
Sun et al. Veterinary Research           (2023) 54:68  
https://doi.org/10.1186/s13567-023-01200-x

RESEARCH ARTICLE Open Access

© The Author(s) 2023. Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/. The Creative Commons Public Domain Dedication waiver (http:// creat iveco 
mmons. org/ publi cdoma in/ zero/1. 0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Veterinary Research

ClpP protease modulates bacterial growth, 
stress response, and bacterial virulence 
in Brucella abortus
Dongjie Sun1†  , Yufu Liu2,3†, Xiaowei Peng3†, Hao Dong4†, Hui Jiang1, Xuezheng Fan1, Yu Feng3, Jiali Sun3, 
Kun Han1, Qiang Gao3, Jianrui Niu5 and Jiabo Ding1*   

Abstract 

The process of intracellular proteolysis through ATP-dependent proteases is a biologically conserved phenomenon. 
The stress responses and bacterial virulence of various pathogenic bacteria are associated with the ATP-dependent 
Clp protease. In this study, a Brucella abortus 2308 strain, ΔclpP, was constructed to characterize the function of ClpP 
peptidase. The growth of the ΔclpP mutant strain was significantly impaired in the TSB medium. The results showed 
that the ΔclpP mutant was sensitive to acidic pH stress, oxidative stress, high temperature, detergents, high osmotic 
environment, and iron deficient environment. Additionally, the deletion of clpP significantly affected Brucella viru-
lence in macrophage and mouse infection models. Integrated transcriptomic and proteomic analyses of the ΔclpP 
strain showed that 1965 genes were significantly affected at the mRNA and/or protein levels. The RNA-seq analysis 
indicated that the ΔclpP strain exhibited distinct gene expression patterns related to energy production and conver-
sion, cell wall/membrane/envelope biogenesis, carbohydrate transport, and metabolism. The iTRAQ analysis revealed 
that the differentially expressed proteins primarily participated in amino acid transport and metabolism, energy 
production and conversion, and secondary metabolites biosynthesis, transport and catabolism. This study provided 
insights into the preliminary molecular mechanism between Clp protease to bacterial growth, stress response, 
and bacterial virulence in Brucella strains.
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Introduction
Brucellosis is one of the most serious zoonotic diseases 
worldwide, caused by Brucella spp. In animals, this 
pathogen potentially causes abortion and male infertil-
ity. However, it exhibits different clinical symptoms in 
humans, such as Malta fever, night sweats, anorexia, pol-
yarthritis, meningitis, and pneumonia [1].

In bacteria, the Clp protease is one of the key com-
ponents of the proteolytic machinery, which consists of 
two main components: a ring-shaped proteolytic core 
complex composed of the Ser-type peptidase ClpP and 
a ring-shaped chaperone complex comprising the ATP-
dependent chaperones ClpX and ClpA. Both ClpX and 
ClpA are members of the AAA + superfamily [2].
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In many studies, ClpP and its chaperones have been 
shown to regulate several biological pathways, includ-
ing protein homeostasis, cellular differentiation, stress 
response, and virulence. The mutation of ClpP or Clp-
ATPases in Escherichia coli may result in a mild pheno-
type since both the Clp and Lon proteases are involved 
in protein homeostasis [3, 4]. Loss-of-function of ClpP in 
Bacillus subtilis inhibits motility, sporulation, and genetic 
competence. The Bacillus subtilis clpP mutant strain also 
shows reduced stationary phase survival and heat tol-
erance [5]. In Staphylococcus aureus, the Clp protease 
influences key biological processes such as the expression 
of virulence-associated genes, survival in the stationary 
phase, cell wall metabolism, and cell division [6]. ClpX 
and ClpP are essential for cell development, cell-cycle 
progression, chemotaxis, and bacterial replication in 
Caulobacter crescentus [7–10]. Several ClpXP substrates 
involved in cell-cycle progression have also been identi-
fied [11].

According to a previous study, Brucella suis exhib-
ited induction of the protease protein ClpB under high-
temperature conditions, despite not being the ATPase 
partner of ClpP protease. The clpB mutant displayed sen-
sitivity to high temperature, ethanol stress, and acidic pH 
[12]. Furthermore, the ATP-dependent chaperone, ClpA, 
was involved in the degradation of the green fluorescent 
protein at 42 ℃. Furthermore, a double deletion of the 
clpA and clpB genes increased the sensitivity to oxidative 
stress [12]. Another study found that ClpA was involved 
in normal growth and response to heat stress in B. suis. 
Moreover, deletion of the clpA gene had little effect on 
the survival rate of cellular infection models [13]. How-
ever, the function of peptidase ClpP, one of the core com-
ponents of Clp protease, is still unknown in Brucella spp.

In this study, a clpP mutant strain was constructed, and 
its survival rate at various stress conditions was studied. 
The virulence of this mutant strain was also evaluated 
in  vitro and in  vivo. Additionally, the integrated tran-
scriptomic and proteomic analyses were performed to 
reveal the associated molecular mechanism of increased 
sensitivity to various stress conditions and virulence 
defects in the clpP mutant strain.

