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Autoimmune disorder is a chronic immune imbalance which is developed through a series of pathways. The defect in B cells, T
cells, and lack of self-tolerance has been greatly associated with the onset of many types of autoimmune complications including
rheumatoid arthritis, systemic lupus erythematosus (SLE), multiple sclerosis, and chronic inflammatory demyelinating
polyneuropathy. The SLE is an autoimmune disease with a common type of lupus that causes tissue and organ damage due to
the wide spread of inflammation. In the current study, twenty anti-inflammatory peptides derived from plant and animal
sources were docked as ligands or peptides counter to proinflammatory cytokines. Interferon gamma (IFN-γ), interleukin 3
(IL-3), and tumor necrosis factor alpha (TNF-α) were targeted in this study as these are involved in the pathogenesis of SLE in
many clinical studies. Two docking approaches (i.e., protein-ligand docking and peptide-protein docking) were employed in
this study using Molecular Operating Environment (MOE) software and HADDOCK web server, respectively. Amongst
docked twenty peptides, the peptide DEDTQAMMPFR with S-score of -11.3018 and HADDOCK score of −10:3 ± 2:5 kcal/mol
showed the best binding interactions and energy validation with active amino acids of IFN-γ protein in both docking
approaches. Depending upon these results, this peptide could be used as a potential drug candidate to target IFN-γ, IL-3, and
TNF-α proteins to control inflammatory events. Other peptides (i.e., QEPQESQQ and FRDEHKK) also revealed good binding
affinity with IFN-γ with S-scores of -10.98 and -10.55, respectively. Similarly, the peptides KHDRGDEF, FRDEHKK, and
QEPQESQQ showed best binding interactions with IL-3 with S-scores of -8.81, -8.64, and -8.17, respectively.

1. Introduction

The innate and adaptive immune system controls the
defense organization mediated by multiple components
and molecules in an organism [1]. Different organs, signal-
ing pathways, and compounds collectively perform various
tasks to protect the organism from external and internal
damage. Autoimmunity or production of autoantigens
mainly brings disaster to the immune system due to inade-
quate immune tolerance [2]. The defect in the synergistic
relationship between innate immunity and adaptive immu-

nity causes severe consequences including autoimmune dis-
orders, inflammations like systemic lupus erythematosus,
rheumatoid arthritis, Alzheimer’s disease, multiple sclerosis,
and many other complications [3].

Systemic lupus erythematosus (SLE) is the most com-
mon chronic autoimmune inflammatory disorder character-
ized by the presence of autoantibodies directed against own
cells or tissues of the body. It is intermediated by B cells
which generate autoantibodies against nuclear antigens, a
type III hypersensitivity reaction that causes chronic sys-
temic inflammation and tissue damage in the joints, skin,
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brain, lungs, kidneys, and blood vessels [4]. The incidence of
SLE prevalence has been predominantly recorded in young
middle-aged females. According to studies, the highest prev-
alence can be seen in certain ethnicities, reflected in preva-
lence rates of approx. 40/100,000 persons in Northern
European cohorts with comparison rates of 200/100,000
patients of African-American descent [5]. SLE is multifacto-
rial in its origin with a wide range of clinical and serological
manifestations. There have been many efforts to elucidate
the pathogenesis of SLE with current recognition of genetic
susceptibility, environmental triggers, and disruption in
both the innate and adaptive immune systems [6].

Adaptive immunity is an antigen-specific host defense
that comprises of B and T lymphocytes and immunoglobu-
lins. The defected immunity in SLE results in a myriad of
complications such as decreased T cell signaling, stimulation
of autoaggressive T effector cells, and production of autoan-
tibodies. Apart from all these, any dysregulation in B cells
that produces proinflammatory cytokines (i.e., IL-1, IL-3,
IL-6, IL-23, and TNF-α) pushes the inflammatory events
and drives the SLE disease. Thus, targeting these B and T
cells could be proved as a therapeutic advantage to control
SLE [7].

The role of cytokines regarding SLE has collected much
interest of scientists. Type I interferon family along with
many other cytokines such as interleukins (IL-3, IL-6, IL-
10, and IL-17) and tumor necrosis factor (TNF) is seen to
be involved in SLE. These interleukins play a significant role
in diseases which are linked to inflammation and autoim-
munity [4]. This disease has several variants which are
genetically linked with pathogenic mechanisms. Genetics
and epigenetics are the factors which contribute directly to
cause alterations in the cells of both innate and adaptive
immune responses [8].

Greater than 95% of SLE patients have detectable serum
antinuclear antibody (ANA). Anti-ds-DNA antibodies are
highly specific for SLE and present in 65–70% of the patients
(versus 0.5% of the healthy population). Anti-ds-DNA anti-
bodies, anti-Ro, anti-La, anti-C1q, and anti-Sm antibodies
have been demonstrated histologically in renal biopsy spec-
imens. A number of specific antibodies have been associated
with a particular expression of SLE. Anti-Ro and antinucleo-
some antibodies are most strongly linked with cutaneous
lupus [9]. Many combination drug therapies have been in
practice for the control of clinical manifestations of SLE,
but these have been recorded with severe side effects, and
also, the patients of SLE still show a higher standardized
mortality rate (i.e., of 4.6-fold) with respect to the general
population [10]. Therefore, the current study was planned
to reveal anti-inflammatory peptides from plant and animal
sources using molecular docking approach. The study
includes protein-ligand and peptide-protein docking of
twenty anti-inflammatory peptides counter to IFN-γ, IL-3,
and TNF-α receptor proteins as targets for the treatment of
SLE. In the current study, we have investigated the potential
of these peptides as drug candidates to attenuate the inflam-
matory response and tissue destruction due to activation of
proinflammatory cytokines, B cells, and T cells which lead
towards autoantibody production.

2. Materials and Methods

The study includes the protein-ligand and peptide-protein
docking of twenty anti-inflammatory bioactive peptides
against three main receptor proteins (i.e., IL-3, TNF-α, and
IFN-γ) that play leading roles in the pathogenesis of SLE.
Molecular Operating Environment v.2015.10 (Chemical
Computing Group ULC, Montreal, QC, Canada) [11] was
employed for ligand-based docking, and HADDOCK v.2.4
[12] an online server was used for peptide-protein docking.

2.1. Ligand Database Preparation. An extensive literature
survey was performed to explore plant and animal derived
bioactive anti-inflammatory peptides. The chemical struc-
tures of these ligands were prepared using ACD ChemS-
ketch v.C40E41 (Advanced Chemistry Development, Inc.,
Toronto, Ontario, Canada) [13] and saved in MOL format
in MOE database as ready-to-dock compounds after energy
minimization.

2.2. Refinement of Receptor Proteins. The three-dimensional
structures of IL-3 (PDB ID: 5UV8), IFN-γ (PDB ID:
6E3K), and TNF-α (PDB ID: 6OP0) were retrieved from
protein data bank (https://www.rcsb.org/). Removal of sol-
vent, addition of hydrogen atoms, energy minimization,
and 3D protonation were performed using MOE with
default parameters, and the minimized structure of each
protein was saved to use as receptor protein for docking
studies.

2.3. Ligand-Protein Docking. The active binding pocket of
each receptor protein was selected using the site finder tool
of MOE. The prepared ready-to-dock library of twenty
anti-inflammatory peptides was docked counter to IL-3,
IFN-γ, and TNF-α, and the top three ligands from each
protein-ligand docking were selected on the basis of their
interactions and S-scores. The algorithm of MOE provides
top conformations on the basis of binding patterns of
ligands with active amino acids of the receptor protein, min-
imum energy structure, and maximum occupancy of the
binding pocket.

2.4. Peptide-Protein Docking. IL-3, IFN-γ, and TNF-α have
been extensively studied due to their roles in the pathophys-
iology of many autoimmune disorders. The dysfunctioning
of the signaling pathways of B and T cells leads towards
the production of autoantibodies against the body’s own tis-
sues and cells. In the literature, many anti-inflammatory
compounds have been reported for autoimmune disease;
however, in this study, for the first time, peptide-protein
docking was employed to explore the inhibitory effects of
peptides counter to selected receptor proteins for the treat-
ment of SLE. The most reported twenty anti-inflammatory
peptides were used for docking studies against receptor pro-
teins. For peptide-protein docking, the top peptides against
each receptor protein were selected, which were obtained
from the results of protein-ligand docking and used for fur-
ther analysis of peptide-protein docking. The sequences of
these peptides were retrieved from the literature and sub-
jected to BLASTp to find their homologs. To predict three-
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dimensional (3D) structure of each peptide, the PDB data-
base was used during BLAST analyses to find the best tem-
plates of each peptide using the homology modeling
approach. Modeller v.9.21 (Ben Webb, UCSF, CA, USA)
[14] was used to predict 3D structures of selected peptides
(i.e., DEDTQAMMPFR and KHDRGDEF).

HADDOCK v.2.4 was used to carry out the docking
analysis between the best selected peptides and selected tar-
get proteins. Educational version of PYMOL Molecular
Graphics System v2.0 (Schrödinger, LLC) was used to visual-
ize the docked complexes and draw figures [15].

2.4.1. Molecular Dynamic Simulation. For 120 nanoseconds,
Desmond (Schrödinger LLC) was used to model molecular
dynamics in triplicates [16]. The earliest phase of protein-
ligand complex for molecular dynamics simulation was used
in the docking experiments. Molecular docking studies can
predict ligand binding state in static situations. Docking is
useful because it provides a static view of a molecule’s bind-
ing pose at the active site of a protein [17]. By integrating
Newton’s classical equation of motion, MD simulations typ-
ically compute atom movements over time. Simulations
were used to predict the ligand binding status in the physio-
logical environment [18, 19].

The protein–ligand complex was preprocessed using
Protein Preparation Wizard or Maestro, which included
complex optimization and minimization. All of the systems
were prepared using the System Builder tool. TIP3P (trans-
ferable intermolecular interaction potential 3 points), a sol-
vent model with an orthorhombic box was chosen. In the
simulation, the OPLS 2005 force field was used [20]. To
make models neutral, counter ions were introduced. To
mimic physiological conditions, 0.15 M NaCl was added.
The NPT ensemble with 300K temperature and 1 atm pres-
sure was chosen for the entire simulation. The models were
relaxed before the simulation. The trajectories were saved for
examination after every 100 ps, and the simulation’s stability
was verified by comparing the root mean square deviation
(RMSD) values of protein and ligand over time.

3. Results

3.1. Protein-Ligand Docking. Molecular docking predicts the
intermolecular framework and binding interactions between
ligand molecules and proteins. Different docking approaches
play a leading role in drug discovery. This study includes the
protein-ligand docking and peptide-protein docking of
twenty anti-inflammatory peptides counter to IFN-γ, IL-3,
and TNF-alpha. The top three hit peptides from each analy-
sis were selected on the basis of energy structure and interac-
tions with active amino acids of the respective receptor
protein (Table 1).

3.2. Interaction Analyses. Amongst twenty peptides as
ligands, the peptide DEDTQAMMPFR showed the best
interactions counter to IFN-γ and TNF-α. The peptide with
S-score of -11.31 showed interactions with Lys34, Arg42,
Gln46, and Tyr53 amino acids of the binding pocket of
IFN-γ (Figure 1). The second peptide, QEPQESQQ with S

-score of -10.98, exhibited interactions with Val22 and
Glu39 residues of IFN-γ as a receptor protein (Figure S1).
The third peptide FRDEHKK with S-score of -10.55
showed interactions with amino acids Val5, Glu39, and
Tyr53 of IFN-γ (Figure S2). IFN-γ is a dimerized cytokine
and known for its critical role in adaptive and innate
immunity against variety of pathogens [21]. In addition to
immunity response, it also activates a proinflammatory
program in macrophages. The elevated level of IFN-γ has
been observed in autoimmune complications including
SLE [22].

For the IL-3, the peptide KHDRGDEF with S-score of
-8.81 showed interactions with Cys16, Cys84, Pro86, and
Leu87 amino acids of the binding pocket of IL-3
(Figure 2). The peptide FRDEHKK with S-score of -8.64
showed interactions with Asn15, Asp21, and Glu119
(Figure S3), and the peptide QEPQESQQ with S-score of
-8.17 interacted with Pro83, Ala121, and Glu119 residues
of IL-3 (Figure S4). Interleukin-3 is a multispecific
hemopoietin, a glycoprotein cytokine that is synthesized by
T cells in response to antigen. IL-3 has been involved in
the proliferation and differentiation of many immune cells
and both primitive multipotent and committed myeloid
progenitors’ cells [23, 24]. Elevated levels and increased IL-
3-responsive progenitor cells have been reported in SLE
patients [4].

The other receptor protein TNF-α is an inflammatory
cytokine and important for resistance to cancer and infec-
tion. The dysregulation and elevation of this protein has
been associated with many autoimmune disorders. In our
study, the peptide DEDTQAMMPFR with S-score of -8.20
showed interactions with Arg32 and Leu142 amino acids
of the binding pocket of TNF-α (Figure 3). Other peptides
(i.e., FRDEHKK and QEPQESQQ) with S-scores of -7.32
and -7.25 interacted with Asp143, Pro20 and Glu23
(Figure S5), and Arg32 amino acids (Figure S6) in the
binding pocket of TNF-α, respectively. TNF-α is a
proinflammatory cytokine, belongs to the super family of
tumor necrosis factor, and secreted by macrophages in a
defense mechanism to protect from damage by inducing
inflammation against pathogenic stimuli. The elevated level
or mutation in TNF-α signaling leads towards deleterious
consequences including many autoimmune disorders [25].

Collectively, with IFN-γ, IL-3, and TNF-α, many other
cytokines and different factors have been studied to under-
stand the autoimmunity events. Thus, there is an immediate
need for the present age to understand the autoimmunity to
control excessive inflammatory responses and balance cyto-
kine signaling.

3.3. Peptide-Protein Docking. Peptide-protein interactions
play a crucial role in a variety of regulatory and signaling
pathways of the cell. The peptide-protein complex helps to
open the key to elucidate important biological processes
and to understand the underlying peptide-protein interac-
tions. In this study, we used the top three ligands obtained
from protein-ligand docking analysis for peptide-protein
docking studies. The BLASTp was used to find suitable
homologs and templates to build 3D structures of selected
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Table 1: Top interactions of anti-inflammatory peptides with IFN-γ, IL-3, and TNF-alpha as receptor proteins.

Sr. No. Peptide Receptor S-score Interactions

1 DEDTQAMMPFR IFN-γ -11.30 Lys34, Arg42, Gln46, Tyr53

2 QEPQESQQ IFN-γ -10.98 Val22, Glu39

3 FRDEHKK IFN-γ -10.55 Val5, Glu39, Tyr53

4 KHDRGDEF IL-3 -8.81 Cys16, Cys84, Pro86, Leu87

5 FRDEHKK IL-3 -8.64 Asn15, Asp21, Glu119

6 QEPQESQQ IL-3 -8.17 Pro83, Glu119, Ala121

7 DEDTQAMMPFR TNF-α -8.20 Arg32, Leu142

8 FRDEHKK TNF-α -7.32 Pro20, Glu23, Asp143

9 QEPQESQQ TNF-α -7.25 Arg32

Lys
80

Tyr
4

Tyr
53Val

5

Met
77

H2N
NH

HN

O

OH

O
O O

O

S

O OH

HO

O

O

O

O O

OH

HO

O

O
O

Ala
8

Gln
46

Phe
81 Phe

15

Val
50

Val
22

Gly
26 Phe

29

Ile
49

NH
H
N

H

H

N N
N
H

NH2

H
N

H

H

H

N
H
N

H
N

N

Leu
33

Arg
42

Lys
34

Leu
30

Thr
27

Lys
12

Leu
11

Tyr
14

Leu
56

Asn
16

Asn
59

Phe
60

Ala
17

(a)

(b)

Figure 1: Binding interactions of peptide DEDTQAMMPFR with receptor IFN-γ revealed through protein-ligand approach. (a)
Interactions of peptide with the receptor. The Gln46 and Tyr53 are polar amino acids and acting as sidechain acceptor and donor,
respectively. Arg42 and Lys34 are basic amino acids and acting as sidechain donor and acceptor, respectively. (b) Binding patterns of
peptide with the receptor protein.
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peptides in pdb format. Modeller 9.21 was employed for 3D
structure predictions, and accurate models were selected on
the basis of their DOPE values and GA341 scores. The
HADDOCK server was used for docking of respective pep-
tides counter to IFN-γ, IL-3, and TNF-α receptor proteins.
Amongst selected peptides, only one peptide (i.e., DEDT-
QAMMPFR) with the HADDOCK score of −10:3 ± 2:5
kcal/mol showed binding with IFN-γ (Figure 4). The educa-
tional version of PyMOL was used to visualize and draw the
predicted cluster of peptide protein. The remaining two pep-
tides counter to IL-3 and TNF-α are not discussed here due
to their poor HADDOCK scores and energy structures.

