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BACTERIAL HUNGER GAMES:
SYNTHETASES IN MRSA VS. MSSA

SMALL ALARMONE

Introduction. Staphylococcus aureus is a significant global human
pathogen associated with opportunistic infections. The stringent
response in bacteria triggers the synthesis of alarmones (p(ppGpp))
upon encountering stress conditions like starvation, impacting the
bacterial transcriptome. S. aureus synthesizes these alarmones using
either the Rel enzyme (RelA/SpoT homolog) or the small alarmone
synthetases RelP and RelQ.

Aim. This investigation aimed to (1) highlight the impact of
starvation on biofilm intensity, cell count, and matrix composition
(protein, polysaccharide, and DNA) in both MRSA and MSSA isolates
and (2) analyze the expression levels of relP and relQ genes under
normal and starved conditions in both MRSA and MSSA isolates.

Methods: S. aureus isolates were obtained from patients attending
hospitals in Baghdad. Methicillin resistance was determined using the
cefoxitin disc diffusion method. PCR confirmed the presence of relP
and relQ genes in all isolates. Additionally, 16SrRNA gene segments
from 10 isolates were amplified for sequencing. Biofilm intensity,
matrix composition, and cell count were measured for 10 isolates (5
MRSA and 5 MSSA) under normal and starvation conditions. Finally,
relP and relQ gene expression was compared under both conditions.

Results: Methicillin resistance was detected in 94% of S. aureus
isolates. relP and relQ genes were present in 100% and 98.7% of
isolates, respectively.

Biofilm thickness and cell count significantly decreased (P = 0.0020)
after starvation and with treatment involving proteinase K, DNase, and
sodium periodate (P < 0.0001). relP and relQ genes displayed
upregulation after starvation.

Conclusion: Starvation significantly reduced biofilm formation and
altered its composition, suggesting the potential involvement of the
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stringent response in biofilm regulation; both relP and relQ were
upregulated in both MRSA and MSSA.
Keywords: biofilm, s. aureus, small alarmone synthetases, stringent

response.
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ABBREVIATIONS
methicillin-resistant S. aureus — MRSA
methicillin-sensitive S. aureus — MSSA
extracellular polymeric substances — EPS

nucleotides guanosine tetra- and pentaphosphate — (p)ppGpp

tryptic soy broth — TSB
phosphate-buffered saline — PBS

optical density — OD

colony-forming units — CFU
polysaccharide intercellular adhesin — PIA

INTRODUCTION

The modified penicillin-binding protein (PBP)
produced by MRSA strains is associated with a lowered
affinity for the majority of semisynthetic penicillins,
where the acquired mecA encodes the modified PBP [1].
The staphylococcal cassette chromosome mec is a
mobile genetic element that carries this methicillin-
resistant genetic component [2]. Therefore, the
acquisition and insertion of these mobile genetic
components into the chromosomes of susceptible
strains is responsible for the rise of staphylococci
strains that are resistant to methicillin. The medical
community is facing difficulties in treating and
managing staphylococcal infections as a result of this
antibiotic resistance [3].

The term "biofilm™ describes a population of
structured bacterial community as well as the
membrane-like extracellular matrix that is created when
bacterial colonies adhere to one another and
extracellular polymeric substances (EPS) such proteins,
polysaccharides, and nucleic acids that are produced by
the bacteria during their growth [4]. The biofilm is
supported by cohesion and viscoelasticity through the
interaction of EPS with bacterial aggregates [5].
Bacteria can therefore adhere to both biotic and abiotic
surfaces. Thus, a major factor contributing to the
development of chronic, persistent infection is the
production of biofilm [6, 7]. Therefore, many scientists
come to agree that bacterial biofilms mediate about 80%
of chronic illnesses [8].

