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Introduction

Salmonella is a leading cause of gastrointestinal foodborne 
illness worldwide with a global prevalence affecting the gas-
trointestinal tract. The consumption of raw or undercooked 
products of animal origin is the main source of Salmonella 
infections. The presence of biofilms occurring in food sys-
tems functions as a reservoir by providing a constant pres-
ence of Salmonella on surfaces that are highly resistant to 
environmental stress conditions. Consequently, the persis-
tence of these biofilms in food industries may increase the 
risk of food contamination and human infections [1, 2].

A biofilm is defined as a community of microorganisms 
tightly attached to a biotic or abiotic surface. These com-
munities are embedded within an extracellular polymeric 
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Abstract
It is well-established that the dam and seqA genes act in the biofilm production in Salmonella. However, the molecular 
basis underlying this activity remains unexplored. This study aims to address this gap in the literature. In this study, com-
parative Fourier Transform Infrared (FT-IR) Spectroscopy and Raman spectral analyses were conducted to investigate the 
molecular basis of decreases in swimming, swarming motility, and biofilm characteristics observed in the dam and seqA 
gene mutants of S. Typhimurium DMC4 wild-type strain. The comparative analysis revealed a pronounced reduction in 
proteins, lipids, carbohydrates, and nucleic acids within the biofilm structures of mutant strains. These findings confirm 
that these macromolecules are crucial for the integrity and functionality of biofilm structures. FT-IR analysis showed that 
while amide-I bands decreased in the biofilm structures of mutant strains, amide-II bands increased compared to the wild-
type strain. Similarly, Raman analyses indicated an increase in amide-IV bonds and a decrease in amide-V bonds. The 
parallelism between FT-IR and Raman spectral analysis results, particularly regarding amide I, amide V, amide II, and 
amide IV bands, is noteworthy. Additionally, these findings may lead to the development of markers for rapidly diagnos-
ing transitions from planktonic to biofilm form in Salmonella. The substantial decrease in β-glucans and lipids, including 
cellulose, within the biofilm matrix of mutant strains highlights the critical role these polymers play in swimming and 
swarming motility. Given the clinical and industrial importance of Salmonella biofilms, it is crucial to develop strategies 
to prevent biofilm formation and identify target molecules that can inhibit biofilm formation. The results of our study 
suggest that β-glucans and amides are essential targets in the effort to combat Salmonella biofilms.
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matrix (EPS), a complex mixture of proteins, carbohydrates, 
lipids, and nucleic acids. This matrix not only provides 
structural support but also creates a microenvironment that 
can significantly alter the characteristics of the microorgan-
isms, including gene expression, protein synthesis, growth 
rate, and metabolic activities [3]. An important feature that 
distinguishes this structure from other bacterial communi-
ties is the global genetic regulation that occurs in the tran-
sition from the planktonic to biofilm form. This transition 
triggers a shift in the bacteria’s behavior and functions, 
leading to spatial and functional differentiation within the 
biofilm structure [4]. The EPS matrix plays a crucial role in 
this process, as it facilitates the organization of bacteria into 
distinct layers or clusters, each with specialized roles and 
activities. This structure, which is an integral element of the 
structural properties and functionality of biofilms, enables 
the morphotyping of Salmonella biofilms. According to 
this morphotyping performed on nutrient media containing 
Congo Red, based on whether there are curli fimbriae and 
cellulose in Salmonella biofilm structures, biofilm morphot-
ypes containing both curli fimbriae and cellulose in the EPS 
structure are rdar (red, dry, rough). The biofilm morphotypes 
containing only curli fimbriae in the EPS structure are bdar 
(brown, dry, rough). Biofilm morphotypes containing only 
cellulose in the EPS structure are defined as pdar (pink, dry, 
rough) [5]. Accurately determining biofilm morphotypes is 
of great importance for the resistance of the biofilms pro-
duced to adverse environmental conditions and the selection 
of agents to combat such biofilms [6]. Among these mor-
photypes, the rdar type is known to be the most resistant 
to biofilm-fighting agents and other stress conditions. This 
resistance is partly due to the rigidity added by curli pro-
teins and the additional elasticity provided by cellulose in 
the EPS matrix. This combination strengthens the biofilm’s 
physical and chemical barrier, making it more robust against 
external challenges. In contrast, biofilm morphotypes con-
taining only cellulose or curli fimbriae do not achieve the 
same resistance level [7].