3.3.1. MD Simulation. The evolution of RMSD values for the
C-alpha atoms of protein-ligand complex over time has been
shown in Figure 5(a). The plot showed that the complex
reached stability at 10ns. This was increase in RMSD of pep-
tide at 50 ns. After that, for the length of the simulation, fluc-
tuations in RMSD values for target remained within 1.5
Angstrom which is absolutely acceptable [26]. The ligand
fit to protein RMSD values fluctuated within 1.5 Angstrom
after they have been equilibrated. These findings indicate
that the peptide stayed firmly connected to the receptor
throughout the simulation period.

On the RMSF graphic (Figure 5(b)), peaks represented
the portions of the protein that fluctuated the most during
the simulation. Protein tails (both N- and C-terminal) typi-
cally changed more than any other part of the protein. Alpha
helices and beta strands, for example, are usually stiffer than
the unstructured section of the protein and fluctuate less
than loop portions. According to MD trajectories, the resi-

dues with greater peaks belonged to loop areas or N and
C-terminal zones (Figure S7). Low RMSF values of binding
site residues indicated that ligand binding to the protein is
stable.

Alpha-helices and beta-strands are monitored as second-
ary structure elements during the simulation (SSE). The
graph above depicts the distribution of SSE by residue index
across the protein structure. Throughout the simulation, the
left graphic showed the SSE composition for each trajectory
frame while the right plot monitors each residue’s SSE
assignment through time.

Protein interactions with the ligand can be detected
throughout the simulation. These interactions were catego-
rized and summarized by types (Figure S7). The four types
of protein-ligand interactions (or “contacts”) include
hydrogen bonds, hydrophobic interactions, ionic
interactions, and water bridges. The “Simulation
Interactions Diagram” panel in Maestro was used to study
the subtypes of each interaction type. Over the course of
the trajectory, the stacked bar charts were standardized: for
example, a value of 0.7 indicated that the specific
interaction was maintained for 70% of the simulation
duration. Because some protein residues may make several
interactions of the same subtype with the ligand, values
above 1.0 are feasible. The majority of the significant
ligand–protein interactions discovered by MD were
hydrogen bonds and hydrophobic interactions (Figure 6).
B:THR_27, D:GLY_75, and D:ASN_136 are the most
important in terms of H-bond, and D:MET_25, D:PRO_
77, and D:PRO_146 are the most important in terms of
hydrophobic interactions.
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Figure 2: Binding interactions of peptide KHDRGDEF with receptor IL-3 revealed through protein-ligand approach. (a) Interactions of
peptide with the receptor. The Cys16 Cys84 are polar amino acids and acting as sidechain and backbone acceptors, respectively. Pro86
and Leu87 are greasy amino acids and acting as sidechain acceptor and backbone donor, respectively. (b) Binding patterns of peptide
with the receptor protein.
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Figure 3: Binding interactions of peptide DEDTQAMMPFR with receptor TNF-α revealed through protein-ligand approach. (a)
Interactions of peptide with the receptor. Arg32 is a basic amino acid and acting as a sidechain donor while Leu142 is a greasy amino
acid and acting as a backbone acceptor. (b) Binding patterns of peptide with the receptor protein.
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A timeline has exhibited the interactions and contacts
(H-bonds, hydrophobic, ionic and water bridges) as
described above. In Figure 7, the top panel displayed the
total number of specific connections the protein made with
the ligand over the duration of the journey. The bottom
panel of each trajectory frame showed which residues inter-
acted with the ligand. Some residues made many particular
connections with the ligand which has been indicated by a
deeper shade of orange color according to the scale to the
right of the plot.

Over the course of the trajectory, the stacked bar charts
were standardized: for example, a value of 1.0 signified that
the exact interaction was maintained for 100% of the simu-
lation duration. Values exceeding 1.0 are possible because
some protein residues may make several interactions of the

same subtype with the ligand. The interactions of individual
ligand atom with protein residues are showed in Figure 8.
Interactions that last more than 30% of the simulation
period in the selected trajectory (0.00 to 100.0 nsec) are
shown.

The MMGBSA.py script from the Desmond module of
the Schrodinger suite 2019-4 was used to perform the
MM-GBSA analysis. Every frame was collected from each
MD trajectory for binding free energy estimates of the recep-
tor in combination with the peptide (Figure 9). Total energy
was ranged from -996.226 to 5.056. The mean and median
were -356.755 and -343.800, respectively, indicating good
energy. Total binding free energy (kcal/mol) was calculated
using the law of additivity in which individual energy mod-
ules such as coulombic, covalent, hydrogen bond, van der
Waals, self-contact, lipophilic, solvation, and π–π stackings
of the ligand and the protein were added together [27].

4. Discussion

Molecular docking is an elaborative approach to foresee the
interactions between ligand and targeted amino acids in the
binding pocket of the receptor protein [28]. Computational
approaches including molecular docking help scientists to
predict the binding capacities of different small molecules
and peptides as drug candidates against different receptor
proteins [29]. In the current study, we have used some plant-
and animal-derived anti-inflammatory peptides ranging
from 3 to 15 amino acid residues as ligands/peptides counter
to proteins from different bacteria which are the leading
cause of many autoimmune disorders.

The autoimmune disease SLE is a disorder of connective
tissues with a wide range of clinical manifestations. The
autoreactive B (bone marrow- or bursa-derived cells) and
T cells (thymus cells) of adaptive and innate immunity play
a leading role in the production of autoantibodies and lead
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towards autoimmune disorders including SLE [6]. Different
factors such as IL-3, IL23, M-CSF, IFN-α, IFN-γ, and IL-6
have been reported in different studies to be involved in
the production of autoantibodies but the main trigger for
all these autoimmune complexities is still unknown [4, 30].
The elevated levels of proinflammatory cytokines and
TNF-α have been reported in many studies as associated

mainly with autoreactive B cells and T cells to produce auto-
antibodies [4, 6].

IFN-γ or type II interferon is a pleiotropic cytokine that
coordinates with a diverse array of cellular immunity pro-
cesses [31]. IFN-γ is a homodimer and formed by noncova-
lent interactions of 17 kDa polypeptide dimers and crucially
known for early control of pathogen spreading. IFN-γ has
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been secreted mainly by CD4 T helper cells, CD8 cytotoxic T
cells, and to a less extent by antigen-presenting cells (APCs)
and natural killer cells [32]. The peripheral blood mononu-
clear cells (PBMCs) of SLE patients showed high level of
IFN-γ transcript, and the T cells of SLE patients produce
much more IFN-γ as compared to normal cells [33]. In the
current study, strong interactions of three peptides (i.e.,
DEDTQAMMPFR, QEPQESQQ, and FRDEHKK) were
found with the active amino acids present in the binding
pocket of IFN-γ which could be used as potential inhibitors
of IFN-γ to treat SLE.

IL-3 is a monomeric glycoprotein which is predomi-
nately produced by activated T cells in response to stimuli.
It serves as a bridge between the immune system (T-lym-
phocytes) and the hemopoietic system that in response to
foreign stimuli generates cellular elements for cellular
defense [23]. The dysregulation of IL-3 has been associated
with various autoimmune diseases including arthritis and
SLE. In SLE patients, elevated IL-3 responsive progenitor
cells have been observed in spleen, which show an associa-
tion between IL-3 and autoreactive cells [4]. The molecular
docking approach used in this study exhibited strong inter-
actions of three peptides (i.e., KHDRGDEF, FRDEHKK,
and QEPQESQQ) with the active amino acids present in
the binding pocket of IL-3. These peptides could be potential
inhibitors of IL-3.

TNF-α is a pleiotropic proinflammatory cytokine and
contributes importantly to the development of B and T cells.
TNF-α is a potent inflammatory mediator of chronic and
acute inflammation and secreted by macrophages, T cells,
and neutrophils [34]. The involvement of TNF-α in the
pathogenesis of SLE has been observed in many clinical
studies due to overexpression and elevated levels of TNF-α
in SLE patients [35]. In current study, using molecular dock-
ing approach, three peptides (i.e., DEDTQAMMPFR,
FRDEHKK, and QEPQESQQ) showed strong interactions

with the active amino acids present in the binding pocket
of TNF-α and could be used in the treatment of SLE.

The overexpression and elevated levels of interferons,
interleukins, and tumor necrosis factor point towards the
relationship of these factors to the pathogenesis of SLE and
many other autoimmune disorders. The blockage of IFN-γ,
IL-3, and TNF-α could be proved as an effective strategy to
control the tissue and organ damage in SLE. In clinical trials,
there are many ongoing therapies to control signaling path-
ways and targeted autoantibodies. Till now, many drugs
have been approved and marketized such as rituximab, epra-
tuzumab, abetimus, sodium, obinutuzumab, lulizumab
pegol, abatacept, and blisibimod for the treatment of auto-
immune disorders. The drug blisibimod is a fusion protein
which is an antagonist of BAFF with little encouraging out-
comes obtained after a phase III trial for the treatment of
SLE [30]. In spite of many drugs and combinational thera-
pies, these drugs have been associated with severe after
effects; so, there is a need of such types of drugs with maxi-
mum potency and minimum side effects.

The proinflammatory cytokines, interleukins, and inter-
ferons make up the defense system of the cell and play a cru-
cial role in generating different molecules in response to
external pathogenic stimuli. Any mutation and overexpres-
sion of any of these molecules lead towards the production
of autoantibodies against body’s own cells. The peptides
reported in this study could be used as potential drug candi-
dates counter to IFN-γ, IL-3, and TNF-α as receptor pro-
teins. Further elaborative study is still needed to explore
much more potential of these anti-inflammatory peptides.

5. Conclusion

The docking analysis and S-scores of selected peptides have
revealed the potential of selected peptides as drug candidates
counter to inflammatory autoreactive proteins to control
autoimmunity. In the current study, we used two types of
docking analysis (protein-ligand and peptide-protein dock-
ing) to check the configuration and orientation of ligands/
peptides counter to selected receptor proteins. In our first
approach, the peptide DEDTQAMMPFR showed strong
interactions with active amino acids of IFN-γ (S-score
-11.31) and TNF-α (S-score 8.20) receptor proteins. The
conformations showed the occupancy of the maximum
binding pocket by ligand molecules. In our second approach
(peptide-protein docking), the same peptide also showed
strong bonding with the active amino acids of IFN-γ via
HADDOCK server. The IFN-γ-DEDTQAMMPFR complex
with HADDOCK score of −10:3 ± 2:5 kcal/mol showed
strong interactions amongst active amino acid residues of
both peptide and receptor protein. Further, the MD simula-
tion analysis also confirmed that the peptide stayed firmly
connected to the receptor throughout the simulation period
(i.e., 120 nanoseconds). The results of the current study have
explored the potential of peptides of plant and animal
sources as drug molecules to control autoimmunity. The
study could be proved as an initial step for further use of
these peptides after some required modifications as drug
candidates against autoimmune disorders.
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The main aim of this study was to develop a set of functions that can analyze the genomic data with less time consumption and
memory. Epi-gene is presented as a solution to large sequence file handling and computational time problems. It uses less time
and less programming skills in order to work with a large number of genomes. In the current study, some features of the Epi-
gene R-package were described and illustrated by using a dataset of the 14 Aeromonas hydrophila genomes. The joining,
relabeling, and conversion functions were also included in this package to handle the FASTA formatted sequences. To calculate
the subsets of core genes, accessory genes, and unique genes, various Epi-gene functions have been used. Heat maps and
phylogenetic genome trees were also constructed. This whole procedure was completed in less than 30 minutes. This package
can only work on Windows operating systems. Different functions from other packages such as dplyr and ggtree were also
used that were available in R computing environment.

1. Introduction

In the last few years, sequencing technologies have made
whole-genome sequencing easier and inexpensive [1, 2].
Consequently, this leads to a rise in prokaryotic genome
sequences in a short time and at a small cost. This bloom
did not limit it at the genus or species level [3, 4]. It expanded
to sequence the strains of the same species in order to study
the physiological diversity [5]. Moreover, these prokaryotic
genome sequences helped us to investigate the outbreaks
and their associated risk factors [6, 7].

Prokaryotes have more diverse and vibrant genomes as
compared to eukaryotes [8, 9]. The main reason for this
diversity, especially in bacterial pathogens, is frequent expo-

sure to a variety of stresses in their natural environment and
in their host systems. This may lead to accumulation of
unique genes for structural and regulatory mechanisms via
gene transfers and mutations [10]. Contrarily, eukaryotes
are more complex and multicellular organisms that have
stringent stress management with minimal chance of intro-
duction of unique genes [11]. This diversity among microbes
could be a possible hurdle against their correct classification
and identification as pathogenic and nonpathogenic
strains [12].

Pan-genomic studies are found to be fruitful in the cor-
rect classification of the strains and identification of patho-
genic genes related to the pathogenicity of that particular
strain [13]. Such studies cluster all the genes and classify
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them into classes based on their presence in genomes [3].
Commonly, bacterial pan-genomes are comprised of con-
served or core genes (shared by all) and dispensable genes
(shared by some) [14]. Core gene clusters could be helpful
in phylogenetic analysis, while the dispensable gene clusters
are helpful in identifying the unique characters, especially
antibiotic resistance and virulence factors [4]. These gene
clusters serve as the backbone of pan-genomic studies, but
this computation needs immense and ample time.

The main aim of this study was to develop a package that
can statistically analyze the genomic data with less time con-
sumption and require beginner-level programming skills. It
was also intended to develop various functions that can per-
form data wrangling with the FASTA formatted sequences
in R-language environment. In the current study, some fea-
tures of the Epi-gene R-package are described and illustrated
by using a dataset of the 14 Aeromonas hydrophila genomes.
A. hydrophila is a well-known Gram-negative bacteria with
diverse genetic architecture [10]. Therefore, Epi-gene was
employed to investigate the pan-genome studies of highly
diverse strains of A. hydrophila.

2. Methods

A case study has been described in this package, with R-
code, which can serve as a template or guideline for the users
to implement this study. Here, an overview of the package
implementation and some steps for the analysis are provided
(Figure 1).

2.1. R-Statistical Language. The R-statistical language is a
free tool. Unlike other programming software, only
beginner-level programming skills are enough for basic anal-
yses [15]. It has a huge collection of packages and possible
solutions for data handling, statistical calculations, and
graphical representations. In the beginning, it was used to
develop functions for purely statistical problems, but now,

it is being used for statistical calculations of huge genomic
data [16–19]. The Epi-gene package focuses the microbial
pan-genomics and offers various functions in this regard. It
also uses the other packages in R for different calculations.

2.2. External Software Packages. External software such as
Usearch was employed for the typical computation of gene
clustering. Usearch is free for any user and can be down-
loaded easily after registration. It offers gene clustering com-
putation in a very short time as compared to the Basic Local
Alignment Search Tool (BLAST) [20]. Epi-gene directs
Usearch for clustering and other functions from within R-
language.

Re-label the genomes Cluster the similar
genes

Generation binary pan-
matrix

Generate
representative

sequences: Core,
accessary, and

unique.

Enumerate genes in
genomes.

Calculate the binary
distances and

Perform hierarchal
clustering and draws

UPGMA tree
Heat map building 

Translate the
nucleotide

sequences to amino
acid sequences

Figure 1: Steps involved in the work flow of Epi-gene package.

