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Xanthomonas campestris pv. campestris (Xcc) is the causal agent of black rot, a highly destructive
disease that affects all brassicas. This work aimed to study the interaction Xcc–Brassica oleracea
using an in vivo system in an attempt to identify proteins involved in pathogenicity. We
used label-free shotgun 2D-nanoUPLC/MSE to analyze Xcc proteins in three conditions: in
the interaction with susceptible (REK) and resistant (REU) plants and in culture medium
(control condition). A model of Xcc–susceptible host interaction is proposed and shows that
Xcc increases the abundance of several crucial proteins for infection and cell protection. In
this study, we also confirmed the differential expression by qPCR analysis of selected genes.
This is the first report showing a large-scale identification of proteins in an in vivo host plant
condition. Considering that most studies involving phytopathogens are in vitro (growth in
culture medium or in plant extract), this work contributes with relevant information related to
the plant–pathogen interaction in planta.
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1 Introduction

Xanthomonas campestris is the most complex Xanthomonas
species due to the numerous host plants it can infect. It is
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formed by multiple pathovars (more than 140) and causes
severe yield losses in agriculture [1, 2]. X. campestris pv.
campestris (Xcc) affects all cruciferous plants and therefore
has an important economic impact. This pathogen is dis-
seminated by infected seeds and occurs in all cruciferous
producing areas around the world [2, 3].

Genes involved in pathogenicity have been isolated
from species of Xanthomonas, however the pathogenic-
ity mechanisms are still not elucidated [4]. Regarding
Xcc, pathogenicity and virulence genes, which are crucial
for disease development, have also been identified such
as the xccR gene, which might be able to activate the
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Significance of the study

Black rot disease, caused by Xanthomonas campestris pv.
campestris (Xcc), is a serious problem that affects produc-
tion of crucifer plants worldwide. Understanding Xcc–host
plant interaction is crucial to obtain more efficient strate-
gies to control this disease. Most studies of phytopathogenic
bacteria are performed in culture media. In this work, we

analyzed the interaction Xcc–Brassica oleracea using an in
vivo system to identify proteins involved in pathogenicity
by label-free shotgun proteomics. We present a model of
Xcc–susceptible host interaction and show several proteins
differentially abundant in the plant–pathogen interaction in
planta.

virulence gene proline iminopeptidase (pip), as well as the
genes, Phosphoribosylaminoimidazole-succinocarboxamide
synthase (purC) and UTP–glucose-1-phosphate uridylyltrans-
ferase (galU), whose inactivation led to loss or reduced viru-
lence [5–7]. Although the knowledge of the complete genome
sequences of some Xanthomonas campestris strains, predicted
to encode more than 4.000 proteins, has contributed for the
identification of genes involved in infection and host speci-
ficity (reviewed in [2]), the question whether these genes
are expressed and translated into proteins remains mostly
unanswered.

Proteomic studies of Xanthomonas species have been per-
formed in order to complement genomic data and identify
proteins responsive to different environmental conditions;
however, most reports are directed to the cultivation of the
bacterium in culture media [8, 9]. Few studies have ana-
lyzed Xanthomonas protein accumulation in the presence
of plant extracts [10, 11] and even fewer under in vivo con-
ditions [12–14]. Recently, high throughput proteomic tech-
niques have been increasingly used to study plant pathogens
and have revealed a better view of the changes that occur in
protein accumulation [15, 16]. We have previously analyzed
the proteome of Xcc during the interaction with Brassica oler-
acea, using an in vivo system and 2DE, however a low number
of proteins could be detected and identified [12, 13]. In this
study, we have investigated Xcc–B. oleracea interaction using
the same in vivo system and the shotgun proteomics method
2D-nanoUPLC/MSE. A model of the susceptible interaction
between Xcc and the host plant is proposed, which shows
several proteins involved in pathogenicity. Some of these pro-
teins, considered important in the interaction with the host
plant, were further analyzed using qPCR.