The genes, dam (deoxy adenine methylase) and seqA 
(sequestration A) play a role in the regulation of many 
bacterial properties, such as pathogenicity and virulence, 
and especially the replication time in bacteria [8]. Regula-
tory proteins produced from the genes in question gener-
ally perform these functions by binding sequentially to 
the 5’GATC3’ target series [9, 10]. The SeqA protein and 
Dam methylase enzyme have been demonstrated to regu-
late the transcription of specific genes through the action of 
GATC methylation or by acting as co-activators. The results 
of mutation studies conducted on these genes indicated a 
notable reduction in the adhesion and invasion of Salmo-
nella into host cells [11–15]. Studies conducted by our 
research group have determined that the genes in question 

significantly affect the biofilms formed by Salmonella in the 
solid-air and liquid-air intermediate phases. In these stud-
ies, in addition to mutant strains, the accuracy of the results 
was checked by using complementary constructs made with 
mutant genes using expression plasmids [16–18]. However, 
EPS analyses based on dye reactions do not allow the pre-
cise identification of quantitative changes in the EPS struc-
ture of the biofilm.

FT-IR and Raman spectroscopy are complementary tech-
niques typically called vibrational spectroscopy. Both meth-
ods are simple, fast, non-destructive, and specific, providing 
fingerprint spectra and real-time analytical methods for ana-
lyzing molecules in different states [19]. FT-IR and Raman 
Scattering Spectroscopy methods are powerful and allow 
the identification of differences in microbial cells, primarily 
based on outer membrane cell components. These methods 
enable qualitative and quantitative identification of surface 
proteins, nucleic acids, carbohydrates, lipids, and humic 
structures [20]. In both methods, evaluation is made based 
on the infrared absorption and emission spectra of micro-
bial cells [21]. Although Raman and FT-IR generally pro-
vide complementary information for each other in microbial 
cells, Raman and FT-IR bands are mutually exclusive when 
the target molecules have a translation center. FT-IR is 
especially recommended for functional groups with strong 
dipole shifts, and Raman spectra are recommended for func-
tional groups with weak dipole shifts and strong symmetry 
[22].

As stated before, morphotyping Salmonella biofilms is 
challenging in scientific and practical terms. For this reason, 
methods with stronger qualitative and quantitative diagnos-
tic capacity than dye reactions have been used. This study 
aims to characterize the molecular basis of the differences 
in biofilm production between the dam and seqA mutants 
and the wild strain with Raman and FT-IR spectroscopy and 
to determine the basic molecular targets in S. Typhimurium 
biofilms.

Materials and methods

Bacteria and culture conditions

S. Typhimurium DMC4 wild-type strain was used in the 
study. Planktonic forms of the dam and seqA gene mutants 
(Δdam and ΔseqA) of this strain were produced at 200 RPM 
at 37 °C in Luria-Bertani (LB) broth for 18 h [16]. For bio-
film structures, 48 h of incubation were applied at 20 °C [23, 
24] at static conditions in salt-free LB (LB− NaCl). 100 µg/
ml of ampicillin was added to the Δdam LB medium, and 
25 µg/mL of chloramphenicol was added to the LB medium 
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for ΔseqA. Stock cultures were preserved at -80 °C in LB, 
with 60% glycerol.

Biofilm assays

Biofilm assays in wild-type and mutant strains were grown 
in LB broth media without NaCl (LB− NaCl). and in 96-well 
microtiter plates at 20  °C and static conditions. 30 µL of 
active culture was transferred to wells containing 100 µL 
LB− NaCl medium. Plates were incubated under static con-
ditions for 24, 48, and 72 h. The wells were aspirated and 
then washed three times with 1X PBS. Subsequently, 130 
µL of 95% methanol was added to each well to fix the bio-
film forms adhering to the polystyrene surfaces. Following 
a 30-minute incubation period at room temperature, the 
wells were aspirated. Later, the plates were dried at room 
temperature, and 130 µL of 1% crystal violet was added to 
the wells and incubated at room temperature for 30  min. 
After, these plates were washed three times with sterile dis-
tilled water, and 130 µL of glacial acetic acid (33% v/v) 
was added to each well, and measurements were taken at 
OD595. The result for each strain was calculated by subtract-
ing the mean OD595 of the biological replica of the control 
(LB broth only) from the mean OD595 of the three biological 
replicates of the sample [25].

