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ABSTRACT
The virulence factors of Staphylococcus aureus are tightly controlled by two-component systems 
(TCSs) and small RNA (sRNA). TCSs have been well studied over the past several decades, but our 
understanding of sRNA functions lags far behind that of TCS functions. Here, we studied the 
biological role of sRNA from 506 S. aureus RNA-seq datasets using independent component 
analysis (ICA). We found that a previously neglected sRNA, Sau-41, functions in the Agr system. 
Sau-41 is located within the PSMα operon and controlled by the Agr system. It was predicted to 
share 22-base complementarity with RNAIII, a major regulator of S. aureus virulence. The EMSA 
results demonstrated that Sau-41 directly binds to RNAIII. Furthermore, our results found that 
Sau-41 is capable of repressing S. aureus haemolysin activity by downregulating α-haemolysin 
and δ-toxin. The repression of α-haemolysin was attributed to the competition between the 5’ 
UTR of hla and Sau-41 for binding RNAIII. We observed that Sau-41 mitigated S. aureus virulence 
in an orthopaedic implant infection mouse model and alleviated osteolysis. Together, our results 
indicate that Sau-41 is a virulence-regulating RNA and suggest that Sau-41 might be involved in 
a negative feedback mechanism to control the Agr system. This work is a demonstration of 
using ICA in sRNA identification by mining high-throughput data and could be extended to 
other organisms as well.
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Introduction

S. aureus, a gram-positive bacterium that commonly 
resides on human skin and mucous membranes as 
a commensal, is known to cause a wide range of infectious 
diseases, including skin abscesses, osteomyelitis, endocar-
ditis, bacteraemia, and pneumonia [1–3]. sRNAs serve as 
post-transcriptional regulators for various mRNAs, either 
encoded in cis or trans, and has been proven to be sig-
nificant in bacteria’s environmental adaptation. A recent 
review [4] suggests that the heightened virulence of 
S. aureus compared to coagulase-negative Staphylococci 
(CoNS) may be partly attributable to the presence of 
sRNAs, which have been frequently identified in 
S. aureus strains but not in CoNS.

Over the past three decades, there has been 
a growing focus on the role of sRNAs in regulating 
virulence genes in S. aureus. By utilizing advanced 
techniques such as tiling arrays and RNA-Seq, numer-
ous putative sRNAs have been described [5], with the 

SRD database currently housing 575 unique sRNA 
sequences [6]. However, the surge in sRNA identifica-
tion has primarily been limited to descriptive studies 
concerning sRNA expression, while investigations into 
their specific molecular targets lagged behind tempora-
rily. Nonetheless, recent developments have yielded 
various approaches to enhance our understanding of 
sRNA functions and mechanisms of action in S. aureus. 
Computational methods (e.g. intaRNA [7], 
RNApredator [8], TargetRNA2 [9] have emerged as 
a valuable tool for predicting sRNA targets based on 
sequence complementarity and homology. These pre-
dictions have exhibited high accuracy, underscoring the 
important role of computational approaches in identi-
fying sRNA targets.

In recent years, researchers have increasingly 
embraced machine learning techniques for data 
mining, decomposition, and the prediction of complex 
biological information [10]. Among these techniques, 
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module detection methods have proven effective in 
identifying functionally related and co-regulated groups 
of genes (as well as non-coding RNA), thereby enabling 
the inference of biological explanations from large gene 
expression datasets [11]. Independent component ana-
lysis (ICA) has emerged as the optimal algorithm for 
module detection and has been employed in decom-
posing mRNA transcriptional regulation networks 
(TRNs) in various organisms, including S. aureus, 
Pseudomonas aeruginosa, E. coli, and Bacillus subtilis 
[12–15]. Although these studies have advanced our 
comprehension of regulator-target relationships, they 
have not investigated the co-regulation of sRNA and 
mRNA in the transcriptional regulatory networks of 
S. aureus. Given the exponential growth of publicly 
available RNA-seq data, this study recognizes the 
untapped potential of sRNA analysis as a valuable 
resource.

In the present study, we collected a dataset com-
prising 494 high-quality S. aureus RNA-seq samples 
from public databases supplemented by 12 in-house 
RNA-seq datasets, to perform ICA analysis on both 
mRNA and sRNA expression profiles. Through 
decomposition of the expression profiles, we identi-
fied Sau-41 as a component of the Agr quorum- 
sensing system. Subsequent in vitro experiments con-
firmed that Sau-41, an uncharacterized sRNA, can 
repress S. aureus virulence by interacting with 
RNAIII, a major regulator of the Agr system. 
Furthermore, we validated the role of Sau-41 in reg-
ulating S. aureus virulence in vivo and demonstrated 
that upregulation of Sau-41 can mitigate infection 
using an orthopaedic implant infection model.

In conclusion, this study not only sheds light on the 
prospect of employing ICA for prokaryotic sRNA dis-
covery but also reveals a previously unknown sRNA, 
Sau-41, which plays a crucial role in regulating 
S. aureus virulence. The comprehensive validation of 
the function of Sau-41 in vitro and in vivo strengthens 
our understanding of its significance.

