Exploiting Bacterial Genomes to Develop
Biomarkers for Identification

Ravi Kumar, Shikha Koul, and Vipin Chandra Kalia

Abstract Bacteria have unique abilities to adjust itself to diverse environmental
conditions. Under adverse conditions, their genetic reservoir provides necessary
help. Although bacteria have been perceived as pathogens to most living beings, the
most critical are the ones which infect human being. Bacteria also harbour the
human gut and skin and have been shown to be helpful. The pathogenic bacteria
cause diseases and contribute to ill health. The need is to identify them rapidly,
diagnose the disease and initiate the treatment. Most bacteria can be easily identi-
fied on the basis of their 16S rRNA (rrs) gene. However, in case where multiple
copies of rrs are present within a bacterial genome, it is difficult to identify
them, since they show great homology with other species of a genus. Here, novel
approaches have been reviewed, which rely upon certain genes which are common
to a large number of species of Clostridium, Lactobacillus, Staphylococcus, Strep-
tococcus, Vibrio and Yersinia and show unique digestion patterns on treatment with
restriction endonucleases.

1 Introduction

Bacteria have been bestowed with inherent abilities to withstand extreme environ-
mental conditions and undergo genetic changes to evolve rapidly (Kalia 2010).
Their interactions with human beings are extremely varied. The benign type of
bacteria persists within the human gut while quite a few exist and survive well on
the human body (Yu et al. 2014; Arasu et al. 2015). The pathogenic bacteria are a
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major threat to human health (Gautam et al. 2014; Wang et al. 2014). Bacteria
invade the human body and then cause extensive damage, especially in the cases of
infectious diseases. The bacterial pathogens may live and survive inside the body
for a long term, e.g. tuberculosis, or for a short term as in diarrheas. In these two
extreme scenarios, the former are slow growers with an excellent ability to evade
the human immune system. In the latter case, the growth is rapid and the expression
turns violent. Among the pathogens, which are a worry for Health Departments,
notable ones are Streptococcus, Shigella, Helicobacter, Vibrio, Clostridium,
Yersinia, Salmonella, etc. (Mahale et al. 2014; Kalia et al. 2015, 2016; Kalia and
Kumar 2015; Kekre et al. 2015; Koul et al. 2015a, b; Koul and Kalia 2016; Kumar
et al. 2016; Meza-Lucas et al. 2016; Puri et al. 2016; Yagnik et al. 2016). The
discovery of antibiotics turned out to be a blessing for human beings. However, this
arsenal invariably used to get rid of these pathogens didn’t live up to its expecta-
tions. Bacteria could develop resistance to most of the antibiotics. Few research
groups are still showing courage to invest time and money to develop novel
antibiotics (Agarwala et al. 2014; Saxena et al. 2014; Prakasham et al. 2014;
Alipiah et al. 2015; Sajid et al. 2015). Pharmaceutical companies have completely
lost interest in investing in this area. It is now for the governments to look into this
societal issue. A mechanism which is adding fuel to the fire is the bacterial ability to
become ‘“resistant” to antibiotics, without undergoing any genetic changes. Here,
they multiply silently without any evident signs of their presence. Once they reach a
threshold population density, they start expressing genes which never get expressed
while the bacteria are in low numbers. This phenomenon of quorum sensing is
responsible for the expression of pathogenic factors (Kalia and Purohit 2011; Kalia
et al. 2011b; Gui et al. 2014; Hema et al. 2015; Kaur et al. 2015; Koul et al. 2015b;
Arya and Princy 2016). Among these biofilm formation is one of the most danger-
ous activities. It provides a shield to the bacteria which thus show “resistance” to
antibiotics (Shang et al. 2014). There seems to be a battle which is always going on
between bacteria and antibiotics (Kalia 2013a, 2014, 2015b). Under all these
circumstances, the need is to rapidly identify the pathogen and diagnose the disease
in an unambiguous manner before it becomes unmanageable.

