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ABSTRACT
We previously reported that disruption of the yjbI gene reduced virulence of Staphylococcus 
aureus. In this study, we found virulence in both silkworms and mice was restored by introducing 
the yjbH gene but not the yjbI gene to both yjbI and yjbH genes-disrupted mutants, suggesting 
that yjbH, the gene downstream to the yjbI gene in a two-gene operon-yjbIH, is responsible for 
this phenomenon. We further observed a decrease in various surface-associated proteins and 
changes in cell envelope glycostructures in the mutants. RNA-seq analysis revealed that disruption 
of the yjbI and the yjbH genes resulted in differential expression of a broad range of genes, 
notably, significant downregulation of genes involved in virulence and oxidative stress. 
Administration of N-acetyl-L-cysteine, a free-radical scavenger, restored the virulence in both 
the mutants. Our findings suggested that YjbH plays a role in staphylococcal pathogenicity by 
regulating virulence gene expression, affecting the bacterial surface structure, and conferring 
resistance to oxidative stress in a host.
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Introduction

Staphylococcus aureus expresses a plethora of virulence 
factors to invade, thrive, and multiply within the host 
1,2. As a human-commensal and an opportunistic 
pathogen, it is responsible for several infectious diseases 
ranging from minor skin infections to life-threatening 
endocarditis [3]. Moreover, the spread of multi-drug 
resistant S. aureus strains has challenged the treat-
ments, thus warranting novel therapeutic options 
[4–10]. It is crucial to understand the pathogen, its 
weapons, and host-pathogen interactions to develop 
novel therapeutics. One way of combating infections 
is to disarm the pathogen from its virulence factors, 
rendering it less pathogenic, which helps the host 
immunity expel the pathogen quickly. In this sense, 
exploring the mechanism of virulence regulation will 
enhance the understanding of pathogenesis and host- 
pathogen interaction. To identify the S. aureus viru-
lence factors and the genes responsible for pathogeni-
city, we performed screening using a silkworm 
infection model. Over the past years, we have identified 
several S. aureus virulence factors that are involved in 
both the silkworm and mice virulence [11–14].

Recently, from the screening of 380 transposon 
insertion mutants of S. aureus USA300 of Nebraska 
Transposon Mutant Library, we found that disrup-
tion of the yjbI gene, lying upstream of the yjbH gene 
in a two-gene operon, resulted in the loss of patho-
genicity in silkworm and mice. Pathogenicity was 
restored by the introduction of the yjbIH operon 
and not of the yjbI gene [14], suggesting that the 
yjbH gene might have a role in pathogenicity. 
Studies involving YjbH in Bacillus subtilis [15–17], 
S. aureus [18–21], and other Gram-positive bacteria 
[22–24] have reported it to be an adaptor protein 
responsible for proteolysis of Spx, a transcriptional 
regulator, via ClpXP protease [16–18,24–26]. 
However, the role of YjbH in the pathogenicity of 
S. aureus is obscure. In this study, we found that 
YjbH is essential to S. aureus virulence in a whole- 
body animal infection model and involved in the 
expression of the broad range of virulence genes. In 
addition, we found that YjbH affects the bacterial 
surface structure, and confers resistance to oxidative 
stress in the host.
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Materials and methods

Bacterial strains and culture conditions

Bacterial strains used in this study are summarized in 
Table 1. S. aureus strains were grown in tryptic-soy 
broth (TSB; Becton Dickinson and Company, 
Franklin Lakes, NJ, USA). Escherichia coli was grown 
in Luria-Bertani medium (tryptone 10 g/l, yeast extract 
5 g/l, NaCl 10 g/l, pH 7.0). Antibiotics were supple-
mented as required.

Silkworm rearing and infection assay

Silkworms rearing until the fourth molt stage was per-
formed on antibiotic-containing artificial diet Silkmate 
2S (Nihon Nosan Corp., Japan) as previously described 
[27]. The fifth instar larvae were fed on an antibiotic- 
free artificial diet (Sysmex, Japan) overnight and 
injected with 50 µl of bacterial strains into the hemo-
lymph (n = 5). The silkworms were kept at 27°C incu-
bator, and survival was recorded.

Pathogenicity in mice

Mice experiments were performed with approval from 
Teikyo University Animal Ethics Committee (18–024). 
Bacterial strains were cultured overnight in TSB with or 
without antibiotics. Erythromycin (5 µg/ml) alone or 
with chloramphenicol (12.5 µg/ml) was added to the 
medium for transposon mutants or gene complemen-
ted strains, respectively. The overnight cultures were 
100-fold diluted with TSB and continued incubation 
for 16 h at 37°C with shaking. The cells were collected 
by centrifugation, washed with phosphate-buffered sal-
ine (PBS), and suspended in PBS to adjust the turbidity 
(A600) to 0.7 for microbial load and 4.0 for survival 
assay. The prepared suspensions (200 µl) of the strains 
were injected into the tail-vein of mice (ICR, female, 
eight weeks old, Charles River Laboratories, Kanagawa, 
Japan). The CFU of the injected suspensions was 
counted. For measuring the microbial load, kidney 

and heart of the infected mice were isolated after 24 h 
of injection, suspended in PBS, homogenized, and CFU 
was counted.