Material and methods

GEO data acquisition and quality control

By searching the GEO and SRA databases, a total of 
854 S. aureus RNA-seq datasets were downloaded 
from the GEO database. The downloaded data were 
then subjected to procedures including adapter trim-
ming, quality filtering, and per-read quality pruning 
using the fastp program. Low-quality data were 
excluded following the workflow illustrated in Fig. 
S1. Briefly, data that failed in the FASTQC program 

were excluded for subsequent analysis as described in 
a previous study [12]. After transcript quantification 
with salmon, datasets with mapped reads less than 
one million or Pearson correlation R2 values within 
replicates lower than 0.97 were discarded. Finally, 
outlier samples, samples without technical/biological 
replicates, samples with no reference group, samples 
with poor experimental metadata, and datasets from 
unstranded cDNA libraries were discarded. Detailed 
information on qualified RNA-seq data is listed in 
Table S1.

RNA-seq data analysis with the pangenome 
method

Twenty-five representative S. aureus genomes were 
selected from the panX database [16] and their cod-
ing sequences were predicted using the software 
prokka [17]. Details of the representative S. aureus 
genomes are listed in Table S2. S. aureus sRNA 
sequences from USA300-FPR3757 were obtained 
from the SRD database [6]. Since most of the read 
lengths are longer than 100 bp, we decided to solely 
incorporate sRNAs that are longer than 100 bp. The 
concept of pangenome-based RNA-seq read mapping 
was conducted as illustrated in Figure 1b. Briefly, all 
of the coding sequences of the 25 representative 
genomes and sRNA longer than 100 bp were col-
lected and merged into a single FASTA file, which 
was regarded as the reference genome for the subse-
quent read-mapping procedure. Then, the sequencing 
reads were quasi-mapped into the reference genome, 
and transcript expression levels were quantified using 
Salmon software [18].

Independent component analysis (ICA) and 
iModulon inference

The procedure of computing robust independent com-
ponents with ICA was carried out according to descrip-
tions in previous studies [12] and their GitHub 
repository (https://github.com/avsastry/modulome- 
workflow.git), the corresponding scripts were also pro-
vided in the supplementary material. Briefly, Log2(TPM 
+1) centred on the reference conditions was used as 
input for ICA analysis. FastICA was executed with 
a convergence tolerance of 10−7. The procedure was 
repeated several times on the input datasets ranging 
in dimension from 20 to 350 with a step size of 30. 
The optimal dimensionality was determined as 
instructed by McConn et al.[19]
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Gene annotation, computing iModulon thresholds 
and regulator enrichment

The S. aureus gene annotation information was available 
from the panX database [16]. Additionally, the KEGG 
information was downloaded from EggNOG-mapper 
[20]. The TRN file was obtained from the RegPrecise data-
base [21]. The iModulon thresholds were determined, and 
regulator enrichment was performed with the previously 
developed python module pymodulon [13].

Oligonucleotide sequences, plasmids, bacterial 
strains, and growth conditions:

All oligonucleotide sequences used in this study are 
listed in Table S3. The bacterial strains and plasmids 
used in this study are listed in Table S4. S. aureus 
ST1792 is a clinical isolate from a patient with peri-
prosthetic joint infection. For the 12 in-house gener-
ated RNA-seq, overnight grown ST1792 was inoculated 
into 10 mL of fresh TSB supplied with 20% human 
body fluid (plasma, synovial fluid, drainage fluid, or 
ddH2O) at 37 ℃ with shaking at 200 rpm for 6 hours 

until the OD600 reached 0.6. Each condition was sub-
jected to three biological replicates. S. aureus carrying 
plasmids were grown in TSB (tryptic soy broth supple-
mented with 10.0 μg/mL chloramphenicol) at 37 °C/ 
200 rpm.

RNA extraction, library construction and 
sequencing

For in-house transcriptome sequencing, bacterial cells 
(ST1792) were collected by centrifugation at 4000 rpm 
for 15 min, and the bacterial wall was physically dis-
rupted by a tissue lyser. Then, the total RNA was 
purified using the EZ-press microRNA Purification kit 
plus (EZBioscience, China) according to the manufac-
turer’s instructions. RNA quality was assessed by an 
Agilent 2100 bioanalyzer (Agilent, USA). For each sam-
ple, after ribosomal RNA depletion, a total of 10 μg of 
RNA was disrupted into 200 ~ 250 bp segments and 
reverse transcribed into cDNA with random hexamer 

Figure 1. Schematic illustration displaying the procedure of this study. (a) RNA-seq data were either downloaded from the GEO 
database or generated in-house. Samples without detailed experimental information or with no experimental replicates were 
excluded. (b) RNA-seq reads were mapped to the S. aureus pangenome reference and transcripts abundances were quantified using 
salmon software. (c) Expression matrix derived from the previous step was used as the input data for the ICA analysis pipeline. 
Resulting in M and a tables containing iModulon information. M table: Each column represents an independent component (IC), and 
each row contains the gene weights for each gene across each IC: Each column represents a sample, and each row contains the 
activity of each iModulon across all samples. (d) The M and a tables together with sample information were used as input for 
iModulon characterization using python package pymodulon. Components of iModulon containing both sRNA and genes were 
identified, and their activity under each experimental condition was visualized with bar plots.
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primers. All of the constructed cDNA libraries were 
sequenced using the HiSeq2000 (Illumina, USA) 
sequencer.