2 The Conventional Ways

A wide range of bacterial identification methods is employed depending upon the
need and available facilities: amplified fragment length polymorphism (AFLP),
microarray, restriction endonuclease digestion (RE), PCR-ribotyping, multilocus
sequence analysis, randomly amplified polymorphic DNA and DNA-DNA
re-association (Prakash et al. 2014). One of the most frequently employed molec-
ular markers to identify microbes is the 16S rRNA (rrs) gene sequence. The
evidence for its popularity among researchers can be gauged from the Ribosomal
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Database Project (RDP), which contains around 3.2 million 7rs entries (https://rdp.
cme.msu.edu/). The credit goes to the innovative thinking of Prof. Carl R. Woese
(Kalia 2013b; Prakash et al. 2013). In certain cases, the rrs gene sequence does not
prove helpful, especially if the organisms belong to closely related taxa. As an
alternative to rrs gene, people resort to the usage of a few housekeeping genes
(HKGs), which are also highly conserved throughout the bacterial world—recA,
gyrA, gyrB, rpoB, etc. These HKGs are used in various combinations and have
proved effective in distinguishing closely related organisms (Porwal et al. 2009;
Bhushan et al. 2015). Here, invariably up to eight genes are required to achieve
meaningful result, which obviously amounts to higher investments of time,
resources and money.

3 Exploring the Hidden Potential of rrs

At times, full length comparisons of rrs genes from different species or strains don’t
prove effective enough to distinguish and identify the bacteria unambiguously.
Variable regions of rrs and their combinations have also been employed for
establishing their identity and phylogenetic relations. More recent efforts have
revealed the presence of a few features, which have not been exploited for bacterial
identification. Molecular markers like unique nucleotide signatures and specific
endonuclease restriction digestion patterns were developed for Bacillus, Clostrid-
ium and Pseudomonas. Another interesting parameter developed in these studies
was the phylogenetic frame work, which could define the phylogenetic limits of a
species (Porwal et al. 2009; Kalia et al. 2011a; Bhushan et al. 2013, 2015; Kalia
2015a). It could be extrapolated to identify those bacteria which are yet to be seen
by the databases. These genomic tools have been extended to identify members of
the genus Streptococcus (Lal et al. 2011) and Helicobacter (Puri et al. 2016).

4 The Trouble with rrs Genes

In the organisms like Clostridium, Lactobacillus, Staphylococcus, Streptococcus,
Vibrio and Yersinia, each genome possesses multiple copies (4—13) of the rrs gene
(Table 1). (Klappenbach et al. 2001; Kalia et al. 2015, 2016; Kalia and Kumar 2015;
Kekre et al. 2015; Koul et al. 2015a; Koul and Kalia 2016; Kumar et al. 2016). This
is expected to result in overestimation of bacterial populations. The other limitation
is a high level of similarity observed between rrs copies of genomes from different
species, which may lead to mislabelling of the organism.
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Table 1 Characteristics of sequenced genomes of certain Gram-positive bacteria: Lactobacillus,
Clostridium and Staphylococcus species (www.ncbi.nlm.nih.gov)

Genome
No. of No. of s
Organism Size (Mb) | %GC genes proteins copies | References
Clostridium 2.54-6.00 | 27.40-32.02 | 39114057 | 2315-5020 | 8-13 Kekre et al.

(2015)

Lactobacillus | 1.37-3.36 | 33.01-51.50 | 1434-3148 | 1298-3004 |4-9 Koul and
Kalia (2016)
Staphylococcus | 2.56-3.07 | 32.05-37.60 | 2386-3163 | 2275-3041 | 5-6 Kumar et al.

(2016)

Streptococcus | 1.75-2.38 | 35.6041.60 | 1693-2408 | 17622270 |47  |Kalia et al.
(2016)

Vibrio 4.03-6.32 | 38.37-47.49 | 3656-5807 | 3406-5574 | 7-11 | Kalia et al.
(2015)

Yersinia 3.60-4.96 | 46.95-48.05 | 3219-5596 | 3079-5498 | 6-8 | Kalia and

Kumar (2015)

Table 2 Genes commonly used for identifying different bacterial species

Genus Genes Reference
Lactobacillus recA, pheS, pyrG, tuf, sphl, Naser et al. (2007), Sarmiento-Rubiano
mub, fbp, bsh et al. (2010), Nguyen et al. (2013), Yu et al.

