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and clpA) by examining their expression profiles and 
functions in different processes, including stress tol-
erance and pathogenicity. We demonstrated that clpS 
and clpA were expressed in a temperature-dependent 
manner and that clpA was required for the survival at 
high temperature and full virulence of X. campestris 
pv. campestris. This work represents the first time that 
clpS and clpA were characterized in Xanthomonas.
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Introduction

Regulated proteolysis is an essential process that 
affects several biological pathways (Mahmoud and 
Chien 2018). In bacteria, this process is performed by 
energy-dependent AAA+ (ATPases associated with 
cellular activities) proteases that use the power of 
ATP hydrolysis to unfold, and translocate substrates 
(Mahmoud and Chien 2018). AAA+ proteases are not 
only required for regulated proteolysis, they are also 
essential for the quality control of aberrant or aggre-
gated proteins under certain conditions (Bittner et al. 
2016).

Several AAA+ proteases, such as FtsH, Lon, and 
Clp family proteases (ClpAP, ClpXP, and ClpYQ 
[HslUV]), exist in bacteria (Bittner et  al. 2016; 
Mahmoud and Chien 2018; Sauer and Baker 2011). 
All these AAA+ proteases are compartmentalized 
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is a Gram-negative pathogen that can cause black 
rot diseases in crucifers. The genome of X. camp-
estris pv. campestris has several clp genes, namely, 
clpS, clpA, clpX, clpP, clpQ, and clpY. Among these 
genes, only clpX and clpP is known to be required for 
pathogenicity. Here, we focused on two uncharacter-
ized clp genes (clpS and clpA) that encode the adaptor 
(ClpS) and ATPase subunit (ClpA) of the ClpAP pro-
tease complex. Transcriptional analysis revealed that 
the expression of clpS and clpA was growth phase-
dependent and affected by the growth temperature. 
The inactivation of clpA, but not of clpS, resulted in 
susceptibility to high temperature and attenuated vir-
ulence in the host plant. The altered phenotypes of the 
clpA mutant could be complemented in trans. Site-
directed mutagenesis revealed that K223 and K504 
were the amino acid residues critical for ClpA func-
tion in heat tolerance. The protein expression profile 
shown by the clpA mutant in response to heat stress 
was different from that exhibited by the wild type. 
In summary, we characterized two clp genes (clpS 
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proteases that consist of two distinct functional units 
with separate activities, namely, ATPase and protease 
(Baker and Sauer 2006; Bittner et al. 2016; Mahmoud 
and Chien 2018). In FtsH and Lon, the ATPase and 
protease domains are located in a single polypeptide 
(Bittner et al. 2016; Mahmoud and Chien 2018; Sauer 
and Baker 2011). In the Clp family, the AAA+ fam-
ily ATPase subunit (ClpA, ClpX, and ClpY [HslU]) 
and the proteolytic subunit (ClpP and ClpQ [HslV]) 
are encoded in distinct polypeptide chains (Bittner 
et  al. 2016; Mahmoud and Chien 2018; Sauer and 
Baker 2011). ClpA and ClpX function as chaper-
ones and bind to ClpP (serine protease) to form the 
ATP-dependent protease ClpAP or ClpXP, whereas 
ClpY (HslU) interacts with ClpQ (HslV) to form the 
ClpYQ (HslUV) protease (Chandu and Nandi 2004).

In the ClpAP protease, one or two AAA+ ClpA 
hexamers associate with the tetradodecameric ClpP 
to perform ATP-dependent protein degradation (Oli-
vares et al. 2018). An adaptor protein, such as ClpS, 
that interacts with the N-terminal domain of ClpA 
and influences the ClpAP complex, may also be 
associated (Erbse et al. 2006). ClpAP exists in most 
Gram-negative proteobacteria and has been character-
ized extensively in the model organism E. coli (Kress 
et al. 2009a). ClpS is a highly conserved protein, and 
ClpS homologs are found not only in bacteria but 
also in plants (Dougan et  al. 2002). ClpA, as a part 
of the ClpAP complex, has several functions: ATP 
hydrolysis, substrate recognition, protein unfolding, 
and translocation to its proteolytic partner ClpP (Xia 
et al. 2004). In the absence of the proteolytic compo-
nent ClpP, ClpA functions as a molecular chaperone 
and catalyzes protein unfolding and limited protein 
remodeling (Wickner et  al. 1994; Xia et  al. 2004). 
ClpS can regulate ClpA substrate selection and is 
an essential component of the N-end rule pathway 
(Erbse et al. 2006). In E. coli, ClpS directly interacts 
with destabilizing N-terminal residues and delivers 
them to the ClpAP complex for degradation (Schmidt 
et  al. 2009). In addition to act as an enhancer of N-
end rule substrate degradation, ClpS affects catalytic 
steps of the ClpAP degradation cycle and modulates 
the ClpAP complex by controlling its ATPase activity 
(Torres-Delgado et al. 2020).

Xanthomonas campestris pv. campestris is an 
important plant pathogen that causes black rot, a sys-
temic vascular disease of crucifers (An et  al. 2020). 
Six predicted Clp family protein-encoding genes have 

been annotated in the genome of X. campestris pv. 
campestris (da Silva et al. 2002; Liu et al. 2015; Qian 
et al. 2005; Vorholter et al. 2008). They are the adap-
tor protein encoding gene (clpS), genes coding for 
AAA+ ATPase (clpA, clpX, and clpY), and genes cod-
ing for Clp protease (clpP and clpQ). Among these 
genes, only two (clpX and clpP) have been studied. 
The X. campestris pv. campestris clpX has been found 
to play an important role in bacterial attachment, 
stress tolerance, and virulence (Lo et  al. 2020). The 
X. campestris pv. campestris clpP has been shown to 
be required for growth under heat stress and in the 
presence of puromycin and is essential for full viru-
lence; moreover, its expression is induced by heat 
shock (Li et al. 2020). In this study, we aimed to char-
acterize clpS and clpA in X. campestris pv. campes-
tris. We performed a transcriptional fusion assay to 
evaluate the expression of clpS and clpA. In addition, 
we utilized the deletion mutants of clpS and clpA, 
along with their genetic complements, to investigate 
the functions of the corresponding proteins in the 
stress tolerance and pathogenicity of X. campestris 
pv. campestris.

Materials and methods

Strains, media, and culture conditions

The E. coli ECOS™ 101 Competent Cells [DH5α] 
that were used as the host for DNA cloning were 
purchased from Yeastern Biotech. The wild-type X. 
campestris pv. campestris strain 17 (Xcc17) was iso-
lated in Taiwan (Yang and Tseng 1988). The Xcc17-
derived mutant strains constructed in this study 
included HCS (clpS mutant) and HCA (clpA mutant) 
and were obtained through marker exchange. All bac-
terial cultures were routinely cultured in Luria–Ber-
tani (LB) medium (Miller 1972) unless otherwise 
noted. E. coli and X. campestris pv. campestris strains 
were incubated at 37  °C and 28  °C, respectively. 
XOLN supplemented with glycerol (2%) was used as 
the basal salt medium (Fu and Tseng 1990). Ampicil-
lin (50  μg/mL), kanamycin (50  μg/mL), gentamycin 
(15 μg/mL), and tetracycline (15 μg/mL) were added 
to the medium as required. For liquid cultures, bacte-
rial cells were grown with shaking at 180 revolutions 
per minute (rpm). The agar concentration used for 
solid media was 1.5%.
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Molecular techniques

The restriction enzymes, T4 DNA ligase, and Taq 
DNA polymerase used in this study were purchased 
from Promega, Roche, and Yeastern. DNA manipu-
lation and E. coli DNA transformation were per-
formed in accordance with standard methods as pre-
viously described (Sambrook et  al. 1989). Genomic 
and plasmid DNA samples were prepared by using 
the Wizard® Genomic DNA Purification Kit (Pro-
mega) and the Gene-Spin™ Miniprep Purification 
Kit (Protech), respectively. Polymerase chain reaction 
(PCR) was performed as previously described (Hsiao 
et al. 2005) with the primers listed in Table 1. DNA 
sequences were determined by Mission Biotech Co., 
Ltd. (Taipei, Taiwan). X. campestris pv. campestris 
was transformed through electroporation (Wang and 
Tseng 1992).