Table 1: A. hydrophila genomes included in this study with the
summary of calculated datasets.

Bacterial
strains

ID
Total

number of
genes

Number of
accessory
genes

Number of
unique genes

4AK4 org1 3928 323 445

Ah10 org2 4178 847 171

AHNIH1 org3 4176 854 162

AL0606 org4 4252 922 170

AL0971 org5 4319 1158 1

ATCC7966 org6 4076 812 104

D4 org7 4371 1201 10

GYK1 org8 4226 1039 27

J1 org9 4307 1141 6

JBN2301 org10 4404 1237 7

ML09-119 org11 4320 1159 1

NJ35 org12 4512 1199 153

PC104A org13 4322 1161 1

YL17 org14 4099 694 245
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2.3. FASTA Format-Related Functions. FASTA format is a
commonly used file extension format to store nucleotide
and amino acid sequences. But handling a large number
of files of this format is sometimes difficult. In this pack-
age, multiple functions are developed that will be utilized
during this study but can also be utilized on individual
needs. These functions include relabeling, joining multiple
FASTA files, and conversion of FASTA format files to text
delimited formats. These functions can be utilized with the
commands of relabel, convert, and joining. Another useful
function is developed to concatenate all the contigs or
scaffolds in order to develop a single line genome
sequence for user needs.

2.4. Binary Pan-Matrix. A pan-genome analysis is usually
based on a pan-matrix. To compute this pan-matrix, there
are two steps: the first step involves the heavy computations
followed by the analyses that take pan-matrix as the input. A
large number of amino acid sequences are compared which
is the main constriction faced during a pan-genome study.
To solve this computational problem, UCLUST is chosen.
This is invoked from R by the function clustering in the
Epi-gene package. UCLUST is 1000 times faster than BLAST
whereas results are highly accurate as mentioned in previous
studies [20, 21]. Based on this clustering, all the sequences
are clustered into gene clusters that would represent classical
gene families.
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Figure 2: Graphical representation of unique genes across the included A. hydrophila strains.
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2.5. Analysis of Core, Accessory, and Unique Genes. The anal-
ysis of the core, accessory, and unique genes can be per-
formed based on the previously calculated binary pan-
matrix data. Core genes are defined as genes shared by all
the genomes while the dispensable genes either present in
two or more strains (accessory genes) or present in only
one strain (unique genes) can also be identified. These three
classes of genes can be enumerated and graphically repre-
sented according to individual need.

2.6. Phylogenetic Analyses. As the pan-matrix is based on the
presence or absence of gene families, binary distances
between genomes can be computed under the distGen func-
tion. This function can transform the pan-matrix values into
continuous variables that can define the genome. Based on
this function, it is possible to perform the hierarchal cluster-
ing of the genomes and can be displayed as pan-genome
trees. This pan-genome tree can be illustrated by using the
Gentree function.

2.7. Graphical Representation. Graphical representation is
more illustrative than long and heavy tables. In the Epi-gene
package, it is also possible to illustrate a heat map along with
the pan-genome phylogenetic tree. A heat map is generated
with the different possible user-defined pallets and colors.

2.8. Pan-Matrix Based on Sequence Identity. Another pan-
matrix was also developed based on the sequence identity
of the genes with each other in a cluster. Based on this
pan-matrix, quantification of data is possible that can lead
to further downstream statistical analyses. Possible statistical
analyses involve the principal component analyses (PCA).
This pan-matrix can be performed by the function of id-
matrix. For further calculations of continuous data, other
statistical packages can be utilized.

3. Implementation

To demonstrate some aspects of the Epi-gene package, the
publicly available data for the 14 complete sequences of A.
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hydrophila were used. Within the Epi-gene, a case study doc-
ument has been included that demonstrates all computa-
tions as a guideline for users.

First, genome sequences for 14 A. hydrophila genomes
were downloaded from NCBI. Next, FASTA sequences were
relabeled and joined together to form a multiple sequence
file. Optionally, according to the user’s need, these FASTA
formatted sequences can be converted to txt format and sin-
gle line sequence. The pan-genome based on 14 genomes
was having a median of 4279.5 genes with a range of 3928
to 4512 and a total of 59490 sequences (Table 1). After clus-
tering, pan-matrix was constructed from the homogenous
gene clusters. All A. hydrophila genomes contain almost half
of the core genes. There are 6394 gene clusters present in all
14 genomes. The core number of genes was found to be 3160
genes (Table 1). There was a high number of accessory genes
present in this pan-genome ranging from 323 to 1237. A
total of 1503 unique gene clusters were found in the pan-
genome (Figure 2).

Clustering the genes also enabled us to analyze the phy-
logenetics of the organisms under study. Followed by clus-
tering, a binary distance matrix was calculated that assigns
the different values to different strains or organisms. The
dendrogram showed more relevant organisms together via
the neighbor joining clustering method (Figure 3).

The graphical heat map is an interactive tool that can
express data in a more good way. Epi-gene has two types
of heat map-related functions. The first function can gener-
ate a heat map with binary matrix assigned values. It is a
short heat map with more relation to phylogenetics
(Figure 4). The second function can generate a heat map
with all the genes present or absent in a genome. The second

function could take more time because of the handling of
large genomes (Figures 4 and 5).

The pan-matrix based on sequence identity can be uti-
lized for multiple possible statistical analyses. In this study,
we have performed principal component analyses (PCA) to
understand more variation and dimension reduction. The
scree plot based on eigenvalues could be seen in
Figure 6(a). Moreover, based on the PCA, similar genomes
were clustered close to each other (Figure 6(b)) as they were
clustered in binary matrix-based clustering. Furthermore, a
biplot was also drawn that was including the gene clusters
as variables and genomes as individuals (Figure 7). These
calculations could be further modified and used to select
highly variable gene clusters.

4. Discussion

An increasing trend of genome-level research has opened
many ways to focus on microbes. But handling a large num-
ber of genomes in a single analysis is a bottleneck [4]. In the
current study, the package Epi-gene has addressed this issue
by utilizing the UCLUST algorithm of the Usearch software
package. It is already known that Usearch is 1000 times fas-
ter than BLAST [20]. The case study performed in this
research took five minutes to perform clustering of all genes.
This algorithm was also adopted in BPGA software [22]. But
that software lacks technical support with restriction of
options for further downstream analyses. Moreover, there
are serious concerns over the source code of BPGA. But
the Epi-gene is freely available and can be understood easily.

Handling a large number of FASTA formatted files in
Windows and other operating systems is sometimes difficult.
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Figure 5: Heat map showing the phylogenetic relation of A. hydrophila genomes along with the presence or absence of clusters.
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Specifically, joining and relabeling the multiple FASTA for-
matted sequences are cumbersome and not easy. Further-
more, to perform these basic tasks, a user must be good at
computer and programming skills. The Epi-gene can per-
form these FASTA format-related files in no time and
require little time. In the case of Epi-gene, such joining
and relabeling can be performed easily even if the user does
not require advanced knowledge of programming. The Epi-
gene package can calculate all the information related to
pan-genomes, for instance, summary of pan-genome,
median number of genes, set of core, and accessory and
unique genes. The basic key to this calculation is the
absence- or presence-based matrix. In other R-packages,
up to author knowledge, only micropan is the package that

can construct a pan-matrix. The micropan is a fine approach
towards pan-genomic study, but it uses BLAST which is slow
and requires a long time [16].

Based on the binary pan-matrix, a pan-genome tree can
also be constructed to estimate the phylogenetic relation-
ship. This kind of tree demonstrates the difference in the
number of gene clusters between genomes. There could be
a variation between software regarding the tree construction
as the distance calculation methods or clustering methods
change. But overall results remain the same. In Epi-gene,
no further functions were developed in the current version
for pan-matrix based on sequence identity, as there are mul-
tiple packages already present that can handle this quantita-
tive continuous data in a better way. For the present study,
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the FactoMineR package was utilized. This package is solely
meant for PCA calculations and graphical representations of
the data [23]. Therefore, users are free to analyze this kind of
data with multiple solutions.

Currently, Epi-gene is fully functional in Windows oper-
ating systems. Some functions in this package utilize the sys-
tem commands to direct the Usearch for clustering
functions. But, in the future, it is intended to design some
more functions that will enable this package to work
completely on LINUX operating systems.

5. Conclusion

Epi-gene is a promising functional package in R-statistical
language with less time consumption and multiple graphical
features. Furthermore, FASTA format handling functions
will be helpful in studying sequences in R-language. A
graphically clustered dendrogram showed more detailed
information regarding genome relatedness. In the future, a
recent version of this package will be updated according to
future demands.

Data Availability

This package is freely available at the github repository
(http://furqan915.github.io/Epi-gene/). The datasets gener-
ated during the current case study are available from the cor-
responding authors on reasonable request.
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NOD-like receptors (NLRs) are intracellular sensors of the innate immune system that recognize intracellular pathogen-associated
molecular patterns (PAMPs) and danger-associated molecular patterns (DAMPs). Little information exists regarding the incidence
of positive selection in the evolution of NLRs of birds or the structural differences between bird and mammal NLRs. Evidence of
positive selection was identified in four avian NLRs (NOD1, NLRC3, NLRC5, and NLRP3) using the maximum likelihood
approach. These NLRs are under different selection pressures which is indicative of different evolution patterns. Analysis of
these NLRs showed a lower percentage of codons under positive selection in the LRR domain than seen in the studies of Toll-
like receptors (TLRs), suggesting that the LRR domain evolves differently between NLRs and TLRs. Modeling of human,
chicken, mammalian, and avian ancestral NLRs revealed the existence of variable evolution patterns in protein structure that
may be adaptively driven.

1. Introduction

Nod-like receptors (NLRs) are pivotal sensor proteins of the
innate immune system with diverse functions. They detect
pathogen-associated molecular patterns (PAMPS) of invad-
ing microbes and danger-associated molecular patterns
(DAMPs), thus initiating an innate immune response.

Structurally, members of the NLR family share a similar
tripartite domain organization: a variable N-terminal
domain, a central nucleotide-binding and oligomerization
domain (NACHT), and a C-terminal domain [1].

NLRs are grouped into subfamilies based on their specific
N-terminal protein-protein interaction domain: the caspase
recruitment domain (CARD), the pyrin domain (PYD), the
baculovirus inhibitor of apoptosis protein repeat (BIR)
domain, or an acidic transactivation domain [1, 2]. These
N-terminal domains are involved in recruiting downstream

effector molecules [2] and signal transduction. Moreover,
the N-terminal region of an additional subfamily, NLRX1,
contains a mitochondrial targeting sequence that shares no
homology to any other protein [3, 4]. The central NACHT
domains are similar to the STAND (signal-transduction
ATPases with numerous domains) subclade of the AAA+
ATPases superfamily [5–7]. The central NACHT domain is
required for protein oligomerization [1, 8].

NLRs detect PAMPS via a C-terminal leucine-rich repeats
(LRR), which is a 20-29 residue repeated sequence with con-
served and characteristically spaced hydrophobic residues [9,
10]. Recently, about 23NLRs and NLR-like proteins have been
reported in humans [11]. NLRs, including NLRP1, NLRP3,
NLRP6, NLRP7, NLRC4, NLRP12, and NAIP, have been
observed to activate the assembly of inflammasomes and
mediate caspase-1 activation, leading to inflammation and cell
pyroptosis [12, 13]. Other NLRs, such as NOD1, NOD2,
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NLRC3, NLRC5, NLRP10, NLRX1, and CIITA, have been
reported to induce the activation of nuclear factor-kB (NF-
κB) and the mitogen activated protein kinase (MAPK) signal-
ing pathway, or act as transcriptional regulators [12, 13].

Most studies on NLRs have focused on NLRs of mam-
mals and fish. Recent studies on NLRs of early diverging
organisms have suggested adaptive evolution in NLRs. In
Hydra, which have large and complex NLR repertoires, NLRs
recruit downstream adaptor molecules after activation. These
NLRs, with the associated adaptor proteins, may induce apo-
ptosis or activate putative NF-κB/JNK transcription factors,
thus regulating downstream cell responses and the expres-
sion of antimicrobial peptide [14]. It has been suggested that
NLRs are ancient genes with putative cytoplasmic defense
functions in basal metazoans and a commonmetazoan ances-
tor [14]. Gene expansion and domain gain, loss, and shuffling
have occurred in the NLRs ofHydra andmany other animals,
indicating that NLRs have evolved in a species-specific man-
ner to adapt to various ecological niches [14, 15].

In recent years, several important structures and func-
tions of NLRs have been discovered in mammals. However,
due to the different environmental conditions and ecological
niches occupied by mammals and birds, conceivably their
NLRs have evolved differently, generating unique structural
and functional properties. Although evolution of the NOD
subfamily of NLRs is known to be conserved in mammals,
NOD2 ismissing in chickens. Inmammals,NOD2 senses spe-
cific bacterial muramyl dipeptides (MDP). In contrast to
NOD2 in mammals, MDP are recognized by NLRP3 in
chickens, suggesting that chicken NLRP3 replaces the role of
mammalian NOD2 [16]. In mammals, NLRC5 is an impor-
tant regulator of the MHC class-I antigen presentation path-
way [17, 18]; however, one report showed no direct
relationship betweenNLRC5 knockdown andMHC-I expres-
sion in chickens [19]. Moreover, the NLRP3 PYD domain,
which ismissing inXenopus and zebrafish, has been identified
in chickens [20]. Collectively, these observations suggest a
pattern of molecular evolution of NLRs in vertebrates that is
different from birds. Thus, the innate immune systems in all
organisms, from Hydra and corals, to fish, birds, and mam-
mals, have evolved in response to environmental conditions.

The aim of this work was, therefore, to identify evidence
of positive selection in avian NLRs, to examine the structural
and functional evolution of NLRs in birds, and to further
elaborate the structural and functional diversity of NLRs
between mammals and birds. Using Maximum Likelihood
method, evidences of long-term selective pressure in the
NLR genes have been found. To better understand how the
CARD-binding properties of NLRs structurally and func-
tionally diversified, ancestral NLR proteins were recon-
structed and the structures of ancestral CARDs compared.
Data from this study may provide more evidence for the role
of positive selection in the evolution of NLRs.

2. Results

Our study identified some positive selection sites in the path-
ogen recognition domains of NLRs that were examined. To
evaluate the functional significance of the inferred positively

selected sites, the location for each putatively positive site has
been summarized in supplementary materials (Table 1). Our
results provide evidence of positive selection in the NACHT
domain of the avian NOD1, NLRC3, NLRP3, and NLRC5
(supplementary materials Table 1 and Figure 1). The
NACHT domain plays a crucial role in the NLRs. It
contains several characteristic motifs, namely, Walker A,
Walker B, Sensor 1, and WH motif [21].

It has been reported that the sequence variations in the
NACHT domain in human NLRs, especially in the vicinity
of conserved regions or motifs, may influence the cycle of
nucleotide-binding, -hydrolysis, -release, and/or conforma-
tional changes induced by NTP-hydrolysis, thus leading to
inflammatory disorders [22, 23]. To investigate the effects
of positive selection on the NACHT domain in four mole-
cules, the positions of conserved motifs and residues under
selective pressure were analyzed (Figure 1). None of observed
positively selected codons were located within or close to the
conserved motifs required for ATPase activity, activation,
and oligomerization. As shown in the multiple sequence
alignment between the Gallus and human sequences
(Figure 1), motifs involved in NACHT functions are con-
served among NLR proteins.

2.1. NLRC5. The quantity and distribution of positively
selected codons varied among NLRs. The highest accumula-
tion of positively selected sites occurred in NLRC5. Many
sites under positive selection were located in N-terminal
and C-terminal domains of the avian NLRC5. Remarkably,
NLRC5 lacked the canonical N-terminal domain present in
other defined domains of NLRs [24]. The N-terminal domain
of NLRC5 is considered an atypical CARD. NLRC5 has a
bipartite nuclear localization signal (NLS) which is required
for nuclear localization of NLRC5 [17]. The NLS, the trans-
port signal for nuclear protein import [25], is highly
conserved in mammals and contains critical residues, i.e.,
Lys121, Arg122, Arg132, Arg133, and Lys134 in humans
[26, 27]. Surprisingly, our sequence alignment indicates that
the NLS (amino acids 121 to 134) was mostly absent in the
Gallus and the avian ancestor NLRC5 sequences (Figure 2).