Sau-41 overexpression and knockdown

For Sau-41 overexpression, the plasmid pRMC2 was 
used as the backbone, and Sau-41 regulated by the well- 
studied strong promoter cap1A was synthesized chemi-
cally and ligated with a PCR-generated linearized 
pRMC2 fragment using Gibson assembly, resulting in 
the recombinant pRMC2_Sau-41 plasmid. For Sau-41 
mutant overexpression, the pRMC2_Sau-41 plasmid 
was mutated with a point mutation kit (Vazyme, 
China), resulting in the pRMC2_Sau-41mt plasmid.

For Sau-41 knockdown, we used a dcas9-based tran-
scriptional repression system, and the previously 
reported pSD1 [22] was used as the backbone. sgRNA 
oligos were annealed and inserted into the pSD1 plas-
mid using golden gate assembly as described by Zhao 
[22]. The recombinant plasmid was named 
pSD1_Sau-41.

All recombinant plasmids were transferred into 
S. aureus strain RN4220 with electroporation as 
described previously [23].

Hemolysis assay

Overnight-grown S. aureus was diluted 1:50 and grown 
at 37 °C for 2 hours. The bacterial supernatant was then 
filter-sterilized (0.22 μm) and collected to investigate 
haemolysis activity. Peripheral blood was collected 
from healthy volunteer donors with their informed 
consent at Shanghai Sixth People’s Hospital Affiliated 
to Shanghai Jiao Tong University School of Medicine. 
Human red blood cells were collected by centrifuging 1  
mL of human peripheral blood and resuspending it in 
10 mL of PBS. The supernatant was mixed with blood 
samples at a 1:1 ratio and incubated at 37 °C for 1 hour. 
Sterile H2O was added as the positive control. 
Incubated blood samples were transferred into 96-well 
plates, and the OD 540 nm was measured with 
a microplate reader (BioTek, United States).

Northern blot

S. aureus total RNA was extracted as described above. 
Ten micrograms of RNA was mixed with 2X RNA 
loading buffer, and equal volumes were loaded onto 
a 10% urea-polyacrylamide gel (PAGE). After electro-
phoresis (100 V for 8 × 8 * 0.15 cm gel), gels were elec-
trotransferred (380 mA, 60 min) onto a positively 
charged nylon membrane. After prehybridization 

using hybridization buffer IV (Sangon, Shanghai, 
China) at 37 °C for 3 hours, the nylon membrane was 
hybridized with 50 pM biotin-labelled probes at 37 °C 
overnight. The blotting was detected using chemilumi-
nescence methods after incubation with streptavidin- 
HRP conjugate (Beyotime). Finally, a Tannon visualiza-
tion system (Tannon, China) was used for visualization. 
The resultant image was quantified using ImageJ (1.53c, 
Fiji).

RNA in vitro transcription, labelling, and 
electrophoretic mobility shift assay

Sau-41, RNAIII, and the 5’ UTR of hla were tran-
scribed in vitro using a T7 High Yield RNA 
Transcription Kit (Beyotime, China). The transcrip-
tion template was generated using PCR. RNA was 
labelled with a Pierce™ RNA 3” End Biotinylation Kit 
(Thermo, USA). RNA denaturing, refolding, and bind-
ing reactions were performed as described by Huyen 
et al. [24]. A total of 6 nM labelled Sau-41 was incu-
bated with unlabelled RNAIII at various concentra-
tions. Then, 6 nM labelled hla 5” UTR and 6 nM 
unlabelled RNAIII were incubated with various con-
centrations of unlabelled Sau-41. The prepared RNA 
samples were loaded on a native polyacrylamide gel 
and underwent electrophoresis in 0.5× TBE until the 
bromophenol blue dye migrated 3/4 down the length 
of the gel. (100 V for 8 × 8 * 0.15 cm gel). The gel was 
then electrotransferred (380 mA, 60 min) onto 
a positively charged nylon membrane using 
a standard Bio-Rad transfer apparatus. After UV- 
crosslinking, the biotin-labelled RNAs were detected 
using chemiluminescence methods as instructed by 
the Chemiluminescent Biotin-labelled Nucleic Acid 
Detection Kit (Beyotime, China) and visualized using 
a Tannon visualization system (Tannon, China).