Materials and methods
Bacterial strains and culture conditions
Escherichia coli strains were cultured in Luria–Bertani 
broth at 37 ℃ with continuous shaking or on Luria–Ber-
tani agar at 37 ℃. The Brucella strains were routinely 
grown in tryptic soy broth (TSB, BD company) or on 
tryptic soy agar medium and incubated at 37 ℃ with 5% 
 CO2. Brucella strains (initial density of 1 ×  106 CFU/mL) 
were grown in TSB at 37 ℃ with continuous shaking for 
the growth curve assay. The  OD600 of B. abortus 2308, 

ΔclpP, and CclpP (the complemented strain of ΔclpP) 
were measured at different intervals.

Mice
Female 4–6 weeks old BALB/c mice (Beijing Vital River 
Laboratory Animal Technology Co., Ltd) were housed 
in cages with an air purification system, water, and food 
ad libitum.

Construction of ΔclpP deletion mutant and genetic 
complementation
The clpP mutant strain was constructed according to the 
previously published protocol [14]. The resulting plas-
mid was termed plasmid pBluescript-clpP::Km.The ΔclpP 
mutant strain was created in B. abortus via an allelic 
exchange, following electroporation of the pBluescript-
clpP::Km plasmid into the WT(wild type) strain 2308 
and plated on TSB containing 50  μg/mL of kanamycin. 
Finally, ampicillin-sensitive and kanamycin-resistant 
colonies were verified by PCR to ensure that the gene of 
interest had been deleted while the kanamycin cassette 
was retained.

To construct the complemented strain (CclpP), the clpP 
fragment, including the promoter sequence (104  bp of 
the intergenic region upstream of the clpP start codon), 
was amplified using the primer pair CclpP-F/CclpP-R. 
The PCR products were then ligated to the pBBR1-MCS1 
plasmid, and the final construct, named pBBR-clpP, was 
electroporated into the clpP deletion mutant strain. The 
cells were then plated onto TSA containing chlorampeni-
col (30 μg/mL) to isolate the complemented strain. The B. 
abortus clpP mutant and clpP complemented strains were 
verified by PCR, sequencing, and Western blotting. All 
primers used in this study are listed in Additional file 4.

RNA isolation
For RNA isolation, B. abortus 2308 and the clpP mutant 
were grown in TSB at 37 ℃ until the stationary phase 
(about 2–5 ×  109 CFU/mL). Total RNA was isolated using 
TRIzol according to the manufacturer’s instructions. 
Residual DNA in the samples was removed by DNase I. 
RNA concentration and purity was determined using ND 
1000 spectrophotometer (Thermo Scientific, Wilming-
ton, USA).

RNA‑sequencing
The sequencing library of each RNA sample was pre-
pared using the NEBNext Ultra Directional RNA Library 
Prep Kit for Illumina as per the manufacturer’s protocol. 
Briefly, RNA fragments were reverse-transcribed, ampli-
fied to double-stranded cDNA, and then ligated with an 
adaptor. The amplified cDNA was purified using a mag-
netic bead-based technique, and the molar concentration 
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of each cDNA library was determined. The HiSeq 
4000 platform was used to perform the transcriptome 
sequencing. Sequencing and subsequent bioinformatics 
analysis were completed at the Novel Bioinformatics Co., 
Ltd, Shanghai, China.

Quantitative RT‑PCR
Quantitative RT-PCR was performed as previously 
described [15]. The cDNA was generated from total RNA 
using a random hexamer primer and the  PrimeScript™ II 
1st Strand cDNA Synthesis Kit (TaKaRa, Dalian, Japan), 
according to the manufacturer’s instructions. Samples 
were run in triplicate and amplified in a 20  μL reac-
tion containing 10  μL 2 ×  SYBR® Premix Ex TaqTMII 
(TaKaRa, Dalian, China), 100  nM forward and reverse 
primers, and 1  μL appropriately diluted cDNA sample. 
16S rRNA, which is constantly transcribed in bacteria, 
was selected as the housekeeping gene. qPCR was per-
formed in triplicate for each gene, and relative transcrip-
tion levels were determined using the  2−∆∆Ct method 
[16]. Primers used for RT-qPCR are listed in Additional 
file 4.

Crystal violet staining
Brucella might randomly lose the O-antigen of LPS dur-
ing mutant construction, which was an important inter-
ference factor for assessing Brucella virulence [17, 18]. 
Therefore, to avoid this possibility, the crystal violet 
staining of the ΔclpP mutant strain was also performed.

For crystal violet staining, bacterial colonies on a plate 
were stained with 2  mL of 0.05% crystal violet for 15  s. 
The rough phenotype colonies take up the dye, whereas 
the smooth colonies do not [19].

Cloning, protein expression, and purification
The coding region of the clpP gene (bab1_1132) was 
amplified using the primers rClpP-For and rClpP-
Rev (Additional file  4). The amplified DNA fragment 
was double-digested with SacI and HindIII restriction 
enzymes and ligated into double-digested plasmid pCold-
SUMO. The resultant plasmid, prClpP, was transformed 
into  E. coli  strain BL21, and the strain harboring this 
plasmid was grown to an optical density of approximately 
0.6 at 600 nm  (OD600) before inducing recombinant gene 
expression by adding 0.1 mM IPTG. After 24 h of incu-
bation at 16  ℃, the cells were collected by centrifuga-
tion (8000 × g for 10 min at 4 ℃) and lysed by treatment 
with 0.4  mg/mL lysozyme (TaKaRa, Dalian, China) and 
ultrasonic crushing. The supernatant from the lysed cell 
suspension was collected by centrifugation (12  000 × g 
for 20 min at 4 ℃) and passed through an affinity column 
packed with Ni Sepharose.