Pigment production and proteolysis

Bacteria were grown overnight in TSB medium at 37°C 
with shaking. Two microliters of the overnight cultures 
were spotted on TSB agar plates alone or supplemented 
with 3.3% skim milk to determine pigment production 
and proteolysis, respectively, and incubated at 37°C 
overnight. Pigment production was assessed visually 
by the color of the colony formed on TSB agar plates 
after overnight incubation. The proteolytic activity was 
determined by the appearance of a clear zone sur-
rounding the bacterial colonies.

Plasmid construction and complementation

The yjbH gene was amplified using primers SAUSA300_09 
03_Bam_F: CGCGGATCCATGGCT GGAGAATTACG 
AATAAT and SAUSA300_0903_Sal_R: ACGCGTCGAC 
TTATTTTGATTTGATTTTAGGCATT, ligated to the 
BamHI/SalI-digestedpND50-pfbaA vector [14] and trans-
formed into E. coli HST08. Bacteriophage 80α-mediated 
complementation of the plasmids was performed into the 
respective mutants as previously described [14].

RNA-Sequencing and analysis

The overnight culture of the strains was diluted 100- 
fold and incubated at 37°C with aeration until A600 

was 1.0. RNA stabilization, extraction, and sequencing 
were performed, as explained in the previous report 
[28]. Differentially expressed genes were identified 
using CLC Genomics Workbench software, version 
12.0 (CLC Bio, Aarhus, Denmark). Reads were aligned 
to the USA300 genome allowing a minimum length 
fraction of 0.95 and minimum similarity fraction of 
0.95. Genes with false discovery rate (FDR) p < 0.05 
and minimum fold expression 2 were classified as 

Table 1. Bacteria used in this study.
Bacteria Description Source

Staphylococcus aureus JE2 Plasmid-cured derivative of USA300 CA-MRSA strain LAC, parent strain for bursa aurealis transposon insertion. [32]
S. aureus yjbI::Tn Strain derived from JE2 with transposon inserted in the yjbI (SAUSA300_0904) gene [32]
S. aureus yjbH::Tn Strain derived from JE2 with transposon inserted in the yjbH (SAUSA300_0903) gene [32]
S. aureus RN4220 Restriction deficient strain derived from S. aureus NCTC8325-4 [59]
S. aureus yjbI::TnpyjbI S. aureus yjbI::Tn harboring intact yjbI gene with plasmid pSR515 [14]
S. aureus yjbI::TnpyjbIH S. aureus yjbI::Tn harboring intact yjbIH operon with plasmid pSR515 [14]
S. aureus yjbH::TnpyjbI S. aureus yjbH::Tn harboring intact yjbI gene with plasmid pSR515 This study
S. aureus yjbH::TnpyjbIH S. aureus yjbH::Tn harboring intact yjbIH operon with plasmid pSR515 This study
S. aureus yjbH::TnpyjbH S. aureus yjbH::Tn harboring intact yjbH gene with plasmid pND50pfbaA This study
Escherichia coli HST08 General purpose host strain for cloning Takara Bio
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having significantly different expression. Functional 
analysis of differentially expressed genes was per-
formed using GO enrichment analysis, as explained 
previously [29,30].

Surface protein profiling

Strains were grown overnight in TSB or TSB supplemented 
with antibiotic as necessary at 37°C with aeration, and the 
A600 of the full growth was adjusted to 9.0. Five ml of OD 
adjusted overnight culture was centrifuged to collect the 
cells. The pellets were washed with PBS and suspended in 
sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
(SDS-PAGE) sample buffer and centrifuged. The super-
natant was then boiled for 5 minutes, and 20 µl was loaded 
to a 4–20% gradient Mini-PROTEAN®TGX™ precast gel 
(Bio-Rad Laboratories, Inc., Hercules, CA, USA). After 
electrophoresis, the gel was stained with Coomassie brilli-
ant blue for visualization.

Fourier-Transform Infrared spectroscopic analysis

Fourier-Transform Infrared (FTIR) spectroscopic mea-
surements and spectral evaluation were performed as 
previously reported [31]. Briefly, wild-type, yjbI::Tn, 

and yjbH::Tn strains were grown at TSA, 37°C for 
24 h and were subsequently analyzed by whole-cell 
FTIR spectroscopy. Measurements were conducted on 
a Tensor 27/HTS-XT microplate adapter FTIR spectro-
meter (Bruker Optics GmbH, Ettlingen, Germany). 
Unsupervised hierarchical cluster analysis (HCA, aver-
age linkage clustering) was performed on the second 
derivative, and vector normalized spectra using the 
highly discriminatory spectral region between 
1200–800 cm−1, which is dominated by vibrations of 
various oligo- and poly-saccharides and their specific 
type of glycosidic linkages.

