50pg/ml; kanamycin (Km)- 15ug/ml for X. oryzae pv. oryzae and 25ug/ml for E. coli.

Molecular biology and microbiology techniques

Isolation of genomic DNA was performed as described by Leach et al [21]. Plasmid DNA was
isolated either by the alkaline lysis method [22] or by using a Macherey Nagel NucleoSpin Plas-
mid kit (Duren, Germany). Phusion polymerase (Finnzymes; Thermo Fisher Scientific) was
used for PCR amplification where high-fidelity DNA synthesis was required while in all other
applications Taq polymerase was used. Restriction digestions were done with fast digest
enzymes from Thermo Fischer Scientific (Massachusetts, USA). PCR products andrestriction
enzyme-digested DNA fragments were purified using Macherey Nagel PCR clean-up and gel
extraction kit and a QIAquick nucleotide removal kit (Qiagen, Hilden, Germany) respectively.
Ligation reactions using T4 DNA ligase, agarose gel electrophoresis and transformation of E.
coli were all performed as described previously [22]. Plasmids were introduced into X. oryzae
pv. oryzae by electroporation [23].

Table 1. List of bacterial strains and plasmids used in this study.

Bacterial Strains/Plasmids

E. coli strains
DH5a

X. oryzae pv. oryzae strains

BXO1

BX0O43

pglA”

pmt

pel

pelL”

pglA TpHM1
pglA” /pHM1:: pglA
pmt/pHM1

pmt [pHM1:: pmt
Plasmids
pK18mob

pTL1

pTL2

pTL3

pTL4

pHM1

pTC5

pTC6

doi:10.1371/journal.pone.0166396.t001

Relevant characteristic(s) Reference/ source

A\ f80dlacZDM15 D(lacZYA-argF)U169 recA1 endA hsdR17 (r«” mx~) supE44 thi-1 gyrA relA1 Invitrogen

Wild type; Indian isolate laboratory collection
rif-2; derivative of BXO1 laboratory collection
pglA~: pK18mob rif-2; Km"; pglA”; Km" This study

Pmt:: pK18mobrif-2; Km"; pmt; Km" This study

pel:: pK18mobrif-2; Km"; pel; Km" This study

pellL":: pK18mob rif-2; Km"; pelL"; Km" This study
PpglATpHM1; rif-2; Km", Sp"; derivative of pglA” This study
PglATpHM1:: pglA; rif-2, Km', Sp'; derivative of pglA® This study

pmt [pHM1; rif-2, Km', Sp'; derivative of pmt This study

pmt [pHM1:: pmt; rif-2; Km", Sp"; derivative of pmt This study

pUC18 derivative; Mob* Tra” Km"; does not replicate in X. oryzae pv. oryzae [19]

pK18mob+759 bp of internal fragment of pglA gene This study
pK18mob+793 bp of internal fragment of pmt gene This study
pK18mob+767 bp of internal fragment of pel gene This study
pK18mob+653 bp of internal fragment of pell gene This study
Broad-host-range cosmid vector (13.3kb); Sp" [20]

pHM1+ 1853 bp gene fragment containing 1671 bp pglA gene This study

pHM1+ 1252 bp gene fragment containing 1224 bp pmt gene This study
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Sequencing and analysis

The ABI Prism 3700 automated DNA sequencer (Perkin-Elmer, Foster City, CA, U.S.A.) was
used for performing DNA sequencing. The obtained sequences were subjected to homology
searches using the BLAST algorithm in the National Center for Biotechnology Information
database [24].

RT-PCR analysis of the expression of pectinolytic genes of wild type Xoo
(BXO43)

Total RNA was isolated from PS and XOM2 grown cultures of wild type Xoo (BXO43) by
using Trizol reagent (Invitrogen, California, USA) as per manufacturer’s instructions. The
quality of RNA was assessed by agarose gel electrophoresis and the RNA was quantified using
a spectrophotometer (Nanodrop ND-1000, Thermo Fisher Scientific, Massachusetts USA).
1pg of RNA was used for cDNA synthesis using Quanti Tect Reverse Transcription kit (QIA-
GEN) as per the manufacturer’s instructions. 2 pl of 5 fold diluted cDNA was subjected to
qRT- PCR analysis using DyNAmo Flash SYBR green qPCR kit (Thermo Fisher Scientific) fol-
lowing manufacturer’s instructions using primers designed to amplify approximately 100-150
bp fragments of each gene of interest. Primers used are listed in S1 Table. The reaction was
performed on a ViiA 7 Real Time-PCR system (Applied Biosystems, California, USA) using
the following conditions. Initial denaturation for 7 mins at 95°C, followed by cycling parame-
ters of 95°C for 10 secs, 60°C for 30 secs (40 cycles). Fold change in the expression of genes in
XOM2 media over PS media was calculated by 2**“* method using 16SrRNA as the endoge-
nous control. Average fold change of three independent experiments was plotted graphically.