Western blot analysis
Brucella strains from a single clone were grown in TSB 
medium for 72  h at 37 ℃. Then, 1  mL culture samples 
of each Brucella strain were centrifuged, suspended in 
200  μL Laemmli sample buffer (Sigma), and boiled for 
10 min. A 20 μL of each bacteria cell lysate was electro-
phoresed on 12% SDS–polyacrylamide gels. Resulting 
proteins were then transferred to polyvinylidene fluo-
ride membranes (PVDF, Millipore) and detected using 
mouse anti-ClpP (dilution 1:500) or anti-OMP19 (dilu-
tion 1:500) polyclonal antibodies (which were generated 
in this study through immunization of BALB/c mice 
with recombinant ClpP or OMP19 proteins). Subse-
quently, peroxidase-conjugated secondary antibodies 
anti-mouse (dilution 1: 6000) (KPL) were used to develop 
ECL Plus Western Blotting Detection System (Amer-
sham) membranes. Chemiluminiscence was detected by 
autoradiography.

Stress assays
The susceptibility of Brucella strains under different 
stress conditions was assessed by the modified stress 
assays, as previously reported [20].

In the acidic stress assay, Brucella strains (with an ini-
tial density of 1 ×  107 CFU/mL) were cultivated for 2 h at 
37 ℃ in acid peptone water (1 g/L Tryptone, 5 g/L NaCl, 
pH = 6.5, 5.5, or 4.5) with continuous shaking. Afterward, 
the concentration of bacteria was measured by plate 
count, and the survival rate (%) was calculated as the per-
centage of bacteria that survived in comparison to the 
TSB control.

The Brucella strains were treated with the same volume 
of  H2O2 (freshly prepared in PBS) at final concentrations 
of 5, 2.5, and 1 mM in the oxidation stress assay. The con-
centration of bacteria was measured by plate count after 
1  h of treatment at 37 ℃ without shaking, and the sur-
vival rate (%) was calculated as surviving bacteria relative 
to the PBS control.

To detect the resistance of Brucella strains to 0.01% 
SDS, 5  µL gradient dilution of bacterial cultures 
(1 ×  109 CFU/mL) were cultivated in TSA mediate in the 
presence and absence of 0.01% SDS for 72 h at 37 ℃ with 
5%  CO2.

To determine the sensitivity of clpP mutant to heat 
shock stress, 5 µL gradient dilution of bacterial cultures 
(1 ×  109 CFU/mL) were cultured on TSA medium at 42 or 
37 ℃ with 5%  CO2 for 72 h.

To determine the effect of clpP gene deletion on iron 
utilization, 5  µL gradient dilution of bacterial cultures 
(1 ×  109 CFU/mL) was cultivated in TSA medium in the 
presence and absence of 4 mM iron chelator, 2′2 dipyri-
dyl for 72 h at 37 ℃ with 5%  CO2.
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To detect the effect of clpP gene deletion on hypertonic 
conditions, 5  µL gradient dilution of bacterial cultures 
(1 ×  109 CFU/mL) was cultivated in TSA medium in the 
presence and absence of 200 mM sodium chloride (NaCl) 
for 72 h at 37 ℃ with 5%  CO2.

Cellular infections
The in vitro intracellular viability of B. abortus 2308 and 
its derived strains was investigated using RAW264.7 
cells. Cells were cultured in 24-well plates (Corning, NY, 
USA) and infected with Brucella strains at a multiplicity 
of infection (MOI) of 100, as previously described [21]. 
After 1 h of incubation, the cells were washed thrice with 
PBS and cultured in a medium containing gentamicin 
(50  μg/mL) to remove extracellular bacteria. Cells were 
washed three times with PBS again and lysed with 500 μL 
0.1% (v/v) Triton X-100 water solution at 1, 12, 24, 48, 
and 72 h post-infection (hpi), and the number of bacteria 
surviving cells was determined by plating on TSA. The 
assays were run in triplicate and repeated at least twice.

Mouse infections
To identify the virulence of B. abortus clpP mutant in 
the BALB/c mouse model, 40 female BALB/c mice aged 
4–6  weeks were randomly divided into four groups. In 
group one, mice were intraperitoneally inoculated with 
100 µL (1 ×  105 CFU) of clpP deficient mutant; In group 
two, mice were intraperitoneally inoculated with 100 µL 
(1 ×  105  CFU) of the parental strain B. abortus 2308; In 
group three, mice were intraperitoneally inoculated 
with 100  µL (1 ×  105  CFU) of the complemented strain 
CclpP; In group four, mice were intraperitoneally inocu-
lated with PBS serving as the negative control. Mice were 
euthanized by asphyxiation (n = 5 per group) at 7 and 
28 days post-infection (dpi). Their spleens were removed, 
weighed, and homogenized in 1 mL PBS. Bacterial colo-
nies were enumerated by TSA plate count, and CFUs per 
spleen were calculated.

Histopathology
Tissues from mice were examined to determine the asso-
ciation between the degree of pathology and Brucella 
strains. The animals were euthanized by  CO2 asphyxi-
ation, and their spleens, livers, and kidneys were har-
vested, fixed in 4% buffered formalin, embedded in 
paraffin, and stained with hematoxylin and eosin. The 
histological changes in the groups were compared. Sec-
tions from spleen and liver were graded in a blinded 
fashion (LS) on a scale of 0–4 for inflammation type and 
severity, as previously described [22].