Results

The yjbH gene is responsible for the 
pathogenicity of S. aureus

Recently, we identified yjbI::Tn to have reduced patho-
genicity, pigment, and protease productions [14]. We 
also reported that the introduction of the yjbI gene did 
not restore pathogenicity in yjbI::Tn, while the intro-
duction of the operon consisting of the yjbI gene and 
the downstream gene yjbH (Figure 1(a)) restored the 
pathogenicity [14]. This result, together with a previous 
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Figure 1. The yjbH gene is responsible for pathogenicity in silkworm. (a). Gene organization. (b). Pathogenicity of yjbH::Tn introduced 
with the yjbI, yjbIH, and yjbH genes c. Pathogenicity of yjbI::Tn strain introduced with the yjbH gene. Overnight cultures of S. aureus 
strains were serially diluted and injected into the silkworm hemolymph (n = 5), and LD50 values were calculated from the survival at 
30 h post-infection by logistic regression analysis using logit link function. Data are mean ± SEM of triplicate experiments and 
analyzed by one-way analysis of variance (ANOVA) with Dunnett’s multiple comparison test compared with the WT (* p < 0.05).
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report where survival of ΔyjbH in whole blood assay 
was reduced [19], indicated that YjbH might have roles 
in pathogenicity. Therefore, we examined the role of 
the yjbH gene in pathogenicity to silkworms. We 
observed that the yjbH::Tn mutant had reduced silk-
worms-killing ability (Figure 1(b)), and the pathogeni-
city to silkworms was restored when the yjbIH operon 
or only the yjbH gene were introduced to yjbH::Tn and 
yjbI::Tn (Figure 1(b,c)).

We next evaluated the pathogenicity of the mutants 
by determining the microbial burden in the organs of 
infected mice. We found that colonization of yjbI::Tn 
was reduced in kidney and heart [14] while that of 
yjbH::Tn was reduced only in the heart of infected 
mice (Figure 2(a,b)). To further confirm the killing 
ability of these strains, we examined the survival of 
mice in a systemic infection model. We found that 
the injection of wild-type, yjbH::TnpyjbH and yjbI:: 
TnpyjbH strains killed all the mice within 16 hours, 
and the killing ability of yjbI::Tn, yjbH::Tn, and yjbI:: 
TnpyjbI strains was significantly decreased (Figure 2 
(c)). Thus, similar to the silkworm survival assay, 
mouse survival assay revealed that the YjbH was 
required for the killing ability of S. aureus.

Protease and pigment production

Our previous result [14] and other reports [20,32] 
demonstrated a reduction in protease and pigment 
production in the yjbI and yjbH gene-disrupted 
mutants. We obtained consistent results in this study 
(Figure 3(a,b)), and the protease and pigment produc-
tion were restored by complementation of yjbI::Tn and 
yjbH::Tn with the yjbIH operon or the yjbH gene alone, 
but not with the yjbI gene (Figure 3(a,b)).

Surface protein and cell envelope glycopolymer 
structure were altered by disruption of the yjbI 
and the yjbH genes

To get insight into the mechanism of reduced viru-
lence by YjbH, we sought to analyze the surface 
protein profiles. We found that the yjbH and the 
yjbI genes-disrupted mutants had reduced surface 
proteins compared to that of the wild-type, which 
was complemented by the introduction of the 
mutants with the yjbIH operon and the yjbH gene 
but not the yjbI gene (Figure 4(a)). Next, we per-
formed spectroscopic fingerprinting using Fourier- 
transform infrared (FTIR) spectroscopy for the yjbI:: 
Tn, yjbH::Tn, and the wild-type strains to investigate 
changes in the cell envelope glycopolymer structure. 
We found that both the yjbI::Tn and yjbH::Tn 

mutants clustered distinct from the wild-type, but 
they could not be discriminated from each other 
using the highly discriminatory polysaccharide spec-
tral region (Figure 4(b), upper). Disruption of the 
yjbI and the yjbH genes caused a large number of 
prominent spectral differences at wavenumbers 
between 1190–890 cm−1, which can be assigned to 
strong perturbations in the bacterial surface/cell wall- 
glycopolymer composition (Figure 4(b), lower). Here, 
the absence of YjbH led to an alteration in surface 
protein and cell envelope glycopolymer composition 
that could likely contribute to the virulence of 
S. aureus [33–35].

RNA-seq analysis reveals downregulation of 
virulence and oxidative stress-related genes

With the involvement of the yjbI and the yjbH genes 
in protease and pigment production, surface protein 
production and pathogenicity of S. aureus, we specu-
lated YjbH might be involved in regulating the 
expression of various genes. Therefore, we performed 
RNA-seq analysis. We found that disruption of both 
the genes led to significant changes in the expression 
of the genes from diverse pathways. We found simi-
lar expression patterns among the yjbI and yjbH 
genes- disrupted mutants with a common upregula-
tion and downregulation of 70 and 79 genes, respec-
tively. (Figure 5(a,b), Supplementary Table S1, S2).

To gain functional insight into the differentially 
expressed genes common in both the gene disrupted 
mutants, we used Gene Ontology term enrichment 
analysis. We found that the genes involved in patho-
genesis and extracellular region were highly represented 
among the downregulated genes. Some of the most 
downregulated genes included the SAUSA300_0113 
(spa) gene, encoding the immunoglobulin G binding 
protein A precursor; SAUSA300_2453, encoding ATP- 
binding protein of ABC transporters; SAUSA300_2454, 
encoding a putative membrane-spanning protein; 
SAUSA300_0114 (sarS), and SAUSA300_1890, encod-
ing staphopain A protease. In addition, the alternative 
sigma factor sigB and the genes whose transcription 
exclusively depends on SigB, such as asp23, 
SAUSA300_2143, and SAUSA300_2144, were downre-
gulated (Supplementary Table S1), suggesting that 
YjbH contributes to the control of SigB activity. 
Further, expression of the spxA was downregulated, 
which might be due to the autoregulation of spx tran-
scription due to increased Spx level [36]. We further 
observed a significant downregulation of zinc metallo-
protease aur and other proteases such as serine and 
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cysteine proteases, which explains the reduced protease 
production in these mutants.