The biofilm that forms, which increases S. aureus
resistance to antibiotics, is making it harder and harder
to treat the accompanying infections [9]. Furthermore,
the production of biofilms is thought to be a protected

growth mode that allows bacteria to adapt to more
hostile conditions [10]. In addition to sheltering
bacterial cells from many environmental stresses such
as intense heat, starvation, dehydration, and even
antibacterial agents, the biofilm serves as a barrier to
sustain a steady internal environment for bacterial cell
activity [11].

S. aureus, along with many pathogens, processes
sophisticated gene regulation systems to help survive in
dynamic environments like the human host. Bacteria
have adopted a global stress response called the
stringent response to deal with a variety of advert
environmental cues, such as temperature and pH
changes, nutrient limitation, and environmental
stressors [12]. This response is portrayed by the quick
synthesis of the nucleotides guanosine tetra- and
pentaphosphate, or (p)ppGpp, which adjusts many
cellular processes that cause slower development and
stress adaption [13]. The stringent response has been
linked to S. aureus pathogenicity and its participation in
chronic and persistent infections, according to many
researchers [14, 15].

Three synthetase enzymes (Rel, RelP, and RelQ) are
responsible for the synthesis of (p)ppGpp in S. aureus
[16]. Rel synthesizes (p)ppGpp during amino acid
depletion, causing significant transcriptional changes,
including the downregulation of protein synthesis
machinery and the upregulation of amino acid transport
and metabolism genes [17]. On the other hand, RelP and
RelQ are thought to respond to stresses such as cell-
wall-targeting antibiotics and pH changes [18]. About
one-third of the genome is expressed differently in
proteobacteria as a result of (p)ppGpp's modulation of
transcriptional modifications in these genes by binding
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to two locations around the P’ subunit of the RNA
polymerase enzyme [19]. Nevertheless, these
interactions with the polymerase core enzyme are
absent in S. aureus and other Firmicutes [20]. Rather,
by active GTP depletion and inhibition of several
proteins, including those involved in DNA replication,
ribosome assembly, and translation, (p)ppGpp causes
many alterations [21].

GTP levels decrease with the induction of (p)ppGpp
synthesis as it serves as a substrate for pppGpp
production. This leads to many cellular processes being
significantly impacted, as this affects transcription from
promoters that employ GTP as their starting nucleotide,
such as promoters for rRNA production [22].
Furthermore, the reduction in GTP levels in Firmicutes
permits the derepression of genes governed by the CodY
transcriptional repressor. As a global regulator, CodY
represses genes related to the production of amino acids,
their absorption, and some virulence genes [23].

Obijective: To examine the impact of starvation-
induced stringent response on the expression levels of
relP and relQ genes, as well as on the thickness of
biofilm in locally isolated MRSA and MSSA strains.

Table 1 — Primers used in this study

MATERIALS AND METHODS

Microorganisms

Different specimens were collected from patients
referred to different hospitals in Baghdad; these
specimens encompassed anterior nares, wound swabs,
burns, ear swabs, and sputum. All specimens were
inoculated onto Mannitol Salt Agar plates and incubated
at 37 °C for 24 hours. Afterward, the colonies were
subsequently subjected to conventional biochemical
tests, including Catalase, Oxidase, Coagulase, Acetoin
production, and Haemolysin Production Test to identify
Staphylococcus aureus isolates [24]. Moreover, the
Cefoxitin disc diffusion method was employed for the
identification of methicillin-resistant isolates according
to CLSI [25].

Polymerase Chain Reaction

Bacterial genomic DNA was extracted using Presto™
Mini gDNA Bacteria Kit (Geneaid, Taiwan), and all
amplifications were carried out using AccuPower® PCR
PreMix (Bioneer, USA) and Gradient master cycler
(Eppendorf, Germany). All of the primers used for PCR
are listed in Table 1

Target gene | Primer name Sequence 5' —— 3’ Amplicon size (bp) | Reference
Staph 756F AACTCTGTTATTAGGGAAGAACA

