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SUMMARY

Citrus canker is a plant disease caused by Gram-negative bacte-
ria from the genus Xanthomonas. The most virulent species is
Xanthomonas citri ssp. citri (XAC), which attacks a wide range of
citrus hosts. Differential proteomic analysis of the periplasm-
enriched fraction was performed for XAC cells grown in
pathogenicity-inducing (XAM-M) and pathogenicity-non-inducing
(nutrient broth) media using two-dimensional electrophoresis
combined with liquid chromatography-tandem mass spectrome-
try. Amongst the 40 proteins identified, transglycosylase was
detected in a highly abundant spot in XAC cells grown under
inducing condition. Additional up-regulated proteins related to
cellular envelope metabolism included glucose-1-phosphate thy-
midylyltransferase, dTDP-4-dehydrorhamnose-3,5-epimerase and
peptidyl-prolyl  cis—trans-isomerase. Phosphoglucomutase and
superoxide dismutase proteins, known to be involved in pathoge-
nicity in other Xanthomonas species or organisms, were also
detected. Western blot and quantitative real-time polymerase
chain reaction analyses for transglycosylase and superoxide dis-
mutase confirmed that these proteins were up-regulated under
inducing condition, consistent with the proteomic results. Multi-
ple spots for the 60-kDa chaperonin and glyceraldehyde-3-
phosphate dehydrogenase were identified, suggesting the pres-
ence of post-translational modifications. We propose that sub-
stantial alterations in cellular envelope metabolism occur during
the XAC infectious process, which are related to several aspects,
from defence against reactive oxygen species to exopolysacchar-
ide synthesis. Our results provide new candidates for virulence-
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related proteins, whose abundance correlates with the induction
of pathogenicity and virulence genes, such as hrpD6, hipG,
hrpB7, hpal and hrpX. The results present new potential targets
against XAC to be investigated in further functional studies.

Keywords: cell envelope metabolism, citrus canker, differen-
tial proteomics, pathogenicity, periplasmic proteins, Xanthomo-
nas citri ssp. citri.

INTRODUCTION

Citrus canker is one of the most important diseases of citrus
plants around the world and is a serious threat to the citrus indus-
try, especially as there is no cure (Brown, 2001; Gottwald et al,,
2002). The disease causes low crop productivity and leads to poor
fruit quality. It is caused by the bacterium Xanthomonas citri ssp.
citri (type A, XAC) (Schaad et al., 2005, 2006), which attacks all
Citrus species (Brunings and Gabriel, 2003).

The XAC genome has been completely sequenced (da Silva
et al,, 2002), but few proteomic studies have been reported, most
using total cellular extracts. The global proteome of XAC cells
grown in nutrient broth (NB) medium, a rich and pathogenicity-
non-inducing medium, has been analysed previously using two-
dimensional gel electrophoresis followed by liquid chromatogra-
phy coupled with tandem mass spectrometry (2-DE LC-MS/MS),
providing the first map of XAC expressed proteins (Soares et al,
2010). In addition, the XAC total proteome has been analysed
under in vitro and in vivo infectious conditions using multidimen-
sional protein identification technology (MudPIT), confirming the
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involvement of many proteins related to type Il and IV secretion
systems (T3SS and T4SS) and xanthan gum biosynthesis in XAC
pathogenicity (Facincani et al., 2014).

Biofilm formation is an important process in bacterial patho-
gens and has been suggested to be required for the achievement
of maximal virulence in XAC, as it plays a major role in host inter-
actions. A comparative proteomic study using 2D difference gel
electrophoresis (2D-DIGE) was performed between XAC biofilm
and planktonic cells, cultured in static XVM2, a minimal medium
that mimics the plant environment (Zimaro et al, 2013). This
revealed major variations in the composition of outer membrane
and receptor or transporter proteins, as well as other proteins
which had been shown previously to be involved in biofilm forma-
tion, such as DnaK and Ef-Tu (Zimaro et al., 2013).

Proteomic analysis of subcellular fractions allows the identifica-
tion of proteins that might not be detectable in the total proteome,
especially if these proteins are not abundant or are exclusive to a
cellular location. Recently, our group utilized 2D-DIGE technology to
detect changes in XAC surface proteins in response to host infection
by comparison of cells grown in vivo (plant leaf, i.e. infectious condi-
tion) and in vitro (rich medium, i.e. non-infectious control condition)
(Carnielli et al, 2016). In addition to the cellular surface, the peri-
plasm is also expected to play an important role in XAC pathogenic-
ity, as many virulence proteins of Xanthomonas sp. are known to be
transported across the periplasm towards the extracellular environ-
ment (Biittner and Bonas, 2010). A clear relationship between peri-
plasmic proteins and bacterial pathogenesis has been reported
recently for Xanthomonas oryzae pv. oryzae (Xoo) (Deng et al,
2014). In this study, a mutant strain for prc, a gene encoding a peri-
plasmic enzyme, showed a decrease in virulence-related periplasmic
proteins and changes in the stress response of the cell envelope.
However, proteomic studies with subcellular fractions of plant-
pathogenic bacteria face a major challenge to recover sufficient pro-
tein under in vivo conditions to allow 2D LC-MS/MS analysis.

We performed a differential proteomic analysis of the XAC
periplasm-enriched fraction by comparing cells grown in vitro on
pathogenicity-inducing (XAM-M) and pathogenicity-non-inducing
(NB) media. The composition of XAM-M is based on the well-
known pathogenicity-inducing media for Xanthomonas spp.:
XVM2 (Wengelnik et al, 1996) and XAM-1 (Facincani et al,
2014). We demonstrated that XAM-M is able to induce hrp (hyper-
sensitive response and pathogenicity) genes in XAC. NB medium
has been shown previously to be suitable for the pathogenicity-
non-inducing condition (Moreira et al., 2015; Soares et al., 2010).

