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Abstract

In tandem to the Salmonellosis infection worldwide, a study was conducted to determine the conserved and non-
conserved region in Salmonella enterica sub-species so that it can be used to design probes in biosensors for the detection
of Salmonella enterica as a species or sub-species distinctively. The region was selected for this study through f/iC gene
that is present in all Sa/monella sub-species, encodes the Salmonella flagella or flagellin determines the serotype due to
its H antigen and provides virulence to the bacteria. All sub-species were analyzed in a group of six and then analyzed
individually in groups of two with all possible combinations to determine the overlapping regions. Based on the study, the
predominant conserved region for S. enterica sub-species is between 103 and 158, whereas the non-conserved region is from
1245 to 1285. A phylogenetic tree was constructed for the S. enterica sub-species to determine the evolution of the

Salmonella sub-species.
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1. Introduction

Salmonella are facultative anaerobes from the Entero-
bacteriaceae family which do not develop spores and are
gram negative rod structured gamma-proteobacteria as well
as parasites commonly occupying the intestinal zones of
humans, cattle, avian, insects and reptiles (Andino &
Hanning, 2015; Mcquiston ef al., 2008). The common char-
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acteristics that all Salmonella share are Salmonella require
minimal medium for growth and grows ideally in a pH range
of 7-7.5, under a temperature scope of 35-43°C (Finn ef al.,
2013; Mattick et al.,2001). The span of the bacteria is usually
2.5 microns long with a width of 0.5-1.5 microns and the
genome proportions vary among strains within bounds of
4,460 to 4,857 kb (Andino & Hanning, 2015).

The nomenclature of Salmonella has been in dispute
for a period of time as there are two systems in circulation.
The first was suggested by Le Minor and Popoff (1987) and
does not adhere to the rules established in the Bacteriological
Code and other system conforms to the rules of the Bacterio-
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logical Code. However, it must be noted that although the
first system does not follow the Bacteriological Code, it is
more recognized and commonly used. Due to the confusion
amid researchers worldwide, the Judicial Commission of the
International Commission on the Systematics of Prokaryotes
has declared the Opinion 80 which was restricted to nomen-
clature and not taxonomy. Later on, Le Minor and Popoff
discovered S. enterica which has several sub-species and
thus by relating commission ruling with the Le Minor and
Popoff system, a bridge was fashioned between the two
nomenclature systems (Tindall et al., 2005).

Salmonella is broadly split into two distinct species
namely S. enterica and S. bongori which was formerly
acknowledged as sub-species VII and now documented as a
separate species (Mcquiston et al., 2008). The Salmonella is
differentiated in the Kauffmann-White serological scheme of
classification as Kauffmann propositioned on the recogni-
tion through antigens O and H in Salmonella (Brenner et al.,
2000). S. enterica is separated into six sub-types namely
S. enterica subsp. enterica (sub sp 1), S. enterica subsp.
salamae (subsp 11), S. enterica subsp. arizonae (subsp I11a),
S. enterica subsp. diarizonae (subsp IIIb), S. enterica subsp.
houtenae (subsp 1V) and S. enterica subsp. indica (subsp
VI) (Mcquiston et al., 2008).

At present, there are 2463 serovars of Salmonella
which comprises of 46 groups of O antigen and 114 groups
of H antigen. The O antigens exists as several groups namely
A, B, Cl, C2, D and E whereas the H antigens can be
separated into two flagellin loci (f/iC and f7iB). This loci gene
function unfettered of each other and is controlled by the
hin switch mechanism. However, not all Sa/monella has
this switching mechanism as some Salmonella such as S.
enterica subsp. arizonae has only fliC gene (Andrews-
polymenis et al., 2010; Brenner et al., 2000; Mcquiston et al.,
2008; Mermin et al., 2004). The surface antigens influences
the virulence of the bacteria, provides motility for the bacteria
through the flagella and illicit inflammation response (Coburn
et al., 2007; Mechanisms, 1995). The O and H antigens are
also the chief antigenic composition in Salmonella
(Nalbantsoy et al., 2010).