Upstream region construction and promoter activity 
assay

DNA fragments containing the upstream regions 
of clpS and clpA were PCR-amplified by using the 
primer pair 35PstI/476XbaI and 621PstI/946XbaI 
and ligated into the cloning vector yT&A (Yeast-
ern) to generate pTclpS and pTclpA. After sequence 
confirmation, the insert in pTclpS and pTclpA was 
excised and cloned ahead of a promoterless lacZ 
gene (reporter) in pFY13–9 (Lee et al. 2001) to yield 

pFYclpS and pFYclpA. The resulting plasmids car-
ried nt –448/–7 (442 bp) and –326/–1 (326 bp) region 
relative to the clpS and clpA putative translational 
start point, respectively (Fig. 1).

For the promoter activity assay, the X. campes-
tris pv. campestris wild-type Xcc17 carrying the 
above constructs were cultured overnight and inocu-
lated into fresh media to an initial optical density 
at 550  nm (OD550) of 0.35. Then, the cultures were 
incubated either at 28 °C or at 37 °C. Aliquots were 
withdrawn at 6, 24, 30, and 48 h postincubation, and 
β-galactosidase activity was determined as described 
previously (Miller 1972). Further, the promoter activ-
ity was also measured by growing cells at 28  °C to 
mid-exponential phase (OD550 = 0.6) in LB medium. 
Then, the cultures were divided into two parts, one 
was further grown at 28 °C and the other was shifted 
to 37 °C to initiate heat shock. At various time points, 
samples were taken for β-galactosidase assays. The 
experiment was performed in duplicate and repeated 
at least three times. Data were represented as the 
average of three replicates.

Sequence analysis and homology modeling

Nucleotide and predicted amino acid sequence analy-
ses and sequence comparison were performed online 
(http://​www.​ncbi.​nlm.​nih.​gov). The three-dimen-
sional structural models of Xcc17 ClpS and ClpA 
were based on the E. coli strain K-12 (Eco K-12) ClpS 

Table 1   PCR primers used in this study

a Added restriction enzyme sites are underlined. The mutated bases are in boldface and underlined
b F, forward direction; R, reverse direction

Primer Sequencea Direction and purposeb

35PstI 5′-CTC​GAG​CAG​GCT​TTC​GTC​CGGCT-3′ F, Promoter analysis
476XbaI 5′-TCT​AGA​TTA​TAC​GGT​CCC​GCG​CCC​TC-3′ R, Promoter analysis
401HindIII 5′-AAG​CTT​CCG​GCC​GGA​GAA​CAG​GCG​TA-3′ F, Complementation
946XbaI 5′-TCT​AGA​TGG​TAA​CTC​CGA​ACG​GCT​GT-3′ R, Promoter analysis, mutant construction 

and complementation
621PstI 5′-CTG​CAG​CAG​TTC​TTC​AAC​CTGGA-3′ F, Promoter analysis and mutant construction
899HindIII 5′-AAG​CTT​CCC​AAC​AAA​AGC​CGC​ATA​TTG-3′ F, Mutant construction and complementation
3232XbaI 5′-TCT​AGA​CGA​TCA​ATC​AAC​CGT​AGC​CG-3′ R, Mutant construction and complementation
223F 5′-CCG​GCG​TGGGC​CAG​ACC​GCG​ATC-3′ F, site-directed mutagenesis
223R 5′-GAT​CGC​GGT​CTG​GCC​CAC​GCCGG-3′ R, site-directed mutagenesis
504F 5′-GAC​CGG​TGT​GGG​CCAG​ACC​GAG​GTCAC-3′ F, site-directed mutagenesis
504R 5′-GTG​ACC​TCGGT​CTG​GCC​CAC​ACC​GGT​C-3′ R, site-directed mutagenesis

http://www.ncbi.nlm.nih.gov
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(PDB ID 2W9R) and ClpA (PDB ID 1KSF) from the 
RCSB PDB database. They shared 56.4% and 63.0% 
sequence identity with Xcc17 ClpS and ClpA, respec-
tively. Project mode with the SWISS-MODEL work-
space (https://​swiss​model.​expasy.​org) was used for 
the homology modeling structure of Xcc17 ClpS and 
ClpA (Arnold et  al. 2006). The web-based applica-
tion of NGL viewer (http://​prote​infor​matics.​chari​te.​
de/​ngl) was utilized for the molecular visualization of 
protein structure.

Mutant construction and complementation

The 135  bp PstI-EcoRI fragment in pTclpA which 
including internal region of clpS (nucleotide 
139 ~ 273) was excised and cloned into pOK12 to 
construct the clpS mutant (Vieira and Messing 1991). 
The obtained plasmid pOKclpS that contained the 
internal region of the Xcc17 clpS gene was then trans-
ferred into Xcc17 via electroporation following a sin-
gle crossover event. For the construction of the clpA 
mutant, the 2334-bp HindIII-XbaI fragment encom-
passing the upstream 48 bp fragment plus the entire 
coding region of the Xcc17 clpA was synthesized and 
cloned into pUC57-Mini (Protech) to yield pUCclpA. 
Then, the 693-bp EcoRV-PstI fragment of pUCclpA 

was excised and cloned into pOK12 to obtain pOK-
clpA. A GmR cartridge from pUCGM (Schweizer 
1993) was inserted into the HincII site within the 
pOKclpA insert. The resultant plasmid, pOKclpAG, 
was further transferred into Xcc17 through electropo-
ration allowing for double crossover. The insertion of 
pOKclpS or the GmR cartridge into the target gene 
(clpS or clpA) was verified through PCR. The con-
firmed clpS and clpA mutant strains were designated 
as HCS and HCA, respectively.

For the construction of the HCS complementation 
plasmid, the 546  bp DNA fragment encompassing 
the upstream 82  bp fragment plus the entire coding 
region of the Xcc17 clpS was amplified via PCR by 
using the primer pair 401HindIII/946XbaI and cloned 
into the broad-host-range vector pRK415 (Keen et al. 
1988), thus providing pRKclpS (Fig. 1). For the con-
struction of the HCA complementation plasmid, the 
2334-bp HindIII-XbaI fragment of pUCclpA was 
excised and cloned into pRK415, thus yielding pRK-
clpA (Fig.  1). For the complementation of the clpS 
and clpA mutants, plasmids pRKclpS and pRKclpA 
were electroporated into HCS and HCA, respec-
tively. The complemented strains were designated 
as HCS(pRKclpS) and HCA(pRKclpA). In paral-
lel, the empty vector pRK415 was introduced into 

Fig. 1   Comparative analysis of the organization of the clpS–
clpA regions in the genomes of X. campestris pv. campestris 
and E. coli. The regions in Xcc17 and the compatible regions 
in Eco K-12 are shown. The arrows specify the locations 
and orientations of the genes, and lines show the intergenic 
regions. The percentage values refer to the amino acid iden-
tity shared by two homologous proteins. The inverted trian-
gles indicate the position of pOKclpS and the GmR cartridge 

in the clpS and clpA mutants. The lower elements indicate the 
lengths and locations of the PCR-amplified fragments used for 
expression, mutation, and complementation analyses. The con-
struction of the reporter constructs (pFYclpS and pFYclpA) 
and the complementation plasmids (pRKclpS, pRKclpA, pRK-
clpAK223Q, and pRKclpAK504Q) is described in the “Mate-
rials and Methods” section. The primers used to construct 
these plasmids are presented below the solid lines

https://swissmodel.expasy.org
http://proteinformatics.charite.de/ngl
http://proteinformatics.charite.de/ngl
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Xcc17, HCS, and HCA to generate Xcc17(pRK415), 
HCS(pRK415), and HCA(pRK415) for comparison.