Genes related to nickel cation binding were highly 
represented among the upregulated genes (Figure 5(c)). 
Along with others, this category included the genes 
involved in urease operon. Urease is essential for main-
taining pH homeostasis in bacteria and upregulated in 
response to environmental changes, including acidic 
stress and urea and nitrogen depletion [37]. Since 
urease is a nickel metalloenzyme [38], nickel import is 
essential for urease function. Consistent with this, nixA 
encoding a nickel transporter, a putative urea transpor-
ter SAUSA300_2237, and SAUSA300_0231, encoding 
ABC transporter involved in nickel transport, were 
highly upregulated (Supplementary Table S2). Thus, 
YjbH might be necessary for pH homeostasis during 
acidic stress in S. aureus. These results suggested that 
YjbH is responsible for pleiotropic phenotypes in 

S. aureus, possibly by directly or indirectly regulating 
the expression of genes from diverse pathways and by 
the accumulation of Spx.

Virulence is conferred by protection against 
oxidative stress

Previous reports have shown that YjbH is involved in 
controlling the protein levels of Spx, which is activated 
in response to disulfide and oxidative stress in S. aureus 
[15,16,18,20,25]. In our study, we observed the down-
regulation of several genes related to oxidative stress 
from the RNA-seq analysis (Supplementary Table S1). 
Thus, we were intrigued to test whether YjbH is involved 
in virulence by protecting S. aureus against oxidative 
stress in the host. For this purpose, we determined the 
lethal dose fifty (LD50) values of the strains in the pre-
sence and absence of N-acetyl-L-cysteine (NAC). NAC is 
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Figure 2. The yjbH gene is responsible for pathogenicity in mice. (a). The microbial burden in the heart. (b). The microbial burden in 
the kidney. Mice were injected intravenously with the strains into the tail vein. Bacteria recovered at 24 h post-infection from the 
isolated organs (kidney and heart) of the infected mice were counted for each strain. Each symbol represents data obtained from 
one animal. Data are shown as mean ± SEM of three experiments and analyzed by the Mann–Whitney U-test and significant 
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Tn: 1.58 × 108–2.03x108; yjbH::Tn: 1.05 × 108–1.73x108. (c). Survival of mice after systemic infection. Mice (n = 5) were injected 
intravenously with the strains into the tail-vein, and survival was observed. The Mantel-Cox log-rank test was used to compare the 
survival percentage of mice in different groups. Injected CFU: WT: 5.04 x108; yjbI::Tn: 4.0 x108, yjbH::Tn: 4.22 x108, yjbH::TnpyjbH: 5.02 
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a free radical scavenger; it eliminates reactive oxygen 
species (ROS) such as OH•, HOX, NO2, and H2O2 

[39]. We found that by the pre-injection of NAC into 
silkworm hemolymph, LD50 values were significantly 
decreased, rendering the strains more effective in killing 
the silkworms (Figure 6(a)). We further found that NAC 
did not affect protease and pigment production by the 
mutants in vitro (Figure 6(b)). These results suggested 
that YjbH functions in protecting S. aureus from oxida-
tive stresses in the host.

Discussion

Our result is the first report showing the role of YjbH 
as a virulence factor of S. aureus in animal models, both 
silkworms and mice, and the first to show the function 
of YjbH regarding virulence is related to oxidative 
stress in the host. Previous studies had determined the 
viability of the yjbH and the yjbI genes-disrupted 
mutants in organs of infected mice [14,20]; however, 

our microbial viability data were different from the 
previous report [20]. In this study, we evaluated the 
killing ability of the mutants in mice systemic infection 
model and found that under our conditions, the 
mutants were less virulent. Moreover, transcriptome 
analysis suggested that YjbH acts as a regulator of 
expression of multiple genes and many of which were 
related to virulence and oxidative stress. Furthermore, 
YjbH seems to be necessary for the expression of var-
ious proteins located on the S. aureus surface and 
proteases.

Microbes acquire nitrogen through the degradation 
of proteins using proteases. Therefore, it is expected 
that the reduced protease production by the disruption 
of the yjbH gene resulted in insufficient nitrogen sup-
ply. As S. aureus can utilize urea as a nitrogen source 
[40], it is likely that yjbH::Tn enhanced urease produc-
tion to compensate for the nitrogen supply in the 
absence of YjbH. This notion is further supported by 
the enhanced production of urease in the mutants with 

Figure 3. The yjbH gene is responsible for protease and pigment production. (a). Protease production. Two microliters of the 
overnight cultures of the strains were spotted on TSB+ 3.3% skim milk agar plates and incubated at 37°C overnight. (b). Pigment 
production. Two microliters of the overnight cultures of the strains were spotted on TSB agar plates and incubated at 37°C 
overnight.
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reduced proteolytic activities [41–43]. In addition to 
the genes involved in urease production, we found 
that the genes related to transport of nickel, a urease 
cofactor, were highly upregulated in the absence of 
YjbH. Given that urease is responsible for the conver-
sion of urea into ammonia [44], which is an important 
pathway to alleviate acidic stress in many bacteria [45], 
YjbH might have a role in acidic stress resistance and 
pH homeostasis.