16SrRNA 756 [50]
Staph 750R CCAACCTTCCTCCGGTTTGTCACC
relP -F AAGCAAGCGGTTGATGAGTT

relP 112 bp [51]
relP -R CGATTGGTTTAACACGACCAG
relQ -F TATGGAGCGACGTGTGAAAG

relQ 113 bp [51]
relQ -R GAATTCCGGCAATATCCAGT
rpoB -F CAGCTGACGAAGAAGATAGCTATGT

rpoB 82 bp [51]
rpoB -R ACTTCATCATCCATGAAACGACCAT

To confirm the identity of S. aureus isolates,
amplification of 756bp 16srRNA gene segment using
genus-specific primers was carried out on 5 MSSA
strains (S30, S35, S41, S44 and S72) and 5 MRSA strains
(S27, S34, S40, S70 and S80); The reaction protocol was
as followed: initial denaturation at 95°C for 10 min
followed by 40 cycles of 95 °C 30 sec, 58 °C 1 min, and
72 °C 30 sec; following that 5 min at 72 °C for final
extension; the sequences of the PCR products were then
obtained using Sanger method, the obtained sequences
were then aligned with gene sequences from NCBI using
BLAST analysis. Moreover, all S. aureus isolates were
screened for the presence of the genes encoding for the
small alarmone synthases relP and relQ to amplify
112 bp and 113 bp segments of the relP and relQ genes,

respectively. The reaction protocol was as follows: initial
denaturation at 94 °C for 2 min followed by 35 cycles of
94 °C 60 sec, 55 °C 30 sec, and 72 °C 90 sec; following
that 4 min at 70 °C for final extension.

Biofilm Formation Assay

In order to investigate the influence of starvation-
induced stringent response on biofilm formation, 5
MSSA (S30, S35, S41, SA44, and S72) and 5 MRSA
(S27, S34, S40, S70, and SA80) S. aureus isolates were
chosen in this study.

Initially, the biofilm was quantified using the same
method as stated in a prior study [26]. Concisely, 200 pl
of an overnight Tryptic Soy Broth (TSB) supplemented
with 1% glucose (bacterial concentration adjusted to
match McFarland standard no. 0.5) were added to the
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wells of sterile 96-well polystyrene microplates. The
plates were then covered and incubated aerobically at
37 °C for 24 hours. Every individual isolate was tested
three times. Control wells were established by using
bacteria-free TSB. Following decantation, the wells were
washed three times using 200 pl of sterile phosphate-
buffered saline (PBS); any bacteria that remained
adhered were fixed for 15 minutes using 200 pl of
methanol. Following air drying, the wells were treated
with 200 pl of a 0.1% crystal violet solution for 15
minutes at room temperature. The stain was then washed
away; thereafter, the plates were dried. Afterward, the
stained attached cells were dissolved again using 200 pl
of 33% glacial acetic acid for 15 minutes. Ultimately, the
optical density (OD) of each well was measured at 600
nm using a microplate reader (Biotek, UK). The cut-off
value (ODc) was determined by calculating the average
optical density (OD) of the control wells and adding three
times the standard deviation. The isolates were
subsequently classified as Non—producer (OD values less
than or equal to ODc), weak producer (OD values greater
than ODc but less than or equal to 2 times ODc),
moderate producer (OD values greater than 2 times ODc
but less than or equal to 4 times ODc), or strong producer
(OD values greater than 4 times ODc).

Furthermore, to assess the biofilm under nutrient
limitation, the same procedure was adopted with only one
exception: the tryptic soy broth + glucose was diluted
with distilled water up to 100-fold (1:100); the obtained
OD values for each isolate were then compared to the
corresponding values that were observed in the previous
experiment.

The percentage of biofilm inhibition after starvation
was calculated according to the following formula:

Percentage of Inhibition = [(OD Normal — OD
Starved)/OD Normal] * 100 [27].

Effect of starvation on bacterial count in the biofilm

The number of bacterial cells within the biofilm was
determined under normal and starvation conditions using
the viable plate count method [28, 29].