Site‑directed mutagenesis

The site-directed mutagenesis of ClpA was carried 
out by using the QuikChange Lightning Site-Directed 
Mutagenesis Kit (Agilent Technologies) in accord-
ance with the manufacturer’s instructions. The muta-
tion was constructed at the most commonly mutated 
residue in the Walker A motif of the AAA+ protein 
(Wendler et  al. 2012). The invariant lysine at posi-
tions 223 and 504 was substituted with glutamine 
by using pUCclpA as a template for PCR and the 
primers listed in Table 1. After DNA sequence veri-
fication, the mutated clpA was cloned into pRK415 
to obtain pRKclpAK223Q and pRKclpAK504Q 
(Fig.  1). The separate introduction of the resulting 
constructs into HCA yielded HCA(pRKclpAK223Q) 
and HCA(pRKclpAK504Q).

Stress tolerance assay

The temperature tolerance assay was performed in 
accordance with a previously described method (Lo 
et  al. 2020). Briefly, overnight cultures of the tested 
strains were diluted with fresh LB broth to an initial 
density of OD550 = 0.5 (5 × 108 cells/mL) and then 
subjected to tenfold serial dilutions (5 × 107 to 5 × 105 
cells/mL). Then, cell suspensions (5 µL) from each 
dilution were spotted on LB plates and incubated 
either at 28 °C or at 37 °C for 4 days. The assay was 
repeated independently at least three times with two 
replicates each time.

For survival testing, overnight cultures of the 
tested strains were diluted with fresh LB medium to 
an OD550 of 0.1, then the inoculants were incubated at 
28 °C with shaking at 180 rpm. Samples were taken 
at 24, 48 and 72  h post-inoculation and viable-cells 
were counted by plating cells on LB plates after incu-
bation of 3 days.

The tolerance of bacteria to H2O2, sodium dodecyl 
sulfate (SDS), and puromycin was evaluated by disk 
diffusion assays according to previously methods (Lo 
et  al. 2020). Briefly, the mid-exponential-phase cul-
tures were spread on LB plate and a disc (6 mm) con-
taining 10 μl of H2O2 (3%), SDS (5%), or puromycin 
(5 mg/mL) was placed on top. The growth-inhibition 

zones surrounding the discs were measured after 
incubation at 28 °C for 3 days.

Cell extract preparation and analysis

The overnight cultures of the tested strains were 
inoculated into fresh XOLN–glycerol medium to an 
initial OD550 = 0.35 and incubated at either 28 °C or 
at 37 °C for 24 h. The bacterial cells were collected 
through centrifugation at 12 000 × g for 2 min at 4 °C. 
Each preparation was obtained from the same number 
of cells. Cell pellets were rinsed and suspended in TE 
buffer (10 mM Tris–HCl, 1 mM EDTA, pH 8.0). Cell 
extracts were obtained through sonication (cycles 
of 4  s pulse and 5  s rest on ice for 2  min). Follow-
ing sonication, cell debris and unbroken cells were 
removed through centrifugation at 2000 × g for 2 min 
at 4 °C, and the supernatant fraction was referred to 
as cell extracts.

Protein aggregates were isolated in accordance 
with a previously described procedure (Kthiri et  al. 
2010) with some modifications. In brief, the cell 
extracts were incubated with or without 0.5% Triton 
X-100 for 15  min at 25  °C. Subsequently, insoluble 
cell fractions were recovered through centrifugation 
at 8000 × g for 15  min at 25  °C. The insoluble cell 
fractions treated with Triton X-100 were referred to 
protein aggregates, and those without Triton X-100 
treatment were obtained for comparison. The insolu-
ble cell fractions were analyzed by using sodium 
dodecyl sulfate polyacrylamide gel electrophoresis 
(SDS-PAGE), and protein bands were stained with 
Coomassie brilliant blue. The amount of loading was 
normalized in terms of colony forming units (CFUs) 
and was equivalent to 4.2 × 108 CFUs/lane. Bands 
containing the proteins of interest were excised from 
the gel and subjected to mass spectrometric analy-
sis using Thermo Orbitrap Fusion™ Lumos™ Tri-
brid™ Mass Spectrometer. The mass spectra were 
searched against the X. campestris database from 
UniProt (67,706 sequences; 23,224,367 residues) by 
using the Mascot searching engine (Proteome Dis-
coverer V2.2.0.388). The following parameters were 
set: Static modifications, Carbomidomethylation; 
Dynamic modifications, Acetylation, Deamidation, 
Oxidation; Precursor mass tolerance, 10  ppm; Frag-
ment mass tolerance, 0.02 Da and allowance of two 
missed cleavages.
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Virulence assay, bacterial attachment analysis and 
extracellular enzyme determination

The virulence of X. campestris pv. campestris strains 
on cabbage was determined by using the leaf clip 
inoculation method (Hsiao et al. 2011). Leaves were 
cut with scissors that had been dipped into the bac-
terial suspension with the adjusted cell concentra-
tion of OD550 = 1. Lesion lengths were measured, and 
images were taken 14  days postinoculation. Three 
independent experiments with six replicates were 
performed. The values were presented as mean lesion 
length ± standard deviations.

Bacterial attachment was tested by evaluating the 
ability of cells to adhere to the 96-well polystyrene 
microtiter plates (Nunc) as the previously described 
method (Lo et al. 2020). The production of extracel-
lular enzymes was determined by substrate-supple-
mented plate assay method as described previously 
(Hsiao et al. 2011; Li et al. 2020). The substrates sup-
plemented were carboxymethyl cellulose (0.5%, for 
cellulase), locust bean gum (0.2%, for mannanase), 
sodium polypectate (0.5%, for pectinase), and skim 
milk (1%, for protease). Each experiment was per-
formed at least three times.

Results and discussion

Expression of clpS and clpA is induced by heat 
treatment

The genome of the sequenced Xcc17 (Liu et al. 2015) 
possesses clpS (locus_tag AAW18_RS09760) and 
clpA (locus_tag AAW18_RS09765), which are adja-
cent to each other on the chromosome (Fig.  1). The 
infA and aat genes, which code for translation initia-
tion factor IF-1 and leucyl/phenylalanyl-tRNA-pro-
tein transferase, are located downstream of clpA. As 
shown in Fig. 1, Xcc17 and Eco K-12 contain com-
patible homologs with 49%–69% shared amino acid 
sequence identities (Blattner et  al. 1997). The mutT 
gene (locus_tag AAW18_RS0975 in Xcc17), which 
codes for NUDIX hydrolase, is located upstream of 
clpS, and its homolog appear elsewhere in the chro-
mosome in Eco K-12 (Blattner et al. 1997). The clpS 
and clpA genes, as well as their flanking genes, show 
similar organization in several X. campestris pv. 
campestris strains, such as ATCC33913, 8004, and 

B100, in addition to Xcc17 (da Silva et al. 2002; Qian 
et al. 2005; Vorholter et al. 2008).

Gene organization analysis demonstrated that clpS 
and its upstream gene mutT and clpA and its down-
stream gene infA are in opposite directions and that 
the clpS and clpA genes are linked together in the 
same orientation with a 143 bp intergenic space 
(Fig. 1). Considering their orientation and intergenic 
regions with flanking genes, clpS and clpA likely pos-
sess their own promoters. Sequence analysis revealed 
that the upstream regions of clpS and clpA resembled 
the sequence of the E. coli σ32-dependent heat-shock 
promoter (TTG​AAA​-N13-14-CCC​CAT​NT) (Koo et al. 
2009; Nonaka et  al. 2006). A possible σ32 promoter 
with a −35 box (CGT​AAA​) and a −10 box (GGCCA​
AAT) were located at −61 and −39 (with a spacer of 
14 nucleotides) relative to the clpS translation start 
site. A putative σ32-type promoter with a −35 box 
(TGGAAA​) and a −10 box (CCGCATAT​) sepa-
rated by 13 nucleotides was present 29 nucleotides 
upstream of the clpA initiation codon. In considera-
tion of the presence of the σ32-type promoter, we pre-
dicted that the expression of clpS and clpA may be 
influenced under heat-shock conditions.