2 Materials and methods

2.1 In vivo system—infiltration of Xcc in B. oleracea

leaves

Xcc isolate 51 (Xcc51), obtained from the culture collection of
Embrapa Hortaliças was grown on nutrient yeast glycerol
(NYG) medium [17]. Young leaves of the B. oleracea sus-
ceptible (Kenzan-REK) and resistant (União-REU) [18] cul-
tivars were used in this study and maintained in greenhouse

conditions. Initially, to determine the moment for bacterial
recovery, population dynamics in planta was performed in
order to verify the bacterial growth. A total of five biological
replicates were performed. Leaf discs of 0.9 cm in diameter
were excised at 0, 24, 48, 72, and 120 hours after inocula-
tion (hai), macerated in 1 mL of water and plated onto Petri
dishes in appropriate dilutions to count colony forming units
(CFU) (Supporting Information Fig. 1). For LC-MS analy-
sis, Xcc51 was precultured in NYG, centrifuged, suspended
in 0.85% NaCl (OD600 = 0.6) and used to infiltrate leaves
of 45 days old plants with a needle-free syringe. The bac-
terium grown in culture medium NYG (OD600 = 0.8) was
used as the control condition. The bacterium recovery from
the plant was performed according to Mehta and Rosato [19],
with some modifications. Briefly, at 48 hai, 15 leaves from
three plants were collected and cut in a Petri dish contain-
ing distilled water. After 30 min, the solution containing
the bacterial cells was filtered under vacuum using filter
paper (Millipore R©) and again in 5 �m filters (Minisart R©).
The recovered bacterial cells were used for protein
extraction.

2.2 Protein extraction and LC-MS analysis

For the LC-MS analysis, three growth conditions were com-
pared: (1) Xcc recovered from REK; (2) Xcc recovered from
REU; and (3) Xcc grown in culture medium (control). For each
condition, three biological and three technical replicates were
performed, totalizing nine replicates (Supporting Informa-
tion Fig. 1). Total proteins were extracted according to de Mot
& Vanderleyden [20]. Precipitated proteins were solubilized
in 50 �L of 50 mM ammonium bicarbonate and prepared
for proteomic analysis according to Murad et al. [21], with
some modifications. Total proteins (approximately 10 �g)
suspended in ammonium bicarbonate were hydrolyzed us-
ing trypsin (200 ng) at 37�C. Tryptic peptides were analyzed
using a nanoACQUITYTM system (Waters R©) with 2D dilu-
tion technology coupled to a Synapt G2 HDMSTM mass spec-
trometer (Waters R©) following procedures and settings de-
scribed in Petriz et al. [22]. The protein identification crite-
ria included the detection of at least one fragment ion per
peptide, three peptides per protein, the determination of at
least one peptide per protein and the identification of the
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protein was allowed with a maximum 4% false-positive dis-
covery rate. Mass spectra were processed and compared to
specific Xanthomonas spp. in the Uniprot database using
ProteinLynx Global Server (PLGS) version 3.0 (Waters R©).
For the analysis of protein identification and quantification
level, the observed intensity measurements were autonor-
malized and only proteins found in at least two biological
replicates were considered. After protein identification, enzy-
matic classification and gene ontology information were also
searched.

2.3 Analysis of gene expression using qPCR

Total RNA was extracted from the bacterial cells recovered
from B. oleracea susceptible genotype (Kenzan) 48 hai and
Xcc grown in culture medium NYG (control group) using
the hot acid phenol method [23]. The extracted RNA was
treated with TurboTM DNAse (Applied Biosystems/Ambion)
according to the manufacturer’s instructions. These sam-
ples were submitted to qPCR reaction using the 16S rRNA
(16S Ribossomal RNA) primer to verify the absence of ge-
nomic DNA. Approximately 1 �g of total RNA was used to
synthesize cDNA using the Go ScriptTM Reverse Transcription
System (Promega) according to manufacturer’s instructions.
Specific primers (Supporting Information Table 1) were de-
signed using Primer 3 program [24].

A total of nine genes encoding the proteins highlighted
in our model, considered important for the pathogenicity
of Xcc (susceptible interaction), were selected for qPCR:
Kad (Q3BPM9, adk); CarB (P58942, carB); AcP (P63446,
acpP); FabH (Q8PBV1, fabH); ArgD (Q8PH31, argD); FabV
(Q8PE66, fabV); Clp (Q4UZF6, clp); ClpX (Q8PNI4, clpX); and
Ssb (Q8PIJ2, ssb).

