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Abstract: Attributed to its antimicrobial effect, Silver nanoparticles (AgNPs) is widely used in various fields, such
as biomedicine, textiles, health care products and food, etc. However, the antibacterial mechanism of AgNPs in
staphylococcus aureus (S. aureus) by regulating sSRNA expression remains largely unknown. Objectives: This study
was performed to investigate the involvement of the antibacterial mechanism of AgNPs through sRNA-TEG49, a key
mediator of Hfq, in S. aureus. Methods: Through the antimicrobial tests of AgNPs, its antibacterial laps and mini-
mum inhibitory concentration was measured. A hierarchical cluster analysis of the differentially expressed sRNA
in S. aureus was performed to investigate the relationship between AgNPs and sRNA. Expression of genes was
analyzed by real-time PCR. Results: In the present study we found that at the concentrations higher than 1 mg/L,
AgNPs could completely restrain bacteria growth, and the antibacterial activity of AgNPs apparently declined at the
concentrations lower than 1 mg/L. S. aureus exposure to AgNPs, the expression of SRNA-TEG49, Hfg and sarA was
significantly up-regulated in wild-type S. aureus. Moreover, Hfq loss-of-function inhibited the expression of sRNA-
TEG49 in mutant-type S. aureus. Furthermore, sSRNA-TEG49 loss-of-function associated with down-regulation the
expression of sarA in mutant-type S. aureus. Conclusions: It was reasonable that Hfq regulated a distinct underlying
molecular and antibacterial mechanism of AgNPs by forming a positive feedback loop with sRNA-TEG49. These
observations suggested that Hfg plays an important role in the antibacterial mechanism of AgNPs by regulating
sRNA-TEG49 expression, via its target sarA.
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Introduction Escherichia coli, Salmonella typhimurium,

Vibrio parahaemolyticus [3, 4]. In combination

Metal nanoparticles (NPs) have been the sub-
ject of ample research interest in the last few
years, due to their exciting size-dependent
electrical, optical, physical, and chemical prop-
erties. In particular, colloidal silver nanoparti-
cles (AgNPs) have attracted increasing research
attention in the field of microbiology [1].
However, there is growing evidence that AgNPs
is highly toxic to cells and to animals [2].
Nevertheless, AgNPs, with its strong antimicro-
bial activity, are most commonly used in bio-
medicine, textiles, health care products and
food [2, 3]. AgNPs show great antibacterial
effectiveness on four important foodborne
pathogens, such as Listeria monocytogenes,

with conventional antibiotics against various
human pathogenic bacteria, AgNPs can
enhance antibacterial and antibiofilm activities
[B]. Although the effects of AgNPs-induced anti-
microbial activity have been studied in some
microorganisms, the antibacterial mechanism
of AgNPs in S. aureus by regulating sSRNA expre-
ssion remains largely unknown.

Small regulatory RNAs (sRNAs) are a wide-
spread and important part of bacterial gene
regulation, mediating the cellular response to a
diverse variety of external signals. The major
class of bacterial SRNAs regulate genes post-
transcriptionally by base-pairing with comple-
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Figure 1. Zone of inhibition of silver nanoparticles
against S. aureus. The bacteria strains are cultured
in nutrient agar and treated with various concentra-
tions of AgNPs (0, 0.25, 0.5, 1, 2, 4 mg/L) and am-
picillin (AP, 20 mg/L) used as a positive control at
37°C for 18 hours.

mentary regions in target mRNAs to either
repress or activate translation [6]. Moreover,
these sRNAs participate in regulatory pathways
that allow the bacteria to sense the population
density and modulate their cell surface compo-
sition in response to various stresses [7, 8]. In
response to osmotic, oxidative and antibiotic
stress, the expression of antisense small RNAs
are significantly up-regulated to opposite the
genes involved in cell wall, cell division, LPS
and capsule biosynthesis in Pseudomonas
aeruginosa [9]. In S. aureus, sRNA-SprX influ-
ences Vancomycin and Teicoplanin glycopep-
tide resistance [10].

These sRNAs require Hfg, an abundant Sm-like
protein that has several roles in bacterial RNA
metabolism as a cofactor [11, 12]. In S. aureus,
Hfq is a global regulator that mediates the
interaction between the sRNAs and their target
MRNAs [13]. Recent studies have shown a
number of links between upstream leader
sequence of rpoS mMRNA [14], sRNA-mRNA
duplex formation [15] and Hfg structure.
Moreover, the Hfg-sRNA system is an attractive
target for antibiotic development, RI20 inhibits
Hfq activity by blocking interactions with sSRNAs
and provide a paradigm for inhibiting virulence
genes in Gram-negative pathogens [16].
Together, these studies suggest that Hfg plays
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an important role in bacterial growth, sensitivi-
ty to various environmental stresses and
resistant.