Isobaric tags for relative and absolute quantization (iTRAQ) 
analysis of proteins
The iTRAQ technology was carried out with the help of 
Gene Create Biolabs Inc (Wuhan, China). For this pur-
pose, total proteins were isolated from each biological 
sample. The protein concentration was measured using 
the Bradford method. Following digestion with Trypsin 
Gold (Promega, Madison, WI, USA), the peptides were 
dried, reconstituted in 0.5 M triethylammonium bicar-
bonate (TEAB) buffer (Applied Biosystems, Milan, 
Italy), and then processed with 8-plex iTRAQ reagent 
(Applied Biosystems), according to the manufacturer’s 
protocol.

The mixed peptides were fractionated using the Ulti-
mate 3000 HPLC system (Thermo DINOEX, USA). 
Mass spectrometry data were generated using the 
TripleTOF 5600 + liquid mass spectrometry system 
(SCIEX, United States) coupled with the Eksigent 
nanoLC system (SCIEX, United States). TripleTOF 
5600plus liquid chromatography and mass spectrom-
etry system (SCIEX) was used for mass spectrometry 
data acquisition.

The original MS/MS file data were analyzed by Pro-
teinPilot Software v4.5, with the unused score ≥ 1.3 
(corresponding to proteins identified with ≥ 95% con-
fidence). An automatic decoy database search strategy 
was employed to estimate the false discovery rate (FDR) 
using the PSPEP (Proteomics System Performance 
Evaluation Pipeline Software, integrated with the Pro-
teinPilot Software). Fold changes (FCs) were calculated 
as the average comparison pairs among biological rep-
licates to determine differentially expressed proteins 
(DEPs). Proteins with an FC greater than 2 (upregu-
late ≥ 2.00 and down-regulate ≤ 0.50) and a Q-value less 
than 0.05 were considered significantly differentially 
expressed. The identified proteins were functionally 
annotated using the GO, COG, and KEGG databases. 
DEPs were performed GO and KEGG pathway enrich-
ment analysis (P-value < 0.05).

Statistical analyses
Basic statistical analyses were performed using SPSS 
16.0 (SPSS Inc., Chicago, IL, USA). An unpaired Stu-
dent’s t-test was performed at each time point in 
growth curve assay, bacterial virulence assay of the clpP 
deficient strain in both cellular and mouse infection 
models. The Analysis of Variance (ANOVA) method 
was used for data analyses in the stress analysis. The 
data are presented as mean ± SD, and p values less than 
0.05 were considered statistically significant.
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Results
Construction of the ΔclpP mutant strain
A 478  bp fragment of the BAB1_1132 coding gene 
sequence was deleted (Additional file 1). Western blot-
ting was also performed, and appropriate size bands of 
the ClpP protein were only observed in the WT and 
CclpP strains, with no band observed in the clpP defi-
cient strain (Additional file  1). Additionally, the crys-
tal violet staining result indicated the LPS integrity 
was not affected in the clpP mutant strain (Additional 
file 2).

Deletion of ClpP reduced the growth rate of the Brucella 
abortus 2308
We assessed the growth curves of WT, ΔclpP, and CclpP 
in TSB at 37 ℃ with shaking at 200 rpm for 96 h to char-
acterize the role of clpP in B. abortus growth. The dele-
tion of the clpP gene resulted in a reduced growth rate 
compared to WT and CclpP. The growth rate of the clpP 
mutant was significantly slower than WT and CclpP 
strains at the logarithmic phase (p < 0.001) (Figure 1), and 
it reached a stationary phase after about 60 h. However, 
in the TSB medium, it achieved a comparable stationary 
phase as the WT and CclpP strains.

ClpP is required for survival under various stress conditions
The survival ratios of the  three strains (WT, ΔclpP, and 
CclpP) were comparable at pH 6.5 and 5.5 when exposed 
to acidic conditions. However, the survival ratio of ΔclpP 
was significantly lower than that of WT when subjected 
to pH 4.5 peptone water (p < 0.01) (Figure  2A).The sur-
vival ratio of ΔclpP was significantly reduced in compari-
son to WT when exposed to PBS containing 2.5 (p < 0.05) 
and 5 mM (p < 0.001)  H2O2 (Figure 2B).To assess the sig-
nificance of ClpP in heat stress tolerance, Brucella strains 

were cultured in TSA medium at 42  ℃ for 72  h. The 
results showed that the clpP mutant strain was more sen-
sitive to heat stress than the WT and CclpP strains (Fig-
ure  2C). Additionally, when the clpP mutant strain was 
cultured on TSA medium supplemented with 4 mM iron 
chelator, 200 mM NaCl, or 0.01% SDS, the survival ratio 
of the mutant strain was also significantly reduced than 
that of WT and CclpP strains (Figure 2C).

ClpP affected bacterial virulence in vivo and in vitro
The multiplication ability of ΔclpP in RAW264.7 cells 
was tested to determine the role of ClpP in virulence. As 
shown in Figure 3, the intracellular bacterial load of the 
ΔclpP strain was significantly reduced after 24 (p < 0.01), 
48 (p < 0.001), and 72 h (p < 0.001) in murine macrophages 
RAW264.7 compared to the parent strain control.