Generation of pectolytic mutants of X. oryzae pv. oryzae

The pectolytic mutants of X. oryzae pv. oryzae were generated by gene disruption which was
achieved by homologous recombination and integration of a suicide vector (pK18mob) carry-
ing an internal fragment of the gene. The strategy of obtaining a gene disruption mutant using
homologous plasmid integration is depicted in S1 Fig. For pglA” mutant generation, a 759-bp
internal fragment of the pglA gene was PCR amplified using genomic DNA of X. oryzae pv.
oryzae and the gene-specific PglA FP/ PglA RP oligonucleotide primer pair (S1 Table). This
fragment was subjected to digestion with restriction enzymes Xbal and HindlIII and ligated
with Xbal and Hindlll digested pK18mob cloning vector to obtain recombinant plasmid

pTLL. The plasmid was then electroporated into wild type strain BXO43. The X. oryzae pv. ory-
zae clones that received the plasmid and integrated it into their genome were identified by
selection for kanamycin resistance. Plasmid integration at the correct locus and the consequent
gene disruption were confirmed by PCR using a combination of gene-specific flanking primers
PglA ICF / PglA ICR and vector-specific primers M13F and M13R. The identity of the PCR
products was further confirmed by sequencing. Similarly, for generating pmt’, pel’, pelL”
mutants, a 793 bp internal fragment of the pmt gene, a 767 bp internal fragment of the pel gene
and a 653 bp internal fragment of the pelL gene were cloned into the Xbal and HindIII sites of
the pK18mob vector to generate recombinant plasmids pTL2, pTL3 and pTL4 respectively.
The recombinant plasmids were independently moved into the wild type Xoo strain by elec-
troporation. Mutants were selected and confirmed as mentioned above. To prevent polar effect
on downstream genes the gene fragments were cloned in the same transcriptional orientation
as the lacZ promoter of pK18mob vector so that mutation caused by vector integration does
not have a polar effect on downstream genes due to activity of the outwardly directed lacZ
promoter.
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Generation of complementing strains

For pglA” mutant complementation, a 1853 bp DNA fragment containing the complete coding
sequence of pglA gene was amplified by PCR using primers PgIAFLFP and PgIAFLRP and
genomic DNA of BXO43 as template. The amplified DNA fragment was cloned into HindIII-
EcoRI sites of the broad host range vector pHM1 [21] to create the recombinant plasmid
pTC5. The pTC5 plasmid and the empty pHM1 vector were individually electroporated into
the pglA” mutant strain and the recombinants were selected using spectinomycin resistance as
a marker. The presence of the pTC5 plasmid was confirmed by PCR using a combination of
PgIA gene specific primers (PglAFLFP /PgIAFLRP) and vector specific primers (M13F/M13R)
and also by the sequencing of PCR products. Similarly, for complementation of the pmt
mutant, a 1252 bp DNA fragment containing the 1224 bp pmt gene was amplified and cloned
into the HindIII-EcoRI sites of pHM1 vector to generate pT'C6. This recombinant plasmid and
the empty pHM1 vector were separately electroporated into the pmt” mutant and recombi-
nants were selected using spectinomycin as a selectable marker. The presence of the pTC6
plasmid in the spectinomycin resistant clones was confirmed as mentioned earlier. Three inde-
pendent transformants of pTC5 (for pglA) and pTC6 (for pme) were tested for restoration of
enzymatic activity on plate assays.

Enzymatic assays

Pectin methylesterase activity was tested by growing the X. oryzae pv. oryzae strains on a PSA
plate containing 0.1% pectin as the substrate and staining with 0.05% Ruthenium red dye solu-
tion in water for 30 mins followed by destaining with water [25].

The polygalacturonase activity was tested on the substrate Na-polygalacturonic acid. The X.
oryzae pv. oryzae strains were grown on a PSA plate containing 0.1% PGA and stained with
0.05% ruthenium red solution followed by destaining with water.

Virulence assay

Wild type Xoo (BXO43), pglA”, pmt’, pel” and pelL” mutants were grown in PS broth with the
appropriate antibiotics till saturation. The cells were pelleted by centrifugation at 6000rpm for
5 mins at room temperature, washed with water and resuspended in sterile MQ to a solution
of OD600 = 1. Leaf tips of 40-45 days old plants of greenhouse grown Taichung Native-1 (TN-
1) were inoculated with surgical scissors dipped in the bacterial suspension. Lesion lengths
were measured 10 days post inoculation.

