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Introduction: The stringent response is a bacterial adaptation mechanism 
triggered by stress conditions, including nutrient limitation. This 
response helps bacteria survive under harsh conditions, such as those 
encountered during infection. A key feature of the stringent response 
is the synthesis of the alarmone (p)ppGpp, which influences various 
bacterial phenotypes. In several bacterial species, stringent response 
activation significantly affects biofilm formation and maintenance.

Methods: Clinical specimens were collected from multiple hospitals in 
Baghdad, Iraq. Staphylococcus aureus was identified using conventional 
biochemical tests. The PCR technique was applied to detect mecA, 
icaA, and icaD genes, while the Vitek 2 compact system confirmed 
Methicillin sensitivity in mecA-negative isolates. Biofilm intensity of all 
S. aureus isolates was assessed under normal and starved conditions. 
Additionally, the gene expression levels of icaA and icaD were measured 
in five MRSA and five MSSA strains under both conditions.

Results: The mecA, icaA, and icaD genes were detected in 94%, 96.3%, 
and 100% of S. aureus isolates, respectively. Biofilm production 
analysis showed that 24% of isolates were strong producers, 49% 
were moderate producers, and 9% were weak producers. Statistical 
analysis indicated that biofilm intensity significantly decreased under 
nutrient limitation (p < 0.0001) compared to normal conditions across 
all isolates. Furthermore, icaA and icaD genes were upregulated under 
stringent response conditions, regardless of Methicillin resistance status.

Conclusion: The stringent response influences S. aureus biofilm 
formation, with biofilm intensity decreasing under nutrient-limited 
conditions. However, the upregulation of icaA and icaD genes suggests 
a regulatory role of the stringent response in biofilm-related gene 
expression. These findings highlight the potential impact of stress 
adaptation mechanisms on bacterial persistence and pathogenicity.
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Introduction
Staphylococcus aureus is a major pathogenic microorganism 
that is responsible for a diverse range of infections1 Several 
investigations have been done to elucidate the structures 
and pathogenic mechanisms via which S. aureus is capable 
of causing severe infections2.

Staphylococcal pathogenesis is a complex process that 
involves both adhesion and biofilm formation3. Complex 
communities of bacteria can adhere permanently to 
surfaces and create biofilms4. Bacteria that produce biofilms 
are responsible for causing persistent or chronic infections. 
Cell aggregation and biofilm formation in Staphylococcus 
spp. are facilitated by the products of the icaADBC operon. 
These genes encode the crucial proteins necessary for the 
synthesis of polysaccharide intercellular adhesion (PIA) and 
capsular polysaccharide/adhesion (PS/A)5. PIA is composed 
mainly of N-acetylglucosamine and plays a critical role in 
the invasiveness of S. aureus6. 

The emergence of hospital-adapted Methicillin-Resistant 
S. aureus (MRSA) clones worldwide has posed significant 
challenges7. Methicillin resistance occurs when a bacterium 
acquires a specific protein called penicillin-binding protein 
2A (PBP2A), which is expressed by a gene called mecA. 
This gene is found on a mobile genetic element called 
staphylococcal cassette chromosome (SCC) mec. There 
are 15 SCCmec types that have been officially recognised 
and approved by the International Working Group on the 
Classification of Staphylococcal Cassette Chromosome 
Elements8,9. The incidence of MRSA infections has risen 
in recent years, and these infections are more commonly 
linked to death compared to infections caused by Methicillin-
Sensitive S. aureus (MSSA) strains. MRSA exhibits resistance 
to β-lactam antibiotics. However, MRSA isolates often 
display multidrug resistance (MDR) by showing resistance 
to other commonly used antimicrobial agents such as 
macrolides, tetracycline, aminoglycosides, chloramphenicol, 
and fluoroquinolones. These microorganisms are frequently 
associated with infections and their resistance poses 
challenges in therapeutic interventions10,11. Most bacteria 
undergo the so-called stringent response when they 
experience a limitation in nutrient supply. This reaction 
is triggered by the rapid production of alarmones called 
pppGpp and/ or ppGpp, which will be referred to as (p)
ppGp. Under stress, the presence of (p)ppGpp leads to 
the cessation of activities related to cell proliferation. This 
includes the suppression of gene transcription for important 
components of protein synthesis, such as rRNA, ribosomal 
proteins, and translation factors. Additionally, replication 
is inhibited12. Studies have shown that the activation of the 

stringent response in certain bacterial species also impacts 
the production of biofilms13,14. In numerous pathogenic 
bacteria, the presence of (p)ppGpp is a decisive factor in 
determining their virulence or their ability to tolerate and 
persist against antibiotics15