To further characterize the role of ClpP in virulence, 
the survival rates of the ΔclpP, CclpP, and WT strains 
were assessed in a mouse infection model at one and four 
weeks. Figure 4A demonstrates that the spleen weight of 
the mice with clpP deletion mutant infected mice was sig-
nificantly lower compared to the WT and CclpP strains at 
one and four weeks post-infection (p < 0.001). Moreover, 
the ΔclpP strain recovered from the spleens of infected 
mice was significantly reduced at one and 4 weeks post-
infection (p < 0.001) (Figure 4B).

Evaluation of histological changes in mice infected 
with ΔclpP
The degree of inflammation after four weeks of infection 
elicited by different virulent strains of Brucella was deter-
mined by histologically  analyzing the spleen, liver, and 
kidney tissues of BALB/c mice infected with WT (Fig-
ures  5A–C), ΔclpP (Figure  5D–F), and naive PBS con-
trols (Figures 5G–I). Histologically, the number of spleen 
nodules and splenomegaly lymphocytes reduced, while 
the number of macrophages and neutrophils (red arrows) 
increased (Figure  5A). No significant inflammatory 
response was observed in the spleen of the mice infected 
with the clpP mutant (Figure  5D) compared to the PBS 
control group (Figure  5G). Connective tissue hyperpla-
sia (black arrows) and inflammatory cell infiltration (red 
arrows) was observed in the livers of mice infected with 
WT (Figure 5B); however, it was absent in mice infected 
with the clpP mutant (Figure  5E) or the negative con-
trol (Figure 5H). The kidneys of mice infected with WT 
showed a clear expansion of distal convoluted renal 
tubule (black arrows) (Figure  5C) but were minimal in 
the mice infected by ΔclpP strain (Figure 5F). In addition, 
a grading system was used to characterize histopatho-
logic changes in the spleen and liver. Calculation of his-
tologic scores for each organ revealed that a significant 
increase (p < 0.001) in lesion severity was observed in the 

Figure 1 Deletion of ClpP in Brucella abortus 2308 resulted in 
a growth deficiency. Brucella strains (initial density of 1 ×  106 CFU/
mL) were grown in TSB at 37 ℃ with continuous shaking for 96 h. At 
different time points,  OD600 of B. abortus 2308, ΔclpP and CclpP were 
measured.
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WT infection group, and the histopathologic scores of 
ΔclpP infection group were lower than the WT infection 
group. Nevertheless, the histopathologic scores of ΔclpP 
infection group remained significantly higher than unin-
fected mice group in liver (p < 0.01) and spleen (p < 0.05) 
(Figures 5J, K).

Transcriptomic analysis
The spectrum of Brucella genes affected by the ClpP 
protein and the genetic basis for the distinct phenotypic 
properties exhibited by the ΔclpP strain was investigated 
by using RNA-seq analysis of the total RNA isolated 
from the WT and the ΔclpP strains grown in TSB until 
early stationary phase (about 2–5 ×  109  CFU/mL). A 
total of 1779 genes exhibited differential expression (Fold 

change > 2 and FDR < 0.05) in the clpP mutant (Addi-
tional file  5). The RNA-seq results were verified by RT-
qPCR (Additional file 3). The clpP mutant strain showed 
upregulation of 858 genes and downregulation of 921 
genes (Figure  6A). The COG analysis revealed that the 
differentially expressed genes were primarily involved in 
energy production and conversion, cell wall/membrane/
envelope biogenesis, and carbohydrate transport and 
metabolism (Figure  6B). KEGG pathway analysis dem-
onstrated that the genes which displayed significant dif-
ferences were mainly enriched in various pathways such 
as ABC transporters, beta-Lactam resistance, oxidative 
phosphorylation, cationic antimicrobial peptide (CAMP) 
resistance, limonene and pinene degradation, lysine 
degradation, valine degradation, leucine, and isoleucine 

Figure 2 Growth behavior of WT, ΔclpP and CclpP strains under various stress conditions. A Brucella strains were cultivated in acid peptone 
water at 37 ℃ without shaking for 2 h. Viable counts were taken 2 h after the challenge. Values represent the mean from three independent 
experiments performed in duplicate. B 100 μL of the bacterial suspension was mixed with the same volume of  H2O2 at final concentrations 
of 5 mM, 2.5 mM, and 1 mM. After 1 h of treatment at 37 ℃ without shaking, the concentration of bacteria was measured by plate count, 
and the survival rate (%) calculated as surviving bacteria relative to the PBS control. Values represent the mean from three independent experiments 
performed in duplicate. C 5 µL gradient dilution of bacterial cultures were, respectively, cultured on TSA medium at 42 ℃ for 72 h, TSA medium 
containing 4 mM iron chelator, 200 mM NaCl or 0.01% SDS at 37 ℃ for 72 h. These experiments were independently repeated thrice.
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degradation, chloroalkane and chloroalkene degradation, 
ascorbate and aldarate metabolism, tryptophan metabo-
lism, citrate cycle (TCA cycle), and histidine metabo-
lism (Figure 6C). The RNA-seq results revealed that the 
top 10 upregulated genes were BAB2_0942, BAB2_0943, 
BAB2_0050, BAB2_0953, hemN-2, BAB2_0952, 
BAB1_1513, BAB1_0736, BAB1_0622, and BAB2_0929, 
while the top 10 down-regulated genes BAB2_0277, 
BAB1_1215, BAB1_0041, BAB2_0276, BAB2_0278, 
BAB1_1214, BAB1_0040, rplI, BAB1_1964, and rpsN.