In this work, XAC cells grown in XAM-M medium presented
several proteins known to be associated with pathogenicity in
either Xanthomonas species or other microorganisms, but not yet
reported to be associated with XAC infection. The proteins identi-
fied here are promising targets for investigation in future func-
tional studies.
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Fig. 1 Xanthomonas citri ssp. citri (XAC) growth curves in nutrient broth (NB)
and XAM-M medium, and relative hrp mRNA expression induced by XAM-M
medium. Growth curves [optical density at 595 nm (ODsgs o) Vs. time] were
based on the average of four independent experiments (a); quantitative
reverse transcription-polymerase chain reaction (qRT-PCR) analysis of Arp
genes as relative mRNA expression (relative to NB, control, for 17 h) on
XAM-M for 16 h and 70 h (b). Error bars indicate standard deviation from the
biological replicates.

RESULTS

XAC periplasmic-enriched proteome under in vitro
pathogenicity induction

The growth of XAC in two different media, NB (non-infectious
condition) and XAM-M (infectious condition), showed distinct pro-
files. Although the maximum culture density at an optical density
at 595 nm (ODsgs nm) in NB was about 1.2 after approximately
17 h, in XAM-M, a similar density was reached only after 70 h
(Fig. 1a). The ability of XAM-M medium to induce XAC
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Fig. 2 Two-dimensional gel electrophoresis (2-DE) of Xanthomonas citri ssp. citri (XAC) periplasmic-enriched protein fraction. Proteins from the periplasmic-enriched
fraction of XAC grown in nutrient broth (NB) or XAM-M medium were separated by 2-DE. The numbered circles represent protein spots with significantly different
abundance in XAM-M relative to NB (P < 0.05). Spots with increased and decreased abundance in XAM-M are indicated on the right (XxAM-M) and left (NB) gels,

respectively. The best-resolved central region of the 2-DE gel is shown.

pathogenicity was confirmed by the analysis of the expression of
genes known to be associated with virulence/pathogenicity.
Increased transcript levels were observed for all five hrp genes
tested (hrpD6, hipG, hipB7, hpal, hrpX) in XAM-M when com-
pared with the control, NB medium, at the initial (16 h) or late
(70 h) stages of growth (Fig. 1b).

Proteins from a periplasmic-enriched fraction of XAC cells
grown in either XAM-M or NB up to the end of the logarithmic
phase (ODsgs nm ~ 1.2) were analysed by 2-DE (Fig. 2). Reprodu-
cibility among gel triplicates was evaluated by scatter plots, pre-
senting a correlation greater than 0.9 (Fig. S1, see Supporting
Information). Table 1 shows the XAC proteins identified in spots
significantly modulated between XAM-M and NB. Proteins from
42 differential spots showing the highest scores and having more
than one matched peptide are presented in Table 1. For the major-
ity of these spots, the experimental molecular mass and isoelectric
point (p/), calculated from 2-DE, matched the theoretical values.
Twelve spots were significantly less abundant under XAM-M,
whereas 30 were more abundant. Fifteen of the latter were found
exclusively under pathogenicity-inducing conditions and corre-
sponded to the following proteins: pyruvate kinase type Il (spot
13); outer membrane hemin receptor (spot 14); inorganic pyro-
phosphatase (spot 16); TIdD protein (spot 19); peptidyl-prolyl cis—

trans-isomerase (PPlase, spots 20 and 21); 60-kDa chaperonin
(spots 23, 24 and 25); outer membrane protein P6 precursor
(spots 26 and 29); glucose-1-phosphate thymidylyltransferase
(spot 27); phosphoglucomutase (spot 33); elongation factor Ts
(spot 34); and ATP synthase subunit B (spot 39). Matched pep-
tides for all 79 proteins identified are included in Data S1 (see
Supporting Information).

Additional proteins identified in spots not exclusive
to, but with increased abundance in, XAM-M were
phosphoribosylaminoimidazole-succinocarboxamide synthase,
elongation factor Ts, aminopeptidase, transketolase 1, ABC trans-
porter sulfate-binding protein and lytic murein transglycosylase/
transglycosylase. The last protein showed the highest XAM-M/NB
ratio (spot 42, Table 1).

The proteins identified were clustered according to their anno-
tated function (da Silva et al., 2002; Soares et al., 2010) into the
following classes: (I) intermediary metabolism; (Il) biosynthesis of
small molecules; (Il) macromolecule metabolism; (V) cell struc-
ture; (V) cellular processes; (VI) mobile genetic elements; (VII)
pathogenicity, virulence and adaptation; (VIII) hypothetical; (IX)
open reading frames (ORFs) with undefined category. Six, one,
seven, four, two, zero, three, zero and one protein(s) clustered to
each of these categories, respectively (Table 1). Two proteins
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Fig. 3 Differential abundance of superoxide dismutase (SOD) and spot 42. Data represent the mean of three independent experiments, and error bars indicate
standard deviation. Details of the two-dimensional gel electrophoresis (2-DE) gel triplicates are shown in the right panels.

detected in spots with higher relative abundance in XAM-M were
classified as XAC pathogenicity, virulence, and adaptation (class
VII): phosphoglucomutase XAC3579 (spot 33) and superoxide dis-
mutase (SOD) XAC2386 (spot 31) (Fig. 2a; Table 1).

Proteins showing higher abundance in NB samples (spots
1-12) included the outer membrane protein XAC1012 and the
enolase-phosphatase XAC1838 (Table 1, Fig. 2b), and none
belonged to class VII.