The virulent region on the Salmonella is located on
the pathogenicity islands (SPI 1 and SPI 2) which are actually
extended regions of DNA. SPI 1 allows bacterial breach
whereas SPI 2 assists intracellular endurance (Ly & Casanova,
2007). The breach into host cells rely on type III secretion
systems (T3SS1 and T3SS2) encoded by SPI which permits
bacterial replication and causes rapid macrophage pyroptosis
(Fink & Cookson, 2007; Ibarra & Steele-mortimer, 2009).
Salmonellosis is a medical condition with varying indications
caused by the infection of Salmomnella bacteria (Maki-
Yonekura et al., 2010; Nithya et al., 2015). Salmonella serovars
can be split into three classes as typhoid fever, bacteraemia
and enteritis which instigate separate symptoms. Typhoid
fever occurs due to S. typhi and S. paratyphi but it must
be noted that the illness is less severe if triggered by S.
paratyphi A and more mild if through S. paratyphi B

S. Satisvar et al. / Songklanakarin J. Sci. Technol. 39 (3), 373-381,2017

(Schotmulleri) or S. paratyphi C (Hirshfeldii) ( Bhutta, 2006;
Connor & Schwartz, 2005; Everest ef al., 2001; Pang ef al.,
1995). Severe disease symptoms of typhoid fever includes
septic shock, intestinal bleeding, intestinal perforation and
neuropsychiatric complications (Pang ef al., 1998).

Salmonella have now developed resistance to several
constantly used antibiotics such as chloramphenicol,
trimethoprim, ampicillin and tetracycline (Pang et al., 1998).
The resistance genes that are presently identified are posi-
tioned on mobile genetic elements called transposons, gene
cassettes, plasmids and genomic islands (Brenner et al.,
2006). It is unfeasible to forecast the emergence of a new
serovar or the degree of threat a new serovar poses to human
and animals. Due to this factor, some antibiotics cannot be
regarded as the first line drug for treating salmonellosis
anymore factors that affect resistance to infection include
rapid stomach emptying, carcinoma, lymphoma, sickle cell
anaemia, parasitism, leukaemia, diabetes, antibiotic treatment
and altered gut flora (Lax et al., 1995).

The objective of this work is to determine the con-
served as well as the non—conserved region in the fliC gene
for biosensor probe designing and to construct the phylo-
genetic tree of S. enterica subspecies. Previous studies on
S. enterica sub-species have been mainly focused towards
genetic and functional aspects, whereas current study is
more towards finding minimal regions for sensing applica-
tions. Other downstream applications include knocking down
and imaging analysis using this fragment. One of the reasons
that fliC gene is used to design the probe is because the
flagella which the f7iC gene codes is used to determine the
serotype between sub-species which makes identification
faster and easier as salmonellosis is a global concern. Salmo-
nella flagella provide antigenicity by antigen H present on
the surface of the flagella and are also a virulence factor in
Salmonella. The fact that SPI is present on plasmids makes
them highly mutable, hence flagella which has less polymor-
phisms is a better choice for probe design. The flagella also
initiate the immune response and this region can also be used
to create vaccines (Coburn et al., 2007). The fact that the
motility of Salmonella through flagella which allows invasion
into host cells and the H antigen bind to phagosome signals
gene expression can be utilized to disrupt the functions of
Salmonella flagella by identifying the non-conserved region
(Mechanisms, 1995). The fIiC gene is used as there a higher
number of available H antigens than O antigens and fliB are
not present in all Salmonella sub-species (Mcquiston et al.,
2008).

2. Materials and Methods

The region which determines serotype difference and
provides virulence to Salmomnella was determined by
different studies. The terminologies have been considered for
the current study design are, S. enterica nomenclature, S.
enterica serotyping, S. enterica salmonellosis, S. enterica
phylogeny, S. enterica typhoidal salmonellosis, S. enterica
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non-typhoidal salmonellosis, S. enterica mechanisms of
infection and S. enterica vaccines and treatment. The region
that was chosen for current investigation is after thorough
literature search and it was the fliC gene. The sequence for
the f7iC gene for six different S. enterica subspecies with no
respect to the strain variation was then obtained from the
National Centre for Biotechnology Information (NCBI). Only
fliC gene with complete coding sequence was selected for
the alignment.