Results

In silico identification of genes encoding pectin degrading enzymes of
Xoo

Bioinformatics analysis indicated that there are 7 genes encoding pectin degrading enzymes in
the Xoo genome including two polygalacturonases (pglA and pehl [pseudo gene]), one pectin
methyl esterase (pmt), two pectate lyases (pelL and pel), one rhamnogalacturonase and one
rhamnogalacturonan acetyl esterase. These were identified based on similarity searches to pec-
tin degrading genes of Xcc and Xac. A list of the genes encoding pectinolytic enzymes of Xcc,
Xac and Xoo is presented in Table 2.

As homogalacturonan (HG) is the abundant pectic polysaccharide of the cell walls, the HG
degrading genes including a polygalacturonase (pglA), a pectin methyl esterase (pmt) and two
pectate lyases (pelL and pel) were chosen for further study. The SIGNALP 4.1 server predicted
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Table 2. Pectinolytic Enzymes: Open Reading Frames (ORFs) present in the Xcc, Xac and Xoo genomes.

Pectinolytic enzyme
Homogalacturonases
Polygalacturonases

Pectinmethyl estearase

Pectate lyase

Rhamnogalacturonases
Rhamnogalacturonan acetylesterase
Rhamnogalacturonases

(d) degenerated orfs (t) truncated orfs
* Orf exclusive to each genome

doi:10.1371/journal.pone.0166396.t002

Xcc ATC 33913 Xac 306 Xoo KACC10331
* XCC2266 pglA * XAC2374 pglA * X002699 pglA
* XCC3459 peh1 * XAC0661 peht * XO03959 peh1(pseudogene)
*XCCO0121* .- .-
* XCC2265* .- .-

* X002696 pmt
* XCCO0122* pel E .- .-
* XCCO0644 pel A1 * XAC2986 * XO00821 pel
* XCCO0645* pel A2 .- .-
*XCC2815 pel B * XAC3562 .-
.- * XAC2373*(d) .-
.- .- * XO02265 pell
* XCCO0154 * XACO171 * XO00265
* XCC3377*(t) * XAC3505* * X001078
* XCC3378*(t) .- °—
* XCC3379%(t)

the presence of an N-terminal signal peptide for the polygalacturoase (PglA) and the pectin
methyl esterase (Pmt) but not for the pectate lyases, Pel and PelL.

Pectin degrading genes are expressed in both PS and XOM2 media

In order to check expression of the pectin degrading genes, RNA was isolated from wild type
Xoo strain BXO43 which was grown in either nutrient rich peptone sucrose (PS) medium or
the plant mimic minimal medium (XOM2). Quantitative Real Time-PCR was performed with
the synthesised cDNA using primers designed for each of the four genes chosen for study. In
both the media, all the four genes, the polygalcturonase pglA, the two pectate lyses pel and pelL,
and the pectin methyl esterase pmt were found to be expressed. There was no difference in the
expression of pglA, pmt and pel genes by wild type Xoo grown in either PS or XOM2 media.
The pelL gene was found to be overexpressed (~3 fold) in XOM2 grown Xoo as compared to
PS grown Xoo (Fig 1).

Gene disruption mutants were generated for each of these four genes by homologous
recombination of pK18mob vector having an internal fragment of the gene of interest cloned
into it. Mutants were confirmed by PCR and then assessed for pectinolytic activity by growing
on medium containing either polygalacturonic acid (PGA) or pectin as substrates.

Pectin methyl esterase Pmt is the pectin de-esterifying enzyme secreted
by Xoo

Pectin is the methylesterified form of polygalacturonic acid (PGA). De-esterification of pectin
by enzymes favours subsequent action by two types of PGA cleaving enzymes, the polygalac-
turonases and the pectate lyases. Ruthenium red dye is used for assaying de-esterification of
pectin. Pectin de-esterification favours more binding of ruthenium red to PGA leading to for-
mination of a red zone. The red zones were formed around colonies of the wild type, pglA”, pel
and pelL” mutants but not around colonies of the pmt™ mutant. This clearly indicates that de-
esterification of pectin is carried out by the pectin methyl esterase Pmt. The wild type, pel” and
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Fig 1. Real Time-PCR analysis of pectin degrading genes. RNA was isolated from the wild type (Wt) Xoo strain grown in either PS or XOM2
medium and converted into cDNA which was further subjected to Real Time-PCR analysis. The expression of the pglA, pel, pelL and pmt genes

was examined in XOM2 medium using PS as the reference sample and 16SrRNA as an endogenous control. The average fold change (

284 of

three independent experiments was plotted for each of the four genes.