Expression analysis

Among the proteins identified in spots with relatively higher abun-
dance in XAM-M, two proteins stand out: SOD, a class VIl protein
(spot 31), and transglycosylase, detected at the most prominent
spot 42 in XAM-M (Table 1, Fig. 3). The XAM-M/NB ratios for the
two spots were 1.8 and 163, respectively (Table 1). The higher
expression in XAM-M of SOD and spot 42 protein(s) was validated
by western blot using the periplasmic-enriched fraction of XAC
cells and anti-SOD2 (Abcam) or antibodies raised against gel-

extracted protein(s) from spot 42. An interesting result is related
to spot 42, which was not detected in NB (Fig. 4a).

The higher gene expression on XAM-M for SOD (sodM,
XAC2386) and transglycosylase (mifB, XAC3225) was confirmed
by quantitative reverse transcription-polymerase chain reaction
(gRT-PCR), which showed relative expression of about one- and
two-fold for sodM and two- and 20-fold for m/tB at 70 and 16 h
of growth, respectively(Fig. 4b).

These results confirmed that SOD and transglycosylase were
up-regulated when XAC was grown on XAM-M, consistent with
the proteomic results.

DISCUSSION
XAC pathogenicity: plant-mimicking medium and
periplasmic proteins

In this work, an in vitro approach was used to identify, for the first
time, proteins from the cell periplasm related to the pathogenicity
of XAC, the most aggressive agent of citrus canker. Differential
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Fig. 4 Expression analysis of superoxide dismutase (SOD) and spot 42 protein(s)/MItB. Immunoblot for SOD and spot 42 proteins using the respective antibodies (a);
quantitative reverse transcription-polymerase chain reaction (qRT-PCR) of the relative mRNA expression (relative to NB, control, at 17 h) for Xanthomonas citri ssp.
citri (XAC) transglycosylase (m/tB) and SOD (sodM) on XAM-M for 16 and 70 h (b). Error bars indicate standard deviation from biological replicates. Molecular mass

markers are indicated on the left of the gels in (a).

proteins were identified between cells growing under steady non-
infectious conditions in NB rich medium and under infection-
mimicking conditions in XAM-M medium.

XAM-M is a variant of XAM-1 medium (Facincani et al., 2014)
and includes MgS0O,4 and casamino acids, similar to the original
XVM2 (Wengelnik et al,, 1996). Casamino acids have been shown
previously to be necessary for the induction of some hrp genes,
such as hrpF (Jiang et al, 2013; Schulte and Bonas, 1992).

Here XAM-M medium was demonstrated to increase the
expression of hrp genes when compared with NB medium (Fig.
1b), indicating that it is a plant-mimicking medium capable of
inducing XAC pathogenicity genes in vitro. Although hrp genes
expression was higher at the initial phase of growth in XAM-M
(16 h, Fig. 1b), proteomic analysis was performed in cells at the
late logarithmic phase because a greater number of cells can be
recovered at this stage, increasing the feasibility of subproteo-
mic analysis. This time point also corresponds to the third day
of infection in plants, when the recovered bacterial cell mass is
sufficient for further analysis (Facincani et al., 2014). At the end
of the logarithmic phase, the hrp genes tested (hrpD6, hrpG,
hrpB7, hpat and hrpX) were still more highly expressed than in
the control (Fig. 1b), indicative of the longer term effects of
induction.

The hrp genes analysed in this work are involved in the hyper-
sensitive response of Xanthomonas spp. to non-hosts and in the
pathogenicity response to hosts, and are known to be induced in
plant-mimicking hrp-inducing medium (Rossier et al, 1999). The
hrpD6 and hpal genes were highly up-regulated when XAC was
grown in Citrus sinensis (Jacob et al, 2014), and hrpG and hrpX
were described to be critical for the pathogenicity of X. axonopo-
dis pv. citri (Buttner and Bonas, 2010; Guo et al, 2011). In addi-
tion, the hrpB operon has been reported to be related to HrcT

MOLECULAR PLANT PATHOLOGY (2018) 19(1),

expression, a key component of the T3SS in Xanthomonas spp.
(Liu et al, 2014). The corresponding Hrp proteins were not
detected in our differential study, possibly because they may have
a diverse cell location, as in membranes for example, or are not
detectable by our approach, requiring further protein purification
(Weber et al., 2005).

The proteomic analysis in this study was focused on the peri-
plasmic fraction, a cell compartment that is expected to play an
important role in plant—pathogen interactions involving Gram-
negative bacteria. Several proteins identified in this work have
been found previously in the periplasm of other Gram-negative
bacteria, among them SOD and PPlase (Wu et al., 2013).

The extraction method using lysozyme and sucrose was similar
to that used previously for Pseudomonas aeruginosa (Imperi
et al, 2009), which was considered to be the best among the
three methods analysed as it provides the highest ratio of peri-
plasmic to cytoplasmic proteins. However, a large number of cyto-
plasmic proteins (39.6%) were still found (Imperi et al, 2009).
Likewise, previous studies with periplasmic proteins have demon-
strated that contamination with cytoplasmic proteins is often
observed (Agudo et al, 2004; Carniel and Hinnebusch, 2012;
Montigiani et al, 2002). It is important to realize, however, that
some proteins need to pass through the periplasm to become
incorporated in the outer membrane or to be transported to the
extracellular milieu, which could explain their transient presence
in the periplasmic space (Imperi et al, 2009). It is also possible
that some of these proteins may have multiple in vivo locations,
with diverse and still unknown biological functions, such as the
commonly described ‘moonlighting’ proteins (Mani et al., 2014).