For the evaluation of clpS and clpA expression, 
the upstream regions of clpS and clpA were cloned 
ahead of a promoterless lacZ gene in pFY13–9 
(Lee et  al. 2001) to yield pFYclpS and pFYclpA 
as described in the “Materials and Methods” sec-
tion. Then, the generated reporter constructs were 
introduced into Xcc17. The resulting strains, 
Xcc17(pFYclpS) and Xcc17(pFYclpA), were 
used to evaluate the expression of clpS and clpA. 
The transcription levels of clpS and clpA was first 
monitored from an initial optical density at 550 
nm of 0.35. The promoter activities of clpS and 
clpA were assayed by measuring β-galactosidase 
activities in Xcc17(pFYclpS) (Fig.  2a) and 
Xcc17(pFYclpA) (Fig. 2b) grown at 28 °C or 37 °C. 
In the Xcc17(pFYclpS) and Xcc17(pFYclpA) 
strains grown at a normal physiological tempera-
ture (28  °C), the activities were 69 and 121 U at 
6 h, respectively; increased following cell growth; 
and then peaked at 48 h (343 and 769 U). When the 
strains were grown at 37 °C (heat stress condition), 
the levels of β-galactosidase activities increased 
gradually and reached their maxima of 413 U in 
Xcc17(pFYclpS) and 1220 U in Xcc17(pFYclpA) 
at 48 h, exhibiting approximately 1.6-fold increment 
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in both cases compared to the culture growing at 
normal temperature. Among the four time points 
determined, substantially transcriptional changes 
were observed under heat treatment, although the 
differences were not big. To further evaluate the 
effect of temperature, cells of Xcc17(pFYclpS) and 
Xcc17(pFYclpA) were cultured at 28 °C to mid-log 
phase (OD550 = 0.6), then each of the cultures was 
divided into two parts, one was further grown at 
28  °C and the other at 37  °C. The β-galactosidase 
activities were measured in cultures after 0, 5, 
10, 15, 30, 60, 120, 180, and 300 min. As shown 
in Figs.  2c and 2d, when samples were taken at 

short time intervals (0, 5, 10, 15, 30, and 60 min), 
the increment of bacterial growth was not signifi-
cant and the OD550 value of Xcc17(pFYclpS) and 
Xcc17(pFYclpA) was around 0.67 at normal physi-
ological temperature (28  °C), which was almost 
identical to that under heat treatment (37  °C). At 
time points 120, 180, and 300 min, bacterial growth 
was observed and the OD550 values rose gradually 
and reached 1.67 and 1.25 in Xcc17(pFYclpS) and 
1.58 and 1.35 in Xcc17(pFYclpA) at 28  °C and 
37  °C, respectively, at 300 min (Fig.  2c and 2d). 
At 28  °C, the β-galactosidase activities expressed 
by Xcc17(pFYclpS) and Xcc17(pFYclpA) were 

Fig. 2   Expression of clpS and clpA in X. campestris pv. camp-
estris. The wild-type strain Xcc17 harboring the reporter con-
struct pFYclpS (a, c) or pFYclpA (b, d) was cultured in LB 
medium. The initial cultures were adjusted to OD550 = 0.35 (a, 
b) or grown to mid-log phase (OD550 = 0.6) (c, d). The open 
circles and filled circles represent the cell growth (OD550) of 
the reporter strain cultured at 28  °C and 37  °C, respectively. 
The time points at 6 h is corresponding to the log phase, 24 h 

and 30  h are corresponding to stationary phase, and 48  h is 
corresponding to late stationary phase. The open bars and 
filled bars represent the β-galactosidase activities (Miller units) 
of the reporter strain cultured at 28 °C and 37 °C, respectively. 
The results are provided as the average of triplicate measure-
ments. Error bars indicate standard deviations. Significance 
was tested by using Student’s t test (* indicates significance at 
p < 0.05)
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around 88 U and 296 U when samples were taken 
at short time intervals, and were around 61 U 
and 195 U at the last three time points (120, 180, 
and 300 min), with 69% and 66% of those levels 
expressed at short time intervals (Fig.  2c, 2d). At 
37 °C, the activities expressed by Xcc17(pFYclpS) 
and Xcc17(pFYclpA) were around 107 U and 308 
U at all of the tested points (Fig. 2c, 2d). Although 
the levels of enzyme activity detected at 28 °C and 
37  °C were about the same when samples were 
taken at short time intervals, the effect of tem-
perature was evident at the last three time pints in 
which the OD550 value reached 1.0 (correspond-
ing to late exponential growth phase, 120 min after 
inoculation). When the highest points were taken 
for comparison, the increase was about 1.93-fold 
for Xcc17(pFYclpS) at 120 min (Fig. 2c) and 2.05-
fold for Xcc17(pFYclpA) at 300 min (Fig. 2d) after 
heat treatment. It is suggested that the expression 
of clpS and clpA was more sensitive to heat stress 
when cells entering the late exponential phase then 
those cultured in early growth phase. It was also 
noted that the β-galactosidase activities dropped by 
about 30% at 120 min after entering late exponen-
tial phase. It is possible that the upstream regions 
of clpS and clpA contain unidentified regulatory 
element(s) which are involved in their expression 
during different growth stages. The results of the 
reporter assays indicated that clpS and clpA expres-
sion was growth phase-dependent and affected by 
the growth temperature.

Available information on the expression of clpS 
and clpA is limited, and the effects of heat stress 
on expression differ among bacteria. For example, 
in Vibrio vulnificus, the cellular level of ClpA is 
induced under heat shock (Lee et  al. 2018). In E. 
coli, the clpA gene is a monocistronic messenger, 
and the synthesis of ClpA does not increase upon 
heat shock (Gottesman et al. 1990; Katayama et al. 
1988). In Brucella suis, the expression of clpA does 
not increase at high temperature (Ekaza et al. 2000). 
It was shown that PhoP represses the transcrip-
tion of clpS but not clpA in E. coli and Salmonella 
enterica when the bacteria experience low cyto-
plasmic Mg2+ concentrations (Yeom et  al. 2018). 
Recently, it was reported that clpS and clpA are 
induced during H2O2 stress, and OxyR is required 
for the H2O2-driven induction of clpSA in E. coli 
(Sen et al. 2020). The effects of OxyR and PhoP on 

the expression of clpS and clpA in X. campestris pv. 
campestris remains to be elucidated.

Bioinformatics analyses indicate that ClpS and 
ClpA retain key residues that are required for their 
functionality

The clpS open reading frame was 321 bp in length 
and located in the genomic sequence at position 2 227 
483–2 227 803 on the Xcc17 chromosome (GenBank 
accession number NZ_CP011946). The predicted 
protein encoded by clpS, which consisted of 106 
amino acids and was annotated as the ATP-dependent 
Clp protease adaptor ClpS, had a calculated molecular 
mass of 12 601 Da and a pI of 6.03. Domain organiza-
tion analysis indicated that it had a ClpS domain that 
was located at residues 23–102 (bit score: 113.20; 
E-value: 1.1e−29) (Fig. 3a). A BLAST search against 
the proteins deposited in the Protein Data Bank 
(PDB) with the amino acid sequence of Xcc17 ClpS 
revealed that E. coli ClpS (PDB ID 2W9R) had the 
highest homology with Xcc17 ClpS (56% identities, 
81% positives). The three-dimensional structure of 
Xcc17 ClpS predicted by using E. coli ClpS (PDB 
ID 2W9R) as the template is shown in Fig. 3b. The 
amino acid residues contributing to the interaction 
between ClpS and the N-terminal domain of ClpA in 
E. coli (Guo et  al. 2002; Xia et  al. 2004) were con-
served in Xcc17 ClpS and were situated at P24, P25, 
Y28, E79, E82, and K84 (associated with contact A 
of ClpA) and D36 and Y37 (associated with contact 
C of ClpA) (Fig. 3b). These observations suggest that 
similar to that in E. coli, the Xcc17 ClpS may com-
plex with the N-terminal domain of ClpA and func-
tion as a modulator of ClpA.