Biofilm morphotype

Biofilm morphotypes were determined based on whether 
curli fimbriae and cellulose were present in the biofilm 
matrix. Congo Red and Calcofluor were used as indicator 
dyes to identify curli fimbria and cellulose, respectively. 
The optical density of S. Typhimurium active cultures was 
set at OD600 = 3.0, and 5  µl of bacterial suspension was 
dropped onto LB− NaCl agar containing 40 µg/mL of Congo 
Red (Sigma-Aldrich, USA). To determine the presence of 
cellulose, active cultures were transferred onto LB− NaCl agar 
containing 20 µg/mL of Calcofluor (Sigma-Aldrich, USA). 
To evaluate the pellicle-forming properties of the strains, 
500 µL of the active culture was added to 4.5 mL of LB− NaCl 
medium. Ring formation of the strains in the liquid-air inter-
phase was observed daily. The results were evaluated after 8 
days of incubation at 20 °C, and biofilm morphotypes were 
observed under a stereomicroscope (Leica, Germany) [26].

Swimming and swarming motility

To assess the ‘swimming’ motility, S. Typhimurium strains 
were initially cultured overnight at 37°C in LB agar. After 
incubation, one colony was selected from the agar and 
transferred to a 0.3% LB agar surface. The sample was then 
incubated for 9 hours at 20°C, 28°C, and 37°C. To assess the 

‘Swarming’ motility, the strains were incubated overnight 
on LB agar at 37 °C. Following incubation, a single isolated 
colony was selected from the agar surface and introduced 
into 0.5% LB agar supplemented with 0.5% glucose. The 
agar plates were assessed by incubating at 20 °C, 28 °C, and 
37 °C for 9 h. The distance between the inoculation zone on 
the agar plates and the outer boundary of the ‘swimming’ 
and ‘swarming’ zone was assessed using measurement [27].

FT-IR Spectroscopy

In trials, the biofilm structures created on polystyrene sur-
faces were subjected to a lyophilization process and made 
ready for FT-IR analyses by applying optimum biofilm for-
mation temperature and duration (72 h at 20 °C) in LB− NaCl 
media. The FT-IR spectra of these structures were recorded 
in the middle IR (4500–850 cm− 1) region using the univer-
sal tensor 27 FT-IR (4500–850 cm− 1) by using the ATR cell 
(Pike Technologies, Wisconsin, USA), which contains the 
mercury cadmium telluride detector and the ZNSE crys-
tal. Three measurements were performed for each techni-
cal sample, and arithmetic averages were used in advanced 
analysis. OPUS 5.5 (Bruker) software was used for spectra 
analysis. Statistical significance is determined by ANOVA 
analysis [28].

Raman spectroscopy

Biofilm forms of S. Typhimurium DMC4 strain and its dam 
and seqA gene mutants were obtained after 72 h of incuba-
tion of cultures inoculated at 20 °C to LB− NaCl broth media. 
The biofilm structure in this media was washed with sterile 
distilled water three times after being carefully collected 
through sterile forceps. Biofilm preparations were dried at 
room temperature at the last stage, and argon laser power 
settings were performed in the Raman spectrophotometer 
(1.5 mV of 514 nm). After the samples were placed on a 
Raman spectrophotometer, measurements were performed 
in the range of 2000–200 cm− 1 [29].

Statistical analysis

Statistical analysis was performed using GraphPad Prism 
8. A one-way ANOVA test was used to determine whether 
the differences between groups were statistically signifi-
cant (p < 0.05). Tukey’s exact test was used to assess group 
differences.
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reduced at lower temperatures (28 and 20  °C). When the 
DMC4 wild-type strain and its dam and seqA gene mutant 
strains were compared, it was observed that swimming and 
swarming movements, respectively, decreased at all incuba-
tion temperatures (Fig. 2).