S. aureus quantitative PCR

RN4220 cells carrying pRMC2_Sau-41, pSD1_Sau-41 
or pRMC2 plasmids were grown in TSB (10 μg/mL 
chloramphenicol) for 8 hours at 37℃/200 rpm with 
an initial 1:100 dilution of overnight grown culture. 
Bacterial cells were collected, and total RNA was 
extracted as described above. The RNA samples with 
absorbance ratios of 260 nm/280 nm and 260 nm/230  
nm higher than 2.0 were transcribed into cDNA, and 
the subsequent quantitative PCR analysis was per-
formed as described previously [23]. The relative gene 
transcription level was quantified with the 2−ΔΔt 

method using gyrB as the internal reference gene.
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In vivo infection model, bacterial burden 
quantification and μCT analysis

Twenty-four C57BL/6 mice (6 weeks old) were ran-
domly divided into three groups (wild-type, Sau-41 
overexpression, and Sau-41 knockdown). The intrame-
dullary femur implant mouse model was conducted as 
described previously [23]. Approximately 1 × 10[6] 
CFU S. aureus in a total volume of 50 μL PBS was 
inoculated into the knee joint capsule on the first day 
after surgery. All mice were euthanized on the 
seventh day after infection. Thirty femurs were pre-
pared for bacterial burden quantification, and the 
remaining 18 femurs underwent μCT scanning using 
a Sky scan 1172 μCT scanner (Sky Scan, Ltd., 
Kartuizersweg, Kontich, Belgium). Bone volume/total 
tissue volume (B.V./T.V.) and bone mineral density 
(BMD) of the peri-implant region for each specimen 
was performed using the skyscan CTanalyzer software.

Statistical analysis

Statistical significance between two independent groups 
was determined using an unpaired two-tailed t test. 
Multiple comparisons were performed using one-way 
analysis of variance (ANOVA) with Tukey’s post hoc 
test. The correlation between RNAIII and Sau-41 tran-
scription levels was analysed using the Pearson test. All 
analyses were performed using GraphPad Prism 8.3.0 
unless otherwise stated. Statistical significance was indi-
cated as a two-sided P < 0.05. All the data are presented 
as the mean ± standard deviation.

Results

Improving the traditional RNA-seq mapping 
pipeline

To explore the biological function of sRNA in 
S. aureus, our study involved four consecutive stages: 
RNA-seq data acquisition, reference genome construc-
tion and read mapping, ICA process, iModulon char-
acterization (Figure 1a-d). The RNA-seq data were 
either obtained from the GEO database (n = 854) or 
generated in-house (n = 12). Due to the diversity of 
the S. aureus genetic background, reads from strains 
with different genetic backgrounds should be mapped 
to a representative reference genome. Thus, we adopted 
the quasi-mapping software (Salmon) and used the 
pangenome as a reference genome (as illustrated in 
Figure 1b). Pangenome analysis of S. aureus genomes 
indicated that the number of new genes and conserva-
tive genes decreased sharply when the number of 
involved genomes was less than 20 (Figure 2a,b). 

Then, we selected 25 representative genomes from 344 
S. aureus genome sequences that were deposited in the 
panX database and constructed a reference pangenome 
for reads mapping. The distribution of 25 selected 
genomes in the S. aureus phylogenetic tree is shown 
in Figure S2, and their detailed information is listed in 
Table S2. Our computational results showed that the 
mapping rate gradually increased along with the 
increase in the given genome number (Figure 2c). The 
performance of the pangenome mapping method was 
then tested in several example datasets and compared 
with a single reference; the result displayed in Figure 2d 
shows that the pangenome mapping method could 
effectively remove the reference bias caused by genome 
variation.

RNA-seq processing and ICA analysis

After processing the 866 RNA-seq datasets with the 
quality control workflow illustrated in Figure S1, 360 
samples did not meet the quality control standard for 
any of the following reasons: poor quality reported by 
FASTQC, inadequate sequencing depth, inadequate 
metadata information, non-strand-specific library, and 
low correlation rate with replicates (R ≤ 0.97). The 
remaining 506 qualified samples, which had an average 
correlation value of R2 = 0.99 between replicates, were 
included for subsequent analysis (Figure S3).

Application of ICA to the 506 high-quality expres-
sion matrix results in 94 independently regulated mod-
ules (iModulons). After excluding iModulons 
containing only one gene component, 62 iModulons 
were retained for the following analysis. Most of the 
iModulons involve in the metabolism pathway (e.g. 
sugar, amino acids, nucleotide metabolism) 
(Figure 3a). Those iModulons overlapped with 
S. aureus regulons previously reported in the literature 
were named after the regulators (upper right corner of 
Figure 3b). Other iModulons, which were enriched for 
biological pathways or upregulated in specific condi-
tions were named according to their function. For 
example, iModulons that are exclusively upregulated 
in biofilm state were named Biofilm-1/2/3. The remain-
ing 17 uncharacterized iModulons represent gene sets 
with unidentifiable functions based on our current 
knowledge. Among the functional iModulons, we 
found a set of well-documented β-lactam resistance 
genes (blaZ, blaR1, blaI, mecA, mecR1) (Figure 3c) 
enriched in the β-lactam iModulon. The activity of β- 
lactams iModulon was inducible upon nafcillin treat-
ment in the case of strains TCH1516 and D712 but not 
in LAC (Figure 3d). These results demonstrated that 

VIRULENCE 5



our computational analysis could well reflect the biolo-
gical function to some extent.