doi:10.1371/journal.pone.0166396.9001

pell” mutant strains further showed a halo within the red zone due to the polygalacturonase
activity on de-esterified pectin by their PglA enzyme whereas the pglA” mutant showed only
the red zone without any clearance within the zone (Fig 2). The complementing strain (pmt/
pHMI1+ pmt) expressing the Pmt protein from the overexpression vector pHM1 restored the
pectin de-esterifying activity and thus formed a red zone like wild type strain. The mutant
strain carrying the empty pHM1 vector did not produce a red zone and was in this respect sim-
ilar to the pmt” mutant strain (Fig 4B). Three independently isolated transformants carrying
the complementing clone were tested and all three were found to restore the pectin de-esterify-
ing activity.

PglA is the major pectin degrading enzyme secreted by Xoo

The wild type Xoo strain and the pglA", pmt’, pel and pelL” mutants were tested for their pectoly-
tic abilities on the PGA substrate. The wild type (Wt), pmt’, pel” and pelL” mutants acted on
PGA and produced a halo. The complete inability of the pglA” mutant to act on PGA and pro-
duce a halo confirms that polygalacturonase (PglA) is the major pectin degrading enzyme
secreted by Xoo (Fig 3). The complementing clone (pglA”/pHM1+ pglA) restored the polygalac-
turonase activity while the empty vector control strain (pglA”/pHM1) did not show any activity
on PGA (Fig 4A). Three independently isolated transformants carrying the complementing
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Fig 2. De-esterification of pectin by the secreted pectin methylesterase (Pmt) of Xoo. Wild type (Wt) Xoo and the four
mutant strains, namely, pglA™ (polygalacturonase), pmf (pectin methyl esterase), pel and pell” (both deficient in pectate lyases)
were grown on pectin containing medium followed by ruthenium red staining. A red zone around the colony is indicative of de-
esterification of pectin. Similar results were obtained in at least three independent experiments

doi:10.1371/journal.pone.0166396.9002

clone (pglA/pHM1+ pglA) were tested and all three were found to restore the pectin degrading
activity.

Pectolytic enzymes have a minimal role in virulence of Xoo on rice

To assess the role of these pectolytic enzymes in the pathogenicity of Xoo, virulence assays
were performed with wild type and the pglA, pmt, pel’, pelL” mutants by clip inoculation of

No halo

Fig 3. PglA is the major pectin degrading enzyme secreted by Xoo. Wild type (Wt) Xoo and the four mutant strains, namely, pglA™ (polygalacturonase),
pmt—(pectin methyl esterase), pel and pell” (both deficient in pectate lyases) were grown on polygalacturonic acid containing PSA medium, followed by
ruthenium red staining. A halo around the bacterial colony is indicative of secretion of an active PGA degrading enzyme. Similar results were obtained in at
least three independent experiments.

doi:10.1371/journal.pone.0166396.9003
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Fig 4. Restoration of enzymatic activities by complementing strains. A) The Wild type (Wt) Xoo strain, the pg/lA” mutant, the
pglA” mutant with empty pHM1 vector and the pg/lA” mutant with pHM1 having the pglA gene were patched on polygalacturonic
acid containing PSA medium followed by ruthenium red staining. A halo around the bacterial growth is indicative of active PGA
degrading enzyme secreted by the strain. B) The wild type (Wt) Xoo strain, the pmf mutant, the pmf mutant with empty pHM1
vector and the pmf mutant with pHM1 having pmt gene were patched on pectin containing PSA medium followed by ruthenium
red staining. A red zone around the colony is indicative of de-esterification of pectin. Similar results were obtained in three
independent experiments. For each complementing clone, three independent transformants were tested for restoration of
enzymatic activity and all of them showed complementation.

doi:10.1371/journal.pone.0166396.g004

leaves of the susceptible rice variety TN-1. The length of lesions (indicative of disease progres-
sion) formed by wild type and mutants were measured 10 days post inoculation. In some
experiments, the mutants displayed a partial virulence deficiency, while in a few other experi-
ments there was no statistically significant difference in lesion lengths formed by the mutant
strains as compared to the wild type Xoo strain. The results of virulence assays indicate that
the ability to degrade pectin is not a key virulence feature of this pathogen (Table 3).