FT-IR Spectra analysis

Differences in lipid, protein, and carbohydrate densities 
were analyzed in the FT-IR spectrum (Fig.  3). Symmet-
ric and asymmetric C-H groups between 3000–2800 cm− 1 
regions show the lipid density in bacterial cell walls and 
membranes [31]. The lipid densities and diversity of the 
mature biofilm structures of the wild-type strain decreased 
significantly (p < 0.05) in the dam and seqA mutants. The 
lowest lipid density was found in the seqA mutant (Fig. 3). 
When evaluated in terms of protein contents, the amide I 
(1700–1600 cm− 1) densities of the mutant strains decreased 
in comparison to the wild-type strain, while the amide 
II (1600–1500  cm− 1) [32, 33] densities increased. This 
shows that the protein contents of the biofilm structures 
of dam and seqA mutants changed in quality and quantity 
when compared to the wild-type strain (p < 0.05) (Fig. 3). 
The data indicated that curli fimbriae went through struc-
tural deformation and function loss in the dam and seqA 
mutants. It is known that amide I bonds are concentrated 
in the alpha helix structures, which are the structural indi-
cators of amyloid proteins, including the curli fimbriae. 
Additionally, amide II bands are concentrated in the beta 
sheets, where these proteins are disrupted [34]. On the other 
hand, it was determined that the glucose (1046–999 cm− 1) 
contents in the biofilm structures of all strains used in the 
study differed, and that glucose concentrations in the dam 
and seqA mutants decreased significantly compared to the 
wild-type strain (Fig. 3). The same situation was detected 
in (1→3)-α-D-glucans (929  cm− 1). All FT-IR data, when 
interpreted together with the data obtained from phenotypic 
tests, show that the biofilm structures formed by the mutant 
strains have undergone severe changes in terms of proteins, 
lipids, and carbohydrates compared to the wild-type strain, 
and these changes significantly change the biofilm structure 
and function.

Raman Spectra analysis

The samples were subjected to Raman spectra analyses 
to test the compatibility of FT-IR data and elements that 
could not be identified in detail in FT-IR spectra analy-
ses. As a result of these examinations, significant changes 
were observed in the peak points of the Raman spectrum, 
such as lipid, amide bonds, phosphodiester bonds, glyco-
sidic bonds, and glucans in the biofilm structures formed by 

Results and discussion

Biofilm assays

The S. Typhimurium wild-type strain and mutants reached 
the maximum biofilm production rate at the end of 72 h. At 
all incubation times, biofilm production levels in dam and 
seqA mutants were lower than in the wild-type strain. The 
seqA mutant showed the lowest level of biofilm formation 
(Fig. 1).

These results indicate that both dam and seqA genes 
are effective in the biofilm formation ability in the S. 
Typhimurium DMC4 strain. In the studies conducted to 
date, it has been determined that dam and seqA genes partic-
ipate in the regulation of biofilm structures as well as patho-
genicity, virulence, regulation of DNA replication time, and 
similar properties in Salmonella serovars [16].

‘rdar’ biofilm morphotype was determined for wild-type 
strain and dam and seqA mutants at 20 °C on LB agar con-
taining Congo Red after 8 days. The degree of red color 
observed in morphotypes is dependent on the quantity of 
curli fimbriae production [30]. The observed color differ-
ence in the ΔseqA strain explains this situation. Pellicles are 
defined as biofilm structures formed at the liquid-air inter-
face. All strains used in the study demonstrated the capac-
ity to form pellicles. The structure is rigid in the wild-type 
strain, but it is quite fragile in the ΔseqA strain.

In the assay conducted with calcofluor, the highest fluo-
rescence in both solid and liquid media was observed in the 
wild-type strain and the lowest in the ΔseqA strain. Differ-
ences were observed in the swimming and swarming move-
ments depending on the incubation temperatures. Bacteria 
inoculated on nutrient media containing agar move towards 
nutrient-rich areas in parallel with the depletion of nutrients 
in the first inoculated area. Optimum swimming and swarm-
ing movements were observed in all strains after a 10-hour 
incubation period at 37  °C. Movement was significantly 

Fig. 1  Changes of biofilm production in S. Typhimurium DMC4 wild-
type strain and its dam and seqA mutants according to the incubation 
period
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It has been determined that bacterial surface components 
and extracellular structures (especially flagella, lipopolysac-
charides, and exopolysaccharides) are crucial for autoaggre-
gation and biofilm production in many bacterial species [35, 
36]. In the generally accepted model of biofilm formation, 

the S. Typhimurium DMC4 wild-type strain and its Δdam 
and ΔseqA strains. Table  1 presents the main characteris-
tics observed in the Raman spectra of bacterial biofilm, as 
shown in Fig. 4.