Proteomic analysis
Given the prominent phenotypes induced by clpP dele-
tion, the proteomes of WT and the ΔclpP strain were 

compared. A total of 2066 proteins were identified in 
both strains, and 337 significantly affected proteins were 
found to be differentially expressed in the ΔclpP strain 
(Additional file  6). Among differentially expressed pro-
teins (DEPs), 182 were identified to be upregulated, while 
155 were downregulated (Figure  7A). According to the 
results of COG analysis, the DEPs were mainly involved 
in amino acid transport and metabolism, energy produc-
tion and conversion, and secondary metabolites biosyn-
thesis, transport, and catabolism (Figure 7B). The KEGG 
pathway analysis demonstrated that the genes exhibited 
a significant difference were primarily enriched in vari-
ous metabolic pathways, including C5-branched dibasic 
acid metabolism, biosynthesis of secondary metabolites, 
valine leucine, and isoleucine biosynthesis, microbial 
metabolism in diverse environments, and reductive car-
boxylate cycle (Figure 7C).

According to the proteomic analysis, the top 10 
upregulated proteins were BAB2_0880, RibH2, 
BAB1_0239, BAB1_1744, UreG2, UbiG, BAB1_0241, 
SucC, BAB1_1964, and Bpt, while the top 10 down-
regulated proteins were ClpS, BAB1_0115, BAB1_0018, 
BAB1_0296, BAB1_0875, BAB1_1435, BAB1_1357, 
BAB2_0019, BAB1_1214, and BAB2_0547.

Integrated analysis revealed the global roles of ClpP in B. 
abortus 2308
According to the proteomic and transcriptomic profiles, 
clpP deletion extensively affected the physiology of WT 
at both the protein and mRNA levels. Therefore, we inte-
grated transcriptomic and proteomic analyses to explore 
the comprehensive effects of clpP deletion on WT.

The transcriptomic and proteomic profiles identified 
3360 mRNAs and 2066 proteins, respectively, of which 
1787 identified proteins were assigned to the identified 

Figure 3 The ClpP protease was involved in Brucella virulence 
in macrophage infection models. Multiplication of B. abortus 2308, 
ΔclpP and CclpP strains in RAW264.7 macrophages over 72 h. Values 
represent the means of three experiments performed in duplicate, 
and error bars indicate the SD.

Figure 4 The ClpP protease was involved in Brucella virulence in mice infection models. A The spleen weight of ΔclpP, CclpP, and WT 
infected mice at 1 and 4 weeks post-infection. B The splenic CFUs of ΔclpP, CclpP, and WT infected mice at 1 and 4 weeks post-infection.
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mRNAs (Figure 8A and Additional file 7). Of all the dif-
ferentially expressed genes (DEGs) identified in the ΔclpP 
strain, 905 were included in the 1787 genes identified 
in both the proteomes and transcriptomes (Figure  8B). 
As shown in Figure  8C, 1965 genes were significantly 
affected at the mRNA and/or protein levels in the ΔclpP 
strain. Among the 1965 genes, 136 were found to be sig-
nificantly affected only at the protein level (NoDE_Genes 
and DE_Prots), 754 were significantly affected only at the 
mRNA level (DE_Genes and NoDE_Prots), and 151 were 
significantly affected at both the mRNA and protein lev-
els (DE_Genes and DE_Prots) (Figure 8C).

Up to 71 NoDE_Genes and upregulated DE_Prots 
genes in the ΔclpP  strain indicated that certain pro-
teins might serve as substrates for direct degradation 
by Clp proteases. Consequently, the presence of 754 

genes affected only at the mRNA level (DE_Genes and 
NoDE_Prots genes) suggested the possibility of a clpP-
independent regulation pathway at the protein level to 
overcome the altered gene transcriptions and restore 
the corresponding proteins to a physiological level. A 
total of 86 DE_Genes and DE_Prots genes exhibited 
regulation in the same direction at both the mRNA and 
protein levels, suggesting the ClpP protein may have an 
impact only at the mRNA level of these genes. However, 
65 of 151 genes affected at both mRNA and protein lev-
els (DE_Genes and DE_Prots) showed opposite regula-
tion trends at the mRNA and protein levels, suggesting 
the possibility of a predominant and ClpP-dependent 
protein regulation pathway that could potentially 
reverse the transcriptional alterations caused by the 
clpP gene mutation.

Figure 5 Histological changes of organs associated with infection. At 4 weeks post infection, tissues of mice infected with WT or ΔclpP strain 
were collected. The histology of animals infected with WT (A, B, and C) were compared to animals infected with ΔclpP (D, E, and F). Naive mice are 
depicted (G, H, and I) for comparison. Hematoxylin and eosin staining was used (× 20 magnification). Sections from liver and spleen were scored 
for severity of histiocytic inflammation from 1 to 4 at 4 weeks post-infection, and mean scores were compared using unpaired Student’s t-test (J 
and K). One asterisks, p < 0.05, two asterisks, p < 0.01, and three asterisks, p < 0.001.
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Discussion
Bacteria are exposed to a variety of environmental 
stresses that can directly or indirectly affect the protein 
structure, activity, and homeostasis. Misfolded pro-
teins could become aggregated in bacteria, resulting 
in toxicity to the bacteria. The damaged, misfolded, or 
aggregated proteins that cannot be repaired are rapidly 
degraded by the AAA + protease complexes [23]. The 
Clp protease system is one of the main components of 
the AAA + protease complexes, which is highly con-
served within both bacterial domain and functionally 
organized in two separate compartments.