Characteristics of Sau-41, a new member of the Agr 
quorum-sensing system

We focused on AgrA iModulon because it is a well- 
studied quorum sensing system regulating the production 
of many S. aureus virulence factors. Our ICA results 
showed that AgrA iModulon consists of nine compo-
nents: PSMα, PSMβ, AgrA-D, Spa, RNAIII, and Sau-41 
(Figure 4a). The distribution of the AgrA iModulon in the 
MW2 genome is shown in Figure 4b. As anticipated, 

RNAIII, the most studied virulence-regulating RNA, is 
enriched in AgrA iModulon [27]. Interestingly, 
a previously unnoticed sRNA named Sau-41 also 
appeared in AgrA iModulon. We then investigated the 
Sau-41 locus and found that Sau-41 overlapped with the 3’ 
part of the PSMα transcript (Figure 4c). Sau-41 shares 
a common terminator with PSMa and has an experimen-
tally verified independent transcriptional start site (TSS) 
[25]. It is interesting to note that this TSS was not identi-
fied in a recently published study describing the 1861 
TSSs in TCH1516 genome [26], indicating that Sau-41 
transcription was either dependent on the experiment 
condition or strain-specific (Figure 4c).

Figure 2. Pangenome-based read mapping methods outperform single-genome-based methods. (a) The cumulative number of 
conserved genes and total genes with increasing in pangenome size. (b) Number of new genes and unique genes with increasing in 
pangenome size. (c) Percentage of mapped reads when aligned to pangenomes of different sizes (number of tested RNA-seq 
datasets = 5). (d) Mapping rates of RNA-seq data derived from 6 S. aureus strains (BPH2947, LAC, MW2, Newman, TCH1516 and 
BPH2819) when aligned to the pangenome or single genome.
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Figure 3. Characteristics of the S. aureus iModulons. (a) Treemap of the 62 S. aureus iModulons. The size of each box represents the 
explained variance contributed to S. aureus whole transcriptome. Large explained variance indicates more dynamic changes in 
iModulon activity across conditions. (b) Association between S. aureus iModulons and previously published regulons. iModulons with 
high fraction of shared genes with published regulon recall were named after the regulon. (c) β-Lactam iModulon components. Each 
point represents a gene. The x-axis represents the gene ID, and the y-axis indicates the weight of the gene in iModulon. The genes 
outside the dashed black lines (threshold) are components of iModulon. (d) Bar plot of the iModulon activities for the β-lactam 
iModulon under different experimental conditions.
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Northern blotting was used to identify Sau-41 
transcription, and we observed two bands. The 
lower band corresponds to the size of Sau-41 (~156 
nt), and the upper band was speculated to be the 
PSMα transcript (~500 nt) (Figure 4d). Northern blot 

analysis of S. aureus strain USA300 at various growth 
time points and its isogenic Agr mutant strain 
(ΔagrA) showed that RNAIII and Sau-41 were posi-
tively correlated (R2 = 0.931, p < 0.01) and that both 
were Agr-dependent (Figure 4d,e).

Figure 4. Characteristics of Sau-41. (a) the weight of genes in AgrA iModulon. Genes with prior evidence of Agr regulation are 
labelled with orange.The genes above the threshold were enriched in AgrA iModulon (b) Distribution of AgrA iModulon components 
in the MW2 genome. (c) Genomic localization of Sau-41, psmα1–4, and the transcriptional start site (indicated with red arrows) in 
TCH1516 and MW2 strain. Sau-41 was located within psmα coding sequence and shares a terminator with psmα. TSSs were named 
after their location in the genome. The TSSs information was derived from previous study [25,26]. (d) Transcription of Sau-41 and 
RNAIII in USA300 and its isogenic mutant strain ΔagrA at different time points during growth was detected using Northern blot. (e) 
Quantified transcript level for Sau-41 at various time points was related to RNAIII. The transcript level of each RNA at the first time 
point was normalized to 100%.
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Sau-41 represses haemolysin expression by 
interacting directly with RNAIII

To explore the biological function of Sau-41, we over-
expressed (Sau-41+) and knocked down Sau-41 (Sau- 
41kd) in S. aureus strain RN4220 through plasmid- 
mediated methods. In addition, to exclude the effect 
of the PSMα4 peptide, the PSMα4 start codon within 
the Sau-41 sequence was mutated from ATG into TTG 
for translation interruption (Figure 5a) and overex-
pressed in RN4220 (Sau-41mt+). A significant difference 
in haemolysis activity was observed among the wild- 
type, Sau-41+, and Sau-41kd genotypes, the haemolysis 
activity decreased significantly in the Sau-41+ strain 
and increased slightly in the Sau-41kd phenotype 
(Figure 5b,c). Furthermore, repressed haemolysis 

activity was also observed in the Sau-41mt+ strain, 
thus further validating that this phenomenon was 
caused by Sau-41 sRNA rather than the PSMα4 peptide.