Fig. 2  Biofilm phenotypes of DMC4 wild-type, Δdam, and ΔseqA 
mutants. a) Stereo-microscope images of biofilm morphotypes. b) Cal-
cofluor binding of Salmonella strains. c) Pellicle-forming properties on 

glass tubes. d) Staining of pellicle structure with Calcofluor in liquid. 
e) Swimming motility. f) Swarming motility
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of biofilm structures, include exopolysaccharides, extracel-
lular DNA (eDNA) and RNA (eRNA) [38], proteins, lipids, 
and water [39]. EPS stabilizes the architectural form and 
three-dimensional structure of biofilms [37]. The ability of 
cells in the biofilm to change the membrane lipid composi-
tion is a critical adaptation to environmental stress factors 
for biofilm development [40].

Raman spectra attributed to the presence of the hydrocar-
bon chain in three spectroscopic regions (1500–1400 cm− 1, 
1300–1250 cm− 1, and 1200–1050 cm− 1) [33, 41] (Table 2). 
The highest intensity of the 1445–1461  cm− 1 bands indi-
cates saturated lipids [42]. Density differences in these 
bands refer to changes in lipid amounts and saturation of 
fatty acids during the maturation phase and biofilm compo-
sition [33]. Raman data obtained in our study clearly shows 
that the amount of lipids and, therefore, the lipid composi-
tion in the biofilm structure of the wild-type strain decreases 
dramatically in the dam and seqA mutants (Fig.  4). This 
finding, which phenotypic tests cannot identify, is of critical 
importance in the disruption of biofilm structure and func-
tion in these mutants.

In Raman spectra, ~ 783  cm− 1 represents phospho-
diester bonds in DNA, and 1340–1330  cm− 1 represents 

environmental signals trigger the process and are critical 
for the flagellar biofilm community to achieve surface-
approaching movement. The initial stages of adhesion to the 
surface are mediated by outer membrane proteins (e.g., cal-
cium-binding proteins), pili, or LPS (lipopolysaccharides) 
[37]. On the other hand, the main components of the EPS, 
which is the fundamental structural and functional element 

Table 1  Assignments of principal infrared vibrational bands of the 
3000–900 cm− 1 region of the FT-IR spectrum [33]
FT-IR Wavenumber (cm− 1) Description*
2950–2960 νas (CH3), lipids
2920–2940 νas (CH2), lipids
2850–2860 νs (CH2), lipids
1700 − 1600 80% ν (C = O), 20% (C-N), τ 

(HOH), Amide I, water
1600 − 1500 60% τ (N–H), 30% (C–N), 10% ν 

(C–C), Amide II
1400 − 1350 δs (CH3), δs (CH2), νs (C = O), 

proteins, lipids
1046 − 999 Skeletal vibration connected to the 

anomeric structure of D-glucose
929 (1⟶3)-α-D-glucan
*ν: stretching, δ: deformational, τ: bending, as asymmetrical, s: sym-
metrical

Fig. 3  FT-IR spectra of DMC4, Δdam, and ΔseqA mutant bacterial biofilms are compared regarding representative relative intensity
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and Amide II (1600–1500  cm− 1) bands are sensitive to 
changes in the secondary structures of proteins. These 
bands are associated with proteins formed by the combina-
tion of CO=(ѵr = O) stretching and N-H (δN-H) cracking of 
amides [46–48]. Amide peaks can be associated with alpha 
helix and disordered helical structures of cellular proteins, 
revealing the presence of beta sheets [49]. This shows that 
biofilms consist of alpha helices and beta sheets secondary 
structures. It was determined that the 800–640 cm− 1 peaks 
(amide V) were at higher intensity in the wild-type strain 
compared to the mutant strains. 770–625 cm− 1 peaks (amide 
IV) were detected at higher intensity in mutant strains than 
in the wild-type strain (Fig. 4). The Raman spectra obtained 
prove that the protein ratios and compositions in the bio-
film structures of the wild-type strain and the mutant vary. 
The most critical components in Salmonella biofilms are the 
curli fimbria proteins and cellulose, which determine the 
main functions of the EPS matrix [50]. When all the data 
above are interpreted together with FT-IR results, it shows 
that curli fimbriae structurally changed and reduced at a crit-
ical level along with other protein structures in the biofilm 
structures of mutant strains.