The clpP gene is a non‑essential gene in Brucella abortus
In a recent study, multidimensional transposon sequenc-
ing analysis revealed that the clpP gene is an essential 
gene of Brucella spp. However, some other published 
studies showed successful deletion of a few essential 
genes identified in this study in brucella strains, includ-
ing mucR, sodA, pgm, and wbkC [24, 25]. Additionally, 
the presence of the putative SocAB toxin-antitoxin sys-
tem was also considered, which renders the ClpXP sys-
tem essential in Brucella strains [24, 25]. To date, no 
study has been published on the SocAB toxin-antitoxin 
system in Brucella strains. However, a study on the 

Figure 6 Transcriptomic analysis for differentially expressed genes. A Heat map of the two-way hierarchical clustering. B COG analysis 
of the DEGs between WT and ΔclpP. C KEEG analysis of the DEGs between WT and ΔclpP.
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SocAB toxin-antitoxin system was performed in Caulo-
bacter crescentus, in which ClpX and ClpP were essential 
for viability, unlike in most bacteria [26].

In this study, a clpP marked deletion mutant strain was 
successfully constructed for the first time and verified 
through sequencing and western blot analysis. In addi-
tion, in this mutant strain, the transcription of flanking 
genes of clpP was not affected. Accordingly, the clpP gene 
was considered to be non-essential for the survival of 
Brucella spp.

ClpP‑deletion impairs the virulence of Brucella abortus
In many pathogenic bacteria, ClpP peptidase is the core 
component of the Clp protease system and is involved 
in bacterial virulence. ClpP is essential in the intracel-
lular growth of Legionella pneumophila  in macrophages 
[27]. The clpP mutant of Staphylococcus aureus has been 
found to have attenuated intracellular replication in mod-
els of systemic and abscess infection [28–31]. Besides, 
this study also demonstrated that the ClpP protease 
played an important role in Brucella virulence.

Figure 7 Proteomic analysis for differentially expressed genes. A Heat map of the two-way hierarchical clustering. B COG analysis of the DEPs 
between WT and ΔclpP. C KEEG analysis of the DEPs between WT and ΔclpP.
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Previous studies have examined the functions of vari-
ous components of protease complexes, such as Lon, 
ClpA, and ClpB. The survival rate of the lon deletion 
strain reduced after a one-week infection of BALB/c 
mice [32, 33]. The ATP-dependent chaperone ClpA did 
not correlate with Brucella virulence, but its absence sig-
nificantly increased the persistence of B. suis in a mice 
infection model [13]. Unlike these Brucella protease 
components, deletion of the ClpP protein significantly 
reduced Brucella virulence in both macrophage and 
mouse infection models. Moreover, the histopathology 
assay results indicated that infection caused by the clpP 
mutant strain does not cause severe inflammation in 
mice compared to that of the WT strains. Importantly, 
a correlation between proteolysis and Brucella virulence 
was confirmed by the results of our study for the first 
time.

Previous research indicated that the virB operon medi-
ated BCVs evasion of lysosomal degradation [34]. The 
RNA-seq and qPCR results indicated that the transcrip-
tional level of the virB operon was significantly downreg-
ulated in the clpP mutant strain (Additional file 3). Thus, 
the abnormal expression of the virB operon might be 
related to the inability of the mutant strain to escape host 
immunity in macrophages.

ClpP globally affects the gene expression pattern
Previous studies have conducted proteomic and tran-
scriptomic analyses to uncover the function of the ClpP 
protein. The results indicated that this protease could 
affect numerous genes and proteins across diverse path-
ways globally.  In our study, a total of 1965 genes were 

found to be significantly affected at the mRNA and/or 
protein levels in the ΔclpP strain, and our results also 
supported the important roles of the ClpP protein. Addi-
tionally, the RNA-seq data showed an upregulation of 
several genes involved in protein homeostasis, including 
dnaK, dnaJ, clpB, and groES. These genes were also found 
to be upregulated in previous proteomic and transcrip-
tomic analyses [35, 36]. According to our proteomic data, 
several proteases (Lon, Ftsh, and BAB2_0915) were also 
upregulated, which seemed to be a probable functional 
compensation.

The sensitivity of the clpP mutant strain to various stress 
conditions is an important reason for its reduced virulence
As a facultative intracellular pathogen, B. abortus 2308 
could encounter various formidable stress conditions 
during its interactions with its host cells. These stress 
conditions include exposure to reactive oxygen and nitro-
gen species, acidic pH, and nutritional deprivation. Iron 
is also an essential metal element required for the optimal 
growth of  Brucella  strains  in vitro and for the bacterial 
virulence of Brucella strains in animal infection models 
[37]. To further study the underlying cause of decreased 
virulence of the clpP mutant strain, we comprehensively 
analyzed the stress response of the clpP mutant strain 
in different stress conditions. Our results showed that 
the clpP mutant strain was more sensitive to heat stress, 
iron deficiency, detergents, and hypertonic environment. 
Consequently, it was assumed that the attenuation of the 
clpP deficient strain was possibly due to its reduced toler-
ance in stress conditions.