The highest accumulation of positively selected sites was
observed in the LRR region of NLRC5 (Figure 3 and supple-
mentary materials Table 1). NLRC5 contains a large LRR
region that is different from other NLRs, with varying
number of LRRs [26, 28]. To gain more insight into the
functional significance of the putatively selected sites in
LRRs, LRRSearch (http://www.lrrsearch.com) [29] was used
to analyze the number and the location of the LRR of the
chicken NLRC5. In general, the LRR domain contains 20–
29 amino acid residues. It has a highly conserved segment
(HCS) that consists of a consensus sequence and a variable
segment (VS), which is located before the HCS of the next
LRR. The HCS contains the consensus sequence
LxxLxLxxN/CxL [10, 30, 31]. Of the 39 codons identified
under positive selection in the LRRs of NLRC5, only 5 were
localized in the HCS.

2.2. NOD1. The percentage of NOD1 sites under positive
selection that were located in the known functional domains
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was low. In this study, only two positively selected sites (93
and 359) have been found within the functional domains.
Amino acids 93 and 359 were located within the CARD
domain and NACHT domain of avian NOD1, respectively.
In the avian NOD1, Cys93 was replaced by Tyr, His, Arg,
Leu, Phe, and Ser. Because the crystal structure of the human
NOD1 CARD has been resolved and residues involved in the
downstream signaling and interaction with RIP2 are recog-
nized [32], we aligned the sequences of NOD1CARD domain
and plotted the CARD domain structure and electrostatic
potential for human and Gallus NOD1 as well as for recon-
structed ancestral NOD1 proteins (Figure 4). The results
obtained henceforth suggested that the positively selected site
93 is not a key residue in the NOD1-RIP2 interaction. Since a
similar degree of positive selection in interacting molecules is
expected, we analyzed the positively selected codons in RIP2
(supplementary materials Table 1). Amino acids 324, 371,
and 412 were identified to be under positive selection but
were not located within the CARD domain of RIP2.

2.3. NLRC3 and NLRP3. It has been reported that NLRC3,
together with NOD1, originated from a gene duplication
event that occurred before the divergence of birds and mam-
mals [33]. A minimum number of adaptive substitutions
were present within the avian NLRC3s (supplementary mate-
rials Table 1 and Figure 3), showing a stabilized selection
pattern of evolution. Although the functions of many
substitutions are unknown, they would support the
hypothesis that species-specific adaptations occur because of
different environmental conditions and pathogens. NLRP3
participates in the assembly of inflammasome complexes.

Mutations in NLRP3 are associated with many inflammatory
diseases in humans [34]. Our analysis of avian NLRP3s
detected many amino acid sites that are under positive
selection (supplementary materials Table 1 and Figure 3).

3. Discussion

Evidence of positive selection in the bird NLRs is reported in
this study with variable quantity and distribution of posi-
tively selected residues.

3.1. NOD1. NOD1 is a crucial molecule in innate immunity.
It activates the NF-κB pathway by recruiting the protein
receptor-interacting protein 2 (RIP2) through the interaction
of CARDs. Two positively selected codons have been found
in the functional domain of the Gallus NOD1, amino acids
93 and 359. Interactions between NOD1 and RIP2 mainly
depend on electrostatic interactions in the CARD domain
[32]. The CARD domain, as an important effector domain,
belongs to the death domain superfamily. Members of the
death domain superfamily always promote homotypic
and/or heterotypic interactions with other effector domain
containing proteins.

In NOD1, the CARD domain is indispensable for down-
stream signaling, involved in many different cellular pro-
cesses, such as apoptosis and inflammation. Because of
functional constraints, residues with critical functions may
be under slow evolutionary rate [35]. It has been reported that
the core residues which constitute the polar surface and the
hydrophobic core of CARD are conserved [36]. As expected,
the CARD domain of NOD1 had a lower percentage of
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Figure 1: Adaptive substitutions in avian NLRs NACHT domain. We have aligned the NACHT domain of NLRs (human and Gallus shown).
Adaptive amino acid substitutions and important motif of NACHT are indicated along the top of the alignment. Adaptive amino acid
substitutions in NACHT are represented with star (∗); motifs involved in ATP binding and hydrolysis of NACHT are indicated along the
top of the alignment.
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positively selected codons than other NLRs, and it showed
greater selective constraints.

To have further insight of the functional evolution of the
NOD1 CARD and to understand if the positively selected
residue (residue 93, located in α5) has the potential to influ-
ence the function of the CARD, we predicted the ancestral
amino acid state of the CARD for mammals and birds and
analyzed its 3D structure. The CARD domain of human
NOD1 consists of six antiparallel α-helices packed around
a hydrophobic core with residues E53, D54, and E56 of α3
involved in the interaction with RIP2 [32]. It has been
reported that the surface shape of CARD and electrostatic
interaction of oppositely charged residues plays a significant
role in CARD-CARD interactions [32, 36, 37]. Mutations in
L44, I57, and V41 greatly reduced activation of NOD1

signaling which demonstrated the significance of hydropho-
bic residues [32].

Our alignment results (Figure 4) showed that the ances-
tral CARD of mammals and avian species are conserved.
Not only are the residues buried in the hydrophobic core
and involved in interactions of the avian ancestor relatively
well conserved but the shape and electrostatic potential of
the binding area of the avian ancestor are very similar to
human and chicken NOD1 (Figure 4). In human and mam-
malian ancestor, the NOD1 CARD domain residue 93 was
replaced by Tyr, but the electrostatic distribution in this
region was not altered (Figure 4). We examined the location
of amino acid 93 and found that it was buried, leaving the
electrostatic distribution on the surface of CARD unchanged.
Similarly, analysis of avian RIP2 showed that the residues
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Figure 2: Sequence and primary functional differences in NLRC5 CARD are established (human, chicken, mouse, mammalian ancestor, and
avian ancestor). (a) Sequence alignments of NLRC5 CARD domain. Adaptive amino acid substitutions in birds are represented with star (∗).
Secondary structures of protein are shown along the top of the alignment. NLS (amino acids 121 to 134 in human) are shown. (b–e) The
atypical CARD of NLRC5 consists of five α-helices (α1, α2, α4, α5, and α6) that are packed around a hydrophobic core. The CARD shape
and electrostatic potential for human, chicken, mouse, mammalian ancestor, and avian ancestor are plotted. The surfaces are color-coded
according to electrostatic surface potential: red, −10 kT; white, 0 kT; and blue, +10 kT. (f) Structural alignment of human, chicken,
mammalian ancestor, and avian ancestor NLRC5 atypical CARD.
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(R486, R525, and R530) of the RIP2 CARD domain involved
in the interaction with NOD1 CARD were not under positive
selection (supplementary materials Table 1), and these
residues were conserved between avian and human
(supplementary materials S1). This is consistent with its
important biological function.

3.2. NLRC5. The N-terminal domain of NLRC5, which con-
tains repeated α-helices and is strikingly distinct from other
CARDs, is referred to as an atypical CARD. To investigate
the structural differences of atypical CARDs, we compared
the human, chicken, mammalian, and avian ancestral struc-
tures using homology modeling on an atypical mouse CARD,
whose conformation is known [38]. Atypical CARD of
NLRC5 consists of five α-helices that are packed around a
hydrophobic core, with the difference to other CARDs (such
as NOD1 CARD) being the absence of α3, which was
replaced with an α2-α4 loop. Interestingly, other studies of
NOD1 CARD have suggested conserved α2 and α3 domains
which form a putative interaction surface with the CARD of
binding partner [36]. In our study, no positive selection is
identified in α2 and α3 of CARD domains in NOD1 (positive
selection 93 codon is in CARD α5 of NOD1). NLRC5, how-
ever, also contacts with the binding partner by CARD-
CARD interaction and contains four positively selected sites
that fall in the α2, α4, and α2-α4 loop of atypical CARD
domain (supplementary materials Table 1 and Figure 2).

NOD1 interacts with its binding partner RIP2 by CARD-
CARD interaction mainly through complementary surface
shape and charge [38]. The hydrophobic interactions, how-
ever, make contributions to CARD-CARD interactions
between NLRC5 and its partner RIG-I [38]. Moreover, the
atypical CARD of NLRC5 interacts with the binding part-
ner’s CARD by its hydrophobic surface which is composed
of α1, α6, and the α5–α6 loop but not the α2 and α2-α4 loop
[38]. Our alignment (Figure 2) showed that, except residues
belonging to α0, α2, α4, and the α2-α4 loop, most residues
of the atypical CARD were conserved in chicken, human,

mouse, and avian and mammalian ancestors. For avian, pos-
itively selected sites mainly fall in the α2, α4, and α2-α4 loop
of NLRC5 (Figure 2); the α1, α6, and the α5–α6 loop of
NLRC5 that encode the RIG-I-binding region were more
conserved than the α2 and the α2-α4 loop. A possible expla-
nation may be that the residues in the RIG-I-binding region
are directly involved in downstream signal transduction.
The 3D structures of atypical CARDs were generally similar
in the human, chicken, mouse, mammalian, and avian
ancestors (Figure 2). But the electrostatic potentials of the
pocket formed by α1, α6, and the α5–α6 loop in the
chicken and the avian ancestor are different from both
the human and mammalian ancestral atypical CARDs
which indicates a different evolution pattern of NLRC5
between birds and mammals.

Our additional alignment studies showed that the NLS
(amino acids 121 to 134) was missing in the CARDs of bird
NLRC5s (Figure 2). Sequence analysis of the chicken NLRC5
performed by cNLS Mapper [39] revealed a putative mono-
partite NLS at amino acids 1012-1025, which do not belong
to CARD domain. In the avian ancestor, the NLS has been
found absent using the cNLS Mapper prediction algorithm.
The NLS is the transport signal for nuclear protein import
[25] and is well conserved in mammals.

NLRC5 is an IFN-γ–inducible nuclear protein recognized
as an important molecule for the MHC class-I antigen pre-
sentation pathway in humans [17, 18, 24]. Within the NLS
sequence context, NLRC5 associates with promoters of
MHC class-I genes and activates them, inducing expression
of MHC class-I [17, 18]. Mutations within the NLS may pre-
vent nuclear localization [17] and thereby reduce induction
of MHC class-I expression [27]. It has, however, been
reported that in chicken macrophages, there is no difference
in MHC class-I gene expression between NLRC5 knockdown
cells and controls, suggesting that NLRC5 may be a dispens-
able regulator of MHC class-I in chicken macrophages [19].
In zebrafish, overexpression of NLRC5 induces the expres-
sion of MHC class-II genes but not MHC class-I genes [40].
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These findings indicate the functional divergence of NLRC5
between mammals, birds, and fishes.

3.3. NLRC3. A minimal number of adaptive substitutions
have been found within NLRC3 (supplementary materials
Table 1 and Figure 3), suggesting a stabilized selection
pattern in evolution. It is difficult to speculate about the
impact of functional effects caused by substitutions in
NLRC3 without an available crystal structure. Recent
studies have suggested that NLRC3 functions to regulate
the strength and time of the inflammatory response,
suppress the activation of various innate immune signaling
cascades, and prevent excessive immune responses [41, 42].
NLRC3 can regulate the STING signaling pathway and the
TRAF6 signaling pathway. Also, NLRC3 negatively
modulates STING activation via the response to cytosolic
DNA, cyclic di-GMP, and DNA viruses [41]. Moreover,
NLRC3 negatively regulates the activation of NF-κB through

interaction with TRAF6 [42]. It has been demonstrated that
an interaction between the NACHT domain of NLRC3 and
STING is mediated by the LRR domain [41]. Thus, NLRC3
may decrease STING dependent innate immune activation
[41]. The NACHT domain of NLRC3 also affects the NF-κB
pathway by binding with TRAF6 [42]. NLRC3 binds to
TRAF6 via the TRAF-binding motif in the NACHT domain
[42]. NLRC3 has two TRAF-binding motifs that are
conserved among various species [42]. Our analysis found
conserved TRAF2-binding sites in birds (Figure 5). NLRC3
has been reported to be an inhibitor of the PI3K-AKT-mTOR
pathways [43]. Moreover, an NLRC3-like protein of zebrafish
has a negative regulatory function on macrophage activation
and inflammation. It has been reported that both the PYD
and the NACHT domains are essential for function of the
NLRC3-like protein in zebrafish, and loss of function
mutations in the zebrafish NLRC3-like protein may result in
systemic inflammation [44]. This provides support for cross-

26
26
21
21

A LL KVYR E L L VS KI RHT QC L I DNL I NNE YF S T E DAE I VVQF P T QADKVR KI L DL VQS KGE E VS E YF I C VL QKVT DAY YE L QP WL D
AL L KVYR E L L VS RI R NT QC L I DNL I KNDYF S T E DAE I VVQF P T QADKVR KI L DL VQS KGE E VS E YF I C VL QKVT DAY YE L QP WL D
QL L KS NR E L L VT HI R NT QC L VDNL L KNDYF S AE DAE I VC ACP T QP DKVR KI L DL VQS KGE E VS E F F L YL L QQL ADAYVDL RP WL L
KL L KI NR E L L VT HI R NT QC L VDNL L KNDYF S AE DAE I VC ACP T QP DKVR KI L DL VQS KGE E VS E F F L YVL QQL ADAYVDL RP WL S

110
110
105
105

Gallus
Avian ancestor

Human
Mammalian ancestor

⁎

(a)

Gallus Avian ancestor

Human Mammalian ancestor

(b)
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species functionality of NLRC3 [43]. Hence, it is possible that
mutations in NLRC3 are likely to influence inflammatory
signaling pathways and even induce inflammatory disorders.
These studies, collectively, provide reasonable evidence that
NLRC3 evolved under strong stabilizing selection.

3.4. NLRP3. NLRP3 is a member of the NLR family and
belongs to the NLRP subclass characterized by the presence
of a PYD. Human NLRP3 is activated in response to a broad
range of stimuli including bacteria, fungi, yeast, viruses, par-
asites, pore-forming toxins, crystals, TLR ligands, bacterial
RNA, and DAMPs, such as ATP and hyaluronan [45–48].
NLRP3 participates in the assembly of inflammasome com-
plexes, which in most cases, help the host eliminate invading
pathogens. Aberrant accumulation of inflammasome signals
may result in disease in humans. Mutations in and around
the NACHT of NLRP3 cause three auto-inflammatory dis-
eases: FCAS (familial cold auto-inflammatory syndrome),
MWS (Muckle–Wells Syndrome), and CINCA/NOMID
(chronic infantile neurological cutaneous and articular syn-
drome/neonatal onset multisystemic auto-inflammatory dis-
ease) [34]. Several amino acids showed evidence of positive
selection that were detected in or around the NACHT
domain of NLRP3 in the chicken and avian ancestor
sequences we examined (Figures 1 and 3).

A relatively recent study has demonstrated that the muta-
tions may affect the stabilization of NLRP3 by increasing its
half-life [49], showing that the NLRP3 protein, stable at
lower temperatures, was degraded at 37°C [49]. In avian spe-
cies, high metabolic rates may lead to high body temperature-
s—the mean body temperatures for all birds has been
reported to be 38.54°C (±0.96) for resting birds, 41.02°C
(±1.29) for birds in the active phase, and 43.85°C (±0.94)

for highly active birds [50]. These findings suggest that posi-
tive selection found in or around the NACHT domain of bird
NLRP3 may be associated with adaptation to a higher body
temperature in birds. In the chicken, NOD2 was replaced
with NLRP3 as another potential PRR to sense MDP [16].
Recent studies have reported that the NLRP3 gene is variable
between mammalian and avian species [51]. The PYD
domain of NLRP3 was not identified in Xenopus or the
zebrafish [20]. Another inflammation-related molecule, IL-
1β, has also been identified to be highly variable between
mammalian and avian species, suggesting potentially differ-
ent mechanisms in the host inflammatory responses between
these classes [51].