The clpA gene was 2283 bp in length and was 
located at position 2 227 947–2 230 229 on the 
Xcc17 chromosome (GenBank accession number 
NZ_CP011946). It was predicted to encode an ATP-
dependent Clp protease ATP-binding subunit ClpA, 
which consisted of 760 amino acids with a calcu-
lated molecular mass of 83 346 Da and a pI of 5.66. 
Domain analysis revealed that Xcc17 ClpA consisted 
of three functional domains: one N-domain and two 
AAA+ ATPase domains (designated as AAA+ 
modules D1 and D2) that were each divided into a 
large subdomain and a small subdomain (Fig. 4a). A 
BLAST search against the PDB with the amino acid 
sequence of Xcc17 ClpA revealed that ClpA from 
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Fig. 3   Domain organiza-
tion prediction (a) and 
model of the three-dimen-
sional structure (b) of X. 
campestris pv. campestris 
ClpS. a The predicted ClpS 
domain (PF02617) is shown 
and is drawn approximately 
to scale. b The N- and 
C-terminal ends are indi-
cated as N’ and C’, respec-
tively. The predicted amino 
acid residues responsible 
for ClpS binding to contacts 
A and C of the N-domain 
of ClpA are designated by 
yellow shading and green 
shading, respectively

Fig. 4   Domain organization prediction (a) and model of the 
three-dimensional structure (b and c) of X. campestris pv. 
campestris ClpA. a The predicted N-domain, AAA+ module 
D1, and AAA+ module D2 are shown and are drawn approxi-
mately to scale. The large and small subdomains of each 
AAA+ module are depicted as elliptical and hexagonal shapes, 
respectively. Typical elements of the AAA+ module are high-
lighted in color: Walker A (red), Walker B (green), sensor 1 
(orange), arginine finger (purple), and sensor 2 (brown). b 
Schematic of the structure of ClpA. The N- and C-terminal 
ends are indicated as N’ and C’, respectively. The N-domain 
and the two AAA+ ATPase domains (D1 and D2) are high-
lighted by squares in green and ovals in blue, respectively. c 
Close-up view of the site in a similar orientation as in part (b) 
in a stick and colored representation. Left part (N-domain): 

The conserved residues in contact A and contact C of the 
N-domain of ClpA are indicated by yellow and green shading, 
respectively. Amino acid residues that have potential roles in 
Zn2+ binding and peptide binding are shaded blue and orange, 
respectively. The colors of each corresponding residues are 
also given in a. Right part (ATPase domain): The symbols in 
front of each amino acid residue denote the highly conserved 
and postulated amino acid residues required for ClpA func-
tion. Asterisks (*) and triangles (▲) denote the residues con-
served in Walkers A and B. Diamonds (◆) and squares (■) 
represent the residues conserved in sensors 1 and 2. Filled cir-
cles (●) indicate the conserved residues in the arginine finger. 
The amino acid residues characterized in the present study are 
underlined
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E. coli (PDB ID 1KSF) had the highest identity with 
Xcc17 ClpA (64% identities, 79% positives). The pre-
dicted three-dimensional Xcc17 ClpA structure built 
through homology modeling with E. coli ClpA as the 
template structure is shown in Fig. 4b. In E. coli, the 
N-domain of ClpA has multiple ClpS binding sites 
(Xia et  al. 2004) and is essential for the docking of 
ClpS and required for the recognition and degrada-
tion of some substrates (Dougan et  al. 2002; Erbse 
et al. 2008; Guo et al. 2002; Zeth et al. 2002). Several 
amino acid residues contribute to the interactions of 
the N-terminal domain of ClpA and ClpS in E. coli 
(Xia et al. 2004) are highly conserved in Xcc17 ClpA. 
They included residues that participate in ClpS bind-
ing via contact A (E23, F24, V27, E28, T81, R86, 
D116, and Y121) and residues that are involved in 
ClpS binding via contact C (S97, K99, N106, R130, 
and H139). In addition, three residues (H22, H29, and 
E63) in the Zn2+ binding motif and two residues (Y14 
and F84) in the N-domain hydrophobic path for pep-
tide binding were conserved in Xcc17 ClpA. These 
amino acid residues in the built three-dimensional 
structure of ClpA are shown in Fig.  4c (left part). 
The ATPase domain of the AAA+ protease consists 
of several classical key elements of the ATPase func-
tion that form the nucleotide binding pocket, includ-
ing Walker A, Walker B, sensor 1, the arginine finger, 
and sensor 2 (Bittner et al. 2016; Miller and Enemark 
2016; Wendler et  al. 2012). The Walker A motif 
(GxxxxGKT/S, where x is any amino acid) is required 
for ATP binding and oligomerization, whereas the 
Walker B motif (hhhhDE, where h is any hydrophobic 
amino acid) is essential for ATP hydrolysis (Bittner 
et  al. 2016; Miller and Enemark 2016). The sensor 
1 and arginine finger motifs are required for ATP 
hydrolysis, and sensor 2 mediates the conformational 
changes that are associated with the cycle of ATP 
binding and hydrolysis (Miller and Enemark 2016). 
These sequence motifs were found to be highly con-
served in AAA+ modules D1 and D2 in Xcc17 ClpA. 
The Walker A motif in D1 and D2 was situated in 
the regions of 217–224 (GEAGVGKT) and 498–505 
(GPTGVGKT), respectively. The Walker B motif in 
D1 and D2 was situated in the regions of 284–289 
(VLFIDE) and 562–567 (VLLLDE), respectively. 
The sequences and positions of the sensor 1, arginine 
finger, and sensor 2 motifs in D1 and D2 were as fol-
lows: (i) C321IGSTT326 and L604VMTTN609 (sensor 
1), (ii) R342R343 and R646 (arginine finger), and (iii) 

D394RLLPDKAID403 and M702GARPM707 (sensor 2). 
Extensive functional studies on different AAA+ pro-
teins have demonstrated that several amino acid resi-
dues are critical for AAA+ ATPase activity (Wendler 
et al. 2012). Fig. 4c (right part) denotes the conserved 
interacting nucleotide residues in the AAA+ module 
of ClpA in Xcc17, in which the effects of mutations 
on oligomerization and hydrolytic activity have been 
tested in other AAA+ proteins (Wendler et al. 2012). 
As depicted in Fig. 4c (right part), the residues in the 
AAA+ module D1 were (i) K223 (Walker A), (ii) 
E289 (Walker B), (iii) T326 (sensor 1), (iv) R342 and 
R343 (arginine finger), and (v) R395 (sensor 2), and 
those in the AAA+ module D2 were K504 (Walker 
A), D567 (Walker B), N609 (sensor 1), R646 (argi-
nine finger), and R705 (sensor 2). Given the con-
served sequence motifs and catalytic residues shared 
by the X. campestris pv. campestris ClpA with its 
homologs from a diverse set of bacteria, the Xcc17 
ClpA is suggested to be a functional AAA+ ATPase.

ClpA is required for survival under heat‑shock 
conditions

We proceeded to generate the mutants (HCS 
and HCA) and their complementary strains 
HCS(pRKclpS) and HCA(pRKclpA) as described 
in the “Materials and Methods” section to investi-
gate the function of ClpS and ClpA in X. campes-
tris pv. campestris. Considering that the expression 
of clpS and clpA was higher at 37 °C compared to 
normal temperature (28 °C), these proteins can be 
reasonably suggested to have a role in stress adap-
tation. We first characterized the effect of clpS and 
clpA deletions on sensitivity to heat stress. Cell 
suspensions from 10-fold serial dilutions of the X. 
campestris pv. campestris wild-type strain, clpS 
and clpA mutant strains, and their complemen-
tary strains were spotted on LB agar plates and 
incubated either at 28 °C or 37 °C. We found that 
at physiological temperature (28 °C), all strains 
spotted at all densities showed similar growth and 
indistinguishable colony morphologies (Fig.  5a, 
left part). Under heat-shock conditions (37 °C), 
Xcc17(pRK415), HCS(pRK415), HCS(pRKclpS), 
and HCA(pRKclpA) displayed similar growth 
behaviors, and the clpA mutant HCA(pRK415) 
demonstrated inhibited growth (Fig. 5a, right part). 
This suggests that in X. campestris pv. campestris, 
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the deletion of clpS did not affect sensitivity to heat 
stress under the assay conditions, whereas the clpA 
gene was required for heat stress tolerance. Simi-
lar observations have been obtained for the clpA 
mutants of Brucella susi and Salmonella typhimu-
rium (Ekaza et al. 2000; Sangpuii et al. 2018). The 
clpA mutant of B. susi shows reduced growth rates 
at elevated temperatures (Ekaza et  al. 2000). The 
clpA mutant of S. typhimurium is hypersusceptible 
to exposure to the temperature of 42  °C (Sangpuii 
et  al. 2018). These observations contradicted the 
results obtained for E. coli, in which ClpA did not 
appear to be a heat shock protein and clpA mutants 
grew well at temperatures between 25 and 42  °C 
(Katayama et al. 1988). Although the E. coli ClpA 
was not a heat-shock protein, the clpA mutant 
exhibited defective growth at 46 °C, and this protein 

appeared to have a role in cellular recovery from 
transient incubation at 50 °C (Thomas and Baneyx 
1998).