To search for the key genes leading to this haemo-
lytic phenotypic change. The transcription level of all 
the reported S. aureus haemolytic factors was quanti-
fied using qPCR. The results showed decreased expres-
sion of α-haemolysin and δ-toxin in Sau-41+ strain 
(Figure 5d,e). Interestingly, both haemolysins were 
regulated by RNAIII. The expression of hla (α- 
haemolysin) was upregulated by RNAIII and the coding 
sequence of hld (δ-toxin) was located within RNAIII 
[27]. In addition, RNA‒RNA interaction analysis pre-
dicted that there is a base-pairing region between Sau- 
41 and RNAIII (Figure 6a). The predicted RNAIII-Sau 

Figure 5. Sau-41 represses S. aureus haemolytic activity. (a) Schematic illustration of the mutation of the PSMα4 start 
codon. (b) Hemolytic ring of the RN4220 strain carrying Sau-41/Sau-41mt overexpression, knockdown or empty vector 
plasmid grown on sheep blood agar overnight. (c) Hemolytic activity of the RN4220 strain carrying Sau-41/Sau-41mt 

overexpression, knockdown or empty vector plasmid determined by incubating bacterial supernatants with 3% human 
red blood cell. PBS was used as a negative control, and H2O was used as a positive control. (n = 3/group) (d) Transcript 
levels of hla, hld, psmα, psmβ, hlgA, hlgB, and hlgC were investigated by qPCR in strain RN4220 carrying pRMC2 or 
pRmc2_sau-41 (n = 3/group). (e) Volcano plot showing the haemolytic factor transcriptional differences between strain 
RN4220 carrying pRMC2 or pRmc2_sau-41 and their corresponding adjusted p value (q value). (f) the transcriptional activity 
of hla in strain RN4220 was assessed by analysing cells that harboured plasmids capable of either overexpressing or 
knocking down Sau-41 (n = 3/group). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Sau-41+: RN4220 carrying the 
pRmc2_sau-41 plasmid, Sau-41mt+: RN4220 carrying the pRmc2_sau-41mt plasmid, Sau-41kd: RN4220 carrying pSd1_sau- 
41, wild-type: RN4220 carrying the pRMC2 empty vector.
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-41 interaction was then experimentally verified using 
EMSA with in vitro synthetic RNA. The EMSA results 
showed that a shifted band appeared as the amount of 
RNAIII increased gradually (Figure 6b). Furthermore, 
Sau-41 could not bind to RNAIII when the H1-H2 
region of RNAIII was deleted (RNAIII-mutant, 
Figure 6b).

It has been demonstrated that RNAIII promotes hla 
transcription by binding to its 5’ UTR [28], and we 
tested whether Sau-41 could interrupt this process 
(Figure 6c). The competitive EMSA results showed 
that the RNAIII-hlaUTR interaction decreased as the 
concentration of Sau-41 increased (Figure 6d). 
Overall, these results indicate that Sau-41 modulates 
S. aureus haemolysin by binding to RNAIII.

Sau-41 knockdown increased S. aureus virulence 
in vivo

It has been demonstrated that agr mutant strains are 
frequently isolated from persistent infections during 
clinical practice [29]. Therefore, we used an orthopae-
dic implant infection mouse model to investigate the 
role of Sau-41 during pathogenesis (Figure 7a). μCT 

scanning of the infected femur showed that the peri- 
implant region in the Sau-41 overexpression group had 
a significantly increased trabecular bone mineral den-
sity (0.6098 ± 0.087 vs. 0.4862 ± 0.056, p < 0.05) and B. 
V./T.V. (3.759 ± 0.384 v.s. 2.255 ± 0.411, p < 0.0001) 
compared with the wild-type group. Conversely, the 
Sau-41kd group displayed a slight impairment in bone 
mineral density, although no statistical significance was 
observed (Figure 7b-f). In addition, the bacterial bur-
den of the infected femur and implant-associated soft 
tissue increased in the Sau-41kd group compared with 
the wild-type and Sau-41+ groups (Figure 7d,e). The 
differences in bacterial burden were more significant in 
the bone tissue than in the soft tissue. Taken together, 
our findings indicate that Sau-41 could mitigate the 
virulence of S. aureus in vivo and alleviate the osteolysis 
caused by infection.