The alignment of sequences was done for all the gene
sequence in CLUSTAL X and then viewed in GeneDoc. The
sequences were compared and contrasted to determine the
region with the longest conserved region and longest non-
conserved region in the six different S. enterica subspecies.
The alignment procedure was then repeated by using two
different Salmonella subspecies of all combinations possible
using the six Salmonella subtypes. A phylogenetic tree of
the six different Salmonella sub-species was then created
using the software Splits Tree (Splitstree4, version 4.13.1.0)
to determine the evolution of Salmonella sub-species and
calculated with the application Bootstrap (Huson & Bryant,
2006). The diagram of the protein was then obtained by
searching the terms Salmonella flagella in Protein Database
(RCSB PDB; http://www.rcsb.org/pdb/home/home.do). The
highest antigenic region in the flagellin protein was deter-
mined by reviewing scientific literature exceeding the span
of 20 years (He et al., 1994). To analyze the structural
information Pymol software (version 5.10.130.0; Install shield
Software Corporation) has been used.

The details of accession are as follows;

« “Salmonella Enterica Subsp. Arizonae Strain CDC _
99 350 Flagellin (fliC) Gene, Complete Cds,” February 8,2011.
http://www.ncbi.nlm.nih.gov/nuccore/HM142026.1 (Acces-
sion No. HM142026).

« “Salmonella Enterica Subsp. Diarizonae Strain CDC _
A190 Flagellin (fliC) Gene, Complete Cds,” February 8, 2011.
http://www.ncbi.nlm.nih.gov/nuccore/HM142031.1. (Acces-
sion No. HM142031)

o “Salmonella Enterica Subsp. Enterica Strain CDC _
2038 Flagellin (fliC) Gene, Complete Cds,” February 8, 2011.
http://www.ncbi.nlm.nih.gov/nuccore/HM142000.1. (Acces-
sion No. HM142000).

 “Salmonella Enterica Subsp. Houtenae Strain CDC _
CNM2556 Flagellin (fliC) Gene, Complete Cds,” February 8,
2011. http://www.ncbi.nlm.nih.gov/nuccore/HM142047.1.
(Accession No. HM142047).

o “Salmonella Enterica Subsp. Indica Strain CDC _
1415 Flagellin (fliC) Gene, Complete Cds,” February 8, 2011.
http://www.ncbi.nlm.nih.gov/nuccore/HM142052.1. (Acces-
sion No. HM142052).

« “Salmonella Enterica Subsp. Salamae Strain CDC _
365 Flagellin (fliC) Gene, Complete Cds,” February 8, 2011.
http://www.ncbi.nlm.nih.gov/nuccore/HM142012.1. (Acces-
sion No. HM142012).
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3. Results and Discussion

Salmonellosis occurs mainly through faecal-oral such
as household contact for S. typhi, by contaminated food for
S. paratyphi and typhoid fever is linked to travellers while
non-typhoid fever which is elicited by the commensal, non-
typhoid Salmonella are food-borne (Butaye et al., 2006;
Cheong et al.,2007; Fangtham & Wilde, 2008). The vaccines
available currently for use are parenteral Vi polysaccharide
vaccine and Ty21a with the suggestion that both vaccines be
used simultaneously to illicit a stronger immune response
(Engels et al., 1998; Fangtham & Wilde, 2008; Pang et al.,
1995; 1998). Towards vaccine developments, designing
sensing strategies and appropriate probe/receptor to find
necessary binding affinities are mandatory as shown
previously (Anbu et al., 2006; Balakrishnan et al., 2016;
Gopinath, 2007, 2008; Gopinath et al., 2006, 2007, 2008, 2009,
2012a,2012b, 2013; Kumarevel et al., 2004, 2008; Perumal
et al., 2015). In this study, the bioinformatics analysis has
been carried out to find right sequence from fliC gene for
the development of probe to be for sensing applications. Six
sub-species were analyzed and all possible combinations
were considered to determine the overlapping regions. The
criteria that was utilized for the selection of those particular
sequences was random selection to avoid biases over
specific selection of a particular strain of Salmonella enterica
without any particular interests in order to cover a wide range
of conserved region and non-conserved region in S. enterica
to serve as targets for probe designing for biosensors.