To the best of our knowledge, little is known about the 
influence of starvation on icaA and icaD gene expression in 
S. aureus and whether it is affected by methicillin-resistant 
phenotype. Therefore, this study aims to examine the 
impact of starvation-induced stringent response on the 
expression levels of icaA and icaD genes, as well as on the 
thickness of biofilm in locally isolated S. aureus strains, 
including MRSA and MSSA strains.

Materials and Methods
Microorganisms

Different clinical specimens were collected from patients 
attending different hospitals in Baghdad; sputum samples, 
as well as swabs, were collected from wounds, burns, 
anterior nares, and ears. All these specimens were 
inoculated onto Mannitol Salt Agar plates (MSA) and then 
incubated at 37 °C for 24 hours. Afterwards, the colonies 
were subsequently subjected to conventional biochemical 
tests, including haemolysin production, acetoin production, 
catalase, coagulase and oxidase tests in order to identify 
S. aureus isolates (Tille, 2021).

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 the primers used for PCR are listed in Table 1.

PCR was used to identify methicillin resistance by detecting 
the presence of the mecA gene among all isolates, the 
following programme by Parvin et al. (2021) followed: 
Initial denaturation at 94 °C for 10 min followed by 10 
cycles at 94 °C for 45 s, 55 °C for 45 s, and 72 °C for 75 s, 
then followed by 25 cycles at 94 °C for 45 s, 50 °C for 45 s, 
and 72 °C for 75 s. Moreover, the Vitek 2 compact system 
was employed to confirm that mecA-negative isolates were 
methicillin-sensitive.

All S. aureus isolates were screened for the presence of 
icaA and icaD genes using the primers listed in Table 1 to 
amplify 102 bp and 82 bp segments of the icaA and icaD 
genes, respectively. The reaction protocol was as follows: 
initial denaturation at 95 °C for 10 min followed by 40 cycles 
at 94 °C for 1 min, 50 °C for 1 min, and 72 °C for 1 min; 
followed by cycles for 5 min at 72 °C for final extension.
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Biofilm Formation Assay

The influence of starvation-induced stringent response 
on biofilm growth was investigated using the microtiter 
plate method. The quantification of the biofilm under 
normal conditions was performed according to the method 
given by Nakao et al. (2012)16. Concisely, 200 μL of an 
overnight Tryptic Soy Broth (TSB) supplemented with 
1% glucose culture (bacterial concentration adjusted to 
be equal with McFarland standard no. 0.5) was added to 
the wells of sterile 96-well polystyrene microplates. The 
plates were then covered and incubated aerobically at 
37 °C for 24 hours. Every isolate was tested three times. 
Control wells were established by using bacteria-free 
TSB. The wells were decanted and rinsed three times with 
200 μL of sterile phosphate-buffered saline (PBS); the 
adhered bacteria were treated with 200 μL of methanol 
for 15 minutes for fixation. Following air drying, the wells 
were treated with 200 μL of a 0.1% crystal violet solution 
for 15 minutes at room temperature. The surplus stain 
was washed away; thereafter, the plates were dried. 
Afterwards, the stained attached cells were dissolved again 
using 200 μL of 33% glacial acetic acid for a duration of 
15 minutes. Ultimately, the optical density (OD) of each 
well was measured at a wavelength of 600 nm using a 
microplate reader (Biotek, UK). The cut-off value (ODc) 
was determined by calculating the mean of the optical 
density (OD) values of the control wells, and then 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 twice ODc), moderate 
producer (OD values greater than twice ODc but less than 
or equal to four times ODc), or strong producer (OD values 
greater than four 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 (D.W.) 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:17

Percentage of Inhibition = [(OD Normal – OD Starved)/OD 
Normal] * 100 

Gene Expression

The levels of icaA and icaD gene expression were assessed 
for 5 MSSA (Sa30, Sa35, Sa41, Sa44 and Sa72) and 5 MRSA 
(Sa27, Sa34, Sa40, Sa70 and Sa80) isolates under normal 
and starvation conditions using the primers listed in Table 
1; 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 
qPCR master mix (New England Biolabs, USA) and were 
vortexed to ensure homogeneous contents, resulting in a 
qPCR mixture with a final volume of 20 μL. Ten microliters 
of master mix and 0.8 μL of each primer were used in the 
reactants, while the Rt volume was 1 μL. Moreover, about 
50 mg of RNA was added, and the volume was increased 
to 20 µL using nuclease-free water. The adopted protocol 
is shown in Table 2.