Staphyloxanthin, the yellow pigment, has been 
shown to have roles in protecting S. aureus against 
reactive oxygen species in the host [46]. The loss of 
yellow pigment in the absence of the yjbH gene suggests 
that YjbH exerts oxidative stress resistance by regulat-
ing staphyloxanthin production. Based on the effect of 
YjbH on other oxidative stress-related genes, it is evi-
dent that YjbH plays a role in providing oxidative stress 
tolerance to S. aureus, which is an important defense 
mechanism against host immunity. This function was 
further verified by our in vivo oxidative stress model 
using silkworm, where an ROS scavenger was able to 

rescue S. aureus against host-immunity and increased 
the virulence of yjbH::Tn.

In our RNA seq analysis, we found that the expres-
sion of stress regulators spxA and sigB, including SigB- 
specific genes, were downregulated. YjbH is involved in 
the proteolysis of Spx, a stress regulator required for 
oxidative stress tolerance [18,19,21,36]. In the absence 
of YjbH, Spx is accumulated, which represses its own 
expression [36]. The other stress regulator, SigB, is 
known to regulate a wide range of genes including 
many virulence factors [47]. Despite its ability to reg-
ulate virulence-related genes, the in vivo role of SigB in 
pathogenicity is disease model specific. For instance, 
sigB gene-deficient mutant was found to be less virulent 
in mouse models of arthritis [48] and intraperitoneal 
infection [49]; whereas mouse model of the abscess and 
hematogenous pyelonephritis [50], and a rat model of 
osteomyelitis [51] found no role of SigB in virulence of 
S. aureus. Similarly, the absence of SigB causes reduced 
pigmentation irrespective of the presence of YjbH or 
Spx, and the absence of Spx was required for the 

Figure 4. Alteration in surface structure due to the yjbI and the yjbH genes disruption. (a). Surface protein profiles of the strains. 
Surface proteins were extracted from the respective strains and applied to a 4–20% gradient SDS-PAGE gel and visualized by CBB 
staining. M: Molecular weight marker. (b). FTIR spectral profiling of cell envelope glycostructures. FTIR spectroscopy-based 
dendrogram (HCA) of wild-type, yjbH::Tn, and yjbI::Tn, each comprising triplicate measurements at three different days (upper). 
Average spectra were generated from the second derivative, vector-normalized FTIR spectra. Black: wild-type, orange: yjbH::Tn, red: 
yjbI::Tn (lower).

476 A. PAUDEL ET AL.



enhanced proteolytic activity of sigB-yjbH double gene 
disruptant [20]. Therefore, regulatory cross talks might 
exist between the stress regulators such as Spx, SigB, 
and YjbH, a detailed elucidation of which is further 
required.

In our study, we have shown for the first time that 
YjbH is required for full virulence of S. aureus and 
regulates virulence genes and surface proteins, and is 
necessary for oxidative stress tolerance inside the host. 

Moreover, the disruption of the yjbI and the yjbH genes 
led to reduced protease activity and reduced surface 
protein. Interestingly, most of the proteases are excreted 
into supernatant from the cell in general [52–54], and 
surface proteins of S. aureus predominantly consist of 
proteins related to adhesion and evasion such as clump-
ing factor, fibronectin, and collagen-binding proteins, 
staphylococcal protein A [55–58]. In this regard, further 
proteomic analysis of the whole proteome, surfacome, 

Figure 5. RNA-seq analysis showing the differentially expressed genes in yjbH::Tn and yjbI::Tn compared to that in the wild-type. (a). 
Genes that were significantly downregulated (<2-fold, FDR p-value <0.05). (b). Genes that were significantly upregulated (>2-fold, 
FDR p-value <0.05). (c). Gene Ontology term enrichment analysis. A complete list of differentially expressed genes in yjbI::Tn and 
yjbH::Tn compared with that of the wild-type (2 fold, FDR p-value <0.05) is shown in Supplemental Table S1 and S2.
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and secretome of the mutants is required to provide an 
in-depth understanding of the role of YjbH in 
Staphylococcal virulence. Nonetheless, the findings of 
this study indicate that unlike other virulence factors 
such as sarA, agr, and other two-component systems 
such as srrAB, saeRS, and ArlRS [2], YjbH affects the 
expression of a broad range of genes. Further studies 
regarding the detailed mechanism at the protein level 
will give an insight into the complex regulatory mechan-
ism of S. aureus virulence pathway and its utilization as 
a target for anti-virulence drug development.

Acknowledgments

The following reagent was provided by the Network on 
Antimicrobial Resistance in Staphylococcus aureus (NARSA) for 
distribution by BEI Resources, NIAID, NIH: Nebraska 
Transposon Mutant Library (NTML) Screening Array, NR- 
48501.

Disclosure statement

KS is a consultant for Genome Pharmaceuticals Institute Co., 
Ltd.

Funding

This work was supported by JSPS KAKENHI Grant Number 
JP15H05783 (Grant-in-Aid for scientific research (S)) to KS; 
JSPS KAKENHI Grant Number JP19K16653 (Grant-in-Aid 
for Early-Career Scientists) to AP; JSPS KAKENHI Grant 
Number JP19K07140 (Grant-in-Aid for scientific research) 
to HH, TBRF fellowship to SP, and Austrian Science Fund 
Grant Number FWF-P29304-B22 to TG.