The media was extracted from each well following
the designated incubation periods. The developed biofilm

Table 2 — RT- qPCR protocol

was rinsed once with 200 pl of PBS. Subsequently, a
volume of 100 pl of PBS solution was pipetted into the
wells containing the biofilm, followed by the agitation of
the biofilm cells using pipetting. The biofilm that was
suspended was moved to a fresh microplate with a flat
bottom that had 96 wells. Then, dilutions were made in
PBS, with each dilution being ten times less concentrated
than the previous one. Approximately 100 pl from each
dilution was dispensed onto Tryptic soy agar. Colony-
forming units (CFU) were counted after 24 hours of
incubation at a temperature of 37 °C. The experiment was
conducted with three repetitions.

Biofilm composition

The biofilm composition (protein, polysaccharide,
and/or DNA) under both normal and nutrient limitation
conditions was assessed as follows:

Biofilms were washed twice with PBS and treated
with 1 mg/ml proteinase K (AppliChem, 37 °C, 4 h),
0.1 mg/ml DNase (Sigma-Aldrich, 37 °C, 4 h) or with
40 mM sodium periodate (NalOa) (24 h, 4 °C). The
biofilms were then washed twice with PBS, dried, and
stained as described above [30, 31].

Gene expression

The levels of relP and relQ gene expression were
assessed for the previously selected isolates (MRSA and
MSSA) under normal and starvation conditions using the
primers listed in Table 1; the rpoB gene was used as a
housekeeping gene.

RNA was extracted from biofilm cells (grown under
both conditions) using Genezol Reagent according to the
manufacturer's instructions (Geneaid, Taiwan). The
concentration of the extracted RNA was determined
using a nanodrop instrument.

The extracted RNA and primers were combined with
a gPCR master mix (New England Biolabs, USA) and
were vortexed to ensure homogeneous contents, resulting
in a qPCR mixture with a final volume of 20 pl. Ten
microliters of master mix and 0.8 microliters of each
primer were used in the reactants, while the Rt volume
was 1ul. Moreover, about 50 mg of RNA was added, and
then the volume was completed to 20 ul using nuclease-
free water. The protocol is illustrated in Table 2.

Cycle Step Temperature Time Cycles
Reverse Transcription 55°C 10 minutes 1
Initial Denaturation 95 °C 1 minute 1
Denaturation 95 °C 10 seconds
- 40-45
Extension 60 °C 30 seconds
Melt Curve 60-95 °C various 1
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A melting curve was obtained with temperatures RESULTS
ranging from 95 °C to 60 °C with a 0.5 °C C increment Microorganisms
every 15 seconds. About 82 S. aureus isolates were identified using
Statistical analysis conventional biochemical tests. Among these, 77 (94%)
Biofilm data (before and after starvation) were were resistant to Cefoxitin (MRSA), while the rest (5
analyzed using the Shapiro-Wilk test to determine their isolates) were regarded as MSSA.
normality; then, using Wilcoxon matched-pairs signed PCR study
rank test to determine the influence of starvation on S. aureus 16S rRNA
biofilm thickness; the data from biofilm cell count were PCR Amplification of the 16srRNA gene yielded a
also analyzed using Wilcoxon matched-pairs signed rank product with approximately 756bp (Figure 1); the product
test to assess the effect of starvation on biofilm cell count. obtained sequences were aligned with reference S. aureus
The data obtained from the biofilm composition 16S rRNA gene using Blast analysis, which yielded
experiment were analyzed first using an ANOVA test to similarity ratios between 99-100%. The sequences were
determine the difference between each treatment on registered in the GenBank with accession numbers:
biofilm thickness under each condition, followed by a PP087404, PP100137, PP100138, PP100139, PP100140,
Wilcoxon matched-pairs signed rank test to determine the PP100141, PP100142, PP100143, PP100144, PP100145.

difference in each treatment before and after starvation.