A melting curve was obtained with temperatures ranging 
from 60 °C to 95 °C with a 0.5 °C increment every 15 
seconds.

Target Gene Primer Name Sequence
5’                   3’

Amplicon Size 
(bp) Reference

mecA
MecA1 GTAGAAATGACTGAACGTCCGATAA

310 (Parvin et 
al., 2021)MecA2 CCAATTCCACATTGTTTCGGT CTAA

icaA
icaA -F CAATACTATTTCGGGTGTCTTCACTCT

102 (Peyrusson 
et al., 2020)icaA -R CAAGAAACTGCAATATCTTCGGTAATCAT

icaD
icaD -F TCAAGCCCAGACAGAGGGAATA

82 (Peyrusson 
et al., 2020)icaD -R ACACGATATAGCGATAAGTGCTGTTT

rpoB
rpoB -F CAGCTGACGAAGAAGATAGCTATGT

82 (Peyrusson 
et al., 2020)rpoB -R ACTTCATCATCCATGAAACGACCAT

Table 1.List of Primers Used in This Study
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Ethics Statements
This work has been approved by the College of Science 
Research Ethics Committee (ref. CSEC/0422/0159). All 
the participants were allowed to provide the researchers 
with the specimens. Informed consent was obtained from 
all participants according to the Declaration of Helsinki.

Results and Discussion
Biofilm Formation under Normal Conditions

The microtiter plate assay stands as the predominant 
method as it is known to be the gold standard method 
for detecting biofilm formation ability among bacteria. 
This approach has been reported to be the most precise, 
sensitive and replicable screening technique for the 
detection of biofilm production by S. aureus clinical isolates. 
It also possesses the distinct advantage of serving as a 
quantitative method for the evaluation of adherence among 
various strains18.

The results revealed that only 24% of S. aureus isolates 
were strong biofilm producers; while 49% and 9% of the 
isolates were moderate and weak producers, respectively 
(Table 3). 

Furthermore, statistical analysis revealed that there was 
a significant difference (p value < 0.0001) between the 
intensity of the biofilm that was developed by the different 
S. aureus isolates. 

The result of the current study was in agreement with that 
of a study conducted by19who found that 37.93%, 48.28% 
and 13.79% of S. aureus isolates were strong, moderate 
and weak biofilm producers, respectively.

It also agreed to some extent with the findings of Abdrabaa 
and Abd Aburesha (2023)20 in the sense that all S. aureus 
isolates included in their study developed biofilm; however, 
about 42% of the isolates were strong biofilm producers 
while 20% and 38% were moderate and weak biofilm 
producers, respectively.

There is an increasing belief by many scientists that bacterial 
biofilms are responsible for over 80% of chronic illnesses. S. 
aureus resides within the hospital surroundings, and from 
there it can adhere to host tissues and medical equipment 
that are inserted into the body21, leading to many illnesses 
including skin and soft tissue infection, osteomyelitis, 
endocarditis, pneumonia, and bacteraemia. The capacity 
to form biofilm further contributes to the heightened 
antibiotic resistance of S. aureus, making it challenging 
to treat22.

Moreover, biofilm formation is regarded as a safeguarded 
mechanism for bacteria to acclimate to challenging 
environments. The biofilm functions as a protective shield, 
ensuring a steady internal milieu for bacterial cellular 
processes. It safeguards bacterial cells from hostile 
circumstances such as severe temperatures, limited 
nutrients, desiccation, and even antibacterial agents23.

Consequently, combating biofilm infection typically 
necessitates the prolonged administration of antibiotics 
at higher dosages (Beloin et al., 2014). However, prolonged 
administration of these antibiotics can result in the spread 
of resistance and may cause drug toxicity24.