ORCID

Atmika Paudel http://orcid.org/0000-0003-3478-9452
Suresh Panthee http://orcid.org/0000-0003-4021-7936
Hiroshi Hamamoto http://orcid.org/0000-0001-9315-7442
Tom Grunert http://orcid.org/0000-0001-5722-6631
Kazuhisa Sekimizu http://orcid.org/0000-0002-2849-8432

References

[1] Zecconi A, Scali F. Staphylococcus aureus virulence 
factors in evasion from innate immune defenses in 
human and animal diseases. Immunol Lett. 
2013;150:12–22.

[2] Jenul C, Horswill AR. Regulation of Staphylococcus 
aureus virulence. Microbiol Spectr. 2018;6:GPP3- 
0031-2018.

a. b.

W
T

W
T+NAC

yjb
I::T

n

yjb
I::T

n+
NAC

yjb
H:

:T
n

yjb
H:

:T
n +

NAC
0

2

4

6

ns * *
LD

50
 (

C
F

U
 x

 1
07 /

la
rv

a)

Figure 6. Effect of NAC upon pathogenicity, pigment production and proteolysis. (a). Pathogenicity of wild-type and mutants in the 
presence and absence of a free-radical scavenger. Silkworms were injected with NAC (2 mg/larva) before injecting with the different 
doses of the respective S. aureus strains, and survival of the silkworms was observed. The lethal dose fifty values were calculated at 
30 h post-infection for all the strains in the presence and absence of NAC. Statistical analysis was performed by one-way ANOVA 
using Dunnett’s multiple comparison test. A p-value less than 0.05 was considered significant and indicated by an asterisk, ns: not 
significant. (b). Effect of NAC on pigment and protease production in vitro. Bacteria were grown in the presence of NAC at the 
concentrations indicated, and 2 µl of the overnight culture was spotted on either TSB or TSB +3.3% skim milk agar plate for pigment 
and protease production, respectively followed by overnight incubation.

478 A. PAUDEL ET AL.



[3] Lowy FD. Staphylococcus aureus infections. N Eng 
J Med. 1998;339:520–532.

[4] Hiramatsu K, Hanaki H, Ino T, et al. Methicillin- 
resistant Staphylococcus aureus clinical strain with 
reduced vancomycin susceptibility. J Antimicrob 
Chemother. 1997;40:135–136.

[5] Sievert DM, Rudrik JT, Patel JB, et al. Vancomycin- 
Resistant Staphylococcus aureus in the United States, 
2002–2006. Clin Infect Dis. 2008;46:668–674.

[6] Howden BP, Davies JK, Johnson PDR, et al. Reduced 
vancomycin susceptibility in Staphylococcus aureus, 
including vancomycin-intermediate and heterogeneous 
vancomycin-intermediate strains: resistance mechan-
isms, laboratory detection, and clinical implications. 
Clin Microbiol Rev. 2010;23:99–139.

[7] Walters MS, Eggers P, Albrecht V, et al. Vancomycin- 
resistant Staphylococcus aureus-Delaware, 2015. 
MMWR Morb Mortal Wkly Rep. 2015;64:1056.

[8] Panthee S, Hamamoto H, Paudel A, et al. Genomic 
analysis of vancomycin-resistant Staphylococcus aureus 
VRS3b and its comparison with other VRSA isolates. 
Drug Discov Ther. 2017;11:78–83.

[9] McGuinness WA, Malachowa N, DeLeo FR. Focus: 
infectious diseases: vancomycin resistance in 
Staphylococcus aureus. YJBM. 2017;90(2):269–281.

[10] Lowy FD. Antimicrobial resistance: the example of 
Staphylococcus aureus. J Clin Invest. 
2003;111:1265–1273.

[11] Kaito C, Kurokawa K, Matsumoto Y, et al. Silkworm 
pathogenic bacteria infection model for identification 
of novel virulence genes. Mol Microbiol. 
2005;56:934–944.

[12] Kaito C, Morishita D, Matsumoto Y, et al. Novel DNA 
binding protein SarZ contributes to virulence in 
Staphylococcus aureus. Mol Microbiol. 
2006;62:1601–1617.

[13] Imae K, Saito Y, Kizaki H, et al. Novel nucleoside 
diphosphatase contributes to Staphylococcus aureus 
virulence. J Biol Chem. 2016;291:18608–18619.

[14] Paudel A, Hamamoto H, Panthee S, et al. Large-scale 
screening and identification of novel pathogenic 
Staphylococcus aureus genes using a silkworm infection 
model. J Infect Dis. 2020;221:1795–1804.

[15] Larsson JT, Rogstam A, Von Wachenfeldt C. YjbH is 
a novel negative effector of the disulphide stress reg-
ulator, Spx, in Bacillus subtilis. Mol Microbiol. 
2007;66:669–684.

[16] Garg SK, Kommineni S, Henslee L, et al. The YjbH 
protein of Bacillus subtilis enhances ClpXP-catalyzed 
proteolysis of Spx. J Bacteriol. 2009;191:1268.

[17] Awad W, Al-Eryani Y, Ekström S, et al. Structural basis 
for YjbH adaptor-mediated recognition of transcrip-
tion factor Spx. Structure. 2019;27:923–36.e6.

[18] Engman J, Rogstam A, Frees D, et al. The YjbH adap-
tor protein enhances proteolysis of the transcriptional 
regulator Spx in Staphylococcus aureus. J Bacteriol. 
2012;194:1186.