-—

$30 S35 S41 S44 S72 M S2Z S34 S40 S70 S80

b Bl 756bp

I

Figure 1 — Visualization of 16srRNA gene by 1.5% agarose gel analysis. The shown bands are representative of PCR
products (756bp) amplified from S. aureus isolates (S30, S35, S41, S44, S72, S27, S34, S40, S70 and S80), and lane M
represents the 100 bp DNA ladder

relP and relQ S. aureus, while the relQ gene was present in 81 (98.7 %)
The findings from this experiment revealed that the out of the 82 isolates that were included in the study, as
relP gene was present in all the 82 tested isolates of represented in Figures 2 and 3.

8 RO 108V~ 8118812 813444 #1546 247 118 219, 20 21

v

R
-~
- . 112bp

Figure 2 — Visualization of relP gene by 1.5% agarose gel analysis. The shown bands are representative of PCR
products (112bp) amplified from S. aureus isolates (lanes 1 - 21), and lane M represents the 100 bp DNA ladder
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Figure 3 — Visualization of relQ gene by 1.5% agarose gel analysis. The shown bands are representative of PCR
products (113bp) amplified from S. aureus isolates (lanes 63 - 77), and lane M represents the 100 bp DNA ladder

Biofilm Table 3 — Biofilm forming capacity of bacterial isolates
The results summarized in Table 3 revealed that
under normal growth conditions, 70 % of the tested Isolate Mean OD Percentage of
isolates developed strong biofilm, where all MRSA Normal | Starvation | inhibition %
strains were among the strong biofilm-producing 330 0.436 0.150 65.60
isolates; moreover, 30% were moderate biofilm
producers. S35 0.365 0.221 39.45
Furthermore, under nutrient limitation, 30% of the S41 0.679 0.268 60.53
tested isolates were moderate biofilm producers, while S44 0.388 0.241 37.89
the rest (70%) were weak in their biofilm-forming
capabilities. S72 0.851 0.172 79.79
It also can be noted that the biofilm decreased S27 0.868 0.152 82.49
significantly (P value = 0.0020) in all the tested isolates S34 0.754 0.171 77.32
regardless of their type (MRSA or MSSA) (Figure 4). 20 0.534 0.220 =3 80
The result also demonstrates that the mean percentage
of inhibition for MRSA strains was (73.64%), while it S70 0.566 0.232 59.01
was (56.65%) for MSSA strains. 380 1.233 0.116 90.59
Biofilm composition C 0.099
The results summarized in Table 4 revealed that the '
biofilm thickness decreased significantly after treatment Note. S1-S10: S. aureus isolates 1-10; C: Control; cut off value:
with DNase (P<0.0001). Similarly, it decreased in 0.111
biofilms under starvation as well (P<0.0001); moreover,
there was a significant difference (P = 0.0020) in the Control Before and After
effect of DNase enzyme before and after starvation 15
(Figure 5-A). *x
Regarding proteinase K treatment, the result also
demonstrated a significant decrease in the biofilm after
treatment with proteinase K before starvation (P<0.0001) o
and also after starvation (P<0.0001); furthermore, there D§
was a significant difference (P = 0.0020) in the effect of ©
proteinase K before and after starvation (Figure 5-B). 05
Concerning Na periodate, the result showed that the
biofilm intensity decreased significantly after treatment %
with Na periodate before (P<0.0001) and after starvation 0.0 . :
(P<0.0001); additionally, there was a significant Control-Before Control-After
difference (P = 0.0020) in the effect of Na periodate Treatment

before and after starvation (Figure 5-C).
(Fig ) Figure 4 — Biofilm before and after starvation
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Table 4 — Biofilm composition for normal and starved cells