Discussion

The secreted cell wall degrading enzymes like cellulases, xylanases and esterases are important
virulence factors of Xoo. Although pectin is a component of the rice cell wall, the role of pecti-
nases in virulence of Xoo has not been assessed. In this study, we have identified the major
homogalacturonan degrading enzymes secreted by Xoo and determined the role of these
enzymes in virulence. By homology searches, the genes for four homogalacturonases (PglA,
Pmt, Pel and PelL) were identified. Gene expression analysis of wild type Xoo has clearly
shown that the expression of the pmt, pglA and pel genes remains the same in both PS and
XOM2 media. However, the expression of the pelL gene was induced in XOM2 medium. The
polygalacturonase (pglA) gene has a plant inducible promoter (PIP) box in its promoter region
and so it is surprising that its expression is not induced in the plant mimic medium [26].
Enzyme activity assays performed with the mutants clearly indicated that PglA is the major
pectinase secreted by Xoo and that de-esterification of pectin is carried out by the pectin
methyl esterase Pmt.

The virulence assays performed with pectinase deficient mutants of Xoo suggest that they
have only a minimal role in promoting virulence on rice. In some experiments, the pglA”, pmt’,
pel and pelL” mutants were partially affected for virulence while in some other experiments
the mutants were as efficient as the wild type strain in causing disease. It is not clear why these
effects are observed in some experiments and not in others. It is possible that there are some
differences in the experimental conditions that we have not been able to control which affect
the outcome of the experiment. However, in previous studies on mutants defective in other
cell wall degrading enzymes of Xoo (such as a cellulase, a cellobiosidase, a xylanase and a
lipase/esterase), we have observed virulence deficiencies in all experiments [17, 18]. Therefore,

Table 3. Pectolytic enzymes have a minimal role in virulence of Xoo on rice.

Experiments
1

(3, - V]

Wit
10.54+/2.91
6.61+/-1.52
6.35+/-1.54
8.16+/-1.71

6.23+/- 1.4

pPglA pmf pel pell”
11.46+/2.44 10.69+/3.60 11.20+/3.38 11.96+/2.69
3.82+/1.37* 3.93+/0.82* 3.39+/-0.72* 4.1+/-0.82*
4.37+/0.94*% 4.26+/1.42* 4.83+/-0.90* 4.78+/-0.91*
7.5+/-1.46 7.32+/-1.85 7.37+/-1.48 7.45+/-2.08
3.825+/0.98* 4.22+/1.03* 3.85+/-1.30*% 3.65+/-0.95*%

* Lesion lengths are significantly different at P < 0.05 level as compared to lesions produced by the wild type strain

doi:10.1371/journal.pone.0166396.t003
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overall, the homogalacturonases do not appear to be as important for Xoo virulence as the cel-
lulases (CIsA and CbsA), the xylanase (Xyn) and the esterase (LipA) that have been studied
earlier.

It has already been reported that pectate lyases and polygalacturonases produced by some
of the Xanthomonads are not required for disease development. Dow ef al. (1989) have shown
that inactivation of one of the three isozymes of Pel of Xcc strain 8004 does not affect its ability
to cause black rot in turnip plants [12]. The pehA mutant of Xcc has been shown to have only a
minor role in virulence [2]. Beaulieu et al (1991) have demonstrated that both pectolytic and
non pectolytic strains of Xcv are equally capable of evoking disease symptoms in host plants
[27]. The water-soaked symptom on the margins of canker lesions was related to the expres-
sion of the pell gene of Xac [15]. Different pathovars of Xanthomonas campestris like X. cam-
pestris pv. campestris, X. campestris pv. vesicatoria, X. campestris pv. malwacearum, X.
campestris pv. glycines which do not cause soft rot diseases in growing plants are able to macer-
ate potato tuber slices and pepper fruits [28]. This suggests the possibility that the Xanthomo-
nas pathogens may, at some time in their life cycle, macerate fruits, tubers or other plant
tissues (on their host or on a non host) and that this could be a selection for maintaining and
expressing pectinolytic genes within their genomes. We cannot also rule out the possibility
that polygalacturonases and pectate lyases are functioning redundantly in causing disease on
rice. To address this issue, all four pectin degrading enzymes of Xoo need to be mutated in a
single strain and the effect on virulence needs to be assessed. Furthermore, the role of the
other class of galacturonases, the rhamnogalacturonases (RGs) on Xoo virulence needs to be
addressed.