3.5. LRR Domains of NLRs. Previous research has shown a
high number of positively selected codons located in LRR
domain of TLRs [52]. Our results, however, indicate a differ-
ent level of positive selection acting in LRR domain of NLRs.
NLRC5, NOD1, NLRC3, and NLRP3 showed lower percent-
age of codons under positive selection in the LRR domain
than TLRs. The TLRs are transmembrane proteins which
recognize PAMPs through the extracellular domain of LRRs.
The NLRs are intracellular, cytoplasmic sensors. Recent stud-
ies have emphasized that interactions between NLRs and
PAMPs may be indirect and involve intermediates of host
cells, which like R proteins indirectly sense PAMPs in plants
[1, 53, 54]. This may explain the different patterns of evolu-
tion observed for LRRs in TLRs and NLRs. NLRC5 contains
a large LRR region that is different from other NLRs, with the
exact number of LRRs being uncertain [26, 28]. LRRs of the
human NLRC5 are involved in the interaction with IKKα
and IKKβ, blocking phosphorylation and degradation of
the inhibitory IκB proteins, thus, inhibiting NF-κB activation
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[55]. In addition, the LRR region of human NLRC5 is
responsible for nuclear export of NLRC5, as well as transcrip-
tional activation [56]. Of the 39 codons identified under pos-
itive selection in the LRRs of the chicken and avian ancestral
NLRC5, only 5 amino acids were localized in the HCS.
Although the number of LRRs in NLRC5 is still controver-
sial, the C-terminal LRR repeat of human NLRC5 has been
reported to be of 36 amino acid residues in length [26] while
others have suggested that the C-terminal capping motifs
may serve to protect the protein [57]. Interestingly, recent
studies have also described an NES (nuclear export signal)
in the C-terminal region of LRRs that mediates nuclear
export in humans [17].

It is reasonable to predict conserved evolution for this
region. Our analyses mapped one codon under positive selec-
tion (residue 1800), which falls in the region closest to the C-
terminal LRRs. Because of the large size of the LRR region
and unusual structure of NLRC5, it has been speculated that
NLRC5 might sense different stimuli, compared to other
NLRs [28]. Some of the positively selected amino acid sites
in LRRs may, thus, be involved in the recognition of these
diverse stimuli. The detailed molecular basis of the role of
NLRC5 in host defense and immune signaling, however, is
largely still unknown.

4. Conclusion

The Nod-like receptors of the innate immunity represent the
first line of defense against the pathogens. These are involved
in pathogen recognition and, thus, need to evolve rapidly in a
dynamic arms race with pathogens. Evidence of positive
selection of NLRs in birds has been observed. Adaptive selec-
tion in avian NLRs was different than either avian TLRs or
mammalian NLRs. NLRs have shown adaptive divergence
in structure and function throughout the avian evolution.
This work provides a basic understanding of structural and
functional evolution in avian NLRs. By looking for structural
differences between human, chicken, mammalian ancestral,
and avian ancestral NLRs, we propose that the different envi-
ronmental conditions encountered by mammals and birds
might have induced structural and functional differentiation
among members of the NLR family. Different NLRs with
varied functions might have experienced unique pressures
which might have induced the evolutionary change.

5. Materials and Methods

5.1. Data Collection. The coding regions of three chicken
(Lingnanhuang: LNH) NOD-like-receptor genes, NOD1,
NLRC3, and NLRP3, were obtained by polymerase chain
reaction (PCR) amplification using gene-specific primers
(primer details in supplementary materials S2). Chicken
NLRC5 and all avian NLR sequences (accession number
displayed in supplementary materials S3) were collected
from NCBI (http://www.ncbi.nlm.nih.gov). NOD-like-
receptor amino acid sequences of chicken, avian ancestors,
and mammalian ancestors are displayed in supplementary
materials S2.

5.2. Sequence Alignment. Sequence alignments were pro-
duced using PROBCONS version 1.12 [58]. The alignments
used for phylogenetic analyses were processed using Gblocks
v0.91b [59] to detect and filter potentially unreliable and mis-
aligned regions. To detect positive selection in individual
codons of the NLR sequences, a phylogenetic tree was recon-
structed by MrBayesv3.2.2 (http://mrbayes.csit.fsu.edu/)
[60]. All analyses were run with 2000,000 generation in
Mrbayes. Convergence was considered to have been achieved
with split frequency values of <0.01. If the split frequency did
not drop below 0.01, the analysis continued with additional
2000,000 generations. The first 25% of the topologies were
discarded as burn-in. Sequence analysis of the chicken
NLRC5 was performed by cNLS Mapper (http://nls-mapper
.iab.keio.ac.jp/cgi-bin/NLS_Mapper_form.cgi) [39].

5.3. Tests of Selection. All sequences for testing positive selec-
tions have been displayed in supplementary materials S3. To
test positive selections at NLRs, the ratios of nonsynonymous
(dN) to synonymous (dS) substitutions per site were com-
pared in a maximum likelihood (ML) framework. A ratio of
dN/dS > 1 is interpreted as evidence of positive selection. In
order to improve the accuracy of the positive selection
results, two ML frameworks were selected, the codeml pro-
gram of PAML [61] and the HyPhy package of the Data
Monkey Web Server (http://www.datamonkey.org) [62].
For codeml, two alternative models (M7 and M8) were
chosen and compared with twice the difference of log-
likelihood value (2ΔlnL) with 2 degrees of freedom to inves-
tigate whether sites were under positive selection in each
NLRs. For codeml, the Bayes Empirical Bayes (BEB) poste-
rior probability method was calculated in conjunction with
site models to identify individual codons as adaptive [63].
In HyPhy, three distinct models, SLAC, FEL, and REL, were
conducted; the level of statistical significance was set at a p
value=0.1 for SLAC and FEL and Bayes Factor = 50 for REL
analysis, sites with a p value <0.1 for SLAC and FEL, and
Bayes Factor > 50 for REL was accepted to identify candi-
dates for selection.

Protein-coding substitutions identified as more than or
equal to two ML methods were considered adaptive. In order
to identify robust sites under positive selection, only sites
with evidence of selection in at least two of the ML methods
were considered. In addition, the PAL2NAL program [64]
was used to convert the amino acid alignment into a
codon-based DNA alignment for PAML codeml test.

5.4. Ancestral Sequence Reconstruction. Ancestral protein
sequences were reconstructed using MEGA 6 [65] with the
maximum likelihood algorithm. All nucleotide sequences
were converted to corresponding protein sequences were
aligned with PROBCONS. For each alignment, the best fit-
ting nucleotide substitution model for each codon position
was evaluated using the AIC criterion in MEGA with “find
best DNA/Protein models.” An evolutionary tree was recon-
structed with the ML method. For each internal node of the
tree, MEGA exported a file including information of most
probable ancestral sequences, and program ExtAncSeqMEGA
[66] could then extract the ancestral DNA and protein
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sequences from the file. The accuracy scores of ancestral DNA
and protein sequences were estimated. All ancestral sequences
have been displayed in supplementary materials S2.

5.5. Homology Modeling and Structural Analysis. To obtain a
more precise idea of the functional evolution of avian NLRs,
structural homology models are built with MODELLER v9.5
[67]. Then, the structures were processed using the PDB2PQR
server (http://nbcr-222.ucsd.edu/pdb2pqr_2.0.0/) [68] to add
hydrogen atoms and force field parameters. Electrostatic
surface potentials were estimated with APBS web solver
(Adaptive Poisson Boltzmann Solver). The visualization of
structures and electrostatic potentialmapswas generatedwith
VMD1.9.1 [69].

Data Availability

GenBank accession numbers of chicken (Lingnanhuang) NLR
nucleotide sequences (generated in the course of the study) are
as follows: MT385526, MT385527, and MT385528. The
chicken sequences (third-party data) and ancestral sequences
are deposited in Supplementary File S2. The accession number
of avian nucleotide sequences analyzed in the article is depos-
ited in Supplementary File S3.

Additional Points

Significance Statement. Despite several studies on the evolu-
tion of TLRs in birds, a clear picture of the evolution of birds
NLRs has not yet emerged.We have found evidence of positive
selection of NLRs within the birds, reconstructed avian, and
mammalian ancestral sequence of NLRs and compared the
structural and functional differences of NLRs between mam-
mals and avian. Different evolution patterns of the molecular
binding region were specifically investigated in our study.
Our analyses of avian NLR family provide more evidence for
the role of positive selection in the evolution of NLRs.
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The inner ear is an essential part of a well-developed and well-coordinated hearing system. However, hearing loss can make
communication and interaction more difficult. Inherited hearing loss (HL) can occur from pathogenic genetic variants that
negatively alter the intricate inner ear sensory mechanism. Recessively inherited forms of HL are highly heterogeneous and
account for a majority of prelingual deafness. The current study is designed to investigate genetic causes of HL in three
consanguineous Pakistani families. After IRB approval, the clinical history and pure tone audiometric data was obtained for the
clinical diagnosis of HL segregating in these three Pakistani families. We performed whole exome sequencing (WES) followed
by Sanger sequencing in order to identify and validate the HL-associated pathogenic variants, respectively. The 3-D molecular
modeling and the Ramachandran analysis of the identified missense variants were compiled to evaluate the impact of the
variants on the encoded proteins. Clinical evaluation revealed prelingual severe to profound sensorineural HL segregating
among the affected individuals in all three families. Genetic analysis revealed segregation of several novel variants associated
with HL, including a canonical splice-site variant (c.55-2A>G) of PTPRQ in family GCFHL-01, a missense variant [c.1079G>A;
p.(Arg360Gln)] of SERPINB6 in family LUHL-01, and an insertion variant (c.10208-10211insCCACCAGGCCCGTGCCTC)
within MYO15A in family LUHL-011. All the identified variants had very low frequencies in the control databases. The
molecular modeling of p.Arg360Gln missense variant also predicted impaired folding of SERPINB6 protein. This study reports
the identification of novel disease-causing variants in three known deafness genes and further highlights the genetic
heterogeneity of HL in Pakistani population.

1. Introduction

A significant portion of our genome, comprised of ~30,000
genes [1, 2], is associated with the development and function
of hearing. Pathogenic variants in these genes account for
around 50% of hearing loss (HL) cases. Approximately 5%
of the world’s population is affected with various kinds of
HL [3]. HL is the most recurrent sensory disability in humans

with a frequency rate of 1–2 : 1000 babies. Worldwide, this
targets around 360 million people of different ages [4]. More
than 70% of hearing impairments are nonsyndromic with an
inheritance of 70-90% autosomal recessive, 10-20% autoso-
mal dominant, and 1-2% X-linked and mitochondrial inher-
itance [5]. Nonsyndromic recessive hearing loss (NSRHL)
genes encode proteins widely spread in different tissues.
However, variants in NSRHL genes specifically hinder the
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intricate inner ear sensory mechanism [6, 7]. For nonsyn-
dromic SNHL, 76 genes have been identified out of the 126
distinct autosomal genetic HL loci [8].

Among populations that have high rates of consanguine-
ous marriages and are isolated based upon geographically,
religiously, cultural, and social factors, recessive disorders
are found in abundance [9]. In Pakistan, the ratio of consan-
guineous marriages is extremely high. Because of this, con-
genital severe hearing impairment accounts for 70% of the
total HL cases in Pakistan [10]. Considering these facts, the
present study was designed to determine the previously
unknown nucleotide basis that was responsible for hearing
damage in three large consanguineous Pakistani families
affected with HL.

In the hearing process, several hundreds or even thou-
sands of genes are involved in the proper development and
functioning of the inner ear neurosensory epithelia. Diverse
genes and their expressed protein families (e.g., solute carrier
proteins, gap junction, and motor proteins) play orchestrated
roles in the various molecular functions of the inner ear,
including neurotransmitter release, maintenance of ionic
homeostasis, control of adhesion in hair cells, intracellular
transport, and protection of hair cell cytoskeleton. Together,
all this makes it possible for us to hear sounds [3].

Over the last two decades, we witnessed rapid identifica-
tion of genes and their pathogenic variants associated with
hearing loss in humans. Studies in inbred families were an
especially dominant part of this field. In the current study,
whole exome sequencing (WES) was used for the identifica-
tion of causative genes in large consanguineous Pakistani
families with the HL phenotype. The current study reports
novel variants of three known deafness genes and further
highlights the genetic heterogeneity of HL in the Pakistani
population.

2. Materials and Methods

2.1. Subjects and Clinical Evaluation. The study was compiled
following the tenets of the Declaration of Helsinki for human
subjects, and all the procedures that were followed were pre-
approved by the Institutional Review Board Committees
(HP-00061036) at the University of Maryland School of
Medicine, Baltimore, MD, USA, and Government College
University, Faisalabad, Pakistan. All the individuals con-
sented in written local combination format for voluntarily
inclusion in this project. The families were selected on the
basis of (i) inheritance of disease phenotype and (ii) the num-
ber of affected individuals (≥3 affected). The family members
were interviewed in detail to develop the family pedigree,
associated disorders, and their follow-up. The physical exam-
ination, medical history, and pure tone audiometry data were
assembled to highlight the clinical phenotype.

2.2. Whole-Exome Sequencing and Bioinformatics Analyses.
WES was used to analyze the variants in the DNA sample
of the affected individuals from each family, and the Agilent
SureSelect Human Expanded All Exon V5 kit was used to
recover genomic libraries and sequenced with an average of
100x coverage on an Illumina HiSeq4000 (Illumina, San

Diego, CA, USA). Reads were aligned with the Illumina
Chastity Filter with the Burrows-Wheeler Aligner [11]. The
GATK UnifiedUnityper module was used to call the variant
sites, and the variant quality score recalibration method was
used to filter single nucleotide variants [12]. The filtration
of candidate variants, DNA sequencing, and PCR amplifica-
tion was also performed [13]. Primer 3 (http://bioinfo.ut.ee/
primer3-0.4.0/) was used to design the primers used for PCR.

2.3. Molecular Modeling. The three-dimensional (3-D) struc-
tures of wild-type and mutant proteins SERPINB6 were gen-
erated by Phyre2 (http://www.sbg.bio.ic.ac.uk/phyre2/html/
page.cgi?id=index) by using an intense mode option. The
Chimera online tool was used to visualized PDB structure
of protein that was subsequentially further analyzed. Mol-
Probity was used to generate Ramachandran plots for both
the wild-type and mutant protein PDB structures. Clustal
Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/) was used
to align the sequence of the closely related species.

3. Results

3.1. Clinical Data. As part of our ongoing efforts to ascertain
and clinically and genetically characterize Pakistani families
with hearing loss [14, 15], three new large consanguineous
families were enrolled from the Punjab province of Pakistan
after approval from the Institutional Review Board (IRB) of
University of Maryland School of Medicine, Baltimore,
MD, USA, and the Government College University, Faisala-
bad, Pakistan. In all affected individuals, HL was observed
from birth, except for the affected individuals of family
GCFHL-01 who had progressive HL and were diagnosed
after 4-5 years of age. The audiometric profile of affected
members of family LUHL-01 revealed moderate to severe
hearing damage, and the affected members of family
LUHL-011 showed severe to profound HL. Previous medical
history and clinical diagnosis did not reveal any apparent
comorbidity with HL. Romberg and Tandem gait tests
revealed normal vestibular system in affected individuals of
all families. The peripheral vision loss, cornea opacity, or
night blindness was not observed during ophthalmoscopic
examination in any individuals from the included families.