(2015), Koul and Kalia (2016)
Staphylococcus | coa, femA, femB, gyrA, spa, Brown et al. (2005), Pichon et al. (2012),
mecA, atlE, tuf, ileS Roberts (2014), Kumar et al. (2016)
Streptococcus cpsA, gdh, groESL, IytA, psaA, | Carvalho et al. (2007), Bishop et al. (2009),
PSPA, recA, recN, rpoA, rpoB, | Abdeldaim et al. (2010), Kalia et al. (2016)

sodA
Vibrio rpoB, hsb60, sodB, flaE Tarr et al. (2007), Taneja et al. (2012),
Bhattacharyya and Hou (2013), Kalia and
Kumar (2015)

5 The Potential Alternatives to rrs Gene

Molecular tools used for distinguishing Lactobacillus, Staphylococcus, Streptococ-
cus and Vibrio species involve a wide range of genes (Table 2). The molecular tools
like (1) loop-mediated isothermal amplification (LAMP), (2) LAMP combined with
lateral flow dipstick (Surasilp et al. 2011; Plaon et al. 2015; Thongkao et al. 2015),
(3) a silicon-based optical thin-film biosensor chip (Bai et al. 2010), (4) Fourier
transform infrared spectroscopy and (5) matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry (Kuhm et al. 2009; Ayyadurai et al. 2010; Stephan
et al. 2011) are highly sensitive but costly as well.

Most of these genes had been effective in identifying bacteria up to the species
level (Table 2) (Brown et al. 2005; Carvalho et al. 2007; Naser et al. 2007,
Tarr et al. 2007; Bishop et al. 2009; Abdeldaim et al. 2010; Kingston et al. 2010;
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Sarmiento-Rubiano et al. 2010; Pichon et al. 2012; Taneja et al. 2012;
Bhattacharyya and Hou 2013; Liu et al. 2013; Nguyen et al. 2013; Roberts 2014;
Illeghems et al. 2015; Kalia and Kumar 2015; Kalia et al. 2015, 2016; Yu et al.
2015; Koul and Kalia 2016; Kumar et al. 2016). A major limitation with the
previous studies has been the use of genes which were not present in all the species
of a given genus, e.g. Yersinia and Lactobacillus (Bhagat and Virdi 2007; Kishore
et al. 2012; Raftis et al. 2014; Illeghems et al. 2015; Moroeanu et al. 2015; Petrova
et al. 2015). In addition, multiple gene analyses have also been employed in many
cases. The use of different genes in different studies reflects that in spite of their
usage over a long period, no consensus gene has been identified as yet.

6 Screening Genomes for Biomarkers

An innovative approach for searching novel markers in organisms possessing
multiple copies of rrs has been developed recently (Table 1) (Kalia et al. 2015,
2016; Kalia and Kumar 2015; Kekre et al. 2015; Koul et al. 2015a; Koul and Kalia
2016; Kumar et al. 2016). It involves finding genes, which are common to almost all
the species of a genus. From this pool of common genes, 8-34 representative genes
(200—4000 nucleotides) were selected (Table 3) (Kalia et al. 2015, 2016). In silico
digestion of each of these genes with ten type II restriction endonucleases (REs)
(4-6 base cutters) revealed interesting size and sequence of fragments. Unique RE
digestion patterns are selected out and can be used for identification of particular
organism with high precision (Table 4). Biomarkers for identifying strains have
been deduced by using combination of REs (Alul, Bfal, BfuCI, CviAll, HpyCH4V,
Rsal, Tagl and Tru9l) and common genes (Table 4): (a) Clostridium—(@) recN,
dnal, secA, mutS and grpB (Kekre et al. 2015)(b) Lactobacillus—dnaA, dnaJ, gyrB,
pusA, recA and ruvB (Koul and Kalia 2016)(c) Staphylococcus—argH, argR, cysS,
gyrB, purH, pyrE and recA (Kumar et al. 2016)(d) Streptococcus—dnaA, dnak,
gabG, mraY, purH, purK and pyrH (Kalia et al. 2016)(e) Vibrio—dapF', hisD, ilvH,
IpxC, recF, recR, rph and ruvB (Kalia et al. 2015)(f) Yersinia—aceE, cysJ, fadJ,
gltB, gyrB, leuD, ligA, mukB, rpoB and secA (Kalia and Kumar 2015)This approach
allows detection of bacteria even in a mixed population. It also offers a choice to
select a single gene or a combination of genes. Since it does not involve any costly
and sophisticated equipment, which demands time, money and highly skilled
manpower, the chances of its being exploited on a large scale are high. Thus, the
rapidity with which the bacteria can be identified will allow the treatment to initiate
quickly.