[19] Donegan NP, Manna AC, Tseng CW, et al. CspA 
regulation of Staphylococcus aureus carotenoid levels 
and σB activity is controlled by YjbH and Spx. Mol 
Microbiol. 2019;112:532–551.

[20] Austin CM, Garabaglu S, Krute CN, et al. Contribution 
of YjbIH to virulence factor expression and host colo-
nization in Staphylococcus aureus. Infect Immun. 
2019;87(6):e00155–19.

[21] Panasenko OO, Bezrukov F, Komarynets O, et al. YjbH 
solubility controls Spx in Staphylococcus aureus: impli-
cation for MazEF toxin-antitoxin system regulation. 
Front Microbiol. 2020;11. DOI:10.3389/ 
fmicb.2020.00113

[22] Reniere ML, Whiteley AT, Portnoy DA. An in vivo 
selection identifies Listeria monocytogenes genes 
required to sense the intracellular environment and 
activate virulence factor expression. PLOS Pathog. 
2016;12:e1005741.

[23] Ruhland BR, Reniere ML. YjbH requires its thiore-
doxin active motif for the nitrosative stress response, 
cell-to-cell spread, and protein-protein interactions 
in Listeria monocytogenes. J Bacteriol. 2020;202: 
e00099–20.

[24] Chan CM, Garg S, Lin AA, et al. Geobacillus thermo-
denitrificans YjbH recognizes the C-terminal end of 
Bacillus subtilis Spx to accelerate Spx proteolysis by 
ClpXP. Microbiology. 2012;158:1268–1278.

[25] Chan CM, Hahn E, Zuber P. Adaptor bypass 
mutations of Bacillus subtilis spx suggest 
a mechanism for YjbH-enhanced proteolysis of 
the regulator Spx by ClpXP. Mol Microbiol. 
2014;93:426–438.

[26] Nakano S, Küster-Schöck E, Grossman AD, et al. Spx- 
dependent global transcriptional control is induced by 
thiol-specific oxidative stress in Bacillus subtilis. Proc 
Natl Acad Sci U S A. 2003;100:13603.

[27] Paudel A, Hamamoto H, Panthee S, et al. A novel 
spiro-heterocyclic compound identified by the silk-
worm infection model inhibits transcription in 
Staphylococcus aureus. Front Microbiol. 2017;8:712.

[28] Paudel A, Panthee S, Hamamoto H, et al. GPI0363 
inhibits the interaction of RNA polymerase with 
DNA in Staphylococcus aureus. RSC Adv. 
2019;9:37889–37894.

[29] Panthee S, Paudel A, Blom J, et al. Complete genome 
sequence of Weissella hellenica 0916- 4-2and its com-
parative genomic analysis. Front Microbiol. 2019;10. 
DOI:10.3389/fmicb.2019.01619

[30] Panthee S, Hamamoto H, Ishijima SA, et al. Utilization 
of hybrid assembly approach to determine the genome 
of an opportunistic pathogenic fungus, Candida albicans 
TIMM 1768. Genome Biol Evol. 2018;10:2017–2022.

[31] Johler S, Stephan R, Althaus D, et al. High-resolution 
subtyping of Staphylococcus aureus strains by means of 
Fourier-transform infrared spectroscopy. Syst Appl 
Microbiol. 2016;39:189–194.

[32] Fey PD, Endres JL, Yajjala VK, et al. A genetic resource 
for rapid and comprehensive phenotype screening of 
nonessential Staphylococcus aureus genes. mBio. 
2013;4. DOI:10.1128/mBio.00537-12

[33] Schade J, Weidenmaier C. Cell wall glycopolymers of 
firmicutes and their role as nonprotein adhesins. FEBS 
Lett. 2016;590:3758–3771.

[34] Wanner S, Schade J, Keinhörster D, et al. Wall teichoic 
acids mediate increased virulence in Staphylococcus 
aureus. Nat Microbiol. 2017;2:16257.

VIRULENCE 479

https://doi.org/10.3389/fmicb.2020.00113
https://doi.org/10.3389/fmicb.2020.00113
https://doi.org/10.3389/fmicb.2019.01619
https://doi.org/10.1128/mBio.00537-12


[35] Winstel V, Kühner P, Salomon F, et al. Wall teichoic 
acid glycosylation governs Staphylococcus aureus nasal 
colonization. mBio. 2015;6:e00632–15.

[36] Pamp SJ, Frees D, Engelmann S, et al. Spx is a global 
effector impacting stress tolerance and biofilm formation 
in Staphylococcus aureus. J Bacteriol. 2006;188:4861–4870.

[37] Bore E, Langsrud S, Langsrud Ø, et al. Acid-shock 
responses in Staphylococcus aureus investigated by global 
gene expression analysis. Microbiology. 
2007;153:2289–2303.

[38] Boer JL, Mulrooney SB, Hausinger RP. Nickel- 
dependent metalloenzymes. Arch Biochem Biophys. 
2014;544:142–152.

[39] Zafarullah M, Li WQ, Sylvester J, et al. Molecular 
mechanisms of N-acetylcysteine actions. Cell Mol Life 
Sci. 2003;60:6–20.

[40] Cretenet M, Nouaille S, Thouin J, et al. Staphylococcus 
aureus virulence and metabolism are dramatically 
affected by Lactococcus lactis in cheese matrix. 
Environ Microbiol Rep. 2011;3:340–351.