Biofilm Formation under Nutrient Limitation
The ability of all S. aureus isolates to develop biofilm under 
nutrient limitation was measured using the microtiter 
plate method. The results summarised in Table 3 revealed 
that all S. aureus isolates were able to develop biofilm 
under nutrient limitations; moreover, the majority of the 
isolates (97.5%) developed weak biofilm layers under 
these conditions.

Additionally, 2.5% of the isolates (Sa41 and Sa44) were 
able to develop a moderate biofilm.

Statistical analysis revealed that the biofilm intensity 
that was developed under nutrient limitation decreased 
significantly (p value < 0.0001) when compared with the 
biofilm that was developed under normal conditions for 
all isolates (Figure 1).

Cycle Step Temperature (°C) Time Cycles
Reverse transcription 55 10 minutes 1
Initial denaturation 95 1 minute 1

Denaturation 95 10 seconds
 40–45

Extension 60 30 seconds
Melt curve 60–95 Various 1

Table 2.RT-qPCR Protocol
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Furthermore, there was a significant difference (p value 
< 0.0001) among the biofilm-forming capabilities of the 
isolates under starvation conditions. Such a decrease in 
biofilm intensity could be attributed to biofilm dispersal 
that is influenced by nutrient starvation.

The study conducted by Huynh et al. (2012)25 investigated 
the impact of glucose deprivation on P. aeruginosa biofilm. 
The findings revealed that glucose limitation significantly 
affected biofilm dispersal. Dispersal began within five 
minutes of glucose deficiency, reached its peak after 2 
hours, and resulted in the dispersion of up to 60% of the 
initial biomass after 24 hours of starvation. Furthermore, 
the biofilm that experienced glucose starvation exhibited 
a decrease in optical density (OD) from 1.11 to 0.43 over 
a span of two days. In addition, a study conducted by 
Thormann et al. (2005)26 highlighted that the separation 

Table 3.Biofilm Forming Capacity of Bacterial Isolates

Isolate
Mean OD600 Isolate

Mean OD600 Isolate
Mean OD600

Normal Starvation Normal Starvation Normal Starvation
Sa1 00.348 00.134 Sa29 00.464 00.216 Sa57 00.282 00.117
Sa2 00.924 00.160 Sa30 00.451 00.152 Sa58 00.308 00.162
Sa3 00.162 00.150 Sa31 00.476 00.181 Sa59 00.236 00.145
Sa4 00.213 00.123 Sa32 00.284 00.134 Sa60 00.296 00.156
Sa5 00.357 00.137 Sa33 00.305 00.199 Sa61 00.302 00.145
Sa6 00.188 00.138 Sa34 00.727 00.183 Sa62 00.250 00.116
Sa7 00.566 00.154 Sa35 00.334 00.206 Sa63 00.210 00.145
Sa8 00.529 00.148 Sa36 00.445 00.149 Sa64 00.325 00.175
Sa9 00.246 00.131 Sa37 00.638 00.187 Sa65 00.314 00.180

Sa10 00.437 00.135 Sa38 00.509 00.141 Sa66 00.380 00.150
Sa11 00.384 00.131 Sa39 00.526 00.153 Sa67 00.376 00.152
Sa12 00.290 00.133 Sa40 00.549 00.207 Sa68 00.316 00.179
Sa13 00.299 00.118 Sa41 00.663 00.257 Sa69 00.406 00.179
Sa14 00.365 00.132 Sa42 00.292 00.149 Sa70 00.521 00.222
Sa15 00.193 00.156 Sa43 00.399 00.138 Sa71 00.374 00.155
Sa16 00.396 00.140 Sa44 00.377 00.227 Sa72 00.809 00.178
Sa17 00.374 00.140 Sa45 00.250 00.155 Sa73 00.365 00.127
Sa18 00.496 00.155 Sa46 00.341 00.180 Sa74 00.344 00.146
Sa19 00.615 00.181 Sa47 00.272 00.188 Sa75 00.237 00.125
Sa20 00.496 00.141 Sa48 00.347 00.162 Sa76 00.420 00.120
Sa21 00.240 00.178 Sa49 00.273 00.178 Sa77 00.378 00.154
Sa22 00.364 00.127 Sa50 00.317 00.210 Sa78 00.335 00.134
Sa23 00.388 00.204 Sa51 00.195 00.158 Sa79 00.321 00.149
Sa24 00.277 00.192 Sa52 10.008 00.199 Sa80 10.205 00.126
Sa25 00.237 00.132 Sa53 00.314 00.174 Sa81 00.223 00.178
S26 00.233 00.159 S54 00.396 00.130 Sa82 00.212 00.131
S27 00.897 00.146 S55 00.294 00.160 C 0.099
S28 00.315 00.170 S56 00.405 00.152 -