3.2. Mutation Detection and Molecular Modeling. WES of
three large consanguineous Pakistani families was performed
to analyze the pathogenic variants for NSHL. The novel splic-
ing variant c.55-2A>G of PTPRQwas detected as cosegregating
in the affected individuals of families GCFHL-01, while an
insertion variant c.10208-10211insCCACCAGGCCCGTGC
CTC of MYO15A segregating with HL was found in family
LUHL-011 (Figures 1(a) and 2(a)). Finally, a novel predicted
missense variant c.1079G>A (p.(Arg360Gln)) of SERPINB6
was identified in family LUHL-01 (Figures 1(a) and 2(a)). All
the identified variants were predicted pathogenic by various
in silico algorithms, were either absent or had low allele fre-
quency in gnomAD database, and were classified as pathogenic
or likely pathogenic according to ACMG classification
(Table 1). Furthermore, the p.(Arg360Gln) predicted missense
variant replaces an evolutionary conserved residue in the
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Figure 1: Family pedigrees, hearing loss (HL) phenotype and causative alleles. (a) Segregation of HL causing alleles in three Pakistani families.
Double lines indicate consanguineous families, empty symbols represent unaffected individuals, and filled symbols affected individuals. The
genotypes of the identified variants are also shown for each of the participating family members. All families had autosomal recessive mode of
inheritance for HL. (b) Audiometric air conduction thresholds from the proband of each Pakistani family revealed varying degree of HL.
(c) ClustalW multiple amino acid sequence alignment shows evolutionary conservation of arginine at position 360 of SERPINB6.
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encoded protein (Figure 1(c)). All three variants are located in
the functional domains of encoded proteins (Figure 2(a)).

3.3. Molecular Modeling. To determine the impact of
p.Arg360Gln missense variant on the encoded SERPINB6 pro-
tein, the 3-D structure of wild-type and mutated proteins were
generated using the online bioinformatics tool Phyre2 (http://
www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index) and were
visualized through Chimera software. The p.Arg360Gln
replacement resulted in a smaller and negatively charged resi-
due (Gln) as compared to the large and positively charged
wild-type residue (Arg), which is predicted to cause alterations
in the ionic interactions. This accounts for the aberrant inter-
actions with neighboring residue alanine at position 354
(Figure 2(b)) and also might further disturb the secondary
protein structure.

We also used the MolProbity tool to generate Ramachan-
dran plots for both wild-type and mutant protein PDB struc-
tures. In the Ramachandran plot, the wild SERPINB6 protein
shows that 88% of the residues reside within a favorable
region and 96% residues are in allowed region, while 14 were
outliers. In contrast, for the p.Arg360Gln mutant protein,

68% of the residues are found in the favored region, 86%
are found in the allowed region, and 53 were outliers
(Figure 2(c)). Overall, there is a significant difference in
amino acid distribution of wild type versus mutant type
(Figure 2(c)).

4. Discussion

Our study further expands the genetic landscape of inherited
variants of HL-associated genes in the Pakistani population
and revealed three novel variants in three known nonsyn-
dromic deafness genes, MYO15A, PTPRQ, and SERPINB6.
Although variants inMYO15A are a commonly known cause
of HL worldwide (including the Pakistani population) [16],
variants of PTPRQ and SERPINB6 are relatively rare. In fact,
to our knowledge, the p.(Arg360Gln) variant found in SER-
PINB6 is only the fourth ever reported allele that is associated
with HL in humans [17, 18]. SERPINB6 is located on the
chromosome at position 6p25.2 and encodes serpin (serine
protease inhibitor) superfamily and subfamily ovalbumin-
serpin B member 6, cytoplasmic anti-proteinase (CAP) pro-
tein. In the inner ear of the mouse, SERPINB6 is highly
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Figure 2: Protein structure, molecular modeling, and Ramachandran plots. (a) Schematic representations of PTPRQ, SERPINB6, and
MYO15A proteins along with HL-causing variants were identified in Pakistani families. (b) 3-dimentional molecular modeling of
SERPINB6. Protein secondary structures generated by Phyre2 are shown in respective colors: helix, cyan; strand, purple; and coils, green.
The protein surface is displayed in a meshwork. Concerned residue is shown in firebrick color, while the aberrant hydrogen bonding due
to p.Arg360Gln variant is displayed in golden yellow color. (c) Ramachandran plots of both wild and mutant protein PDB structures; the
wild structure shows 88% of the residues existing in the favored region, and 96% of the residues are located in the allowed region, but 68%
of the residues in mutant structure are found in the favored region and 86% are in the allowed region, respectively.
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enriched in the organ of Corti sensory cells; however,
expression is also found in the stria vascularis and spiral
limbus region [19, 20]. Mice lacking SERPINB6A exhibit
progressive degeneration of cochlear sensory cells and HL
[19, 20]. We observed moderate to severe HL in family
LUHL-01. However, it is not possible to determine if the
hearing loss observed is progressive in nature or not, consid-
ering we only have data from a single audiometric report.
Previous reports in human subjects with SERPINB6 variants
also lack the longitudinal analysis of hearing loss phenotype
[17, 18]. We plan to follow up the evaluation of hearing phe-
notype in family LUHL-01 in future after the COVID-19
pandemic restriction lessen.

PTPRQ, located at chromosome 21q21.31, encodes the
protein tyrosine phosphatase receptor Q (EC 3.1.1.48), a
member of the protein tyrosine phosphatase receptor family
type III. Previously, variants in PTPRQ have been reported
for having dominant (DFNA73) [21], as well as recessively
inherited (DFNB84) forms of nonsyndromic HL in human
[22, 23]. We identified a novel splice variant (c.55-2A>G)
of PTPRQ inherited in a recessive manner in family
GCFHL-01. We did not observe HL among carriers of c.55-
2A>G variant in family GCFHL-01. In silico analysis revealed
cryptic splicing due to c.55-2A>G variants, which is predicted
to cause exon skipping and premature truncation of the
encoded protein, likely indicating a loss-of-function disease
mechanism in the affected individuals of family GCFHL-01.

An inframe insertion variant in the carboxy tail FERM
domain (Figure 2(a)) of MYO15A also was observed co-
occurring with HL in family LUHL-011. Pathogenic variants
ofMYO15A have been extensively reported in families sensori-
neural nonsyndromic severe to profoundHL [16]. Previously, a
different insertion deletion (c. c.10208_10209delAGinsAC-
CAGGCCCGTGCAGCTC) variant at the same nucleotide
position, mutated in family LUHL-011, was documented in

another large Pakistani family [16], which could be coinciden-
tal or a mutation hot spot. In conclusion, our study further
expands the genetic landscape of HL-associated variants of
known deafness genes and provides information that can
improvemolecular diagnostics and genetic counseling for fam-
ilies segregating prelingual HL.
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Table 1: Genes, identified variants, and their American College of Medical Genetics and Genomics (ACMG) classification.

Family Gene cDNA change
Protein
change

CADD GnomAD
Mutation
taster

Polyphen2
ACMG

classification

GCFHL01 PTPRQ c.55-2A>G N/A N/A N/A
Disease
causing

N/A

Pathogenic
(PVS1,

PM2, PP3,
and PP5)

LUHL011 MYO15A
c.10208-

10211insCCACCAGGCCCGTGCCTC
N/A N/A N/A

Disease
causing

N/A

Pathogenic
(PVS1,

PM2, PP3,
and PP5)

LUHL-01 SERPINB6 c.1079G>A p.(Arg360Gln) N/A 0.001
Disease
causing

Benign

Likely
pathogenic
(PS3, PP2,
PP3, and
BP4)

CADD: Combined Annotation Dependent Depletion (https://cadd.gs.washington.edu/); GnomAD: https://gnomad.broadinstitute.org. PVS1: pathogenic very
strong [null variant (nonsense, frameshift, canonical ±1 or 2 splice sites, initiation codon, single, or multiexon deletion) in a gene where LOF is a known
mechanism of disease]; PM2: pathogenic moderate 2 [absent from controls (or at extremely low frequency if recessive) in Exome Sequencing Project, 1000
Genomes Project, or Exome Aggregation Consortium]; PP3: pathogenic supporting 3 [multiple lines of computational evidence support a deleterious effect
on the gene or gene product (conservation, evolutionary, splicing impact, etc.)]; PP5: pathogenic supporting 5 [reputable source recently reports variant as
pathogenic, but the evidence is not available to the laboratory to perform an independent evaluation]; BP4: benign supporting 4 [benign computational
verdict because of 1 benign prediction from GERP vs. no pathogenic predictions].
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Bioinformatics education has been a hot topic in South Asia, and the interest in this education peaks with the start of the 21st

century. The governments of South Asian countries had a systematic effort for bioinformatics. They developed the
infrastructures to provide maximum facility to the scientific community to gain maximum output in this field. This article
renders bioinformatics, measures, and its importance of implementation in South Asia with proper ways of improving
bioinformatics education flaws. It also addresses the problems faced in South Asia and proposes some recommendations
regarding bioinformatics education. The information regarding bioinformatics education and institutes was collected from
different existing research papers, databases, and surveys. The information was then confirmed by visiting each institution’s
website, while problems and solutions displayed in the article are mostly in line with South Asian bioinformatics conferences
and institutions’ objectives. Among South Asian countries, India and Pakistan have developed infrastructure and education
regarding bioinformatics rapidly as compared to other countries, whereas Bangladesh, Sri Lanka, and Nepal are still in a
progressing phase in this field. To advance in a different sector, the bioinformatics industry has to be revolutionized, and it will
contribute to strengthening the pharmaceutical, agricultural, and molecular sectors in South Asia. To advance in bioinformatics,
universities’ infrastructure needs to be on a par with the current international standards, which will produce well-trained
professionals with skills in multiple fields like biotechnology, mathematics, statistics, and computer science. The bioinformatics
industry has revolutionized and strengthened the pharmaceutical, agricultural, and molecular sectors in South Asia, and it will
serve as the standard of education increases in the South Asian countries. A framework for developing a centralized database is
suggested after the literature review to collect and store the information on the current status of South Asian bioinformatics
education. This will be named as the South Asian Bioinformatics Education Database (SABE). This will provide comprehensive
information regarding the bioinformatics in South Asian countries by the country name, the experts of this field, and the
university name to explore the top-ranked outputs relevant to queries.
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1. Introduction

Bioinformatics is an emerging discipline, and with its
advancements, there will be more opportunities for scientists
in applied and pure research [1–5]. Nowadays, bioinformat-
ics or computational biology has extreme prospect in geno-
mic analysis and complete protein studies. Bioinformatics
created a new community by maintaining networks among
different areas and allow the researcher to work peacefully
with the support of the whole community on its back. The
cost of running the bioinformatics laboratory equipment
and its teaching is far less than running molecular techniques
and equipment. In bioinformatics, we mostly deal with soft-
ware, algorithms, tools, and databases to perform the analysis
of a desired sample.

European countries, USA, and UK are taking the lead in
the field of bioinformatics [6–10]. South Asian countries are
developing countries with immense pace; however, these bio-
informatics fields are not much developed. Bioinformatics is
a complex multidisciplinary field that analyzes and develops
tools to manage and store the continuous growing biological
data. This led to increase the importance and the efficiency of
bioinformatics education in performing research [7, 11–14].

So, it is pertinent to take an overview of bioinformatics
education in South Asia keeping in mind the diverse
geographical and geopolitical situation of these countries.
The current review would provide the current status of bioin-
formatics education, challenges, and development for the
bioinformatics in South Asian countries. This would help to
formulate policies for future development in the field of bio-
informatics with more precision and insight.

The rest of the paper is organized as follows: in Section 2,
history of bioinformatics in South Asia is discussed. The uni-
versities offering bioinformatics are described in Section 3. In
Section 4, the bioinformatics curriculum in South Asia is pre-
sented. In Section 5, the bioinformatics conferences and
workshop in South Asia are described in detail while Section
6 highlights the opportunities for bioinformatics in South
Asia. In Section 7, the challenges the bioinformatics is facing
in South Asia are defined while Section 8 describes the com-
prehensive platform framework for the development of
South Asian Bioinformatics Education Database. In Section
9, suggestions for the improvement of bioinformatics educa-
tion in South Asia is presented while Section 10 concludes the
research and provides directions for future work.

2. History of Bioinformatics in South Asia

India is the first country among all the South Asian countries
to introduce a formal study in bioinformatics. With the
establishment of a nationwide network of distributed infor-
mation centers (DICs) under the support of the Indian
government and biotechnology information system (BTIS),
India started the formal bioinformatics activities in the early
1980s [15, 16]. During the early years, generalized and short-
term training programs were conducted in different areas of
bioinformatics. In the 1980s, the main purpose of training
programs was to build awareness of bioinformatics among
IT professionals, biologists, and mathematicians [14, 16–

18]. In the coming years, these training programs will be
evolved and will give more theme-based training on topics
like biological database, database searches, algorithms and
their applications, and structural bioinformatics and simula-
tions. From the beginning of the newmillennium, these DICs
expanded their bioinformatics domain and started working
on different bioinformatics aspects like genomics, proteo-
mics, structural bioinformatics, and other domains [19–21].

COMSATS Institute of Information Technology (CIIT)
and Muhammad Ali Jinnah University are the pioneers to
introduce a bioinformatics study in Pakistan in 2003 [22].
Later, many other universities introduced bachelor’s degree
programs in this discipline, such as International Islamic
University, Government College University, and University
of Veterinary and Animal Sciences. From 2003, many
workshops and conferences were conducted by the Higher
Education Commission (HEC) of Pakistan on bioinformat-
ics in institutions like Centre for Excellence in Molecular
Biology (CEMB) and CIIT. In 2010, Regional Science
Group Pakistan (RSG-P) was established, with a motto
to change the scientific environment in Pakistan via
knowledge sharing in computational science and in bioin-
formatics. RSG-P provided a platform for a bioinformati-
cian to share their thoughts to enhance the prospect of
bioinformatics in Pakistan [22].

Bangladesh is a young and prospective country on bio-
logical research especially on bioinformatics. As for now,
there is not a single university in Bangladesh that has well-
developed multidisciplinary bioinformatics course that
incorporates most public-domain databases, research tools,
peer-review journals, and research organizations. However,
there are universities present in Bangladesh which offer
bioinformatics study which helped a lot in pharmaceutical
and biotechnological industry. The continuous progress of
information and communication technology (ICT) had
already laid the basis of bioinformatics studies and biological
data analysis in Bangladesh. Bangladesh’s pharmaceutical
industry now meets 96 percent of the country’s pharmaceuti-
cal needs [23], mainly because of extensive governmental
funding in the pharmaceutical industry. The government of
Bangladesh started offering a course combining pharmaceu-
ticals with bioinformatics to promote and create awareness of
bioinformatics within the country [23]. This helps to develop
and stabilize companies for bioinformatics and pharmaceuti-
cal side by side.

In Nepal, two institutes teach bioinformatics to students.
In 2003, the Department of Biotechnology at Kathmandu
University started introductory courses on bioinformatics
[24]. In 2012, Nepal acquired its first research database
[25]. The database lacks expressed sequence tag (EST)
records and genome survey sequenced record (GSS).

In Sri Lanka, bioinformatics came in between 2002, when
the Department of Plant Sciences at the University of
Colombo introduced a special course by the name of “Intro-
duction of Bioinformatics.” In 2010, four Sri Lankan univer-
sities started teaching bioinformatics. Currently, there is no
government-made database of bioinformatics; however, the
government organized many conferences and diplomas to
increase the awareness of bioinformatics [26].
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3. Universities Offering Bioinformatics

In India, more than a hundred universities are offering bioin-
formatics degree at different graduation and postgraduation
levels [16, 26–28]. Details of some universities are provided
in Table 1 (see Supplementary File) which includes a
complete description about the universities’ web link and
the programs being offered.

In Pakistan, around thirty universities are offering bioin-
formatics as a professional degree [29]. A list of some univer-
sities along with their details of the courses is presented in
Table 2 (see Supplementary File).

The study of bioinformatics is quite expensive in Sri
Lanka. There are few institutes in Sri Lanka where bioinfor-
matics is taught at the undergraduate level while only one
university started offering bioinformatics at the Ph.D. doc-
torate level. Sri Lanka has currently more than 16 persons
holding a Ph.D. degree in bioinformatics. Table 3 (see
Supplementary File) furnishes details of the university
which is presently offering bioinformatics degrees and
courses in Sri Lanka [26].

In Nepal, bioinformatics was introduced in 2003. Nepal
has only two institutes that are offering study in bioinformat-
ics. Amajor factor for the late start of bioinformatics in Nepal
is her landlocked geographical location on the world’s map,
and besides that, Ph.D. professors of bioinformatics are not
in a collaboration with each other.

In Bangladesh, currently, three institutions are offering
degree in bioinformatics, but progress is being made by the
government of Bangladesh to make more institutes for bio-
logical sciences especially biotechnology and bioinformatics
[25]. Table 4 (see Supplementary File) presents details of
universities, which are offering bioinformatics in Nepal and
Bangladesh.