Many XAC proteins found in this study with increased relative
abundance under infectious conditions share enzymatic roles in
the cell envelope, as shown in Fig. 5 and discussed below.
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XAC alters carbohydrate metabolism at the cell wall
under pathogenicity induction

Transglycosylase or lytic transglycosylase (LT), XAC3225/XACh0007
(Fig. 5a), catalyses exo- or endo-specific cleavage at the B-1,4-
glycosidic bond between N-acetylmuramic acid (MurNAc) and N-
acetyl-o-glucosamine (GIcNAC) of peptidoglycan, a protective heter-
opolymeric macromolecule of the bacterial cell wall (Koraimann,
2003). A large number of enzymes are involved in the synthesis
and turnover of this macromolecule (Koraimann, 2003; Typas et al.,
2012). Cell wall biosynthesis must be tightly coordinated with its
remodelling, as the loss of envelope integrity would lead to lysis
and death (Johnson et al, 2013). Spaces in peptidoglycan created
by LTs are important for the accommodation of structures, such as
secretion systems, flagella and pili, whose unexpected presence
causes the cell envelope to expand, requiring rearrangement of the
bacterial membrane and cell wall (Koraimann, 2003). Some LTs
have been suggested to be involved in secretion systems in bacte-
rial pathogens (Biittner and Bonas, 2010; Hausner et al, 2013).
Transglycosylase (XAC3225, mitB gene) has been suggested to be
involved in XAC pathogenesis, because its expression is exclusively
found during XAC infection in planta (Laia et al., 2008). In addition,
a mutant strain in this gene showed impaired in vivo growth in
relation to the wild-type strain (Laia et al., 2008).

Interestingly, although the higher relative transglycosylase
expression in XAM-M was confirmed by western blot and qRT-
PCR assays (Fig. 4), no detectable expression was found for this
enzyme in the periplasmic-enriched fraction of X. fuscans auranti-
folii types B (XauB) and C (XauC) (results not shown). These are
causative agents of cancrosis, related to a milder form of citrus
canker (XauB) and a sole citrus host (XauC). Despite this, XauB
and XauC genomes carry genes with 96% identity to XAC3225
from XAC, annotated as T3SS hopAl-like proteins. It remains
unclear from these results whether peptidoglycan metabolism

00
d-TPP-L-rhamnose %LTS (XACSZZS)O(a
v Peptige,
rhamnose 9lycan

could be related to different forms of the disease, including
aspects such as XAC infectiveness and/or the wide range of hosts,
and therefore an understanding of the role of XAC3225 on XAC
pathogenicity still demands further studies.

Glucose-1-phosphate thymidylyltransferase XAC3584 (Fig. 5b),
named as RmlA (EC 2.7.7.24), and dTDP-4-dehydrorhamnose-3,5-
epimerase XAC3583 (Fig. 5¢), named as RmlIC (EC 5.1.3.13), are
enzymes which, together with RmIB and RmID, are involved in
the biosynthesis of dTDP-L-rhamnose, the sugar-nucleotide
donor for L-rhamnose moieties in the cell wall (Glaser and Korn-
feld, 1961). All are considered as potential targets for drug
design. L-Rhamnose is a 6-deoxyhexose rare in nature, but fre-
quently found in the O-antigen form of the lipopolysaccharides
(LPSs) of Gram-negative bacteria, including XAC (Casabuono
et al, 2011). LPSs are important virulence factors for plant-
pathogenic bacteria and are recognized as the major pathogen-
associated molecular patterns (PAMPs) that are responsible for
their antigenic properties (Newman et al., 2007). Chromosomal
mutation in the rmIC gene of some P. aeruginosa serotypes
results in LPS core truncation and loss of pathogenicity (Rahim
et al., 2000). Indeed, biogenesis of LPS at the cell envelope has
been shown to be important for the XAC infection process, as
LPS-related mutants have been reported to show reduced bac-
terial virulence (Petrocelli et al., 2012).

XAC up-regulates proteins required for full virulence,
stress response and extracellular polysaccharide (EPS)
biosynthesis under pathogenicity condition

PPlases are known to be involved in cell envelope homeostasis
and other cell envelope functions in Gram-negative bacteria. In
this study, a putative PPlase, XAC0865 (Fig. 5d), was detected in
the XAM-M sample. The analysis of its amino acid sequence by
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BLast showed the presence of a SurA conserved domain, and 57%
similarity to the SurA N-terminal domain of the corresponding
Escherichia coli protein. In this bacterium, the periplasmic chaper-
one PPlase SurA is required for the cis—trans isomerization of
prolyl residues for folding the outer membrane and secreted pro-
teins. This process is necessary because these proteins translocate
across the cytoplasmic membrane in a mostly unfolded state
(Lazar and Kolter, 1996). Interestingly, outer membrane proteins
XAC0823 and XAC3141 were found uniquely in XAM-M samples
(Table 1). SurA probably plays a similar role in other Gram-
negative bacteria, and may be a valuable drug target against
Gram-negative pathogens (Behrens-Kneip, 2010). It is also
involved in pathogenicity, and is required for full virulence of E.
coli; Salmonella and Shigella spp. (Behrens-Kneip, 2010). In
Xanthomonas campestris pv. campestris Xcc 8004, a PPlase
encoded by XC2699 has been reported to show 49% similarity to
the Mip protein (Zang et al., 2007), an important virulence factor
for Legionella pneumophila (Cianciotto et al., 1989). It has been
shown that this protein is required for full virulence, probably
because of its role in exopolysaccharide production and its activity
on extracellular proteases. Moreover, PPlase has been related to
hrp genes in Xoo (Robin et al, 2014) and to XAC—citrus interac-
tion (Swaroopa Rani and Podile, 2014).