Discussion

This study involves the largest S. aureus transcriptome 
datasets from the publicly available database as well as 
in-house generated RNA-seq datasets. Compared with 
previous studies [12,30], our study addresses not only 

Figure 6. Sau-41 interacts directly with RNAIII. (a) the base pairing region of Sau-41 and RNAIII was predicted with IntaRNA software. 
(b) Complex formations between RNAIII and Sau-41 were analysed by EMSA. Labeled Sau-41 mixed with increasing concentrations of 
RNAIII and RNAIII-mutant (5, 10, 25 nM and 50 nM; RNAIII-mutant: wild-type RNAIII with H1-H2 region deleted). Blank: Biotin-labelled 
Sau-41 without RNAIII/RNAIII-mutant addition. (c) Illustration of the speculated biological function of Sau-41. Sau-41 modulates 
S. aureus haemolytic activity by binding with RNAIII. (d) Competition between Sau-41 and hlaUTR binding with RNAIII was analysed 
by EMSA. Biotin-labelled hlaUTR interacted with RNAIII, and increasing concentrations of Sau-41 (10, 25, 50 and 125 nM) were added 
to interrupt the interaction. Ctrl: hlaUTR RNA (6 nM) interacting with RNAIII (6 nM) without the addition of Sau-41.

10 J. YU ET AL.



the USA300 strain but also other commonly seen 
S. aureus strains. The genome diversity among 
S. aureus requires a better method to overcome the 
drawback of conventional single-genome-based read 
alignment. We proposed a pangenome-based method 
that could be applied to process RNA-seq data from 
any S. aureus strain with a universal reference 
sequence. Other studies also developed methods to 
address the technical problems that arise from genome 
variation among the population. For example, the con-
cept of a genome variation graph [31] was produced in 
2018 to improve read mapping by compactly represent-
ing genetic variations among a population. However, 
such methods require the development of a panel of 
new software for read mapping and transcript quanti-
fication. Another proposed method is a reference flow 
pipeline [32] in which reads were aligned to distinct 
reference genomes sequentially until most of the reads 

were mapped. Theoretically, the time cost of the refer-
ence flow pipeline would increase by several times as 
the number of genomes increased. In this study, the 
pangenome method was based on the ultrafast tran-
script quantification algorithm Salmon [18] thus, the 
time cost for the whole quantification process for hun-
dreds of RNA-seq data could be greatly reduced.

According to our literature review, the ICA algo-
rithm has not been adopted to identify sRNA targets 
and biological function inference. We regard sRNA as 
an important part of S. aureus TRN and therefore 
should be co-regulated with coding sequences. The 
success of previous application of ICA in exploring 
S. aureus co-regulated mRNA has proven ICA to be 
a feasible solution for sRNA research. Using the ICA 
method, we identified 62 independently modulated 
gene sets (iModulons). Compared with the previously 
published 29 iModulons derived from 108 USA300 

Figure 7. Sau-41 represses S. aureus virulence and alleviates osteolysis in vivo. (a) Illustration of the process of in vivo implant 
infection model construction. (b) μCT result showing the representative axial, coronal and sagittal views of the implanted 
femur. (c) 3D reconstruction of μCT data of the infected femur. (d-f) Two hundred sections starting from 30 mm proximal to the 
femur condyles were quantified for cortical (d) and trabecular (e) bone mineral density and bone volume/total volume (B.V./T. 
V., F) (n = 6 per group). (g-h): Quantification of the bacterial burden in peri-implant soft tissue (g) and femur (h) (n = 10 per 
group). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Sau-41+: RN4220 carrying the pRmc2_sau-41 plasmid, Sau-41kd: 
RN4220 carrying pSd1_sau-41, wild type: RN4220 carrying the pRMC2 empty vector.
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RNA-seq datasets [12] and the newly introduced 72 
iModulons derived from 385 USA300 datasets [30], 
our study has taken sRNA into account, and the data 
were based on all available S. aureus strains. This indi-
cates that the result is more universally applicable, 
without any preference for specific strains.

In this study, we found that a 156-nt sRNA named 
Sau-41 is capable of repressing S. aureus virulence by 
interacting with RNAIII. Sau-41 was first identified in 
2010 by Abu-Qatouseh et. al [33]. In their study, Sau-41 
together with RNAIII were absent in the small colony 

variant phenotype when compared with the wild-type 
strain. It is interesting to note that their study also 
identified two bands in the Northern blot experiment. 
However, compared with their results, the upper bands 
in our study were 500-nt, in contrast to 280-nt in 
a previous study. In order to clarify the inconsistency, 
we conducted a literature search and discovered two 
separate studies that reported different outcomes for 
the S. aureus TSS (as summarized in Figure 4c). In 
the case of strain TCH1516, the study indicated a TSS 
located between psmα1 and psmα2. Conversely, another 