The longest conserved region for all six S. enterica
subspecies when aligned is between 103 and 158 base pairs
which consist of 56 base pairs (Figure 2). This region can be
utilized to design a probe to detect all S. enterica sub-species
without distinction. This region is completely aligned and
does not even have a single base pair which is unaligned,
which makes it the best to detect all six different subspecies
as S. enterica. The longest non-conserved region for all six
S. enterica subspecies is between 1,245 and 1,285 base pairs

H antigen  Flagella

O antigen

Figure 1. Image of Salmonella. Flagellin determines the serotype
due to its H antigen and provides virulence to the bacteria.
fliC gene is specifically focused in this study and it is
from flagella.
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Figure 2. Conserved region among all six S. enterica subspecies. Aligned between 103 and 158 bases which consist of 56 bases. Conserved
regions from all species are shaded in black and non-conserved regions are in grey. Major conserved region is encircled. Enterica
(Accession No. HM142000); enterica-houtenae (Accession No. HM142047); enterica Subsp. arizonae (Accession No. HM
142026); enterica-salamae (Accession No. HM142012); enterica diarizonae (Accession No. HM142031); enterica indica

(Accession No. HM142052).
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Figure 3. Longest non-conserved region among six S. enterica sub-species. Between 1245 and 1285 bases which consist of 41 bases.
Conserved regions from all species are shaded in black and non-conserved regions are in grey. Major non-conserved region is
encircled. Enterica (Accession No. HM142000); enterica-houtenae (Accession No. HM142047); enterica Subsp. arizonae
(Accession No. HM142026); enterica-salamae (Accession No. HM142012); enterica diarizonae (Accession No. HM142031);

enterica indica (Accession No. HM142052).

which consist of 41 base pairs (Figure 3). This region can be
used to manufacture a probe to detect the different sub-
species of S. enterica. This region is unaligned with very few
minor alignments between few sub-species at places. Even
though there are several minor alignments towards the end,
this region is still the best non-conserved region for probe
design as it can differentiate between S. enterica sub-species
effectively.

When the fIiC regions was aligned using two different
S. enterica sub-species at a time with all 15 possible combi-
nations, the results varied among various combination. The
conserved regions for the sub-species are 1,456 to 1,518 for
sub-species enterica and salamae, 322 to 440 for sub-species
enterica and arizonae, 103 to 164 for sub-species enterica
and diarizonae, 845 to 986 for sub-species enterica and

houtenae, 1 to 71 for sub-species enterica and indica, 103 to
158 for sub-species salamae and arizonae, 100 to 158 for
sub-species salamae and diarizonae, 1 to 56 and 103-158
for sub-species salamae and houtenae, 1,438 to 1,521 for
sub-species salamae and indica, 103 to 164 for sub-species
arizonae and diarizonae, 97 to 215 for arizonae and
houtenae, 1 to 71 for sub-species arizonae and indica, 103
to 164 for sub-species diarizonae and houtenae, 103 to 227
for sub-species diarizonae and indica and 1 to 71 for sub-
species houtenae and indica (Table 1).

The non-conserved regions for the sub-species are
679 to 726 for enterica and salamae, 790 to 793 and 807 to
810 for enterica and arizonae, 1,178 to 1,234 for sub-species
enterica and diarizonae, 692 to 697 for sub-species enterica
and houtenae, 1,140 to 1,193 for sub-species enterica and
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Table 1. Comparative analysis among Salmonella species.
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Species S. enterica S. enterica S. enterica S. enterica S. enterica S. enterica
subsp enterica subsp salamae subsp arizonae subsp diarizonae subsp houtenae subsp indica

S.enterica - 1456-1518(CR)/  322-440(CR)/ 103-164(CR)/ 845-986(CR)/ 1-71(CRY
subsp 679-726(NCR)  790-793&807-810 1178-1234(NCR)  692-697(NCR) 1140-1193(NCR)
enterica (NCR)

S.enterica  1456-1518(CR)/ - 103-158(CR)/ 100-158(CRY/ 1-56&103-158 1438-1521(CR)/
subsp 679-726(NCR) 896-943(NCR) 952-963(NCR) (CR)/986-1018 724-732(NCR)
salamae (NCR)

S.enterica  322-440(CR)/ 103-158(CR)/ - 103-164(CR)/ 97-215(CRY/ 1-71(CRY
subsp 790-793& 896-943(NCR) 510-551(NCR) 693-697(NCR) 1141-1173(NCR)
arizonae  807-810(NCR)