PDZ domain-containing proteases (HtrA family) are known to
play important roles in bacterial cells by modulating disease
pathogenesis and cell envelope stress responses (Clausen et al,
2002). XAC1262 (Fig. 5e), formerly annotated as a conserved
hypothetical protein, was increased on XAM-M and encodes a
homologue of a protease with the C-terminal PDZ domain of X.
citri pv. citri (Aw12879 strain). Inactivation of a putative HtrA fam-
ily periplasmic protease (prc gene) from Xoo led to virulence
attenuation in vivo and reduced expression of 34 periplasmic pro-
teins associated with proteolysis, macromolecule biosynthesis,
carbohydrate or energy metabolism, signal transduction and pro-
tein translocation or folding (Deng et al, 2014). It has also been
suggested that Prc contributes to Xoo bacterial virulence by acting
as a periplasmic modulator of the cell envelope stress responses
and by regulating the expression of EPSs (Deng et al., 2014).

Among the proteins detected in the XAM-M sample, two have
been classified previously as being pathogenicity related (class
VII): SOD (Fig. 5f) and phosphoglucomutase (Fig. 5g). SOD
XAC2386, a metalloprotein which catalyses the dismutation of 05
to H,0, and 0,, has been identified as a virulence factor located
in the periplasm of Salmonella enterica serovar Typhimurium
(Fang et al, 1999) and Listeria monocytogenes (Hess et al.,
1997), and is probably essential for viability in Xcc (Smith et al.,
1996). In our study, SOD XAC2386 was found to be up-regulated
in XAM-M (Fig. 5f) and is probably involved in defence against
reactive oxygen species (ROS), which are commonly produced by
plants against pathogens during the infection and colonization

processes. It has been shown recently that SODs are expressed in
the extracellular matrix wall-bound fraction during the interaction
of citrus with XAC (Swaroopa Rani and Podile, 2014). Here, SOD
expression was increased in infectious XAC cells relative to non-
infectious cells, as shown by western blot and qRT-PCR (Fig. 4),
corroborating the proteomic analysis.

Phosphoglucomutase XAC3579, xanA, is a bifunctional
enzyme that can reroute the metabolic flux originating from
glucose-6-phosphate and fructose-6-phosphate towards the bio-
synthesis of cell surface glycoconjugates and xanthan, an exopoly-
saccharide, which is known to play a role in the Xanthomonas—
host interaction (Fig. 5g). The enzyme is involved in the conver-
sion of 6-phosphate hexoses to their corresponding 1-phosphates,
which provides the UDP-glucose and GDP-mannose required for
the biosynthesis of LPS and xanthan in the Xcc cellular envelope
(Koplin et al., 1992). This enzyme has been referred to as a perfect
target for the metabolic control of the biosynthesis of these cell
surface polysaccharides (Musa et al, 2013), and its involvement
in XAC pathogenicity has been confirmed recently by our group
(Goto et al., 2016).

XAC displays multiple forms and/or atypical
cellular location for classical proteins under
infectious conditions

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) XAC 3352,
gapA, is known to participate in the glycolytic pathway and has
been predicted to be secreted and/or located in the cytoplasm
(Table 1). A number of studies in other bacteria have indicated
that GAPDH can occur in cellular locations other than the cyto-
plasm, so that its recurrent presence in the XAM-M sample may
not be a result of cytoplasmic contamination. Our results suggest,
for the first time, that the detection of this enzyme correlates with
the induction of known pathogenicity factors (hrp genes). This
enzyme has been considered as a virulence factor found on the
outer surface or as a secretory product in a number of pathogenic
organisms (Aguilera et al, 2012; Seidler, 2013). Furthermore,
GAPDH is emerging as one of a group of so-called ‘moonlighting’
proteins that can exhibit a wide range of biological roles, even in
eukaryotic cells (Henderson and Martin, 2014). GAPDH has been
demonstrated to be a protein associated with the cell envelopes
of Aeromonas hydrophila (Villamén et al,, 2003) and Streptococ-
cus pyogenes (Jin et al, 2011), in which the enzyme was
described to mediate adhesion to the human host. Inactivation of
Xcc GAPDH resulted in impairment of bacterial growth and viru-
lence in the host plant, revealing that GAPDH is required for EPS
production and full pathogenicity in Xcc (Lu et al, 2009). The pro-
cess by which GAPDH is exported and attached to the outer sur-
face of cells remains unknown (Seidler, 2013). Although XAC has
only one copy of GAPDH in its genome, our 2-DE analysis showed
that, in XAC cells grown in XAM-M, GAPDH was present in at
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least two major forms with different pl (Table 1), probably as a
result of post-translational modifications (PTMs). Recent findings
have reported that fructose-1,6-bisphosphatase, another typical
cytoplasmic enzyme found here in the XAM-M sample (Table 1), is
required for the virulence of Leishmania major in macrophages and
mice (Naderer et al, 2006). This protein was found to be located in
the periplasm of the eukaryote Saccharomyces cerevisiae during
prolonged glucose starvation, despite the absence of signal sequen-
ces that are required for classical secretion, indicating secretion
mediated by non-classical pathways (Giardina and Chiang, 2013).
These authors mentioned that bacteria and other microorganisms
secrete a large number of signal-less proteins during infection, and
that the unusual locations of intracellular proteins might be a result
of additional roles unrelated to their well-known functions. These
authors also referred to GAPDH and enolase as glycolytic enzymes
with participation in host-pathogen interaction.