Because the level of clpS and clpA expression 
increased following cell growth in LB (Fig.  2a, b), 
it was interested to known whether ClpS and ClpA 
play a role in stationary phase survival. To evaluate 
the effect of clpS and clpA mutation on stationary-
phase survival, we determined the number of viable 
cells after the cultures had entered stationary phase. 
Our results revealed that the viable counts of all 
tested strains including wild-type Xcc17(pRK415), 
two mutants [HCS(pRK415) and HCA(pRK415)], 
and complemented strains [HCS(pRKclpS) and 
HCA(pRKclpA)] are comparable at 24 h and 48 h 
post-inoculation (Fig.  5b). At 72 h post inoculation, 
the survival of clpS and clpA mutants was impaired, 
whereas the complementary strains shown similar 
survival to the wild type. These results indicate that 
both clpS and clpA are required for stationary-phase 
survival of X. campestris pv. campestris.

In bacteria, the Clp family of proteases has a 
multitude of functions, such as protein quality con-
trol, stress tolerance, and virulence factor expres-
sion (Malik and Brotz-Oesterhelt 2017). The clpA 
mutant strain of S. typhimurium shows susceptibil-
ity to HOCl (Sangpuii et  al. 2018). Recently, it was 
reported that clpS and clpA are important for enabling 
E. coli to grow under H2O2 stress (Sen et al. 2020). In 
X. campestris pv. campestris, ClpX and ClpP, other 
members of the Clp family protein, are documented 
to be important for its survival of this bacteria under 
various stresses, including temperature and puromy-
cin (Li et al. 2020; Lo et al. 2020). The X. campestris 
pv. campestris ClpX also has a role in SDS tolerance 
(Lo et al. 2020). The sensitivities of HCS and HCA to 
H2O2, SDS, and puromycin were assessed to exam-
ine whether clpS and clpA have roles in tolerance to 
other stresses. The HCS and HCA mutants did not 
differ from Xcc17 in terms of susceptibility to the 
investigated stresses (data not shown). This result was 
similar to the finding for Acinetobacter baumannii 
showing that the deletion of the clpS and clpA genes 
does not alter oxidative stress sensitivity (Belisa-
rio et  al. 2021). Taken together, these results sug-
gested that clpX is more important than clpA in the 
survival of X. campestris pv. campestris under H2O2, 
SDS, and puromycin treatment. We cannot exclude 
the contributions of ClpS and ClpA to tolerance to 

Fig. 5   Effects of clpS and clpA mutation on cell growth under 
heat-shock treatment (a) and stationary phase survival (b). a 
Overnight cultures of the indicated strains were spotted on LB 
agar plates with tenfold serial dilutions. The plates were incu-
bated at 28 °C or 37 °C for 4 days prior to imaging. 100 indi-
cates the inoculation concentration of bacterial cells of 5 × 108 
cells/mL. The experiment was carried out least three times, 
and similar results were obtained. b Overnight cultures of the 
tested strains were diluted to an OD550 of 0.1, and survival 
was monitored by viable-cell counting 24 h (white bars), 48 h 
(gray bars), and 72 h (black bars) post-inoculation. Error bars 
indicate standard deviations; CFU means colony forming unit; 
asterisk (*) indicates significant difference (p < 0.05)
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other stresses; further insight regarding this aspect is 
needed.

In the AAA+ proteins with two AAA+ ATPase 
modules, such as ClpA, both regions have differ-
ent contributions to ATP biding/hydrolysis (Bittner 
et al. 2016). Mutational and functional analyses have 
demonstrated that the two domains in the ClpA of 
E. coli possess different functional roles: the first 
AAA+ domain in ClpA is crucial for oligomeriza-
tion, whereas the second AAA+ domain is primarily 
responsible for ATP hydrolysis (Pak et al. 1999; Seol 
et  al. 1995; Singh and Maurizi 1994), and the two 
domains operate independently even in the presence 
of ClpP or ClpS (Kress et al. 2009b). In E. coli ClpA, 
(i) the domain 1 mutant (ClpA-K220Q) cannot form 
a hexamer, whereas the comparable domain 2 mutant 
(ClpA-K501Q) associates into a hexamer; (ii) ClpA-
K220Q is defective in ATPase activity and in the 
capability to activate protein and peptide degradation 
by ClpP; and (iii) ClpA-K501Q has very low ATPase 
activity and severely defective protein degradation 
activation but can activate ClpP to degrade a pep-
tide (Singh and Maurizi 1994). We performed site-
directed mutagenesis to construct mutated versions 
of ClpA to investigate whether the conserved motif 
observed in ClpA had any effect on heat stress toler-
ance in X. campestris pv. campestris. The most com-
mon mutated residues (K223 in AAA+ module 1 and 
K504 in module 2) were selected and replaced with 
glutamine. As depicted in Fig. 5a (left part), at 28 °C, 
the growth of HCA complemented with the mutated 
version of pRKclpAK223Q or pRKclpAK504Q 
did not significantly differ from that of other tested 
strains. However, in contrast to the complementation 
of HCA with the wild-type pRKclpA, the introduc-
tion of pRKclpAK223Q or pRKclpAK504Q into 
HCA could not restore growth behavior under heat-
shock conditions (Fig.  5a, right part). This suggests 
that the putative residues K223 and K504 are associ-
ated with the full function of ClpA in the stress toler-
ance of X. campestris pv. campestris. The growth of 
the clpA mutant complemented with pRKclpAK223Q 
was similar to that of the mutant complemented with 
pRK415 (empty vector), whereas it was worth to note 
that growth was prominent in the areas spotted with 5 
× 108 cells of HCA(pRK415), HCA(pRKclpA), and 
HCA(pRKclpAK223Q), but not in areas spotted with 
the same concentration of HCA(pRKclpAK504Q) at 
37 °C (Fig.  5a, right part). Why the introduction of 

ClpA with the K504 mutation led to the failure of the 
clpA mutant to form colonies under heat stress treat-
ment is unclear. The introduction of pRKclpAK504Q 
appeared to be detrimental to X. campestris pv. camp-
estris, and both predicted AAA+ modules in ClpA 
appeared to possess different roles in this bacterium. 
The effects of pRKclpAK504Q in the growth of the 
clpA mutant and the function of each module of ClpA 
require further study.