Isolate code Control DNase Proteinase K Na periodate
Before starvation
S30 0.436 0.226 0.273 0.194
S35 0.365 0.311 0.331 0.148
S41 0.679 0.663 0.548 0.266
S44 0.388 0.278 0.336 0.185
S72 0.851 0.686 0.595 0.342
S27 0.868 0.540 0.262 0.339
S34 0.754 0.503 0.633 0.232
S40 0.534 0.347 0.384 0.168
S70 0.566 0.362 0.400 0.214
S80 1.233 0.988 0.647 0.342
After starvation
S30 0.150 0.130 0.149 0.114
S35 0.221 0.178 0.176 0.141
S41 0.268 0.207 0.247 0.153
S44 0.241 0.203 0.215 0.116
S72 0.172 0.151 0.156 0.095
S27 0.152 0.107 0.139 0.096
S34 0.171 0.145 0.165 0.096
S40 0.220 0.182 0.203 0.102
S70 0.232 0.187 0.215 0.118
S10 0.116 0.083 0.096 0.096
A DNase Before and After B Proteinase K Before and After C Na periodate Before and After
1.5+ 0.8+ 0.4+ %
= 0.6 0.3
1.04
8% 8§ 0.4 8§ 0.2
=
0.0 0.0 0.0

T T
DNAse-Before DNAse-After
Treatment

T T
Proteinase K-Before Proteinase K-After

T T
Na periodate-Before Na periodate-After

Treatment Treatment

Figure 5 — Biofilm treatment with DNase (A), Proteinase k (B) and Na periodate (C) before and after starvation

Likewise, statistical analysis using ANOVA revealed
that there was a significant difference across the activity of
each treatment before starvation (P<0.0001) and also after
starvation (P<0.0001) (Figure 6).

Moreover, when calculating the percentage of biofilm
inhibition after each treatment under normal culture
conditions, the results summarized in Table 5 revealed that
Na periodate led to a much higher inhibition percentage
(62.10%) followed by proteinase K (30.01%) than DNase
(27.46%).

Similarly, under starved conditions, a higher
percentage of biofilm inhibition was achieved by Na
periodate treatment (40.05%). However, this time the
inhibition was higher in DNase treatment (19.4%) when
compared with proteinase K treatment (9.4%)

Biofilm cell count

In order to determine the effect of stringent response
on the number of bacterial cells within biofilms, the
biofilm cells were resuspended and plated on TSA agar
plates.
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Before starvation

% % %k k

* % Xk %

1.57

w1

0.5

ODgg0

_|_|?|—'—

T T T T
ControlB DNAseB  Proteinase KB Na periodateB

0.0

Treatment

B

After starvation

Fkkk

* %Kk k

*kkk

0.3 ‘ Kok Fkkk *kkk

|
\
T
DO'Z -
T == 1

0.0

= Control
3 DNAse
=3 Proteinase K
3 Na periodate

T T T T
Control DNAse Proteinase K Na periodate
Treatment

Figure 6 — DNase, Proteinase k and Na periodate treatment of biofilm formed under normal (A) and starved (B)

conditions

Table 5 — Effect of starvation on biofilm composition

Biofilm inhibition before starvation (%) Biofilm inhibition after starvation (%)

Id DNase Na periodate Proteinase K DNase Na periodate Proteinase K
S30 48.05 55.39 37.26 13.14 23.83 0.67
S35 14.72 59.41 9.41 19.73 36.14 20.33
S41 2.31 60.81 19.35 22.54 42.84 7.47
S44 28.20 52.36 13.41 16.02 51.80 10.77
S72 19.39 59.85 30.16 12.04 44.47 9.13
S27 37.83 60.94 69.74 29.54 36.98 8.75
S34 33.30 69.17 16.05 15.37 44.16 3.70
S40 34.98 68.46 27.92 17.25 53.86 8.17
S70 35.98 62.25 29.27 19.42 49.21 7.48
S80 19.89 72.30 47.54 28.94 17.19 17.48

Mean 27.46 £13.39 62.10 £6.23 30.01 £18.11 19.40 +£6.05 40.05 £11.86 9.40 +£5.52

The results summarized in Figure (7) clearly
demonstrate a significant drop (P value = 0.002) in the
number of cells within the biofilm under the influence of
starvation.

Gene expression

To study the effect of stringent response initiated by
nutrient limitation on the expression of relP and relQ
genes, the RNA was extracted from the established biofilm
under normal and starved conditions to measure the
expression of the genes using qRT-PCR.