The 60-kDa chaperonin (GroEL, Hsp60 or Cnp60) showed mul-
tiple p/ forms in XAM-M samples (e.g. spots 23, 24 and 25; Table
1 and Fig. 2), whereas only one of them was detected in NB. Bac-
terial heat shock proteins (Hsps) are produced abundantly during
the course of most microbial infections, and their roles in protein
folding and secretion have been well characterized. In L. pneumo-
phila, Hsp60 is uniquely located in the periplasm and on the bac-
terial surface, and surface-associated Hsp60 has been shown to
promote attachment and invasion in HeLa cells (Hoffman and Gar-
duno, 1999). Avirulent strains of L. pneumophila were defective in
localizing Hsp60 to their surfaces, and were 1000-fold less capa-
ble of invading Hela cells (Hoffman and Garduno, 1999). GroEL
has been demonstrated to be predominantly cytoplasmic and
membrane bound in Clostridium difficile, and GroEL-specific anti-
bodies partially inhibit the attachment of C. difficile cells, suggest-
ing a role for GroEL in cell adherence (Hennequin et al, 2001).
Recent findings on candidate adhesins of plant-pathogenic Xan-
thomonadaceae include polysaccharide and protein structures
such as chaperone/usher pili and other outer membrane adhesins
(Mhedbi-Hajri et al., 2011). In Mycobacterium tuberculosis, Hsp60
is necessary for virulence and has many non-folding (non-chaper-
one) roles, such as secreted signalling molecules and bacterial cell
wall components, among others (Stokes, 2013). Additional biolog-
ical roles of this highly conserved protein are apparently essential
for bacterial survival in the host (Henderson et al., 2013).

Evidence for phosphorylation of the 60-kDa chaperonin has
been reported for mycobacterial GroEL (Kumar et al, 2009), but
there are no reports for XAC. Phosphorylation events in Xcc have
been reported (Musa et al., 2013), together with the participation
of prokaryote kinases in host—pathogen interactions involving
other bacterial species (Kyriakis, 2014). In addition to GAPDH and
60-kDa chaperonin, transglycosylase was also detected in this
study in several spots in XAM-M (Table 1, Fig. 2), suggesting the
involvement of PTMs.
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DnaK and 60-kDa chaperonin have been found recently at the
cellular surface of infectious XAC and have been suggested to be
associated with PTMs (Carnielli et al, 2016). However, more
experiments are necessary to investigate PTMs on the XAC pro-
teins reported in this study.

Other proteins found in infectious XAC cells

Our results show that proteins such as phosphoribosylaminoimidazole-
succinocarboxamide synthase (XAC0470), transketolase (XAC3372),
peptidase (XAC2999) and aminopeptidase (XAC3309) were
detected in spots with the highest relative abundances in XAM-M
(16.2, 9.2, 6.1 and 15.3, respectively; Table 1). Although no evident
relation with XAC pathogenicity was found for these proteins in the
literature, they emerge as interesting XAC targets to be investigated
in further functional studies.

CONCLUSION

The in vitro approach utilized here showed to be a feasible
method for mimicking cells under infectious condition in order to
detect low-abundant XAC proteins of the periplasmic subproteo-
mic fraction, as reported in this work for the first time. Proteins
with diverse enzymatic roles, from carbohydrate metabolism to
the depletion of reactive oxygen species, have been highlighted
as promising targets to be investigated in further functional stud-
ies. Our results show that the adaptation of XAC to the infectious
condition has a significant impact on its envelope metabolic activ-
ity, leading to drastic alterations in the abundance and/or location
of many enzymes, most not reported previously as being involved
in XAC pathogenicity. Possible PTMs of proteins typically known
to be cytosol located, found here in the XAC periplasm-enriched
fraction, probably play a role in XAC infectivity. Some proteins
reported here are increasingly being mentioned in the literature as
‘moonlighting’ proteins in other organisms, and this interesting
feature deserves further investigation in XAC.

EXPERIMENTAL PROCEDURES

Bacterial strains, culture media and growth conditions

The bacterium used in this study was XAC strain 306 (da Silva et al,
2002). XauB 11122 and XauC 10535 (Moreira et al, 2010) were only
used for western blot analysis (results not shown). The bacteria were
maintained in the rich liquid medium NB (5 g/L peptone and 3 g/L beef
extract; Difco™ NB, Sparks, MD, USA) containing 16% (v/v) glycerol, at
—80 °C, and were plated on NA (NB with 15 g/L agar; Difco™ NA) at
28 °C. XAC cultures for both growth curves and proteomic analyses were
incubated at 200 rpm and 28 °C in either liquid NB medium, a pathogenic-
ity non-inducing medium used as a control, or in XAM-M, a pathogenicity-
inducing medium. XAM-M medium is composed of 7.57 mm (NH,),S04,
33.06 mm KH,PO, 60.28 mm K,HPO,, 1.7 mm sodium citrate
(CeHsNas07.2H,0), 1 mm MgSO,4, 0.03% (w/v) casamino acids, 10 mm
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fructose, 10 mm sucrose and 1 mg/mL bovine serum albumin (BSA)
(Sigma, St. Louis, MO, USA), adjusted to pH 5.4.

XAC growth curves in XAM-M and NB

XAC was initially grown in NA and then inoculated into 80 mL of NB to
determine the end of the logarithmic phase of growth. At this point, two
samples of 20 mL of culture were centrifuged (10 000 g, 20 min, 4 °C)
and the cells were used to inoculate 400 mL of NB and 400 mL of XAM-
M. Cultures were incubated at 200 rpm and 28 °C. Cell growth was moni-
tored by the measurement of ODsgs . Similar conditions were used for
XAC growth in NB and XAM-M in the gqRT-PCR analysis. Normalized bac-
terial suspensions were used to inoculate XAC in 20 mL NB for 17 h, and
on 20 mL XAM-M for 16 and 70 h, followed by incubation at 200 rpm and
28°C.