Figure 8 Integrated proteomic and transcriptomic analyses. A Venn diagram showing that the 1787 proteins identified in the proteomes can 
be assigned to the 3360 mRNAs identified in the transcriptomes. The green circle indicates all mRNAs identified in both ΔclpP and WT; the pink 
circle indicates all proteins identified in both ΔclpP and WT. B Venn diagram showing that 905 DEGs were included in the 1787 genes identified 
in both the proteomes and transcriptomes. The green circle indicates DEGs in ΔclpP, the pink circle indicates 1787 genes identified in both the 
proteomes and transcriptomes. C Venn diagram showing the effects of clpP deletion on WT strain at the mRNA and/or protein levels. The green 
ellipse indicates genes significantly affected by clpP deletion in the transcriptomic profiles; the turquoise ellipse indicates proteins significantly 
affected by clpP deletion in the proteomic profiles; the pink ellipse indicates genes not affected by clpP deletion in the transcriptomic profiles; 
the blue ellipse indicates proteins not affected by clpP deletion in the proteomic profiles.
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The ECF sigma factor SigE1 (also known as RpoE1) 
may suppress flagellar synthesis and filament length in 
B. melitensis [38]. The rpoE1 mutant strain of B. abortus 
was more sensitive to oxidative and acid stress [24]. Addi-
tionally, the B. abortus and B. melitensis mutants lacking 
the rpoE1 gene were attenuated in the chronic phase of 
the BALB/c mice infection model [39, 40]. According to 
the proteomes data, the RpoE1 protein level was signifi-
cantly reduced in the ΔclpP mutant strain. Considering 
the important role of RpoE1 protein in Brucella strains, 
its abnormal expression likely caused the reduced viru-
lence of the mutant strain.

According to the results of the stress assay, the ΔclpP 
mutant was more sensitive to detergents (SDS)  and 
hypertonic conditions. This was consistent for 51 differ-
ently expressed genes involved in cell wall/membrane/
envelope biogenesis in the ΔclpP mutant strain. ClpP was 
not related to the bacterial lipopolysaccharide biosynthe-
sis, as evidenced by the fact that the ΔclpP mutant was a 
smooth-type Brucella strain. In previous studies, numer-
ous outer membrane-related genes (omp10, omp19, 
bepC, bacA, ugpB, and cgs) were found for the overall vir-
ulence of Brucella strains, but none of these genes were 
significantly differentially expressed at mRNA and pro-
tein levels in the ΔclpP mutant [39].

Recent research suggested that the ClpP protein in 
Staphylococcus aureus could mediate iron-acquiring 
systems [41], and the ClpP protease also affected the 
iron acquisition ability of Actinobacillus pleuropneumo-
niae [42]. Our study showed that the clpP mutant strain 
was more sensitive to iron deficiency stress in Brucella 
abortus. Surprisingly, the protein level expression of 
up to nine iron metabolism-related varied. Except for 
compensatory up-regulation of 2,3-DHBA/brucebactin 
transport Fiu (encoding by BAB2_0233), eight DEPs 
involved in biosynthesis of 2,3-DHBA (BAB2_0012, 
BAB2_0013, and BAB2_0014), Heme transport (bhuA), 
2,3-DHBA/brucebactin transport (BAB2_0564),  Fe3+ 
transport (BAB2_0519 and BAB2_0539), and bacte-
rioferritin  (bfr) were all down-regulated in the clpP 
mutant. Additionally, the transcript levels of the other 
eight DEPs associated with iron metabolism were not 
significantly affected in our RNA-seq assay, except for 
the upregulated bhuA gene; indicating that these DEPs 
may be indirectly affected by ClpP protease at the 
processes of protein translation, stability, or degrada-
tion. In a previous study, it was demonstrated that the 
Heme transporter BhuA played an important role in 
the stationary-phase iron utilization in B. abortus 2308. 
Moreover, the bhuA mutant strain exhibited significant 
attenuation in the macrophage infection model and 
it was also unable to maintain a chronic infection in 
BALB/c mice [43]. Therefore, the differential expression 

of these iron metabolism-related DEPs in the mutant 
strain seemed to be the primary cause for the sensitiv-
ity to iron-deficient conditions and reduced virulence 
in vitro and in vivo.

ClpP protease has been proved to affect the virulence 
and infectivity of various pathogens, this protein is con-
sidered as a promising novel antibacterial target. Cur-
rently, targeting ClpP-ATPases interaction and ClpP 
inhibition are the most successful and advanced strat-
egy [44]. In this study, the ClpP protein is also closely 
involved in virulence in Brucella, which indicates that 
this protease has potential applications in the develop-
ment of therapeutic drugs for brucellosis.

In conclusion, the current study showed that ClpP 
was essential for bacterial normal growth, tolerance 
to various stress conditions, and Brucella virulence. 
Additionally, several genes involved in the phenotypic 
changes of the clpP mutant were identified using RNA-
seq and iTRAQ assay. This study revealed the prelimi-
narily molecular mechanism of ClpP protease, stress 
response, and Brucella virulence.
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