The clpA mutant shows differential protein 
expression at high temperature

ClpA can act as a molecular chaperone in the pre-
vention of aggregation and participates in the refold-
ing and remodeling of proteins (Hoskins et al. 2001; 
Pak and Wickner 1997; Suzuki et  al. 1997; Wawr-
zynow et  al. 1996; Wickner et  al. 1994). In E. coli, 
the amount of protein aggregation in the clpA mutant 
is not significantly greater than that in the wild-type 
cells (Dougan et  al. 2002), whereas in S. typhimu-
rium, the clpA mutant exhibits greater amounts of 
protein aggregates than the wild-type strain (Sangpuii 
et al. 2018). The affected growth of the clpA mutant at 
37 °C suggested that ClpA participates in preventing 
the accumulation of heat-inactivated and aggregated 
proteins in X. campestris pv. campestris. We grew 
the mutant and parental strains at 28 °C or 37 °C to 
test whether clpA deletion would alter protein expres-
sion profiles and affect protein aggregation in heat-
shocked cells. Then, protein samples were prepared 
and fractionated through SDS-PAGE as described in 
the “Materials and Methods” section. For the cultures 
were grown at 28  °C, the protein profiles obtained 
without Triton X-100 treatment did not significantly 
differ between the parental strain and the clpA mutant 
(Fig. 6, lanes 1 and 5). Similar patterns are observed 
when Triton X-100 treatment was administered 
(Fig. 6, lanes 2 and 6). When the bacteria were cul-
tured at 37 °C, several protein bands differed between 
the parental strain and the clpA mutant despite the 
absence of the large-scale aggregation of proteins in 
the clpA mutant. In the absence of Triton X-100 treat-
ment, band I was present in the wild-type Xcc17 and 
was missing in the clpA mutant HCA (Fig.  6, lanes 
3 and 7). Under Triton X-100 treatment, band II was 
present in Xcc17 but not in HCA, and bands III and 
IV were found in HCA but were too faint to be vis-
ible in Xcc17 (Fig.  6, lanes 4 and 8). These protein 
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bands were excised and identified using mass spec-
trometry. They were TolC protein (band I), hypotheti-
cal protein (band II), chemotaxis protein (band III), 
and low molecular weight heat shock protein (band 
IV). These identified proteins belong to different 
functional categories (Table 2). Identification of these 
proteins provides new targets for future studies that 
will allows assessment of their physiological roles 
and significance in clpA related functions and regu-
lated processes.

TolC forms an outer membrane channel and is 
involved in export of small molecules and toxins 
across the outer membrane of Gram-negative bacteria 
(Zgurskaya et al. 2011). The higher amounts of TolC 

protein (band I) in heat-treated wild type than in the 
clpA mutant indicated that material transportation in 
the clpA mutant may not function properly under heat 
stress condition. In X. oryzae pv. oryzae, RaxC (TolC 
homolog) is required for AvrXa21 activity (da Silva 
et  al. 2004). The rice XA21 protein, a receptor-like 
kinase, provides immunity against strains of X. ory-
zae pv. oryzae carrying AvrXa21 activity (da Silva 
et  al. 2004). AvrXa21 activity requires the presence 
of raxA, raxB, and raxC genes that encode compo-
nents of a type one secretion system (da Silva et  al. 
2004; Lee et al. 2006). Type one secretion system is 
responsible for the secretin of unfolded cognate sub-
strates from the cytoplasm directly to the extracellular 
medium and is required for induction of XA21-medi-
ated resistance in rice (Alvarez-Martinez et al. 2021; 
Buttner and Bonas 2010). Homologous raxA and 
raxB genes are not present in the sequenced X. camp-
estris pv. campestris genomes (da Silva et  al. 2002; 
Liu et  al. 2015; Qian et  al. 2005; Vorholter et  al. 
2008). Genome sequence analysis revealed that the 
type one secretion system is absent in X. campestris 
pv. campestris (Alvarez-Martinez et  al. 2021). The 
physiological role of TolC and potential candidate(s) 
works with TolC remain to be investigated.

The conserved hypothetical protein (XCC0205) 
whose function is unknown in X. campestris pv. 
campestris belongs to Ax21 family protein. Ax21 
is extensively conserved in plant pathogenic Xan-
thomonas and the associated genera Xylella and Sten-
otrophomonas (An and Tang 2018). Deletion of ax21 
gene resulted in reduced biofilm formation, extracel-
lular polysaccharide production and virulence in X. 
oryzae pv. oryzicola (Qian et  al. 2013). Studies on 
Ax21 in X. oryzae pv. oryzae have shown that it is 
secreted in association with outer membrane vesicles 
(Bahar et  al. 2014). In addition, phenotypic analysis 

Fig. 6   Effects of clpA mutation on the protein production pro-
file of X. campestris pv. campestris. The cells were cultured 
in XOLN medium supplemented with 2% glycerol for 24  h 
at 28 °C or 37 °C. Protein samples from the indicated strains 
were separated by using SDS-PAGE on 15% polyacrylamide 
gel and stained with Coomassie blue. Each lysate was loaded 
into the wells at the same protein concentration. The experi-
ment was performed at least three times, and similar results 
were obtained. The filled triangles (◀) and open triangles (◁) 
indicate the bands of the proteins that were upregulated and 
downregulated after clpA mutation, respectively

Table 2   Proteins identified by LC/MS/MS

a The gene ID is based on X. campestris pv. campestris strain ATCC33913
b COG: clusters of orthologous groups; M, cell wall/membrane/envelope biogenesis; N, cell motility; O, post-translational modifica-
tion, protein turnover, and chaperones; U, intracellular trafficking and secretion

Band Gene IDa Gene name Molecular 
mass (kDa)

Length 
(amino acid)

Annotation of protein function COG categoryb

I XCC3336 tolC 49.3 457 TolC protein MU
II XCC0205 – 21.9 198 Conserved hypothetical protein Unclassified
III XCC1878 tsr 72.8 689 Chemotaxis protein N
IV XCC1047 hspA 17.7 158 Low molecular weight heat shock protein O
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demonstrated that Ax21 is required for motility and 
biofilm formation in X. oryzae pv. oryzae (Park et al. 
2014). The Ax21 protein influences biofilm forma-
tion, motility, and virulence in Stenotrophomonas 
maltophilia (An and Tang 2018). The higher amounts 
of XCC0205 protein (band II) in heat-treated wild 
type than in the clpA mutant suggested that the 
expression of this protein might influenced in the 
clpA mutant under heat stress condition. Further 
analyses will be carried out to test whether XCC0205 
functions as a virulence factor, and to examine that 
other phenotypes in X. campestris pv. campestris are 
affected by the protein.

The chemotaxis protein homolog in X. oryzae pv. 
oryzae is known to be required for virulence (Kumar 
Verma et  al. 2018). The level of chemotaxis protein 
(band III) was increased in the Triton X-100-insolu-
ble fraction in the clpA mutant than that in the wild 
type, implying that this protein forms aggregates in 
clpA mutant. Mutation of clpA may affect the aggre-
gation of chemotaxis protein in heat-treated cells.

Small heat shock proteins (sHsps) are a ubiquitous 
family of chaperones present in all three domains 
of life (Haslbeck and Vierling 2015; Mogk et  al. 
2019). In bacteria, there are usually one or two sHsps 
(Haslbeck and Vierling 2015; Mogk et  al. 2019). A 
number of bacteria encode only a single sHsp, such 
as the cyst forming bacterium Azotobacter vine-
landii (Hsp20), cyanobacterium Synechocystis sp. 
PCC6803 (Hsp16.6), marine bacterium Vibrio har-
veyi (IbpA/B), and X. campestris pv. campestris 
(HspA) (Haslbeck and Vierling 2015; Obuchowski 
et  al. 2021). Two sHsps, IbpA and IbpB, have been 
described in E. coli (Ratajczak et  al. 2009). Deino-
coccus radiodurans also possess two sHsps, Hsp17.7 
and Hsp20.2 (Bepperling et  al. 2012). The A. vine-
landii Hsp20 is essential for cyst desiccation resist-
ance (Cocotl-Yanez et  al. 2014), and Synechocystis 
Hsp16.6 is involved in the development of thermo-
tolerance (Lee et al. 2000). The IbpA/B protein of V. 
harveyi binds to proteins aggregated in a cell during 
heat shock (Klein et al. 2001). The HspA in X. camp-
estris pv. campestris is required for survival under 
heat stress conditions and possesses an intrinsic abil-
ity to reactivate inactivate proteins (Lin et al. 2010). 
The E. coli IbpA and IbpB were found in a fraction 
of aggregated proteins formed following heat stress 
and were reported to interact with endogenous poly-
peptides upon heat stress (Laskowska et  al. 1996). 