Melting curve analysis revealed a single distinct peak
representing a pure single discrete amplicon [32].

The results summarized in Figure (8) demonstrate
that the level of expression for all of the aforementioned

genes was upregulated under nutrient limitation when
compared with normal growth conditions. Furthermore,
no difference was observed in the gene expression profile
between MRSA and MSSA strains.

DISCUSSION

It is becoming evident that Methicillin resistance is
increasing in prevalence among S. aureus strains; such
increase of Methicillin resistance phenotype in Iraq can
be attributed to many reasons, including a destroyed
healthcare infrastructure, inappropriate  microbial
therapies, limited resources, high heavy metal
contamination in humans and the environment and lack
of Wash [33]; the results in this study demonstrated a
high prevalence of Methicillin resistance which came in
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agreement with our previous works where a high
prevalence of MRSA was detected among local isolates
of S. aureus [34, 35].

Viable count
6x107
* %k
e

E
S 4x107
L
o
IS
S —_—
(]
(8]
(]
S 2x107
8
s

T
Before After

Figure 7 — Biofilm cell count under normal vs starvation
conditions

Firmicutes, including S. aureus, have one
bifunctional RSH enzyme and one or two SAS enzymes,
namely RelP and RelQ [36]. S. aureus produces
(pp)pGpp ‘alarmones' through the joint actions of the
bifunctional long-Rel protein (Sa-Rel) and two SAS
proteins: Sa-RelP and Sa-RelQ [37]. Although Sa-Rel is
the primary producer of (p)ppGpp in S. aureus cells when
the stringent response is activated [38], the results
revealed that genes encoding relP and relQ are found in
almost all of the tested isolates. Many studies have shown
that deleting relP and relQ renders the rel gene
unnecessary, as it prevents the synthesis of (pp)pGpp in
the cell. Mutant strains that lack both relP and relQ have
diminished survival capabilities when exposed to
antibiotic drugs that cause cell-envelope 'stresses,' such
as ampicillin and vancomycin [39].

Feld change
1000 -
100 _|_
- 10
=
=
3 1
=
5
5 0.1
=
-]
“ 0014
0.001 =
0.0001

] 1
relp relQ

Figure 8 — Fold change in gene expression

To understand the influence of starvation-induced
stringent response on biofilm, S. aureus biofilms were
allowed to be formed in normal and starved conditions;
this study demonstrated a significant reduction in the
thickness of the biofilm layer in both MRSA and MSSA
isolates. The biofilm composition under normal and
starved conditions was also evaluated, and the results
disagreed with Salzer et al. [31], who studied the biofilm
composition of S. aureus strain HG0O01 under normal
conditions and the influence of the stringent response
induced under cell wall stress conditions by vancomycin
treatment and found that under all conditions, the biofilm
was almost not affected by Sodium periodate treatment
and that the dominant composition of the biofilm was
protein and DNA. However, our results agreed with the
same study in the context that the biofilm composition
was not affected by the stringent response. The results
agreed with Seidl et al. [30], who found that the biofilm
of S. aureus was sensitive to sodium periodate, proteinase
K, and DNase | treatments, illustrating the importance of
Polysaccharide intercellular adhesin (PIA), proteins and
genomic DNA respectively as important structural
components of S. aureus strain SA113 biofilm matrix.
The decrease in biofilm after treatment with the DNase
enzyme signifies the importance of DNA as a major
composition of the biofilm matrix. It seems that eDNA
has an important role in the development of the biofilm
matrix in many bacterial and fungal species [40]. This
component holds physicochemical characteristics that
are well-suited for fulfilling the structural and functional
needs of microbial cells to survive in various
environments, such as the challenging niches within the
human body [41]. Likewise, the decrease in biofilm
thickness after proteinase k treatment in our study
highlights the significance of proteins as important
structural components in the biofilm matrix. Fibronectin-
binding proteins and biofilm-associated proteins are
present in the EPS matrix of Staphylococcal biofilms
[42]. The research conducted by Houston et al. [43]
revealed that the aforementioned proteins play a crucial
role in the formation of S. aureus biofilms. This process
is facilitated by the main autolysin, as well as the
regulation of agr and sigB. Nevertheless, the
accumulation-associated protein has a crucial role in the
formation of biofilms in Staphylococcus epidermidis,
which is reliant on the production of PIA [44].
Additionally, it comes as no surprise that treatment with
Na periodate led to a significant decrease in the biofilm
since it has long been recognized that polysaccharides are
essential constituents of Staphylococcal biofilms. PIA is
widely recognized as the primary exopolysaccharide
constituent of the staphylococcal biofilm matrix. PIA has
long been deemed essential for staphylococcal biofilms.
However, strains that rely on PIA-independent biofilm
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production tend to produce weaker and less stable
biofilms compared to those that employ PIA [45]. In
addition, the synthesis of PIA leads to the formation of
dense and rough colonies, in contrast to the smooth
colonies formed by PIA-negative biofilm-forming strains
[46, 47].