Figure 8 (a) Schematic of the S. aureus Agr system. The AgrD precursor undergoes maturation and export through AgrB, generating 
the AIP signal. Once the AIP concentration reaches a specific threshold, it triggers the activation of the AgrC-AgrA two-component 
system. Phosphorylated AgrA then initiates transcription from the P2 promoter, leading to the regulation of auto-feedback. In 
addition, AgrA facilitates the transcription of RNAIII via the P3 promoter. Furthermore, AgrA enhances the transcription of the psmα 
and psmβ operons, which encode PSM peptides. Sau-41 is transcribed from the psmα operon. (b-c) the mechanism of Sau-41 in 
regulating S. aureus virulence. (b) Wild-type: Sau-41 binds with RNAIII thus repressing the expression of α-haemolysin(hla). The Sau- 
41 and RNAIII complex was probably degraded by RNase III, thus down-regulating the expression of δ-toxin (hld). (c) When Sau-41 
was knockdown, RNAIII was preserved and could interact with hla 5’UTR. hla expression was upregulated because its SD sequence 
was available for ribosome binding.
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study conducted on MW2 identified a TSS upstream of 
psmα4. The divergent TSS findings among these studies 
suggest that the S. aureus TSS is influenced by experi-
mental conditions and the specific strains that were 
examined. This discrepancy may partially account for 
the disparity in the size of the upper band compared to 
the findings of the previous study. Nevertheless, their 
finding combined with ours (Figure 4e) demonstrated 
that the transcription of RNAIII was positively corre-
lated with Sau-41. During clinical practice, agr mutants 
are often isolated from biofilm-associated infections, 
including cystic fibrosis lung infection, as well as med-
ical device infection [34–36]. The occurrence of agr 
dysfunctionality has been explained by the decrease in 
fitness cost of an agr mutant at the expense of the 
whole community. In contrast to the on/off mode of 
agr mutants, we found Sau-41 to be a precise repressor 
of the Agr system by blocking RNAIII. We regarded it 
as negative feedback of the agr system for preventing 
S. aureus from becoming hypervirulent (Figure 8).

According to our in vivo infection model, the 
increased bacterial burden in the Sau-41kd group 
and the decreased bacterial burden in the sau41+ 

group were more significant in bone tissue than in 
its surrounding soft tissue (Figure 7g,h). Combined 
with the differences in osteolysis that we observed 
from the μCT data (Figure 7b-f), we hypothesized 
that Sau-41 was critical for osteolysis pathogenesis. 
It is worth mentioning that although our in vivo 
study demonstrated Sau-41 as a virulence repressor 
and could alleviate osteolysis, this does not necessa-
rily mean that Sau-41 overexpression is a protective 
factor for the host. There have been plenty of reports 
showing that low-virulence strains (e.g. SCV, agr 
mutants, and CC30 clonal complex [37–39] in clin-
ical practice are always difficult to identify and prone 
to cause persistent infection. For example, the single- 
nucleotide polymorphisms (SNPs) that abrogate the 
production of hla are evolutionary evidence for the 
CC30 clonal complex favouring niche adaptation 
[37]. We believe there exists a possibility that Sau- 
41 provides S. aureus with better adaptability in the 
host environment with specific tropism in bone tis-
sue rather than soft tissue.

Over the past decades, many studies have focused 
on PSMs and revealed their roles in immune cell 
chemotaxis, cytolysis, and biofilm structuring 
[40,41]. However, among the four amphipathic α 
helix peptides, PSMα4 is less virulent because of its 
noncytolytic character compared with its counter-
parts [41]. In this study, we found an overlapping 
genomic region of Sau-41 and psmα4. Furthermore, 
the identification of a TSS between psmα3 and psmα4 

in the previous study further strengthens the evi-
dence supporting Sau-41 as a bona fide sRNA [26]. 
This interesting finding indicates that the long- 
studied PSMα4 might be functional in its RNA 
form rather than the translated peptide. It is worth 
noting that in a recently published work that inves-
tigated the S. aureus RNA‒RNA interaction map 
using the RNaseIII CLASH technique [42], we unex-
pectedly found Sau-41-RNAIII binding information 
by exploring their sequencing data. This finding indi-
cated that the Sau-41-RNAIII complex could be pro-
cessed by endoribonuclease III (RNaseIII). However, 
this hypothesis needs to be further verified by biolo-
gical experiments.

Moreover, we acknowledge the following limita-
tions in our study. First, the sRNA annotation infor-
mation used for read mapping was derived from the 
SRD database [6], and some entries were annotated 
with prediction tools. It has been reported that some 
of the predicted sRNAs are not transcribed, and some 
are peptide encoding [43]. Thus, the mistaken inclu-
sion of false sRNAs due to technical reasons could 
impair the performance of the ICA method. Second, 
although we used northern blotting to quantify Sau- 
41 transcription, we were not able to determine the 
sequence of Sau-41 experimentally. Since the 
sequence of Sau-41 was derived from prediction 
tools in its first report, more studies are required to 
verify its sequence in future research.

In summary, we propose a pangenome-based 
method for prokaryote RNA-seq data analysis. By 
incorporating sRNA information into the ICA analy-
sis pipeline, we discovered a virulence-regulating 
sRNA and validated its function experimentally. 
Our findings also offered the prospect of ICA in 
sRNA discovery.
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