The qPCR experiments were performed in the thermal cy-
cler 7300 Real-Time PCR System (Applied Biosystems). The
reaction consisted of Fast SYBR R© Green Master Mix (Applied
Biosystems), 0.2 �M of each primer (forward and reverse)
and 2 �L single-stranded cDNA (diluted 20X) corresponding
to each sample. The PCR program used was a step at 95�C

for 10 min to activate the Taq polymerase enzyme (hot start),
95�C for 15 s, 60�C for 60 s repeated for 40 cycles. The de-
naturation curve - "melt curve" (95�C for 15 s, 60�C for 60 s,
and increased 0.3�C up to 95�C) was held after the end of the
amplification to verify the presence of nonspecific products
or primer dimmers. The raw data of fluorescence for all runs
were imported into the Real-time PCR Miner software [25]
in order to determine the Cq value and the PCR efficiency.
The relative expression (fold change) and statistics were per-
formed using REST software [26]. All experiments were per-
formed with three biological and three technical replicates.
For normalization, the 16S rRNA (16S Ribosomal RNA) [27]
and iroN (TonB-dependent receptor) genes were used. These
genes were selected based on analyses of the geNorm soft-
ware [28].

3 Results and discussion

3.1 Population dynamics of Xcc and symptom

development

In order to determine the sampling point with the highest
number of Xcc cells recovered from the plant, a population
dynamics study was performed (Fig. 1). The statistic analysis
confirmed that in both cultivars the time point with the high-
est number of cells was at 48 hai (REK 7.3 log10CFU/cm2 and
REU 7.1 log10 CFU/cm2). A decrease in the population could
be observed at 72 hai (Fig. 1) and therefore, 48 hai was selected
as the sampling point for the proteomic analysis for both
REK and REU interactions. The symptoms were also com-
pared and began at 48 hai on both cultivars. In REK, injuries
were more pronounced, with a higher affected area beyond
the infiltration point showing chlorotic lesions, necrotic re-
gions, and gelatinous consistency of infected area (Fig. 1A–C).
On the other hand, lesions were dry and contained in REU
cultivar (Fig. 1D–F). These results show a clear difference in
disease development in both cultivars and confirm previous
data obtained by our group [13].

Figure 1. Comparison of bacte-
rial growth in infiltrated leaves
of Kenzan and União with Xcc
at five different time points; ver-
tical bars indicate standard er-
ror of three biological replicates.
Tukey’s multiple comparisons
test and two-way RM ANOVA
analyzed p value � 0.05. On the
right, B. oleracea leaves of Ken-
zan and União inoculated with
X. campestris pv. campestris
showing the onset of necrosis
at 48 hai. The black arrows in-
dicate the infiltrated region with
necrosis.
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3.2 Proteomic analysis

In this study, a comparative analysis of proteins accumu-
lated in vivo during the interaction of Xcc and the susceptible
(REK) and resistant (REU) brassica plants was performed to
identify proteins, which may be important for pathogenic-
ity. The data obtained by 2D-nanoUPLC/MSE was processed
and submitted to analysis in the PLGS platform (Supporting
Information Table 2, spreadsheets 1–5). More than 4000 pep-
tides were obtained and were grouped into approximately 380
proteins. A lower number of proteins was identified in the in
vivo conditions when compared to growth in the rich medium
NYG. Probably, due to the stressful environment during con-
tact with the host plant, the bacterium needs to save energy
and therefore reduce growth. Similar results have been re-
ported earlier using 2DE [29]. Moreover, it is probably neces-
sary to synthesize several proteins for energy production and
uptake.

Plant proteins were also identified in the in vivo samples
(Supporting Information Table 3). It was interesting to ob-
serve a lower diversity of the bacterial proteins identified in
REU as well as a higher amount of plant proteins in this
sample. Similar results were obtained by Villeth et al. [13]
when analyzing Xcc recovered from the resistant plant (REU)
by 2DE. It seems that the presence of more plant proteins
in REU is indeed a response of the resistant plant and not a
technical artifact, especially since these results were consis-
tent in all biological replicates by using two proteomic tech-
niques. The presence of plant proteins may be a limitation
of the in vivo approach, especially since they could compete
during detection and could account for the lower number of
bacterial proteins detected due to signal suppression when
compared to culture medium growth. However, this method
is the closest to the naturally occurring infection of the plant
and has proven useful for a large-scale screening of protein
abundance.