S.enterica  103-164(CR)/ 100-158(CR)/ 103-164(CR)/ - 103-164(CR)/ 103-227(CR)/
subsp 1178-1234 952-963(NCR)  510-551(NCR) 652-700(NCR) 708-722(NCR)
diarizonae (NCR)

S.enterica  845-986(CR)/ 1-56&103-158  97-215(CR)Y/ 103-164(CR)/ - 1-71(CRY/
subsp 692-697(NCR)  (CR)/986-1018  693-697(NCR) 652-700(NCR) 1111-1172(NCR)
houtenae (NCR)

S.enterica  1-71(CR)/ 1438-1521(CR)/  1-71(CRY 103-227(CR)/ 1-71(CRY/ -
subsp 1140-1193 724-732(NCR)  1141-1173(NCR)  708-722(NCR) 1111-1172(NCR)
indica (NCR)

CR — Complementary region; NCR — Non-complementary region
“Salmonella Enterica Subsp. Arizonae Strain CDC_99 350 Flagellin (fliC) Gene, Complete Cds,” February 8, 2011.
http://www.ncbi.nlm.nih.gov/nuccore/HM 142026.1 (Accession No. HM142026)

“Salmonella Enterica Subsp. Diarizonae Strain CDC_Ar90 Flagellin (fliC) Gene, Complete Cds,” February 8, 2011.
http://www.ncbi.nlm.nih.gov/nuccore/HM142031.1. (Accession No. HM142031)

“Salmonella Enterica Subsp. Enterica Strain CDC_2038 Flagellin (fliC) Gene, Complete Cds,” February 8, 2011.
http://www.ncbi.nlm.nih.gov/nuccore/HM142000.1. (Accession No. HM142000)

“Salmonella Enterica Subsp. Houtenae Strain CDC_CNM2556 Flagellin (fliC) Gene, Complete Cds,” February 8, 2011.
http://www.ncbi.nlm.nih.gov/nuccore/HM142047.1. (Accession No. HM142047)

“Salmonella Enterica Subsp. Indica Strain CDC_1415 Flagellin (fliC) Gene, Complete Cds,” February 8, 2011.
http://www.ncbi.nlm.nih.gov/nuccore/HM142052.1. (Accession No. HM142052)

“Salmonella Enterica Subsp. Salamae Strain CDC_365 Flagellin (fliC) Gene, Complete Cds,” February 8, 2011.
http://www.ncbi.nlm.nih.gov/nuccore/HM142012.1. (Accession No. HM142012)

indica, 896 to 943 for sub-species salamae and arizonae,
952 to 963 for sub-species salamae and diarizonae, 986 to
1018 for sub-species salamae and houtenae, 724 to 732 for
sub-species salamae and indica, 510 to 551 for sub-species
arizonae and diarizonae, 693 to 697 for sub-species arizonae
and houtenae, 1,141 to 1,173 for sub-species arizonae and
indica, 652 to 700 for sub-species diarizonae and houtenae,
708 to 722 for subspecies diarizonae and indica and 1,111
to 1,172 for sub-species houtenae and indica (Table 1). The
alignment for the all the combinations was also done vice
versa to check the accuracy of the results with the initially
obtained result.

The majority of the conserved regions for the sub-
species were overlapped with each other showing that these
regions did not vary much with sub-species as time
progressed. There are mainly three regions which the S.
enterica sub-species conserved regions overlapped (Figure
4). The first region is from 1 to 56 with the sub-species com-

parison of sub-species houtenae-indica, arizonae-indica,
enterica-indica and salamae-houtenae. The second region
is from 103 to 158 with the sub-species comparison of sub-
species diarizonae-indica, diarizonae-houtenae, arizonae-
diarizonae, enterica-diarizonae, salamae-houtenae,
salamae-arizonae, salamae-diarizonae and arizonae-
houtenae. The third region is from 1,456 to 1,518 with the
sub-species comparison of sub-species salamae-indica and
enterica-salamae. The regions are for probe designing for
specific combination of subspecies targets as opposed to
probe designing for the entire Salmonella subspecies. The
regions also indicate that there are more overlapping in
conserved region rather than non-conserved regions which
indicate the possibility of different types of probes to be
designed for various types of detection in the biosensor.
Unlike the conserved regions, the bulk of the non-
conserved region for the sub-species is scattered across.
However, there are five minor regions which have some over-
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Figure 4. Three main conserved regions overlapped in S. enterica sub-species. First region is from 1 to 56 (A) with the sub-species com-
parison (houtenae-indica, arizonae-indica, enterica-indica and salamae-houtenae). Second region is from 103 to 158 (B) with the
sub-species comparison (diarizonae-indica, diarizonae-houtenae, arizonae-diarizonae, enterica-diarizonae, salamae-houtenae,
salamae-arizonae, salamae-diarizonae and arizonae-houtenae). The third region (C) is from 1,456 to 1,518 with the sub-species