UDP- produces glucan chains by glycosylating glucose 
[51]. Bacterial glucan refers to a class of EPS that includes 
a group of polysaccharides naturally occurring in the cell 
walls of various bacteria, with different physicochemical 
properties depending on the source and structure [52]. In 
addition to creating protective and highly acidic microen-
vironments, glucans help promote bacterial adhesion and 
cohesion, interactions between species, and biofilm accu-
mulation [39, 53, 54]. While the Raman intensity of glu-
can at approximately 520 cm− 1 was relatively high in the 
wild-type strain, the intensity was found to be quite low 
in the dam and seqA mutants. Polysaccharides, especially 
(1→3), (1→6)-α-D-glucans, have structural and functional 
roles in the biofilm matrix [55]. Cellulose is a polymer con-
sisting of glucose units connected by (1→4)-β glycosidic 

polynucleotide chains and DNA purine bases [33]. The 
decreases in the Raman intensities of seqA and dam mutants 
in these regions compared to the wild-type strain S. 
Typhimurium DMC4, respectively (Fig.  4), are a sign of 
the reduced amount of eDNA in the biofilm matrix of these 
mutants. These findings provide indirect evidence for the 
role of eDNA in biofilm structures, which is still contro-
versial, but has been described to hold the main elements 
together in mature biofilm structures [43, 44].

As protein structures mature, protein-related peaks 
emerge. Previous studies have suggested that the phenyl-
alanine band observed at 1000  cm− 1 may be an essential 
indicator for detecting biofilms with protein structure [45]. 
This band, which was at high intensity in the wild-type 
strain, was observed to be at decreasing intensity in the seqA 
and dam mutants, respectively. Amide I (1700–1600 cm− 1) 

Table 2  Significant bands and vibration types associated with specific 
components appear in the Raman spectra of the biofilm samples [33]
Raman Shift (cm− 1) Description*
1700 − 1600 ν (C = O), Amide I
1600 − 1500 ν (C-N), δ (N–H), Amide II
1500 − 1400 in-plane τ and out-of-plane τ (CH2), lipids
1445–1461 νs (CH2), saturated lipids
1340 − 1330 polynucleotide chains, DNA purine bases
1300 − 1250 in-plane τ and out-of-plane τ (CH3), lipids
1200 − 1050 ν (C-C), lipids
⁓1094 νas (COC), (1→4)-β-linked glycosidic 

bonds
⁓1000 phenylalanine ring breathing
800 − 640 out-of-plane τ (N-H), Amide V
⁓783 ring breathing of cytosine, thymine, 

uracil; νs (O-P-O), phosphodiester bonds 
in DNA

770 − 625 τ (O = C-N), Amide IV
⁓520 Glucans
*ν: stretching, δ: deformational, τ: bending, as asymmetrical, s: sym-
metrical

Fig. 4  Raman spectra of DMC4, Δdam, and ΔseqA mutant bacterial biofilms are compared in terms of representative relative intensity
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((1→4)-β-linked glycosidic bonds) is approximately 1094. 
In this region, the highest Raman density was determined 
in the wild-type strain, which is a strong biofilm producer. 
In this sense, the highest decrease was detected in the seqA 
mutant. These data (Fig. 4) show that cellulose production 
is significantly reduced in the biofilm structures of mutant 
strains, which corroborated to the calcofluor experiments 
performed.

Finally, the generalizations that fimbrial and flagellar 
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Conclusions
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were successfully demonstrated by FT-IR and Raman spec-
tral analyses, which show how analytical techniques allow 
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may contribute to a potential targeted intervention against 
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