For the proteomic analysis, comparisons between REU
and the control condition (REU:control), REK and the con-
trol condition (REK:control) and between REK and REU
(REK:REU) were performed. Repeated proteins (same pro-
tein product with different accession numbers showing iden-
tical sequences) were considered only once. In the compar-
ison REU:control, 108 differential proteins were identified
out of 121 proteins, including 80 exclusive to the control. A
total of 14 proteins were increased and 14 decreased in REU
(Supporting Information Table 2 spreadsheet 3). In the com-
parison REK:control, 105 differential proteins were identified
out of 127, including 46 exclusive to the control, 34 increased
and 22 decreased in REK. Three proteins were exclusive to
REK (Supporting Information Table 2 spreadsheet 4): Acety-
lornithine aminotransferase (ArgD/Q8PH31) and Ketol-acid
reductoisomerase (IlvC/Q8PH09 and IlvC/Q3BPK3). Inter-
estingly, IlvC was also detected in the control condition under
different accession numbers (Q4UYF7; B0RP32; Q8P5L5).
The alignment of all five sequences revealed several differ-
ences between IlvC identified in REK and IlvC identified in

the control, indicating that they represent different protein
species. Similarly, other proteins also showed this behavior
and are indicated by an asterisk in Supporting Information
Table 2. These results suggest that Xcc may have copies of
the same gene, which have different expression patterns.
The third comparison, performed between REK and REU
(REK:REU), revealed 80 proteins in total, 17 of which showed
differential abundance, including four increased and 13 de-
creased in REK. A total of 35 proteins were unique to REK
(Supporting Information Table 2 spreadsheet 5).

In order to characterize the function of the identified
proteins, a classification according to GO was performed
(biological process and molecular function), using the data
from UniProt (Source: UniProtKB-HAMAP or InterPro).
The GO analysis revealed that most proteins with increased
abundance in REK (61%), when compared to the control,
were related to cellular metabolism (citrate cycle, glycoly-
sis/gluconeogenesis, oxidative phosphorylation, other carbo-
hydrate metabolism, and pentose phosphate pathway) (Sup-
porting Information Fig. 2A). Moreover, a large number of
proteins were associated with protein synthesis correspond-
ing to 15% (transcription and translation factors as well as
ribosomal proteins). DNA replication and maintenance of cel-
lular activity have been reported as essential for colonization
and dissemination of Xcc in infected tissue [9]. Some studies
have reported the possibility of an increase in metabolism pro-
teins during the infection process, which could be involved
in bacterial pathogenicity [30]. Nevertheless, the functions
of these genes in bacterial physiology and their relations in
metabolism, catabolism, and pathogenicity are not well un-
derstood.

Most proteins with reduced abundance in this interac-
tion were components of translational machinery (59% ri-
bosomal proteins, followed by 18% chaperones and 14%
elongation and translation factors) (Supporting Information
Fig. 2B). Bacterial growth is mainly dependent on the
ribosome and related proteins; therefore protein synthe-
sis is crucial for bacterial biomass formation [31]. These
results may be explained by the reduction in bacterial
growth, probably due to restricted nutrient availability
in the plant tissue, when compared to culture medium
conditions.

When REU:control were compared, it was interesting to
note that the functional groups of the proteins identified were
very similar to that of REK:control (Supporting Information
Fig. 2C–D). As expected, several unique proteins were iden-
tified in the control condition when compared to REK (46)
and REU (80). Most of these proteins are involved in en-
ergy acquisition, primary and secondary metabolism, cellular
growth, and macromolecule synthesis. In culture medium
conditions, temperature and nutrients are optimal for growth
and development of the bacteria and therefore the abundance
in metabolism proteins is expected and has been identified
in other studies [9, 32]. Some uncharacterized proteins were
identified in the control condition and their function is yet
unknown.
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Figure 2. Model of susceptible Xcc–host interaction. Proteins in black and red (underlined) indicate increased and decreased abundance,
respectively, in REK when compared to the control. Proteins in dotted rectangles indicate unique proteins in REK compared to the control.
(**) Exclusive protein in REK when compared to REU; (*/�) proteins with increased and decreased abundance, respectively, in REK when
compared to REU; (QS) quorum sensing; (RKL) receptor-like kinase; (TISS) type I secretion system; (TIISS) type II secretion system; (TIIISS)
type III secretion system.