Pectinases and the products of their actions on plant cell walls, the oligogalacturonides, are
well known for their ability to induce defense responses. The pectate lyase (XagP) of Xantho-
monas axonopodis pv. glycines which causes bacterial pustule disease of soybean induces hyper-
sensitive response in tobacco [29]. It was also reported that, the modified pectinolytic enzyme
Pell3 of E. chrysanthemi strain 3937 when infiltrated into tobacco leaves produces a rapid
necrotic response [30]. Purified pectate lyase and polygalacturonase of E.carotovora subsp. car-
otovora induced the expression of defense genes in tobacco and provided resistance to the
same pathogen during subsequent infection and it was further shown that this effect is
enhanced when the treatment includes a combination of pectic enzymes and a cellulase [31].
Can Xoo secreted polygalacturonases and pectate lyases induce immune responses in rice? We
have not tested the ability of purified pectinases to elicit immune responses in rice. However,
using an in vivo assay with a specific mutant, we have shown that the major polygalacturonase
of Xoo (PglA) is not required for inducing defense responses during infection [32]. This is in
contrast to the observation that two cellulases (ClsA and CbsA) and a xylanase (Xyn) are
required for the elicitation of immune responses during infection. This could be due to the rel-
atively lower content of pectin, as compared to the content of cellulose and xylan in rice/
monocot cell walls. Overall, the results presented here on the role of pectin degrading enzymes
on virulence and the results of Tayi et al [32] on the role of PglA in induction of defense
responses during infection suggest that this class of enzymes has a relatively minor role in the
in planta interaction between Xoo and rice. This is in contrast to the apparently more impor-
tant role of cellulases and xylanases in promoting Xoo virulence and in induction of rice
defense responses.

Supporting Information

S1 Fig. The strategy for generating gene disruption mutants. An internal fragment (green
bar) of the gene of interest (orange bar) is cloned into the suicide vector, pK18mob.
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Homologous recombination between the internal fragment of the gene and the chromosomal
copy of the gene results in integration of the plasmid into the chromosome and gene disrup-
tion.

(TIF)

S1 Table. List of primers used in the study.
(DOCX)

Acknowledgments

LT acknowledges a fellowship from the Indian Council of Medical Research (ICMR), India.
This work was supported by the XIIth five year plan project, Plant-Microbe and soil Interac-
tions (BSC0117) of the Council of Scientific and Industrial research. RVS is also supported by
a JC Bose fellowship from the Department of Science and Technology, Government of India.

Author Contributions
Conceptualization: LT HKP RVS.
Data curation: LT HKP.

Formal analysis: LT RVM HKP.
Funding acquisition: RVS.
Investigation: LT RVM.
Methodology: LT RVM.

Project administration: RVS.
Resources: LT RVM HKP.
Supervision: HKP RVS.
Validation: LT RVM HKP RVS.
Visualization: LT RVM HKP RVS.
Writing - original draft: LT HKP.
Writing - review & editing: LT HKP RVS.

References

1. Harholt J, Suttangkakul A, Scheller HV. Biosynthesis of pectin. Plant Physiology. 2010; 153(2):384—95.
doi: 10.1104/pp.110.156588 PMID: 20427466

2. Hsiao Y-M, Zheng M-H, Hu R-M, Yang T-C, Tseng Y-H. Regulation of the pehA gene encoding the
major polygalacturonase of Xanthomonas campestris by Clp and RpfF. Microbiology. 2008; 154
(3):705-13.

3. Annis SL, Goodwin PH. Recent advances in the molecular genetics of plant cell wall-degrading
enzymes produced by plant pathogenic fungi. European Journal of Plant Pathology. 1997; 103(1):1-14.

4. Durrands P, Cooper RM. The role of pectinases in vascular wilt disease as determined by defined
mutants of Verticillium albo-atrum. Physiological and molecular plant pathology. 1988; 32(3):363—-71.

5. Walton JD. Deconstructing the cell wall. Plant Physiology. 1994; 104(4):1113. PMID: 12232152

6. Gonzdlez ET, Allen C. Characterization of a Ralstonia solanacearum operon required for polygalacturo-
nate degradation and uptake of galacturonic acid. Molecular plant-microbe interactions. 2003; 16
(6):536—44. doi: 10.1094/MPMI.2003.16.6.536 PMID: 12795379

PLOS ONE | DOI:10.1371/journal.pone.0166396 December 1, 2016 13/15


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0166396.s002
http://dx.doi.org/10.1104/pp.110.156588
http://www.ncbi.nlm.nih.gov/pubmed/20427466
http://www.ncbi.nlm.nih.gov/pubmed/12232152
http://dx.doi.org/10.1094/MPMI.2003.16.6.536
http://www.ncbi.nlm.nih.gov/pubmed/12795379

@° PLOS | ONE

Pectin Degrading Enzymes Secreted by Xanthomonas oryzae pv. oryzae

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

Tans-Kersten J, Guan Y, Allen C. Ralstonia solanacearum pectin methylesterase is required for growth
on methylated pectin but not for bacterial wilt virulence. Applied and environmental microbiology. 1998;
64(12):4918-23. PMID: 9835583

Huang Q, Allen C. An exo-poly-alpha-D-galacturonosidase, PehB, is required for wild-type virulence of
Ralstonia solanacearum. Journal of bacteriology. 1997; 179(23):7369-78. PMID: 9393701

Huang Q, Allen C. Polygalacturonases are required for rapid colonization and full virulence of Ralstonia
solanacearum on tomato plants. Physiological and molecular plant pathology. 2000; 57(2):77-83.