To understand the decrease in the biofilm thickness
under starvation, the biofilm cell count was measured
under normal and starved conditions; the results
indicated a decrease in the cell count, which can explain
the decrease in the biofilm thickness. Modified cellular
proliferation is arguably one of the most crucial elements
of bacterial viability and adjustment to novel habitats.
The stringent response involves the utilization of
(p)ppGpp to reorganize many cellular activities, resulting
in a decrease in growth [48].

Weaver et al. [49] conducted a study on Escherichia
coli (p)ppGpp-mutant strains and found that these strains
do not have growth rate control. This emphasizes the
significant role of (p)ppGpp in regulating growth rate by
inhibiting various cellular processes, such as DNA
replication, ribosome synthesis, and translation.

The level of expression for relP and relQ genes was
upregulated under starvation, while no difference was
observed in the gene expression profile between MRSA
and MSSA strains. However, in isolates S30, S35, and
S41, the upregulation in gene expression levels was much
higher when compared with other isolates, and since the
aforementioned isolates are all methicillin-sensitive, their
susceptibility to methicillin and hence the lack of mecA
gene and retaining the original structure of penicillin-
binding proteins in their cell wall could be the reason why
the starvation caused their gene expression levels to be
much higher when compared with other isolates. On the
other hand, concerning the remaining isolates, since the
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levels of gene expression did not increase considerably,
other genes could be involved under nutrient limitation,
such as the gene coding for the bifunctional enzyme Rel.

Salzer et al. [31] conducted an experiment to
investigate the production of biofilm by S. aureus in the
presence of subinhibitory levels of vancomycin, which
induce the stringent response due to cell wall stress
situations. At a concentration of vancomycin that is
below the level that inhibits growth, researchers
discovered that the relPQ double mutant (with non-
functioning relP and relQ enzymes) and the (p)ppGpp0
mutant (with non-functioning RelP, RelQ, and RSH
enzymes) exhibited a substantial decrease in biofilm
formation compared to the wild type and the relsyn
mutant (with non-functioning RSH). The wild type
developed a nearly homogeneous and dense biofilm layer
during vancomycin treatment. Conversely, the relPQ
mutant and the (p)ppGpp0 strain exhibited a substantial
reduction in biofilm production.

The synthesis of (p)ppGpp is anticipated to take place
via the activity of relP and relQ enzymes upon activation;
(p)ppGpp has the ability to promote biofilm formation.
In general, the molecular technique is applied in different
scopes of medical microbiology [52-56].

CONCLUSIONS

Nearly all isolates of S. aureus harbored the genes
encoding for the small alarmone synthetases relP and
relQ, the function of which is crucial for the proper
functioning of the stringent response that is driven by
starvation regardless of their Methicillin resistance
status; moreover, starvation per se resulted in a
significant decrease in the biofilm thickness along with a
sharp decrease in the number of bacterial cells within the
biofilm.
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