In the comparison REK:REU, most differential proteins
with increased abundance were involved in protein synthesis
and assembly (Supporting Information Fig. 2E–F). These re-
sults are in accordance with the successful colonization of the
plant tissue during a susceptible interaction, which requires
a more efficient functioning of the protein synthesis appara-
tus. Moreover, the bacterial cells are probably in a less hostile
environment in the susceptible plant when compared to the
resistant. Chaperones were also identified and some were in-
creased while others were decreased in REK. Chaperones are
primarily involved in protein assembly and folding, however
they may perform several other functions in the cell, such
as transport of precursor proteins to and across biological
membranes, modulation of the oligomeric state of protein
complexes and facilitation of protein degradation [33]. The
multiple functions performed by different chaperones may
explain the diversity in their abundance during Xcc–plant in-
teraction. Several proteins unique to REK were also observed
and seem to be important for pathogenicity and host colo-
nization. These proteins are discussed in the model below.

3.2.1 Model for Xcc–host plant interaction

Here we discuss proteins, which were considered the most
relevant in the interaction with the plant, based on their func-
tion. Some of these proteins were selected for qPCR analysis.
We propose here a model for Xcc–host plant interaction in
vivo, considering the proteins detected in the REK:control
comparison (Fig. 2 and Supporting Information Table 4).
Some proteins were also identified in the other comparisons
and therefore in some cases, a general discussion regarding
their role in all three conditions is presented.

The model illustrates the first line of defense of the
host plant, a basal response mediated by the recognition
of pathogen-associated molecular patterns (PAMPs), such as
flagelin proteins. The recognition of PAMPs by the plant
results in an immunity response known as PTI (PAMP-
triggered immunity). In this study, in all compared condi-
tions (REU:control, REK:control, and REK:REU), the expres-
sion of some elongation factors (G, Ts, and Tu) was reduced,
however, in REK:REU, EF-Tu-1, and EF-Tu-2 (tfu1, tfu2) were
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increased in REK. Elongation factors are among the most
abundant proteins in bacterial cells and are highly conserved
[34]. Studies have shown that EF-Tu proteins have complex
and multiple functions and can act as PAMPs, suggesting
that the recognition of EF-Tu by the plant occurs by an EF-Tu
receptor, which results in the activation of defense responses
in the plant [35, 36]. The differential abundance of EF-Tu-1
and EF-Tu-2 in REK may be related to the ability of Xcc to
overcome plant defense and establish infection.

When the plant recognizes PAMPs by surface-localized
plasma membrane pattern recognition repeat (PRR), a sig-
naling pathway is triggered (PTI), including the production
of ROS, considered the first line of defense, formed in an
attempt to contain the pathogen. Xcc then reacts against the
ROS produced by the plant and tries to create a favorable
environment for survival and growth by increasing the pro-
duction of superoxide dismutase (sodA). Interestingly, sodA
was increased in REK:control and REU:control and reduced
in REK:REU. These results indicate that in the first two com-
parisons, sodA is being produced to overcome plant defense
response and in the third (REK:REU), sodA is reduced in
REK since in REU, Xcc needs to produce higher amounts
of this protein in order to try to establish infection, probably
due to a higher production of ROS in REU. Similar results
were obtained for XanB, involved in polysaccharide produc-
tion, probably for cellular protection. XanB showed the same
expression profile as sodA, which can also be explained as
an attempt of Xcc to preserve survival in a more hostile en-
vironment due to a more pronounced defense response in
REU.

A high number of proteins involved in metabolism and
production of energy were identified and are shown in the
model, including, Succinyl-CoA ligase [ADP-forming] sub-
unit beta (SucC), Malate dehydrogenase (Mdh), Acyl carrier
proteins (Acp), S-adenosylmethionine synthase (MetK), Xy-
lose isomerase 1 and 2 (XylA 1; XylA2), Enoyl-[acyl-carrier-
protein] reductase (FabV), 3-oxoacyl-[acyl-carrier-protein] syn-
thase 3 (FabH), Single-stranded DNA-binding protein (Ssb)
and Adenylate kinase (Kad). These results suggest that Xcc
increases the abundance these proteins to colonize the host
tissue. Two of these proteins were selected for qPCR: Acyl car-
rier protein and Enoyl-(acyl-carrier-protein) reductase (FabV
and FabH). Some of these proteins may have additional func-
tions and may be involved in pathogenicity. FabH (unique
to REK), for example, is an enzyme important for fatty acid
biosynthesis and has been associated with regulation of vir-
ulence factors [37]. The acpP and fabV genes are also impor-
tant for fatty acid biosynthesis, phospholipid biosynthesis,
lipopolysaccharide biosynthesis, activation of prohemolysin,
and membrane-derived oligosaccharide biosynthesis [38–41].