Subcellular fractionation

Proteomic assays were performed using XAC cultures grown in 400 mL of
NB and XAM-M, and samples were collected at the end of the logarithmic
phase. Samples were collected from experimental duplicates and biologi-
cal triplicates. A modified lysozyme/ethylenediaminetetraacetic acid (lyso-
zyme/EDTA) spheroplasting method (Hu et al, 1995; Imperi et al,, 2009)
was used to obtain XAC proteins from the periplasmic-enriched fractions.
Briefly, after centrifugation, the cells were first washed with a buffer com-
posed of 10 mm Tris-HCl (pH 8), 0.9% (w/v) NaCl, 1 mm EDTA (pH 8) and
10 pl/mL Protease Inhibitor Mix (GE Healthcare, Piscataway, NJ, USA),
and then suspended in a buffer containing 10 mm Tris-HCl (pH 8), 20%
(w/v) sucrose, 1 mm EDTA (pH 8), 10 pL/mL Protease Inhibitor Mix and
3 mg/mL lysozyme (Sigma). After incubation for 1 h on ice, followed by
centrifugation (11 000 g, 30 min, 4 °C) of the spheroplasts, cells deprived
of their cell wall, the proteins present in the supernatant (periplasmic-
enriched fraction) were obtained by precipitation with cold 10% trichloro-
acetic acid (TCA) in acetone for 30 min. Following centrifugation (11 000
g, 10 min, 4 °C), the proteins were washed with 70% (v/v) cold ethanol
and suspended in a solution containing 7 m urea, 2 m thiourea, 4% (w/v)
3-[(3-Cholamidopropyl)dimethylammonio]-1-propanesulfonate  (CHAPS),
40 mw dithiothreitol (DTT), 1 mm EDTA (pH 8) and 10 ul/mL Protease
Inhibitor Mix. Protein concentration was estimated using the Bradford rea-
gent (BioRad, Hercules, CA, USA) (Bradford, 1976), with BSA as the stand-
ard. Samples were purified using a 2-D Clean-Up kit (GE Healthcare).

2-DE

2-DE was performed as described previously (Felicio et al, 2011), with
minor modifications. The proteins were separated by isoelectric focusing
(IEF) using a linear pH 3-10 Immobiline™ DryStrip (13 cm in length, GE
Healthcare) and the IPGphor™ system (GE Healthcare). Approximately
260 pg of protein were suspended in 250 pL of buffer containing 8 m
urea, 4% (w/v) CHAPS, 50 plL DeStreak™ Rehydration Solution (GE
Healthcare) and 1.25 pL IPG Buffer (pH 3-10). IEF was conducted using
the following programme: 100 V for 1 h, 500 V for 1 h, 1000 V up 800
Vh, 8000 V up 11 300 Vh, 8000 V up 2900 Vh and 100 V for 10 h, with a
total of 16 600 Vh. After equilibration, the protein samples were sepa-
rated by sodium dodecylsulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) (16 X 15 cm? gel size) using Tris-glycine as the running buffer

(Laemmli, 1970) and a BenchMark™ Protein Ladder (Invitrogen Life Tech-
nologies, Carlsbad, CA, USA) as molecular mass standard. The gels were
stained with Coomassie brilliant blue R-250 (CBB R-250).

2-DE image acquisition and data analysis

Three 2-DE gels were examined for each condition, using three independ-
ent bacterial cultures. Images of the stained gels were acquired using an
ImageScannerTMII (GE Healthcare) at 300 dpi resolution and were ana-
lysed by ImageMaster™ 2D Platinum 7.0 software (GE Healthcare),
wherein the intensity values, experimental molecular weights and p/ were
estimated for each protein spot. For quantification, the percentage of spot
volume criterion was chosen, which is automatically calculated by Image-
Master software considering 100% as the sum of the volume of all spots
detected in each gel. Reproducibility among the three gels for each condi-
tion (NB or XAM-M) was assessed by scatter plots which were provided
by ImageMaster software analysis, matching the spot pools of one gel,
chosen as a reference, against each of the other two gels. Correlation val-
ues above 0.9 were considered to be significant. Match analysis between
NB and XAM-M reference gels was performed in an automatic mode, fol-
lowed by one-way analysis of variance (ANOVA) statistical analysis of the
difference in percentage volume for the corresponding spots.

Only spots with significant differential abundance between XAC in
XAM-M and XAC in NB (P < 0.05), present in three gels of the same con-
dition (replicate), were analysed by MS.

In-gel digestion and LC-MS/MS

The spots were excised and digested in gel with Trypsin Gold (Promega,
Madison, WI, USA), according to a previously described procedure (Hanna
et al, 2000). Trypsin-digested samples were then analysed using previ-
ously described procedures (Aragao et al., 2012; Paes Leme et al., 2012).
Briefly, the digested peptides were separated on a C18 column 1.7 um
BEH130 (100 um X 100 mm, Waters), using a gradient of 2%-90% ace-
tonitrile in 0.1% formic acid, over 10 min. An RP-nanoUPLC instrument
(nanoAcquity, Waters, Milford, MA, USA) coupled to a Q-TOF Ultima mass
spectrometer (Waters) was employed, which is equipped with a nanoelec-
trospray source operated at a flow rate of 0.6 pL/min. The nanoelectros-
pray voltage was 3.5 kV, the cone voltage was 30 V and the source
temperature was 100 °C. The instrument was operated in top three mode.

Data analysis and processing

MS data were analysed as described previously (Aragao et al, 2012).
Spectra were acquired using MassLynx v.4.1 software, and raw data files
were converted to peak list format (mgf) using Mascot Distiller v.2.3.2.0
(Matrix Science Ltd.). A search was performed using the Mascot v.2.3.01
engine (Matrix Science Ltd., Boston, MA, USA) against the XAC (strain
306) genome database in the National Center for Biotechnology Informa-
tion (NCBI) (Accession number NC_003919, 5.4 Mb; 43 427 sequences
from one chromosome and two plasmids). Search parameters included
carbamidomethylation as a fixed modification, oxidation of methionine as
a variable modification, one trypsin missed cleavage and tolerance of 0.1
Da for precursor and fragment ions.