The present study indicates that the mecha-
nism of Hfg influencing RNA metabolism is
more complicated, and Hfqg takes an important
role in the mechanism. In this study, by using a
hierarchical cluster analysis of the differentially
expressed sRNAs in S. aureus to identify an
antibacterial activity of AgNPs that associated
with sSRNA-TEG49 expression. In addition, these
observations suggested that Hfq plays an
important role in the antibacterial activity of
AgNPs by regulating sRNA-TEG49 expression,
via its target sarA. Therefore, the aim of the
study was to investigate the involvement of the
antibacterial mechanism of AgNPs through
sRNA-TEG49, a key mediator of Hfqg, in S.
aureus.

Materials and methods
Synthesis AGNPs

AgNPs were synthesized using the well-known
Turkevich method. Briefly, 9 mg of AgNO3 was
dissolved in 49 mL of ultrapure water (Millipore,
USA). The mixture was heated to 100°C under
vigorous stirring and reflux, and then 1 mL of
38.8 mM sodium citrate solution was added.
The mixture was cooled to room temperature
after 45 min and then was centrifuged at 500
rom for 1 h to remove the large particles. The
obtained stable and pure AgNP solution was
stored in the dark at 4°C. The concentration of
AgNPs was determined using an inductively
coupled plasma optical emission spectrometer
(ICP-OES) (PerkinElmer, Optima 7000 DV, USA).

Preparation of bacterial inoculum

All the bacteria strains were cultured in selec-
tive enrichment broth (SEB) and incubated at
37°C for 16 hours. Isolated bacteria strains
were inoculated into fresh SEB and incubated
at 37°C for 5 hours again. After centrifugation
the supernatant was discarded and obtained
bacteria strains. The bacteria strains were cul-
tured in nutrient agar and treated with various
concentrations of AgNPs and ampicillin used as
a positive control at 37°C for 18 hours. The
mutant Hfg and TEG49 were obtained by
phage-transducing the lox66-Hfg-lox71-tagged
Hfqg deletion and the lox66-TEG49-lox71-tagged
TEG49 deletion.
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Figure 2. Hierarchical cluster analysis of the differentially expressed

values are represented using the
220t method.
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I-1 analysis was performed with
-15 ANOVA using SPSS16.0 software. P
< 0.05 were considered statistical-
ly significant.
Results

Antibacterial activity of AGNPs and
hierarchical cluster analysis of
SRNA

In an attempt to determine the bac-
tericidal activity of silver nanopar-
ticles against tested pathogens,
our results showed that AgNPs (>1
mg/L) could completely restrain

small RNAs (sRNAs) in S. aureus. The figure is drawn by MeV software ~ bacteria growth, and the antibacte-
(version 4.2.6). The bacteria strains are cultured in selective enrichment  rial activity of AgNPs apparently
broth and treated with 1 mg/L AgNPs (T) or non-treatment (UT) at 37°C  geclined at the concentrations

for 18 hours.

Quantitative real-time PCR

Total RNAwas extracted using TRIzol (Invitrogen,
USA), following the instructions of the manufac-
turer. cDNA was synthesized from total-RNA
using moloney murine leukemia virus reverse
transcriptase (Promega, Switzerland) and
oligo(dT) primers (Fermentas) as described by
the manufacturer. The cycling conditions were
2-min polymerase activation at 95°C followed
by 40 cycles at 95°C for 5 s and 64°C for 34 s.
PCR with the following primers: Hfg, Forward
5-ATGCCTTTGTGAATTGTGCT-3° and Reverse
5-CTCCGGTGGTCACTGGG-3’; TEG49, Forward
5-AACCGATTCTGAATTCTGCT-3’ and Reverse
5-GTCCGGTGGTCAGTCGG-3’; sarA, Forward 5'-
AAGCGAAAGTGTTTTGTCCT-3’" and Reverse 5-
CTGCCGTCCACTGTGGG-3’; gyrB, Forward 5'-
GCCGATTGCTCTAGTAAAAGTCC-3' and Rever-
se 5-GATTCCTGTACCAAATGCTGTG-3. gyrB as
an internal control was used to normalize the

data to determine the relative expression of the
target genes. The reaction conditions were set
according to the kit instructions. After comple-
tion of the reaction, the amplification curve and
melting curve were analyzed. Gene expression
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lower than 1 mg/L. The sizes of the

zones of inhibition produced by
AgNPs (>1 mg/L) bigger than the concentra-
tions lower than 1 mg/L (Figure 1). We then
investigated the possible mechanisms that
AgNPs restrains the bactericidal activity. We
performed a hierarchical cluster analysis of the
differentially expressed sRNA in S. aureus. Our
results surprisingly showed that silver nanopar-
ticles treatment could regulate the expression
of sSRNA, 10 sRNAs were found to be significant-
ly up-regulated and 9 sRNAs to be significantly
down-regulated in the treatment group com-
pared to the negative control group (Figure 2).
Interestingly, the expression of sRNA-TEG49
was at the highest levels in all 20 sRNAs.