During the interaction with the host plant, the bacterium
also produces important proteins for growth, such as
DNA directed RNA polymerase subunits alpha and beta
(RpoA and RpoB, respectively). The model shows other
identified proteins related to glycolysis (enolase and 2, 3-
biphosfoglycerate), as well as cellular division and protein

synthesis (DNA-directed RNA polymerase subunits,
alpha, beta, and beta’ (RpoC); RNA polymerase sigma factor
(RpoD), tRNA-directed proteins (CarB, analyzed by qPCR),
and mRNA-directed proteins (30S ribosomal proteins S3
(Rs3); polyribonucleotide nucleotidyltransferase (Pnp); 50L
ribosomal protein L2, (Rl2)), which are also increased.
However, a lower growth rate is maintained in planta, when
compared to the culture medium condition, which is in
accordance with the decreased abundance of several proteins
associated with ribosome assembly, such as 30S and 50L
ribosomal proteins (Fig. 2, red underlined). The Trigger
factor (Tig) and chaperone proteins 60 kDa (Ch60), 10 kDa
(Ch10), and DnaK, important for protein folding, are also
reduced during infection. The reduction in the abundance
of chaperones in vivo may be related to the compromised
translational apparatus (ribosomal proteins). Interestingly,
ClpX (analyzed by qPCR), also involved in protein folding,
was exclusive to REK in the REK:REU comparison and
exclusive to the control in REU:control comparison (Sup-
porting Information Table 2). These results show that this
protein is produced in REK and in the control condition in a
similar way, however in REU it is not produced. It seems this
protein is probably affected by plant defense in the resistant
plant.

In order to identify variations in the environment, bacteria
use extracellular signals such as nutrient availability (carbon,
ions, phosphorous, sulfur, etc.) and environmental condi-
tions (pH, temperature, oxygen availability, oxidative stress,
etc.). Bacteria have complex mechanisms to respond to these
changes by modulating proteins related to transcription reg-
ulation. In our study, we observed that Xcc increases such
proteins including RpoA, RpoB, RpoC, and RpoD, also in-
volved in protein synthesis as mentioned above. The increase
in abundance of these proteins in Xcc may play an important
role in adaptation and colonization of the plant cell, using the
host tissue as energy source to survive, multiply, and produce
effectors in order to overcome plant defenses and cause the
disease. Clp (CRP [cyclic AMP receptor protein]-like protein),
analyzed by qPCR, is also highly important for pathogenicity
and is produced during plant infection. Clp is a transcrip-
tion factor that regulates the expression of a high number
of genes involved in pathogenicity in xanthomonads [42]. It
has also been reported that the deletion of clp in Xcc sig-
nificantly decreases expression of virulence-associated func-
tions [42]. As reported by He et al. [42], Clp can function
as (1) global regulator in DSF (Diffusible Signal Factor) sig-
naling pathway to regulate DSF-controlled genes/functions
responsible for virulence, such as genes encoding extracel-
lualar enzymes, exopolysaccharides (EPS) biosynthesis, and
flagellum synthesis and (2) DSF-independent modulation of
biofilm formation. It was interesting to detect Clp as exclu-
sive to the control in the REU:control comparison, which
may be related to biofilm formation or to exopolysaccharides
biosynthesis. Similarly, engXCA, which is an edoglucanase
whose expression may also be controlled by DSF [43], was
also exclusive to the control in the same comparison. As
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reported by Wang et al. [44], DSF molecules are also pro-
duced in rich media (YEB and NYG), which may explain these
findings.

Another mechanism to circumvent the plant defense is
the increase in abundance of membrane proteins for ion
transport such as ATP synthase subunit alpha (AtpA), beta
(AtpB), and gamma chain (AtpG), as well as proteins involved
in cellular repair including DNA-directed RNA polymerase
subunit alpha, beta and beta’, 3-isopropylmalate dehydroge-
nase (Leu3), Ketol-acid reductoisomerase (IlvC). The bacterial
cell has the ability to detect metabolites, essential for amino
acid synthesis that are in the extracellular space and direct
them into the cell, which is a way of saving energy since the
bacterium does not have to produce them. Indeed, we have
identified transport proteins involved in oxidative phosphory-
lation, ion, and proton transport (AtpB, AtpD, and AtpG) as
well as transport proteins directly associated with respiratory
chain in the synthesis of ATP.