To increase the confidence of protein identification, Mascot output
was loaded into Scaffold™ Q+ (Proteome Software Inc., Portland, OR,
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USA) (Searle, 2010). Peptide identifications were accepted if they could be
established at greater than 95% probability. Protein identifications were
accepted if they showed greater than 99% probability and contained at
least two identified peptides.

Production of antibodies against the major XAC spot
in XAM-M

The 43-kDa spot, named as spot 42 and strongly expressed under
pathogenicity-inducing condition, was excised from 12 2-DE gels in order
to generate polyclonal antibodies and validate its differential expression
using western blot analysis. The antibodies were produced using the fol-
lowing procedure (approved by the Animal Ethics Committee at UFSCar,
Brazil, protocol n® 018/2009). Gel fragments were pooled and crushed in
400 pL of ultra-pure water and the resulting solution was divided into
two parts. The first dose involved immunization of two mice by intrader-
mal injection. After 49 days, another dose was injected in a similar man-
ner. Ten days later, the mice were sacrificed and their blood was
collected, coagulated and then centrifuged at 8,000 g for 20 min at room
temperature. The resulting antiserum was used in western blot analysis.

Western blot analysis

Validation of differential expression was performed by western blot for
SOD and for spot 42 protein(s) in XAC cells grown in XAM-M or NB
medium. Equal amounts (60 pig) of proteins from the periplasm-enriched
fraction were separated (in duplicate) by SDS-PAGE 14% (Laemmli, 1970).
One gel was stained with CBB R-250 and the other was electroblotted
onto a nitrocellulose membrane (Hybond-C Extra, GE Healthcare). The blot
was then stained with 0.5% Ponceau S (Sigma) in 0.1% acetic acid to ver-
ify equal loading in each lane (Pedras and Minic, 2012). After destaining
in water, the membrane was incubated for 5 min (three times) in TBST
containing 20 mm Tris, pH 7.4, 0.5 m NaCl and 0.05% v/v Tween-20
(Sigma), and overnight in 9% non-fat milk in TBST, washed three times in
this buffer and incubated for 2 h with antiserum raised in rabbit against
human SOD2 (ab 13533, Abcam, Cambridge, MA, USA) diluted 1 : 5000.
The mouse antiserum containing polyclonal antibodies against spot 42
protein(s) was diluted to 1 : 1000. The primary antibodies were detected
with anti-rabbit horseradish peroxidase (HRP) conjugate (ECL Western
Blotting, GE Healthcare) diluted to 1 : 5000 and anti-mouse HRP conju-
gate, respectively, using a luminol-based method (ECL Western Blotting/
Hyperfilm ECL kit, GE Healthcare).

gRT-PCR analysis

XAC cells were grown in XAM-M or NB in a manner similar to that used
for the proteomic assay (Fig. 1a), and total RNA was extracted using the
QIAGEN RNeasy Protect Bacteria Mini Kit (Qiagen, Valencia, CA, USA).
Bacterial suspensions were adjusted to ODsgs = 0.3 [10% colony-forming
units (CFU)/mL] and genomic DNA was removed with Qiagen’s RNase-
Free DNase. The integrity, purity and concentration of RNA samples were
evaluated using a Qubit RNA BR Assay Kit (Invitrogen, Frederick,
Maryland, USA) and an Agilent 2100 Bioanalyzer (Agilent, Santa Clara,
CA, USA). The first strand of complementary DNA (cDNA) was synthesized
from 1 pg of total RNA using a Revertaid™ H Minus First Strand cDNA
Synthesis kit (Fermentas, Vilnius, Baltic, Lithuania). Primer Express 3.0
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software (Applied Biosystems, Foster City, CA, USA) was used to design
the primers for the genes mitB (XAC3225) and sodM (XAC2386). The
remaining primers used in this study have been reported previously in
Jacob et al. (2011, 2014). Three endogenous genes whose expression sta-
bility was accessed using the Expression Suite Software v1.0.3 (Applied
Biosystems) were used (atpD, rpoB and gyrB) as controls. The general fea-
tures of the primers used in this study are described in Table S1 (see Sup-
porting information).

The gRT-PCRs were performed using SYBR Green Power Master Mix
(Applied Biosystems) and were run on an Applied Biosystems 7500 Real-
Time PCR System. Three biological and technical replicates were used for
all reactions. The final reaction consisted of 1 X SYBR Green Power Mas-
ter Mix, 80 ng cDNA and 300 nwm of all forward and reverse primers (300/
300), except the transglycosylase gene primers (mitB), for which 600 nm
of forward and reverse primers (600/600) were used (Table S1). Amplifica-
tion efficiency was calculated through a standard curve generated using
¢DNA (1 : 2) serial dilutions. Relative expression was calculated using the
2724% method (Livak and Schmittgen, 2001).
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Additional Supporting Information may be found in the online
version of this article at the publisher's website:

Fig. S1 Scatter plots indicating the relationship of replicate
gels produced from three independent biological experiments
for Xanthomonas citri ssp. citri (XAC) on nutrient broth (NB) (a)
or XAM-M (b).

Data S1 Xanthomonas citri ssp. citri (XAC) proteins identified
by mass spectrometry (P< 0.05) based on the XAC306 data-
base (Accession number NC_003919). Matched peptides are
indicated in bold/underlined. The number of different peptides
with the same sequence is shown in parentheses.

Table S1 Primers used in this study for quantitative reverse
transcription-polymerase chain reaction (qRT-PCR).
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