[41] Stahlhut SG, Alqarzaee AA, Jensen C, et al. The ClpXP 
protease is dispensable for degradation of unfolded 
proteins in Staphylococcus aureus. Sci Rep. 
2017;7:11739.

[42] Frees D, Andersen JH, Hemmingsen L, et al. New 
Insights into Staphylococcus aureus Stress Tolerance 
and Virulence Regulation from an Analysis of the 
Role of the ClpP Protease in the Strains Newman, 
COL, and SA564. J Proteome Res. 2012;11:95–108.

[43] Gao P, Ho PL, Yan B, et al. Suppression of 
Staphylococcus aureus virulence by a small-molecule 
compound. Proc Nat Acad Sci. 2018;115:8003–8008.

[44] Mobley HL, Island MD, Hausinger RP. Molecular biol-
ogy of microbial ureases. Microbiol Rev. 
1995;59:451–480.

[45] Cotter PD, Hill C. Surviving the acid test: responses of 
gram-positive bacteria to low pH. Microbiol Mol Biol 
Rev. 2003;67:429–453. table of contents.

[46] Thomsen IP, Liu GY. Targeting fundamental pathways 
to disrupt Staphylococcus aureus survival: clinical 
implications of recent discoveries. JCI Insight. 2018;3. 
DOI:10.1172/jci.insight.98216

[47] Bischoff M, Dunman P, Kormanec J, et al. Microarray- 
Based Analysis of the Staphylococcus aureus σB 
Regulon. J Bacteriol. 2004;186:4085.

[48] Jonsson IM, Arvidson S, Foster S, et al. Sigma factor 
B and RsbU are required for virulence in 

Staphylococcus aureus-induced arthritis and sepsis. 
Infect Immun. 2004;72:6106–6111.

[49] Marbach H, Mayer K, Vogl C, et al. Within-host evo-
lution of bovine Staphylococcus aureus selects for a 
SigB-deficient pathotype characterized by reduced 
virulence but enhanced proteolytic activity and biofilm 
formation. Sci Rep. 2019;9:13479.

[50] Chan PF, Foster SJ, Ingham E, et al. The Staphylococcus 
aureus alternative sigma factor sigmaB controls the 
environmental stress response but not starvation sur-
vival or pathogenicity in a mouse abscess model. 
J Bacteriol. 1998;180:6082–6089.

[51] Nicholas RO, Li T, McDevitt D, et al. Isolation and 
characterization of a sigB deletion mutant of 
Staphylococcus aureus. Infect Immun. 
1999;67:3667–3669.

[52] Burlak C, Hammer CH, Robinson MA, et al. Global 
analysis of community-associated methicillin-resistant 
Staphylococcus aureus exoproteins reveals molecules 
produced in vitro and during infection. Cell 
Microbiol. 2007;9:1172–1190.

[53] Busche T, Hillion M, Van Loi V, et al. 
Comparative secretome analyses of human and 
zoonotic Staphylococcus aureus Isolates CC8, 
CC22, and CC398. Mol Cell Proteomics. 
2018;17:2412–2433.

[54] Smith DS, Siggins MK, Gierula M, et al. Identification 
of commonly expressed exoproteins and proteolytic 
cleavage events by proteomic mining of clinically rele-
vant UK isolates of Staphylococcus aureus. Microb 
Genomics. 2016;2. DOI:10.1099/mgen.0.000049

[55] Ventura CL, Malachowa N, Hammer CH, et al. 
Identification of a Novel Staphylococcus aureus 
two-component leukotoxin using cell surface proteomics. 
Plos One. 2010;5:e11634.

[56] Dreisbach A, van Dijl JM, Buist G. The cell surface pro-
teome of Staphylococcus aureus. Proteomics. 
2011;11:3154–3168.

[57] Foster TJ. Surface Proteins of Staphylococcus aureus. 
Microbiol Spectr. 2019;7. DOI:10.1128/microbiolspec. 
GPP3-0046-2018

[58] Dreisbach A, Hempel K, Buist G, et al. Profiling the 
surfacome of Staphylococcus aureus. Proteomics. 
2010;10:3082–3096.

[59] Peng HL, Novick RP, Kreiswirth B, et al. Cloning, 
characterization, and sequencing of an accessory 
gene regulator (agr) in Staphylococcus aureus. 
J Bacteriol. 1988;170:4365–4372.

480 A. PAUDEL ET AL.

https://doi.org/10.1172/jci.insight.98216
https://doi.org/10.1099/mgen.0.000049
https://doi.org/10.1128/microbiolspec.GPP3-0046-2018
https://doi.org/10.1128/microbiolspec.GPP3-0046-2018

	Abstract
	Introduction
	Materials and methods
	Bacterial strains and culture conditions
	Silkworm rearing and infection assay
	Pathogenicity in mice
	Pigment production and proteolysis
	Plasmid construction and complementation
	RNA-Sequencing and analysis
	Surface protein profiling
	Fourier-Transform Infrared spectroscopic analysis

	Results
	The yjbH gene is responsible for the pathogenicity of S.aureus
	Protease and pigment production
	Surface protein and cell envelope glycopolymer structure were altered by disruption of the yjbI and the yjbH genes
	RNA-seq analysis reveals downregulation of virulence and oxidative stress-related genes
	Virulence is conferred by protection against oxidative stress

	Discussion
	Acknowledgments
	Disclosure statement
	Funding
	References