It was interesting to learn that in the case of the genes which are common to
different genera, this approach still has the potential to prove effective in
distinguishing them unambiguously (Tables 5 and 6):(1) The dnaJ gene in Clos-
tridium and Lactobacillus and the gyrB of Lactobacillus and Yersinia species were
found to provide unique digestion patterns with RE—Alul (Table 5).(2) purH gene
in Staphylococcus and Streptococcus showed unique patterns on digestion with REs
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Table 5 Unique restriction endonuclease digestion patterns in genes common to different genera®

Genus Genes Restriction endonuclease References
Alul
Clostridium dnaJ 7403302601900491175+47 Kekre et al. (2015)
Lactobacillus dnaJ 842686623302109+287+20 Koul and Kalia (2016)
Lactobacillus gyrB 1041391+280-238 Koul and Kalia (2016)
Yersinia gyrB 884¢266¢12¢775¢216262 Kalia and Kumar (2015)
Staphylococcus gyrB - Kumar et al. (2016)
Taql
Lactobacillus ruvB 344427121841715027 Koul and Kalia (2016)
Vibrio ruvB 19¢121218117+30253+319 Kalia and Kumar (2015)

“These patterns are representative of the genus.

Table 6 Unique restriction endonuclease digestion patterns in genes common to different genera®

Restriction endonucleases
Genus Genes | CviAll BfuCl HpyCH4V
Staphylococcus | purH 208¢207+33222+98844¢ 234284784 | +

477637247 108478
Streptococcus purH 15021136221144+41348 1173184438« | —

4489267 261414
Lactobacillus recA 299¢2320232+23180+24 + 296242228+202¢

52433

Staphylococcus | recA 133057+447+47204+44532 | — 145¢237+153+509

References: Kalia et al. (2016), Koul and Kalia (2016), Kumar et al. (2016)
“These patterns are representative of the genus

(CviAll and BfuClI) and recA gene in Lactobacillus and Staphylococcus with REs—
CviAll and HpyCH4V (Table 6).(3) The ruvB gene—Taql combinations in Lacto-
bacillus and Vibrio species (Table 5).

7 Opinion

Very closely related species and strains possess genes which differ only in a few
nucleotides. Efforts to exploit these differences on a global scale don’t provide any
clues for their being distinct. The search for nucleotide signatures unique to a
species along with a unique RE digestion pattern allowed clear-cut distinction
to a large extent. However, this approach is likely to fail in case of organisms
possessing multiple copies of rrs. In either scenario where rrs is not able to
distinguish organisms, an obvious approach is to go in for exploiting other
HKGs. In fact, most studies which used HKGs were successful only on employing
information from six to eight genes. Here again, the selection of genes may be
limited by the fact that the same genes may not be present in all the strains or



366 R. Kumar et al.

species of a genus. Thus, the need is to bank upon genes which are present in most if
not all the species of a genus. The approach used in these works relied primarily on
genes common to all the sequence genomes. And in case two strains seem quite
close in their nucleotide sequences, an additional gene—RE combination can be
searched using in silico approach and primers can be developed accordingly. This
approach has the potential to be extended to other genes of an organism.
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