Hfq regulates sRNA-TEG49 expression in the
antibacterial mechanism of ASNPs

S. aureus exposure to AgNPs, the expression of
Hfq and sarA was significantly up-regulated in
wild-type S. aureus (Figure 3A). Moreover, we
investigated the function of Hfq in S. aureus, by
suppressing the expression of Hfg. The results
showed that Hfq loss-of-function inhibited the
expression of sRNA-TEG49 in mutant-type S.
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Figure 3. Hfq regulates sRNA-TEG49 expression in the antibacterial mecha-
nism of AgNPs. A. The expression of Hfq and sarA is measured by Quantita-
tive real-time PCR in S. aureus, which is exposure to AgNPs (1 mg/L) at 37°C
for 18 hours. B. The expression of TEG49 is measured by Quantitative real-
time PCR in Hfg mutant S. aureus. C. The expression of sarA is measured
by Quantitative real-time PCR in TEG49 mutant S. aureus. “P < 0.05 versus

untreatment group or wild-type group.

aureus (Figure 3B). It was reasonable that Hfq
regulated a distinct underlying molecular and
antibacterial mechanism of AgNPs by forming a
positive feedback loop with sRNA-TEG49.
Furthermore, sRNA-TEG49 loss-of-function
associated with down-regulation the expres-
sion of sarA in mutant-type S. aureus (Figure
3C).

Discussion

High-throughput RNA sequencing technology
has found the 5" untranslated region of sarA to
contain two putative small RNAs (sRNAs), one
of the TEG49. Northern blot analysis disclosed
that TEG49 is detectable within the P3-P1 sarA
promoter regions [17]. In the present study we
made several important observations. First, at
the concentrations higher than 1 mg/L, AgNPs
could completely restrain bacteria growth, and
the antibacterial activity of AgNPs apparently
declined at the concentrations lower than 1
mg/L. Next, S. aureus exposure to AgNPs, the
expression of SRNA-TEG49, Hfq and sarA was
significantly up-regulated in wild-type S. aure-
us. Moreover, Hfq loss-of-function inhibited the
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Wild

expression of sSRNA-TEG49 in
mutant-type S. aureus. It was
reasonable that Hfq regulated
a distinct underlying molecu-
lar and antibacterial mecha-
nism of AgNPs by forming a
positive feedback loop with
SRNA-TEG49. Furthermore, sR-
NA-TEG49 loss-of-function as-
Mut sociated with down-regulation
the expression of sarA in
mutant-type S. aureus. Toge-
ther, these observations sug-
gested that Hfg plays an
important role in the antibac-
terial mechanism of AgNPs by
regulating sSRNA-TEG49 expre-
ssion, via its target sarA.

Hfq

The staphylococcal accessory
regulator A locus (sarA) is a
major virulence determinant.
sarA can potentially impact
methicillin-resistant S. aureus
(MRSA) persistence in such
infections via its influence on
biofiim formation [18, 19].
sarA Loss-of-function display
significantly decreased biofilm
formation and binding to fibronectin but
increased protease production in vitro.
Interestingly, S. aureus exposure to sub-MICs
of vancomycin significantly promoted biofilm
formation and fibronectin-binding in parental
strains but not in sarA mutants [20]. Our result
suggested that AgNPs could significantly
increase the expression of sarA in S. aureus.
Several studies have demonstrated that muta-
tion of the sarA locus limits, but does not abol-
ish, the ability of most S. aureus strains to form
a biofilm and results in greater susceptibility to
anti-staphylococcal antibiotic treatment [21-
23]. With decreased biofilm formation, there is
likely a greater degree of planktonic growth in
infected tissues, which would provide both anti-
biotics and the immune response increased
access to bacteria compared to a fully intact
biofilm. In the brain following infection with the
sarA mutant S. aureus display impaired biofilm
growth and up-regulate proinflammatory cyto-
kines and chemokines, including 1L-17, CXCLZ1,
and IL-1B [19].

Bacterial sSRNAs modulate gene expression by
base-pairing with target mRNAs. Many sRNAs
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require the Sm-like RNA binding protein Hfq as
a cofactor [11]. The rpoS mRNA leader contains
an upstream (AAN), sequence motif that binds
Hfq tightly and is required for Hfgq to facilitate
pairing between rpoS and DsrA sRNA [24]. The
(AAN), motif is also required for Hfg-dependent
regulation of rpoS translation by rpoS activat-
ing sRNAs in Escherichia coli [25]. Thus, Hfq
can bind both the sRNA and the mRNA in this
and other regulatory pairs. In this study, AgNPs
were considered to reveal an antibacterial
activity in S. aureus. A potential mechanism:
Hfg might bind both the sSRNA-TEG49 and the
MRNA-sarA modulating gene expression in S.
aureus.

In summary, our studies showed that S. aureus
under the exposure of AgNPs could clearly
inhibit the colony growth. The following AgNP-
mediated molecular and antibacterial mecha-
nism was proposed, Hfg plays an important
role in the antibacterial mechanism of AgNPs
by regulating sRNA-TEG49 expression, via its
target sarA. This finding might be significant for
understanding the possibility of the use of sil-
ver nanoparticles and selected antibiotics com-
bination to treat fastidious infections.
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