Liu H, Zhang S, Schell MA, Denny TP. Pyramiding unmarked deletions in Ralstonia solanacearum
shows that secreted proteins in addition to plant cell-wall-degrading enzymes contribute to virulence.
Molecular plant microbe interactions. 2005; 18(12):1296-305. doi: 10.1094/MPMI-18-1296 PMID:
16478049

Ried JL, Collmer A. Construction and characterization of an Erwinia chrysanthemi mutant with directed
deletions in all of the pectate lyase structural genes. Mol Plant-Microbe Interact. 1988; 1: 32-8.

Dow JM, Milligan DE, Jamieson L, Barber CE, Daniels MJ. Molecular cloning of a polygalacturonate
lyase gene from Xanthomonas campestris pv. campestris and role of the gene product in pathogenicity.
Physiological and molecular plant pathology. 1989; 35(2):113-20.

Qian W, Jia Y, Ren S-X, He Y-Q, Feng J-X, Lu L-F, et al. Comparative and functional genomic analyses
of the pathogenicity of phytopathogen Xanthomonas campestris pv. campestris. Genome research.
2005; 15(6):757—67. doi: 10.1101/gr.3378705 PMID: 15899963

da Silva ACR, Ferro JA, Reinach FC, Farah CS, Furlan LR, Quaggio RB, et al. Comparison of the
genomes of two Xanthomonas pathogens with differing host specificities. Nature. 2002; 417
(6887):459-63. doi: http://www.nature.com/nature/journal/v417/n6887/suppinfo/417459a_S1.html. doi:
10.1038/417459a PMID: 12024217

Lin H-C, Hsu S-T, Chang H, Tzeng K-C. A pectate lyase homologue pel1 from Xanthomonas axonopo-
dis pv. citriis associated with the water-soaked margins of canker lesions. Journal of Plant Pathology.
2010:149-56.

Hsiao Y- M, Fang M- C, Sun P- F, Tseng Y- H. Clp and RpfF up-regulate transcription of pelA1 gene
encoding the major pectate lyase in Xanthomonas campestris pv. campestris. Journal of agricultural
405 and food chemistry. 2009; 57(14):6207-15.

Jha G, Rajeshwari R, Sonti RV. Functional Interplay Between Two Xanthomonas oryzae pv. oryzae
Secretion Systems in Modulating Virulence on Rice. Molecular Plant-Microbe Interactions. 408 2007;
20(1):31-40. doi: 10.1094/mpmi-20-0031 PMID: 17249420

Rajeshwari R, Jha G, Sonti RV. Role of an In Planta-Expressed Xylanase of Xanthomonas oryzae pv.
oryzaein Promoting Virulence on Rice. Molecular Plant-Microbe Interactions. 2005; 18(8):830—7. doi:
10.1094/mpmi-18-0830 PMID: 16134895

Schéfer A, Tauch A, Jager W, Kalinowski J, Thierbach G, Puhler A. Small mobilizable multi-purpose
cloning vectors derived from the Escherichia coli plasmids pK18 and pK19: selection of defined dele-
tions in the chromosome of Corynebacterium glutamicum. Gene. 1994; 145(1):69-73. PMID: 8045426

Innes RW, Hirose MA, Kuempel P. Induction of nitrogen-fixing nodules on clover requires only 32 kilo-
base pairs of DNA from the Rhizobium trifolii symbiosis plasmid. Journal of Bacteriology. 1988; 170
(9):3793-802. PMID: 3410817

Leach JE, White FF, Rhoads ML, Leung H. A repetitive DNA sequence differentiates Xanthomonas
campestris pv. oryzae from other pathovars of X. campestris. Mol Plant-Microbe Interact. 1990; 3:238—
46.

Sambrook J, Fritsch EF, Maniatis T. Molecular cloning: Cold spring harbor laboratory press New York;
1989.