The other countries of South Asia like Afghanistan,
Bhutan, and Maldives are currently having no institution
regarding the study of bioinformatics.

4. Bioinformatics Curriculum in South Asia

4.1. Diploma. The first diploma in bioinformatics was
started in India during the year 2000. At first, biotechnol-
ogy information system started an advanced diploma in
bioinformatics in Jawaharlal Nehru University, University
of Pune, University of Calcutta, Pondicherry University,
and Madurai Kamaraj University [30]. Like India, Pakistan
also started a one-year diploma in 2002 at the Pakistan
Institute of Modern Sciences and Virtual University (VU)
of Pakistan. In Nepal, the Department of Biotechnology
started a one-year diploma in 2003 at the University of
Kathmandu [24, 31].

The scheme of studies for a diploma is quite smooth and
specially designed for those students who completed their
bachelor in either basic science or medicine. The aim of these
diploma programs is to build the awareness of bioinformatics
among the student of natural science and to level the field for
the introduction of undergraduate and postgraduate studies
in South Asia especially.

4.2. Bachelors. Based on educational and industrial needs,
every South Asian country varies in the curriculum of bioin-
formatics. In India, a bachelor’s degree has various names,
like B.Tech, BSc, M.Sc., and BS. The BSc and M.Sc. combine
have worth equal to the four-year bachelor, while BS and
B.Tech itself have a four-year program [32].

In Pakistan, Bangladesh, Nepal, and Sri Lanka, there is no
concept of BSc; all universities offer only BS Hons program.
Institute of Bioinformatics in India, COMSATS CIIT in Paki-
stan, the University of Kathmandu in Nepal, and the Univer-
sity of Colombo in Sri Lanka are some of the best institutes
for bioinformatics study [29, 32, 33].

4.3. Masters. The University of Pune was the first university
to start a master’s degree program in bioinformatics in South
Asia, with the financial support of the Department of Bio-
technology (DBT) in 2002. During the early years, research
or thesis was optional for masters in bioinformatics but
now, it has become compulsory. In India alone, more than
29 universities are offering a master’s degree in bioinformat-
ics and the present curriculum has evolved from only theo-
retical bases to the research-oriented one. In Pakistan, 9
universities are offering masters in bioinformatics. Nepal,
Sri-Lanka, and Bangladesh have only 1 university offering a
master’s degree in bioinformatics. Most South Asian univer-
sities are offering 90 credit hours for master’s degree in bioin-
formatics. Research and thesis are now compulsory to get a
degree in most South Asian institutes [19]. The master’s level
courses of bioinformatics in South Asia are specially designed
to meet the local industry demands. The master’s degree is
more focused on the specific domain of bioinformatics like
algorithms for the database and molecular biology, protein
structure analysis, and microarray data.

4.4. Ph.D. In 1997, the University of Pune was the first insti-
tute throughout South Asia to start a Ph.D. in bioinformatics.
The University of Pune is also the first university in South
Asia to award a Ph.D. in bioinformatics in 2003. Currently,
there are many public and private universities in India which
are offering Ph.D. in bioinformatics like Indian Institute of
Technology (IIT), National Centre for Biological Science
(NCBS), Center for Cellular and Molecular Biology (CCMB),
and National Institute of Pharmaceutical Education and
Research (NIPER). These Ph.D. programs are funded by
multiple institutes like DBT, Department of Science and
Technology (DST), Ministry of Communication and Infor-
mational Technology (MCIT), and University Grant Com-
mission (UGC) [34, 35].

In Pakistan, only 3 universities are offering a doctoral-
level study in bioinformatics. Quaid-e-Azam University
(QAU) was the first university in Pakistan which started
offering a Ph.D. in bioinformatics while the other two univer-
sities are Hazara University and Capital University of Science
and Technology. Ph.D. in bioinformatics was started in 2008
in Pakistan. There are many organizations that grant funding
and support to bioinformatics’ students. HEC of Pakistan is
the biggest supporting organization; others include National
Center for Bioinformatics (NCBI), Bioinformatics Research
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Lab (BRL), and Institute of Molecular Science and Bioinfor-
matics (ISMB) [31, 36].

Asian University for Women is the only university in
Bangladesh which started offering a Ph.D. in bioinformatics
in 2009. Bangladesh Bioinformatics and Computational Biol-
ogy Association (BBCBA), Molecular Modelling and Drug
Design Laboratory (MMDDL), and Bangladesh Council of
Scientific and Industrial Research Laboratories (BCSIR) are
the few institutes that deal with bioinformatics in
Bangladesh.

Department of Biotechnology of Kathmandu University
is the only department in Nepal which is offering Ph.D. in
bioinformatics with the collaboration of some foreign
organizations.

In Sri Lanka, Ph.D. in bioinformatics was started in 2013.
The University of Colombo and the University of Peradeniya
are two universities which are offering a Ph.D. degree in
bioinformatics.

5. Bioinformatics Conferences and
Workshop in South Asia

There are many steps taken by the HEC, and many teaching
activities are in process since 2003. From 2003, the HEC sup-
ported financially on organizing conferences, committees,
and conferences on bioinformatics. These workshops and
conferences are organized by highly ranked institutes such
as CIIT/COMSAT Islamabad, CEMB, and Punjab University
Lahore. The major importance of these conferences and
workshops is the interaction of local researchers with foreign
or other local researchers and the transfer of new innovative
ideas. Table 5 (see Supplementary File) provides information
about workshops, symposiums, and conferences that were
held in South Asia. Almost more than 33 workshops and
conferences have been organized by the government of
Pakistan and many universities to promote the awareness
of bioinformatics and its applications among people in
society. India is leading the race of bioinformatics in South
Asia. Many conferences and workshops have been
organized to enhance the promotion and knowledge of
bioinformatics among Indians. Almost more than 100
conferences and workshops in the last 5 years had been
organized in India just to increase the interaction of local
researchers with the international researcher to discuss new
topics and transfer of knowledge. The major aim of the
Indian government is to comply with or attract foreign
investors in India for the improvement of the native
bioinformatics industry and market. Sri Lanka, Bangladesh,
and Nepal had few conferences and workshops in the past
years, but their motives and ideas had been reforming;
therefore, almost 3 conferences on bioinformatics were
organized by Bangladesh in this year [37]. The way of
bioinformatics is soothing in these developing countries,
and thus, it helps to advance their native technology
regarding natural sciences. Few conferences and their
descriptions are given below; the rest of the details: titles,
organizers, and dates about conferences and workshops, are
furnished in Table 5 (see Supplementary File).

5.1. Pre-18th FAOBMB Symposium Satellite Workshop on
Bioinformatics, Pakistan. This symposium was held in the
CEMB, Lahore, Pakistan, between 14th November and 19th

November 2005. This conference is sponsored by different
organizations like CEMB, Federation of Asian and Oceanian
Biochemists and Molecular Biologists, APBioNet, and Pro-
geniq Pte Ltd. This symposium is organized with the aim of
bringing Pakistan’s bioinformatics community together,
understanding new bioinformatics concepts, and providing
platforms for researchers, professors, and students to discuss
certain issues. Five professors and scientists from Sweden
and Singapore participated in this symposium.

5.2. Advances in Bioinformatics in the Postgenomic Era
Workshop, Pakistan. The workshop was conducted in the
National Center for Bioinformatics (NCBI) of QAU [34].
This workshop was sponsored by QAU, and the major aim
of this workshop was to introduce new technology and strat-
egies about bioinformatics in genomics and proteomics to
train young scholars for the techniques which emerge in
the bioinformatics field. All scholars and lecturers were from
Pakistani universities.

5.3. Bioinformatics Workshop Hands-On Training on
Analysis of Biological Data Using R, Pakistan. This workshop
was held at VU on 5th January 2016. The workshop was
sponsored by the VU and HEC [38]. The workshop had an
aim to relate two different fields like bioinformatics and sta-
tistics to produce more perfect results, introducing R tech-
niques which can be utilized in bioinformatics and building
fundamental skills. All scholars, professors, and scientists in
this workshop were from Pakistani universities like VU,
COMSAT, CEMB, and QAU.

5.4. Computational Biology Workshop, Pakistan. This work-
shop was conducted by Habib University from 31st July to
4th August 2017. This workshop was sponsored by many pri-
vate companies along with the university itself. The aim of
the workshop was to provide information about computa-
tional techniques, how these techniques will communicate
with biology, and the principle of biology and current affairs
of research conducted in this field. Scholars and professor
participated in this workshop were from America, Australia,
UK, and Pakistan [38].

5.5. Indian Conference on Bioinformatics 2017 (Inbix’). This
conference was organized by http://Bioclues.org/ in associa-
tion with Birla Institute of Scientific Research (BISR) in Jai-
pur, Rajasthan, India. BISR hosted this conference from 07
to 09 November 2017. This international conference was
organized with the hope to foster the interactions and collab-
orations among young researchers and to connect them with
the top researchers in the bioinformatics and computational
biology. Temple-Smith from Boston University and Thomas
Sicheritz from Technical University of Denmark were the
keynote speakers at this conference [34].

5.6. Bifx India Virtual Conference 2010. Bifx India Virtual
Conference was the first of its kind in India. It was organized
by http://Bioclues.org/ with the support of Bioinformatics
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Organization of India, Asia Pacific Bioinformatics Network
(APBioNet), and International Society for Computational
Biology. The date of this conference was the 12th and 13th

of February 2010. Dr. Søren Brunak (Denmark Technical
University), Dr. Thomas Knudsen (National Center for
Computational Toxicology, EPA, United States), Dr. Shoba
Ranganathan, (Macquarie University, Australia), Dr. David
Reif (National Center for Computational Toxicology, EPA,
United States), Dr. Russel Thomas, (The Hamner Institute,
United States), and Dr. Tin Wee Tan (National University
of Singapore, Singapore) were the keynote speakers of this
conference.

5.7. The Eighth Asia Pacific Bioinformatics Conference, India.
The 8th Asia Pacific Bioinformatics Conference was held in
the Indian Institute of Science, Bangalore, from January 18
to 21, 2010. The conference focused on the following topics
which are sequence analysis, motif search/analysis, RNA
analysis, physical and genetic maps, evolution and phylog-
eny, protein structure analysis, transcription, gene expres-
sion, proteomics, and population genetics/SNP/haplotyping.

5.8. International Conference on Bioinformatics (ICBINF-18),
Sri Lanka. Research League of Sri Lanka has organized an
international conference on bioinformatics in Kandy, on
the 12th of October 2018. The aim of this conference was
to provide a platform to the researchers and practitioners
from both academia and industry to share cutting-edge
development in the field of bioinformatics.

6. Opportunities for Bioinformatics in
South Asia

Bioinformatics gained importance due to its advancements;
there will be more opportunities for scientists in applied
and pure research. The cost of running the bioinformatics
laboratory equipment and its teaching is far less than running
molecular techniques and equipment. Most of the bioinfor-
matics software is freely available on the internet for
academic purposes. The main perspective of bioinformatics
is to store lots of biological data in the form of a database.
The development of new standards and software coding rules
would ease our way to conduct research by helping us to ana-
lyze and match the preexisting genomic data. The availability
of good services for data deposition, good programming, and
data analysis would gain much importance in bioinformatics
to remove false data from databases.

India has a well-developed system of biotechnology as
compared to other South Asian countries based on business
to business (B2B) structure where it provides services to busi-
ness. With the help of biotechnology, pharmaceutical and
agriculture industries are changing the lives of local commu-
nities. The government of India has taken serious efforts to
introduce bioinformatics in its universities which really helps
India to increase its revenue in the global bioinformatics
market. The advances in the field of bioinformatics and the
pharmaceutical industry would be a huge bonus for India.
The government of India has systematic effort in bioinfor-
matics industry and research if it can properly capitalize on

its resources. IT companies like Infosys, Cognizant Technol-
ogy, and Tata consultancy services (TCS) are now investing
in computational biology along with other IT services. The
Indian government and bioinformatics companies can look
forward to bioinformatics services like deoxyribonucleic acid
(DNA) mapping, DNA mining, DNA sequencing, and func-
tional gene analysis. Biotechnology information system
(BTIS) along with DBT is promoting bioinformatics and
recently developed a Bio-IT Park. Bioinformatics in India
has gained significant growth by information technology
and institutional education. Biotechnology information sys-
tem network (Bitnet) has developed a countrywide network
that provides valuable information to students and experts
in biotechnology and bioinformatics. These databases offer
the students an opportunity to learn about processing,
efficient organization, formatting of data, gene mapping,
gene identification, new genes, and protein analysis. These
networks and industries provide enormous job vacancy for
bioinformaticians and also provide new innovative ideas to
students to perform an industry-oriented and profitable
research. Being the largest English-speaking scientific work-
force in the world, we are hopeful that a lot of opportunities
would come to India and Pakistan in the coming years [36].

Although the development capability and jobs of bioin-
formatics in Pakistan are less than in those India, still, it
has a large potential for bioinformatics to prosper. Most of
the Pakistani students graduated in bioinformatics are work-
ing either in academia or in pharmaceutical industries. Many
types of bioinformatics jobs are available in Pakistan for the
computational specialist as either implementation of system
and program for management or analysis and storage of a
vast amount of sequence DNA. The laboratory information
management systems (LIMS) major objective is to improve
the accuracy of results, to ease the access to databases, and
to increase the utilization of data. RSG-P provides a forum
for local bioinformaticians to collaborate with other students,
experts, and academicians. It would provide an opportunity
to uplift research in bioinformatics. Every lab requires quali-
fied bioinformaticians to perform dry work and run their
confirmatory tests. Development of EMBnet and e-book
helped to develop a database for local students to add their
research for the promotion of bioinformatics in Pakistan.
There is an increasing opportunity for bioinformatics stu-
dents in the pharmaceutical industry in drug development
and disease control. As Pakistan is an agricultural country
and most of the research work is done on plants and agricul-
ture by agriculturists and plant biotechnologists, bioinfor-
matics assists in this particular area to increase the
workflow and this will promote the bioinformatics and cause
vacancy of jobs in this particular area.

Due to its unique fauna and flora, Nepal is one of the
most prospective places for biologists. There is a huge possi-
bility that bioinformatics can get interesting information
from the species of Nepal as most of them are biologically
undiscovered. Every country needs computational data to
conserve its natural resources, and bioinformaticians are
the only data analysts present to analyze data with biological
knowledge. In short, we can say that bioinformatics has a
huge scope in agriculture and medical health in Nepal.
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Bangladesh is still new in bioinformatics research. Ban-
gladesh has no infrastructure for bioinformatics, and no uni-
versity is well developed. However, recently, a Bangladeshi
research group had developed a global network and intro-
duced important research areas to talented researchers and
students. Bangladeshi bioinformaticians would allow the
pharmaceutical companies to gain new achievements and
increase efficiency rate by the introduction of new tools and
designs and new screening test; this provides more jobs and
more learning for students. A large number of vacancies are
empty for bioinformaticians in the pharmaceutical industry
to organize and analyze biological data. However, unfortu-
nately, there is no one to fill them.

In Sri Lanka, the opportunity for bioinformaticians is
increasing day by day as the government has started an
awareness program by combining forces with the University
of Colombo and added one seat of bioinformatician in every
hospital and research lab which collects and analyze the
biological data. Sri Lanka also has a journal to publish
local bioinformatics work with the name of Sri-Lanka
Journal of Bio-Medical Informatics [36].

7. Challenges That Bioinformatics is Facing in
South Asia

Being an integrated science, bioinformatics faces many
challenges and problems in South Asia. Biology experts
have no expertise in computer functioning, programming,
and computer theories. Another major problem in South
Asia is the lack of experts in bioinformatics. Governments
sent people to foreign countries to acquire knowledge for
the country, but most of them never returned [29, 33].
Some of the challenges that South Asian countries are fac-
ing to improve the status of bioinformatics are as follows.