S1–S82: S. aureus isolates 1–82; C: Control; Cut-off value: 0.111

Normal Starvation
0.0

0.5

1.0

1.5

Normal vs Starvation

OD
60

0

✱✱✱✱

Figure 1.Biofilm Formation: Normal Conditions vs 
Starvation
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of cells from biofilms of Shewanella oneidensis can 
be triggered by halting the flow of the medium in a 
hydrodynamic biofilm system. In a similar manner, They 
also demonstrated that Serratia marcescens developed 
denser and more elongated biofilms when exposed to high 
nutrient concentrations, while biofilms became thinner 
under low nutrient conditions.27

PCR Study

A set of primers was used for mecA gene detection in 82 
isolates of S. aureus by using the monoplex PCR technique. 
The result showed that 77 out of the 82 S. aureus isolates 
(94%) that were included in this study harboured mecA as 
depicted in Figure 2.

This finding indicates that these isolates are methicillin-
resistant as there is no mecA gene in MSSA strains; thus 
the detection of this gene in any isolate of S. aureus  is 
indicative of MRSA28,29.

The result of this study was in agreement with one of the 
study who found that about 94.29% of S. aureus isolates 
that were included in their study harboured mecA gene, 
and hence were regarded as being methicillin-resistant.30

The results of the study were similar to those of a study 
conducted by Ibraheem & Al-Mathkhury (2018)31who 
found that about 80% of S. aureus isolates were methicillin-
resistant by virtue of harbouring the mecA gene.

The findings of the research corroborated the conclusions 
drawn by Ibraheem & Al-Mathkhury (2018)31 as well, 
wherein approximately 80% of the S. aureus isolates 
exhibited resistance to methicillin by virtue of harbouring 
the mecA gene.

The results also agreed with those of Jabur and Kandala 
(2022)32who conducted an experiment on 68 S. aureus 
isolates that were isolated from post-surgical wound 
infections and found that about 98.5% of the isolates 
contained the mecA gene. However, the results differed 

from their findings concerning S. aureus isolates collected 
from women with bacterial vaginosis, as they reported 
that only 55% of these isolates harboured the mecA gene.

Moreover, the results also disagreed with those of a study 
conducted by Al-Halaq and Utba (2023)33who discovered 
that only 60% of S. aureus isolates from patients with 
furunculosis contained the mecA gene.

The differences in mecA distribution percentage between 
the differing studies could be attributed to the difference in 
the infection site from where the isolates were collected.34

For the detection of icaA and icaD genes in all of the 82 S. 
aureus isolates, two sets of primers were employed in a 
monoplex PCR pattern. The findings from this experiment 
revealed that the icaA gene was present in 79 (96.3%) 
isolates while the icaD gene was located in all isolates that 
were included in the study, as illustrated in Figures 3 and 4.

The results agreed to some extent with a local study 
published by the researcher who found that the icaA gene 
was present in 81% while icaD was located in 84.6% of the 
tested S. aureus isolates that were included in their research 
(13 isolates).35 Likewise, another local study conducted by 
Abdrabaa and Abd Aburesha (2023) showed that icaA was 
observed in 73.3% while icaD was found in 84.4% of the 
45 S. aureus isolates that were screened.36

Interestingly, the icaA gene was absent in the genome 
of Sa2, Sa10 and Sa46 isolates; however, Sa2 developed 
strong biofilm while Sa10 and Sa46 developed moderate 
biofilm when tested using the microtiter plate method. This 
suggests that the developed biofilm by the aforementioned 
isolates was ica independent and it was reliant on other 
mechanisms.