comparison (salamae-indica and enterica-salamae).
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Figure 5. Five minor non-conserved regions have some overlap of S. enterica subspecies. First region is from 693 to 697 with the sub-
species comparison (arizonae-houtenae, enterica-houtenae, enterica-salamae and diarizonae-houtenae). Second region is from
708 to 722 with the sub-species comparison (enterica-salamae and diarizonae-indica). Third region is from 724 to 726 with the
sub-species comparison (salamae-indica and enterica-salamae). The fourth region is from 1,141 to 1,172 with the sub-species
comparison (houtenae-indica, arizonae-indica and enterica-indica). Fifth region is from 1,178 to 1,193 with the sub-species

comparison (enterica-indica and enterica-diarizonae).

lap of S. enterica subspecies non-conserved region (Figure
5). The first region is from 693 to 697 with the sub-species
comparison of sub-species arizonae-houtenae, enterica-
houtenae, enterica-salamae and diarizonae-houtenae. The
second region is from 708 to 722 with the sub-species com-
parison of sub-species enterica-salamae and diarizonae-
indica. The third region is from 724 to 726 with the sub-
species comparison of sub-species salamae-indica and
enterica-salamae. The fourth region is from 1,141 to 1,172
with the sub-species comparison of sub-species houtenae-
indica, arizonae-indica and enterica-indica. The fifth region
is from 1,178 to 1,193 with the sub-species comparison of
sub-species enterica-indica and enterica-diarizonae. The
overall comparison is shown in the Table 1.

The phylogenetic tree was constructed with a para-
meter that the strains of the sub-species do not explicitly
represent the particular sub-species. The phylogenetic tree is
constructed to obtain general information on the
evolutionary divergence of the S. enferica sub-species
(Figure 6). The phylogenetic tree generated does not have a
definite root for the S. enterica sub-species. The node circled
in red is the common ancestor of the sub-species labeled
a, b, ¢, d, eand f. The node circled in green is the common
ancestor of b, ¢, d, e and f. The node circled in blue is the
common ancestor of ¢, d, e and f. The node circled in orange
is the common ancestor of d, € and f. The node circled in
purple is the common ancestor of e and f. The sub-species
a, b and c are diverged quickly as a separate sub-species as
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Figure 6. Phylogenetic tree constructed. Color circles are to represent the branching out of the evolution tree between different subspecies
in a clearer manner. Software Splitstree4, version 4.13.1.0 was used to determine the evolution of Salmonella sub-species and

calculated with the application Bootstrap.

denoted by the short branches whereas the sub-species d, e
and f diverged after a period of longer time as denoted by the
relatively longer branches. Sub-species ‘a’ is an out-group,
while sub-species ‘e’ and ‘f” sister groups. The sub-species
(d) was determined with amino acids at 229 to 230 to be an
important and was marked as red spheres on R type straight
flagellar filament made of full-length flagellin (Figure 7).

4. Conclusion

In summary, Salmonella is a bacterium of global
interest as it carries about salmonellosis through food or other
methods to both humans and animals. The increasing figures
of worldwide salmonellosis rate have also brought us to
address these bacteria in a highly serious manner. The
development of new strains of Salmonella which increasingly
have more and more antibiotic resistance poses a threat
especially in areas with poor sanitation. Currently available
detection methods are extremely time consuming and there-
fore the designing probes for biosensors is crucial in the
upcoming battle against salmonellosis with the divergence of
the sub-species with time. Based on the obtained results, 50
bases are maximum length and on sensing surface this length
can reduce until 20 bases with in this length (50 bases). The
strategy is shown here will aid to design probes to diagnose
different pathogens.
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