IbpA and IbpB co-operate with ClpB and the DnaK 
system in reversing protein aggregation (Mogk et al. 
2003a, b), and there is an interplay between IbpA and 
IbpB in promoting efficient protein disaggregation 
(Ratajczak et al. 2009). In D. radiodurans, Hsp20.2 is 
known to associate with aggregated protein and coop-
erate with ATP-dependent chaperones in their refold-
ing, whereas Hsp17.7 appears to keep substrates in 
a refolding competent state by transient interactions 
(Bepperling et al. 2012). sHsps act as the first line of 
cellular defense against protein unfolding stress and 
can prevent the irreversible aggregation of denatur-
ing proteins (Haslbeck and Vierling 2015; Mogk 
et al. 2019). It has been proposed that sHsps bind to 
aggregation-prone protein substrates to form assem-
blies that keep substrates from irreversible aggrega-
tion (Obuchowski et  al. 2021). In  vivo sHsps fre-
quently localize to insoluble protein fractions of heat 
stressed cells (Mogk et al. 2003a). The level of HspA 
(band IV) is increased in the Triton X-100-insoluble 
fraction in the clpA mutant than that in the wild type, 
implying that HspA might coaggregate with mid-
folded proteins in clpA mutant under heat stress. The 
potential substrate proteins bound by HspA requires 
further determination.

ClpA is required for full virulence

Given that Clp family proteins have been documented 
to be important for the pathogenicity of several bac-
terial species (Brotz-Oesterhelt and Sass 2014), we 
aimed to test whether this situation is also the case 
in X. campestris pv. campestris. The virulence of X. 
campestris pv. campestris was tested on the host plant 
cabbage through leaf-clipping inoculation to deter-
mine whether clpS and clpA is involved in pathogenic-
ity. The inoculants for the pathogenicity test included 
Xcc17(pRK415), HCS(pRK415), HCS(pRKclpS), 
HCA(pRK415), and HCA(pRKclpA). The length of 
the lesion caused by the wild-type strain was approxi-
mately 2  cm at 14  days postinoculation, and the 
virulence symptoms of the clpS mutant and its com-
plementary strain were similar to those of the wild-
type (Fig. 7). Although the clpA mutant could cause 
disease, its virulence was significantly attenuated 
compared with that of the wild type, and the disease 
symptoms caused by the complemented strain were 
restored toward those of the wild-type phenotype 
(Fig.  7). These results indicated that clpS was not 
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related to virulence and that clpA was required for the 
full virulence of X. campestris pv. campestris. These 
results were similar to the observations reported for 
Pseudomonas aeruginosa, in which the clpA mutant 
but not the clpS mutant exhibits virulence-attenuated 
phenotypes (Feinbaum et  al. 2012). The disruption 
of ClpA function has been suggested to be respon-
sible for the altered pathogenesis of Ralstonia sola-
nacearum (Lin et  al. 2008). A recent study on A. 
baumannii found that clpS and clpA are important for 
virulence (Belisario et al. 2021).

In Xanthomonas species, successful infection often 
depends on an arsenal of virulence factors, such as 
adhesins, degradative enzymes, and extracellular 
polysaccharides (Buttner and Bonas 2010; Chan and 
Goodwin 1999; Denance et al. 2016; Dow et al. 2003; 
Tang et al. 2021). We investigated the contribution of 
clpA to bacterial attachment and extracellular enzyme 
production to test whether the reduced virulence of 
the clpA mutant is correlated with the reduced pro-
duction of these pathogenicity factors. No consider-
able differences in bacterial attachment and extracel-
lular enzyme production were observed between the 
clpA mutant and the parental strain (data not shown). 
In A. baumannii, clpS and clpA are essential for bio-
film formation (Belisario et  al. 2021). In X. camp-
estris pv. campestris, clpX is required for bacterial 

attachment (Lo et  al. 2020). The annotation of the 
X. campestris pv. campestris genome has revealed 
that numerous virulence determinants are associ-
ated with bacterial pathogenesis and that clpA might 
affect other unidentified factor(s) that require further 
evaluation.

In addition to the above results for ClpS, the clpS 
mutant was observed to have no effect on stress tol-
erance and virulence. Even its expression was heat 
inducible. Whether this gene has other physiologi-
cal role(s) in X. campestris pv. campestris remains 
to be investigated. In the case of ClpA, its mutation 
resulted in growth defects at high temperature and 
attenuated pathogenicity but did not significantly alter 
virulence-related factors and responses to a range of 
stresses. In contrast to the previous findings for ClpX 
and the other member of Clp ATPase family, the find-
ings of this work showed that the mutation of clpX 
caused pleiotropic effects, including attachment, vir-
ulence, and stress tolerance (Lo et  al. 2020). There-
fore, ClpX could be reasonably suggested to play 
a highly essential role in X. campestris pv. campes-
tris. On the basis of the observations showing that (i) 
clpA expression is heat inducible; (ii) clpA mutation 
affects growth at high temperatures; and (iii) the clpA 
mutant presents different protein patterns under heat 
treatment, the ClpAP protease could be inferred to 

Fig. 7   Effects of clpS 
and clpA mutation on the 
virulence of X. campestris 
pv. campestris against cab-
bage. a Black rot symptoms 
caused by the indicated 
strains on the inoculated 
leaves of cabbage. Lesion 
lengths were measured, and 
images were taken on day 
14 postinoculation. Scale 
bars = 1 cm. Similar results 
were obtained at least three 
times. b The values of aver-
age lesion lengths (cm) are 
presented as mean ± stand-
ard deviation. Asterisk (*) 
indicates significant differ-
ence (p < 0.05); ns means 
no significant difference
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have evolved to address the increased need for pro-
teolysis caused by enhanced denaturation or aggrega-
tion under heat-shock conditions. Whether ClpA can 
associate with ClpP remains unknown, and the role of 
ClpS as a modulator that affects the function of ClpA 
in X. campestris pv. campestris remains unclear. 
The further clarification of the nature of the interac-
tion among ClpS, ClpA, and ClpP can provide novel 
insights and a comprehensive description of these 
proteins.

Conclusion

We investigated the transcription and function of 
clpS and clpA in X. campestris pv. campestris. First, 
upstream region analysis together with a reporter 
assay indicated that (i) putative σ32-dependent 
sequences are present in the upstream region of clpS 
and clpA; (ii) clpS and clpA contain their own pro-
moters and are transcribed independently; and (iii) 
the levels of clpS and clpA promoters under heat 
stress are induced approximately twofold relative to 
those under the control treatment. Second, through 
sequence comparison and homology modeling, the 
conserved sequence motifs were identified, and the 
predicted three-dimensional structures of ClpS and 
ClpA were determined. Third, by combining inser-
tional inactivation and phenotypic evaluation, the 
mutation of clpA but not of clpS was found to cause 
defects in heat stress tolerance and pathogenicity, 
and the conserved residues of Walker A motif of the 
AAA+ ATPase module of ClpA were demonstrated 
to be required for the function of ClpA in heat tol-
erance. Finally, SDS-PAGE analysis revealed that 
the clpA mutant showed different protein profiles in 
response to heat-shock treatment.

The Clp family proteins are found in most domains 
of life, and their functional importance varies from 
organism to organism. The genome of X. campes-
tris pv. campestris has been predicted to encode 
several common Clp family proteins, such as ClpS, 
ClpA, ClpX, ClpP, ClpQ, and ClpY (da Silva et  al. 
2002; Liu et  al. 2015; Qian et  al. 2005; Vorholter 
et al. 2008). Although these proteins have been well-
described in other organisms, their functions in X. 
campestris pv. campestris are poorly understood. 
To date, only the functions of ClpX and ClpP in X. 
campestris pv. campestris have been documented 

in the literature. The importance of ClpX and ClpP 
in extracellular enzyme production, virulence, and 
heat and puromycin tolerance suggests that ClpXP is 
important for pathogenesis and environmental adapta-
tion (Li et al. 2020; Lo et al. 2020). The clpX mutant 
of X. campestris pv. campestris also exhibits reduced 
bacterial attachment and increased sensitivity to SDS 
(Lo et al. 2020). The expression of X. campestris pv. 
campestris clpP is shown to be heat inducible (Li 
et al. 2020). A growing body of evidence, combined 
with the findings that we have presented here, shows 
that Clp family proteins can be regarded as key viru-
lence factors in X. campestris pv. campestris. These 
proteins are plausible candidates for the development 
of new therapeutics for combating the phytopathogen 
X. campestris pv. campestris.
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