Although the icaADBC locus and the regulatory channels 
that direct PIA/ PNAG production play a crucial role in 
staphylococcal biofilm development, multiple studies have 
shown the presence of biofilm processes in S. aureus that 
are not dependent on PIA/ PNAG.37

Figure 2.Visualisation of mecA Gene by 1.5% Agarose Gel Analysis. The shown bands are representative of PCR 
products (310 bp) amplified from S. aureus isolates (lanes 20–38), with lane M representing the 100 bp DNA ladder
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The processes involved in biofilms that do not rely on 
the ica gene are complex and have not been completely 
comprehended yet. 38Nevertheless, the protein known as 
biofilm-associated protein (Bap) was recognised among 
the primary tools by which S. aureus can form an ica-
independent biofilm.39 A significant number of other 
staphylococcal proteins were later linked to ica-independent 
biofilms, including fibronectin-binding proteins A and B 40, 
as well as S. aureus surface protein G, among many others.41

Surprisingly, the alternative transpeptidase PBP2a or 2’, 
which is produced by the mecA gene, is closely linked to 
the formation of biofilms in many recent MRSA isolates.42 

Gene Expression

To study the effect of stringent response initiated by 
nutrient limitation on the expression of icaA and icaD 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.43

The results summarised in Table 4 and illustrated in Figure 
5 demonstrate that the level of expression for all the 
aforementioned genes was upregulated under nutrient 
limitation as compared to that with normal growth 
conditions. Furthermore, there was no difference observed 
in gene expression profile between MRSA and MSSA strains.

The data presented in Table 4 clearly demonstrates that 
in isolates Sa30, Sa35 and Sa41, the upregulation in gene 
expression levels was much higher when compared with 
other isolates, all of which were MSSA, suggesting that 
icaA and icaD genes play an important role in their biofilm 
formation under the control of the stringent response. On 
the other hand, concerning the remaining isolates, since the 
levels of gene expression were not increased considerably; 
other genes could be involved under nutrient limitation.

Alarmones (p)ppGpp synthesised when the stringent 
response is initiated have the ability to facilitate biofilm 
formation. The mechanism by which (p)ppGpp enhances 
biofilm development is yet to be fully comprehended. The 
presence of (p)ppGpp leads to a rapid reduction in the 
amount of GTP inside the cell, and the activation of the 
CodY regulon is relieved.44

Figure 3.Visualisation of icaA Gene by 1.5% Agarose Gel Analysis. The shown bands are representative of PCR 
products (102 bp) amplified from S. aureus isolates (lanes 1– 21), with lane M representing the 50 bp DNA ladder

Figure 4.Visualisation of icaD Gene by 1.5% Agarose Gel Analysis. The shown bands are representative of PCR 
products (82 bp) amplified from S. aureus isolates (lanes 63–81), with lane M representing the 50 bp DNA ladder
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CodY is a regulatory protein that controls gene expression 
in many bacteria. It responds to the presence of branched-
chain amino acids (BCAAs) such as isoleucine, leucine, and 
valine, as well as GTP. CodY regulates the expression of 
numerous genes involved in various metabolic pathways 
that are responsible for the utilisation of alternative 
nutrient sources. These genes play a role in processes 
such as nutrient search, uptake, and processing.45 When the 
levels of BCAAs and GTP inside a cell are elevated, CodY is 
stimulated and functions as a DNA-binding protein, usually 
leading to the suppression of gene expression.46 When 
the amounts of BCAAs and GTP fall, the activity of CodY 
protein in the cell also decreases. This leads to changes in 
the transcriptome.47

In addition, CodY controls the transcription of genes 
that are involved in the synthesis or modification of the 
biofilm matrix.48CodY has been demonstrated to play a 
crucial role in the regulation of FnbAB and SasG proteins, 
which aid in the initial attachment of bacterial cells to host 
tissue. Additionally, CodY is essential for the production 
of biofilms.49

On the other hand, CodY inhibits the activity of genes 
that produce proteases that have a detrimental effect 
on the formation of biofilms. It also inhibits the activity 
of nuclease (Nuc), which is essential for the final stage 
of biofilm development.50 This suggests that CodY plays 
a crucial role in regulating both PIA-dependent and PIA-
independent biofilm formation.51

Conclusion
Methicillin-resistant S. aureus strains are much more 
prevalent than their sensitive counterparts in hospital 
settings and given that almost all these isolates possess 
both icaA and icaD genes, it further complicates the 
situation as treatment options become more limiting; 
more importantly, while the starvation-driven stringent 
response leads to the development of a thinner biofilm, it 
indeed upregulates the icaA and icaD genes in all S. aureus 
isolates irrespective of their methicillin resistance status.
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