Subramoni S, Sonti RV. Growth deficiency of a Xanthomonas oryzae pv. oryzae fur mutant in rice
leaves is rescued by ascorbic acid supplementation. Molecular Plant-Microbe Interactions. 2005; 18
(7):644-51. doi: 10.1094/MPMI-18-0644 PMID: 16042010

Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ. Basic local alignment search tool. Journal of
molecular biology. 1990; 215(3):403—10. doi: 10.1016/S0022-2836(05)80360-2 PMID: 2231712

Downie B, Dirk LM, Hadfield KA, Wilkins TA, Bennett AB, Bradford KJ. A gel diffusion assay for quantifi-
cation of pectin methylesterase activity. Analytical biochemistry. 1998; 264(2):149-57. doi: 10.1006/
abio.1998.2847 PMID: 9866676

Lee B-M, Park Y-J, Park D-S, Kang H-W, Kim J-G, Song E-S, et al. The genome sequence of Xantho-
monas oryzae pathovar oryzae KACC10331, the bacterial blight pathogen of rice. Nucleic Acids
Research. 2005; 33(2):577-86. doi: 10.1093/nar/gki206 PMID: 15673718

Beaulieu C, Minsavage GV, Canteros B, Stall RE. Biochemical and genetic analysis of a pectate lyase
gene from Xanthomonas campestris pv. vesicatoria. Mol Plant-Microbe Interact. 1991; 4:446-51.

PLOS ONE | DOI:10.1371/journal.pone.0166396 December 1, 2016 14/15


http://www.ncbi.nlm.nih.gov/pubmed/9835583
http://www.ncbi.nlm.nih.gov/pubmed/9393701
http://dx.doi.org/10.1094/MPMI-18-1296
http://www.ncbi.nlm.nih.gov/pubmed/16478049
http://dx.doi.org/10.1101/gr.3378705
http://www.ncbi.nlm.nih.gov/pubmed/15899963
http://www.nature.com/nature/journal/v417/n6887/suppinfo/417459a_S1.html
http://dx.doi.org/10.1038/417459a
http://www.ncbi.nlm.nih.gov/pubmed/12024217
http://dx.doi.org/10.1094/mpmi-20-0031
http://www.ncbi.nlm.nih.gov/pubmed/17249420
http://dx.doi.org/10.1094/mpmi-18-0830
http://www.ncbi.nlm.nih.gov/pubmed/16134895
http://www.ncbi.nlm.nih.gov/pubmed/8045426
http://www.ncbi.nlm.nih.gov/pubmed/3410817
http://dx.doi.org/10.1094/MPMI-18-0644
http://www.ncbi.nlm.nih.gov/pubmed/16042010
http://dx.doi.org/10.1016/S0022-2836(05)80360-2
http://www.ncbi.nlm.nih.gov/pubmed/2231712
http://dx.doi.org/10.1006/abio.1998.2847
http://dx.doi.org/10.1006/abio.1998.2847
http://www.ncbi.nlm.nih.gov/pubmed/9866676
http://dx.doi.org/10.1093/nar/gki206
http://www.ncbi.nlm.nih.gov/pubmed/15673718

@° PLOS | ONE

Pectin Degrading Enzymes Secreted by Xanthomonas oryzae pv. oryzae

28.

29.

30.

31.

32.

Liao C-H, Gaffney T, Bradley S, Wong L. Cloning of a pectate lyase gene from Xanthomonas campes-
tris pv. malvacearum and comparison of its sequence relationship with pel genes of soft-rot Erwinia and
Pseudomonas. MPMI-Molecular Plant Microbe Interactions. 1996; 9(1):14-21.

Kaewnum S, Prathuangwong S, Burr T. A pectate lyase homolog, xagP, in Xanthomonas axonopodis
pv. glycinesis associated with hypersensitive response induction on tobacco. 461 Phytopathology.
2006; 96(11):1230-6. doi: 10.1094/PHYTO-96-1230 PMID: 18943960

Shevchik VE, Boccara M, Vedel R, Hugouvieux-Cotte-Pattat N. Processing of the pectate lyase Pell by
extracellular proteases of Erwinia chrysanthemi 3937. Molecular microbiology. 447 1998; 29(6):1459—
69. PMID: 9781882

Vidal S, Eriksson ARB, Montesano M, Denecke J, Palva ET. Cell Wall-Degrading Enzymes from Erwi-
nia carotovora Cooperate in the Salicylic Acid-Independent Induction of a Plant Defense Response.
Molecular Plant-Microbe Interactions. 1998; 11(1):23-32. doi: 10.1094/mpmi.1998.11.1.23

TayiL, Maku R, Patel HK, Sonti R. Action of multiple cell wall degrading enzymes is required for elicita-
tion of innate immune responses during Xanthomonas oryzae pv. oryzae infection in rice. Molecular
Plant-Microbe Interactions. 2016;(ja).

PLOS ONE | DOI:10.1371/journal.pone.0166396 December 1, 2016 15/15


http://dx.doi.org/10.1094/PHYTO-96-1230
http://www.ncbi.nlm.nih.gov/pubmed/18943960
http://www.ncbi.nlm.nih.gov/pubmed/9781882
http://dx.doi.org/10.1094/mpmi.1998.11.1.23