Although the proteins mentioned above may be related
to the capacity of the bacterium to infect the host plant, the
main pathogenicity mechanism of Xanthomonas involves the
production of effectors, which are delivered into the plant
cell through the Type III Secretion System (TIIISS). This
mechanism, developed during evolution to overcome initial
plant defense (PTI), results in effector-trigged susceptibil-
ity [45]. In this study, we have identified proteins, such as
acetylornithine (ArgD), which are delivered by this system
and were unique to REK, when compared to REU. ArgD is
part of a group of proteins involved in the biosynthesis of
ornithine, a constituent of faseolotoxin, which is a type of
phototoxin [46]. Faseolotoxin can cause arginine deficiency,
chlorosis, and growth inhibition in the host plant [47]. In sil-
ico studies have shown that the same region that encodes
this protein also encodes a family of transcription factors
(AraC), that regulate the expression of a group of harpins
and other effectors [46]. Harpins are proteins secreted by
Gram-negative bacteria through the TIIISS, and are capa-
ble of triggering a hypersensitive response in plants [48].
These proteins can be directed to the intercellular spaces in
the plant tissue and trigger an innate immune response in the
plant [49].

As mentioned earlier, a total of nine genes were selected for
qPCR in order to complement the proteomic data. Since our
model focused on the susceptible interaction, we analyzed
gene expression using only REK samples. The amplification
efficiencies were determined individually for each sample by
the Miner software and were above 90% for all genes evalu-
ated (Supporting Information Table 1). The expression anal-
ysis confirmed the upregulation of all selected genes (Fig. 3).
Therefore, we can conclude that these genes, important di-
rectly or indirectly for Xcc colonization of the host plant,
are being regulated in a similar pattern as proteins during
the interaction with the host plant, and could be used as
future targets for knockout studies to confirm their role in
pathogenicity.

Figure 3. Relative expression quantification of genes involved in
the pathogenicity process of Xcc in planta. Each value represents
the mean of ± SE of three independent experiments (p < 0.05).

4 Concluding remarks

Although Xcc is a well-studied bacterium, most of the anal-
yses performed report the characterization of genes ex-
pressed in culture media conditions [8, 9]. In our work,
we have analyzed protein abundance of Xcc–B. oleracea in-
teraction using an in vivo system and have identified sev-
eral proteins involved in the interaction with the plant.
The results obtained showed that Xcc increases the abun-
dance of pathogenicity proteins, all important for plant in-
fection and plant colonization. On the other hand, Xcc
saves energy reducing the abundance of ribosomal pro-
teins and consequently protein synthesis and growth. Since
plant proteins were also identified in the in vivo samples, a
comparison of the identified proteins to Brassica database
was also performed (Supporting Information Table 3).
Among the plant proteins detected in REK and REU were
proteins involved in ethylene sensing and induction of jas-
monate. It seems that jasmonic acid and ethylene pathways
are activated during the interaction with the pathogen. Several
defense and stress-related proteins were observed, especially
in REU, such as lipoxygenase, annexins, and apocitocrome
f, as well as antimicrobial compounds (phitoalexins). Inter-
estingly, proteins associated to photosystem were also iden-
tified in REU (I P700; II CP43; II; Q(B); CP47). As observed
earlier by Villeth et al. [13], these results indicate that the
plant tries to minimize the damage caused by Xcc by increas-
ing important proteins for the regulation of photosynthesis.
Although we have highlighted some plant proteins in this
study, a deeper view can only be obtained by the analysis of
the plant proteome. Overall, the results obtained in this study
show a comprehensive view of the Xcc–host plant interaction.
A clear increase in pathogenicity proteins in the susceptible
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and resistant interactions was observed. Future studies will
be performed in order to verify the direct role of these pro-
teins in pathogenicity and contribute for the development of
more efficient strategies for black rot disease control. This is
the first report showing a large scale identification of proteins
in an in vivo condition.
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