7.1. Education Quality. The bioinformatician must have an
understanding of biology, statistics, computer science, IT,
and mathematics along with core bioinformatics knowledge.
Only a handful of teachers with expertise enlisted above are
available for teaching and research in South Asia. Although
new universities are opening every year, still, academia is
unable to produce well-trained bioinformaticians in South
Asia [27, 29]. In India, an average of 35 persons are getting
their Ph.D. degrees in bioinformatics every year, while in
Pakistan, an average of 12 persons get their Ph.D. degree in
bioinformatics. In Sri Lanka, there are only 16 Ph.D. scholars
so far and most of them migrated to foreign countries. This
brain drain is the main reason behind the shortage of
teachers and experts in bioinformatics.

7.2. The Gap between Biological and Computer Sciences. Biol-
ogy and computer sciences are two different fields, and both
have different perspectives and scope. The biologist generally
does not know about the deep understanding of computer
science, and computer experts lack knowledge in biology.
Understanding the concepts of both fields of study is a tire-
some process, and sometimes, biologists face failure just
because they are not able to communicate their ideas to IT
experts or vice versa. There is not even a single algorithm

made by experts from Pakistan, India, Nepal, or Bangladesh.
In 2014, HEC, BTIS, and BBCBA planned a scheme to add
bioinformatics as a compulsory subject in all biology and nat-
ural science degrees aimed at improving the student extinct
toward bioinformatics.

7.3. Learning Method and Education. In India, more than 90
institutes are teaching bioinformatics at bachelor’s, master’s,
or Ph.D. levels, but unfortunately, a number of application-
oriented students are far less than the desired amount. In
Pakistan, the major problem is the curriculum. From 2003
to 2014, HEC amended the curriculum of bioinformatics
eight times. On the basis of the multidisciplinary nature of
the subject, multiple methods were applied to achieve the
desired outcome. Courses regarding the programming skills
were also enhanced. Adaption to teach bioinformatics is also
a problem because teaching bioinformatics is enormously
different from teaching other natural science degrees [29,
30, 33].

7.4. Lack of Algorithm Development. India is considered an IT
hub for producing an enormous amount of software and
computer programs, but unfortunately, there is no significant
Indian contribution in the development of the bioinformatics
algorithm. In South Asian countries, the algorithm produc-
tion is very rare and there is not even a single tool or applica-
tion which was produced by any South Asian expert [30, 31].

8. Comprehensive Platform Framework for the
Development of South Asian Bioinformatics
Education Database

A comprehensive platform framework is suggested to make a
database about the status of South Asian bioinformatics edu-
cation. The procedure for the development of this system is
to form a database, which will store information regarding
the status and knowledge of South Asian education from a
bioinformatics scenario (Figure 1). The database will be
named as SABE (South Asian Bioinformatics Education
Database). Users would be able to take search regarding the
bioinformatics in South Asian countries and the country
name, by the experts of this field and by the university name
to explore the top-ranked outputs relevant to queries. This
single platform would be available to end users for providing
useful updated complete information of South Asian bioin-
formatics education.

9. Suggestions for the Improvement of
Bioinformatics Education in South Asia

These are some of the suggestions to improve the prospect of
bioinformatics in South Asia:

(1) The study of bioinformatics should be made compul-
sory in all degrees of natural science and along the-
ory; measures must be taken to make the students
familiar with practical and dry lab work including
molecular modeling, BLAST, gene prediction, gene
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analysis, and complete protein studies. This will cre-
ate more opportunities for bioinformatics graduates

(2) Short courses and diplomas must be designed for
imparting bioinformatics knowledge. These courses
would help them to work effectively in a skillful and
diverse workforce

(3) Seminars must be arranged to create a diverse
community having skills in mathematics, statistics,
computer science, and biological sciences

(4) Because most of the research was undertaken in
universities, therefore, students and researchers in
universities must be encouraged to attend training
and conferences related to bioinformatics

(5) Diploma courses are very necessary to make the
bioinformatics workforce. In the past, universities
like Allama Iqbal Open University (ALU), VU of
Pakistan, and Bioinformatics Institute of India
had started short courses and distance learning
diplomas. But sadly, these courses are now aban-

doned in Pakistan. Pakistan must have to start
their diploma programs again

(6) Local universities must collaborate with foreign uni-
versities and research institutes. It would increase
the worth of a local degree

(7) To promote the prospect of bioinformatics, a persua-
sive campaign must be designed on social media to
spread the message of bioinformatics throughout
South Asia

(8) The bioinformatics curriculum that is taught in
South Asian universities should be recognized by
the legal education bodies like HEC and BTIS in
Pakistan and India, respectively

10. Conclusion

Bioinformatics is an interdisciplinary emerging field, and it
leads a lot of expertise as it deals with many branches of sci-
ence. The bioinformatics education started in South Asia

Users

Data query

Web based search client

Bioinformatics data experts

Top ranked bioinformatics
experts in all South

Asian countries

Top ranked universities
in bioinformatics

education

South Asian Bioinformatics Education Database (SABE)

Output

Pakistan, Bangladesh, Sri Lanka,
Nepal, India, Afghanistan

Data analysts
Algorithm developer data

Bioinformatics expert data

Diploma
BS (Hons)
Master
Ph.D.

Degree related data

University data

Countries with highest
development in 
bioinformatics

University name Country name

Multi agent system

Figure 1: The schematic representation of SABE framework.
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with less interest, but the interest is developing among stu-
dents, governments, industry, and other stakeholders. Bio-
informatics can fill the gap of the latest scientific research
in South Asia if little extra and dedicated efforts are done
by the government. The bioinformatics industry can be a
source of income and a source of developing bioinformat-
ics in South Asia. Despite many challenges and problems,
bioinformatics is progressing in South Asia with great
speed, but this pace of improvement can be accelerated with
little more focused struggle by all stakeholders. At the end,
based upon the literature review, a framework of the develop-
ment of a centralized database (SABE) is suggested to collect
and store the information on the current status of South
Asian bioinformatics education.
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dence in the integrity of the article’s content and we cannot,
therefore, vouch for its reliability. Please note that this notice
is intended solely to alert readers that the content of this arti-
cle is unreliable. We have not investigated whether authors
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of the publication process.
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did not identify these issues before publication and have
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integrity.
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The Middle East respiratory syndrome coronavirus (MERS-CoV) is the major leading cause of respiratory infections listed as
blueprint of diseases by the World Health Organization. It needs immediate research in the developing countries including
Saudi Arabia, South Korea, and China. Still no vaccine has been developed against MERS-CoV; therefore, an effective strategy is
required to overcome the devastating outcomes of MERS. Computer-aided drug design is the effective method to find out
potency of natural phytochemicals as inhibitors of MERS-CoV. In the current study, the molecular docking approach was
employed to target receptor binding of CoV. A total of 150 phytochemicals were docked as ligands in this study and found that
some of the phytochemicals successfully inhibited the catalytic triad of MERS-CoV. The docking results brought novel scaffolds
which showed strong ligand interactions with Arg178, Arg339, His311, His230, Lys146, and Arg139 residues of the viral
domains. From the top ten ligands found in this study (i.e., rosavin, betaxanthin, quercetin, citromitin, pluviatilol, digitogenin,
ichangin, methyl deacetylnomilinate, kobusinol A, and cyclocalamin) based on best S-score values, two phytochemicals (i.e.,
pluviatilol and kobusinol A) exhibited all drug-likeness properties following the pharmacokinetic parameters which are
important for bioavailability of drug-like compounds, and hence, they can serve as potential drug candidates to stop the viral
load. The study revealed that these phytochemicals would serve as strong potential inhibitors and a starting point for the
development of vaccines and proteases against MERS-CoV. Further, in vivo studies are needed to confirm the efficacy of these
potential drug candidates.

1. Introduction

Middle East respiratory syndrome (MERS) is a lethal respira-
tory syndrome caused by MERS coronavirus (MERS-CoV).
In 2012, a 60-year-old man with lung failure in Jeddah, Saudi
Arabia, was diagnosed with this syndrome. First time, in
2012, MERS-CoV was isolated from a 60-year-old Saudi male
who died from severe respiratory failure [1]. MERS epidemic
affected many countries with more severity (affected 1083
individuals in 23 countries) [2]. Viruses from the coronavirus
family cause major respiratory and intestinal infections in
animals and have been considered pathogenic to humans
after the outbreak of SARS epidemic in 2002 and 2003 in
China and MERS in 2012 in Saudi Arabia. SARS virus uses

an ACE2 enzyme as the receptor and affects the ciliated bron-
chial epithelial cells [3]. MERS-CoV targets dipeptidyl pepti-
dase 4 (DPP4) and affects the unciliated bronchial epithelial
cells [2].

MERS-CoV uses the machinery of the host cell and cre-
ates the copies of its genome in the cytoplasm of the host cell
using its replication machinery. CoV completes its life cycle
in four steps as S protein mediated cellular fusion and inter-
action with DPP4, expression of replicase for the replication,
and transcription and release of virions [4]. DPP4 is directly
linked with the human immune system, expressed on the cell
surface and involved in various processes such as signal
transduction, apoptosis, regulators for T-cell activation, reg-
ulation and cleavage of peptidase hormones, and
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neuropeptides [5]. DPP4 is expressed on the epithelial and
endothelial cell surface of human organs [6]. In addition to
bat, recently, camel has also been found as an intermediate
host of the MERS-CoV, and this discovery has attracted the
attentions of scientists as the gene fragments and neutralizing
antibodies have been reported from the camels in May 2015
[7]. From the recent studies, it has been found that the
MERS-CoV receptor-binding domains interact easily with
the DPP4 of the bat with no hindrance and restriction at
the cellular level [8].

MERS-CoV virus affects the host cells by binding to the
cellular receptor DPP4 via the S1 subunit and secondly by
the formation of the fusion core by the S2 subunit [9]. The
main mechanism of MERS-CoV is its binding to DPP4 on
the cell surface that causes the mutations in human membra-
nous glycoproteins and in mammals (i.e., camels). Human
MERS-CoV virus differs from the camel MERS-CoV on the
basis of their nucleotide sequences. MERS-CoV has some
strategies to escape from antiviral responses as the virus con-
tains many structural and nonstructural proteins that modu-
late the host immune and antiviral defence proteins.
Combination therapy with ribavirin and beta-interferon has
been used for early-stage patients, but in the future, it might
be possible that the use of antiviral and combination therapy
would be proven fruitful against MERS-CoV [10]. Recently,
the implication of computational biology has opened a new
door in the vicinity of drug designing. Molecular docking is
a key technique to foresee the binding capacity and interac-
tions of ligands to design drugs. The current study was there-
fore planned to target nonstructural protein (nsp13) of
MERS-CoV and docked with plant phytochemicals to
explore potential drug candidates against the virus.

2. Materials and Methods

A ready-to-dock library of 140 phytochemicals was prepared
and docked against MERS-CoV nsp13 via the Molecular
Operating Environment (MOE) software. MOE is a compre-
hensive suite specifically designed for protein/DNA model-
ling, protein structure analysis, drug designing, peptide
modelling, molecular docking, and stimulations.

2.1. Ligand Database Preparation. An extensive literature
study was performed to hunt for antiviral compounds from
different medicinal plants with potential activity against dif-
ferent viral diseases. The chemical structures of all the phyto-
chemicals were downloaded from the PubChem database
(http://www.ncbi.nlm.nih.gov/pccompound) and saved in
the MOE database after energy minimization.

2.2. Refinement of Receptor Protein. The three-dimensional
(3D) structure of the MERS-CoV nsp13 was retrieved from
the Protein Data Bank (PDB) using PDB ID 5WWP (http://
www.rcsb.org/pdb) and optimized by removal of water mol-
ecules, addition of hydrogens, 3D protonation, and energy
minimization using MOE.

2.3. Molecular Docking. The docking algorithm of MOE was
used to dock a prepared ligand database with an active site of
the MERS-CoV nsp13 receptor protein. A siteFINDER tool

was used to find the binding residues with default parameters
such as rescoring 1: London dG, retain: 10, refinement: force
field, rescoring 1: London dG, and retain: 10 to predict the
interactions of ligands with active residues of the MERS-
CoV nsp13. After docking, the S-score was the criteria to
select the appropriate confirmations between ligands and
receptor protein.

2.4. Drug Scan. A drug scan of selected phytochemicals was
executed following the “Lipinski rule of five” (http://www
.scfbio-iitd.res.in/software/drugdesign/lipinski.jsp) in order
to assure the appropriate molecular properties of the ligands
as potential drug candidates. These rules predict the drugg-
ability of selected candidates on the bases of molecular mass
(≤500 Dalton), hydrogen bond donors (<5), hydrogen bond
acceptors (<10), molar refractive index (40-130), and log P
(≤5) [11]. Evaluation of ADMET-based properties (i.e.,
absorption, distribution, metabolism, excretion, and toxicity)
classifies the likeness and substructure recognition of lead
compounds. Therefore, to further validate the potential and
bioavailability of selected hits, all the compounds were sub-
jected to the admetSAR server [12]. The admetSAR facilitates
researchers to freely predict the ADMET properties of drug
molecules from the perspective of medical chemistry.

3. Results

3.1. Molecular Docking. The library of 140 compounds was
docked against nsp13 of MERS-CoV using MOE. Out of 140
docked ligands, only top 10 ligands with the best S-scores
and binding patterns with interactive amino acid residues of
the hotspot conserved regions of the binding pocket were
selected for further analysis. MOE provides multiple confor-
mations of each phytochemical, and on the basis of the mini-
mum S-score, top 10 selected phytochemicals were rosavin,
betaxanthin, quercetin, citromitin, pluviatilol, digitogenin,
ichangin, methyl deacetylnomilinate, kobusinol A, and cyclo-
calamin. Details of each ligand including their S-scores, RMSD
values, and interacting residues are shown in Table 1.

3.2. Interaction Analysis. Among the top 10 selected ligands,
rosavin with the minimum S-score of -15.40 showed poten-
tial hydrophobic interactions with binding residues (i.e.,
Arg339, Asn361, Lys146, and Cys309) of the active site of
the receptor protein. In this study, Arg339 was reported as
the main interactive amino acid residue in all the interactions
except for pluviatilol, ichangin, and cyclocalamin. Interac-
tions between the ligands and the binding residues of the
receptor protein are given in Table 1.

Rosavin showed interactions with four amino acid resi-
dues (i.e., Arg339, Asn361, Lys146, and Cys309) of the recep-
tor protein (Figure S1). Rosavin is an O-acyl carbohydrate
extracted from the plant Rhodiola rosea used as dietary herb
for stress relief, CNS stimulation, and mental disorders.
Betaxanthin has shown interactions with Arg339, His311,
and Lys146 of the MERS-CoV nsp13 protein (Figure S2).
Betalains are Tyr-derived plant pigments which provide red-
violet (betacyanins) and yellow (betaxanthins) colours to
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fruits and vegetables. Betacyanins are heterocyclic plant
pigments reported with antioxidant activity.

Quercetin is a polyphenolic flavonoid. It is a potential che-
mopreventive and anti-inflammatory agent and has been
reported from various plants including Allium cepa, Ginkgo
biloba,Malus domestica, and Buckwheat tea. Quercetin showed
interactions with Arg339, Arg139, Arg390, and His230 residues
of the viral protein (Figure S3). Similarly, citromitin interacted
with Arg339, Arg139, and Thr382 residues of the receptor
protein (Figure S4). Citromitin belongs to the family of
organic compounds known as 8-o-methylated flavonoids.
Citromitin is a hexamethoxyflavanone and has been reported
as the major chemical constituent of Citrus.

Ichangin belongs to the sesquiterpenoid class of terpenes.
It showed interactions with Arg202, Tyr205, Thr532, and
Asn177 (Figure S5). Digitogenin is a steroidal saponin and
also called as 2-alpha-hydroxy steroid, 3-beta-hydroxy, or 15-
beta-hydroxy steroids. Digitogenin has been extracted from
the plant Digitalis purpurea and reported with potential
membrane-related applications such as antihyperlipidemia.
Digitogenin exhibited interactions with Arg339, Arg139,
Glu143, Lys146, and Asn361 residues of the viral protein
(Figure S6). Methyl deacetylnomilinate showed interactions
with Arg339 and Arg139 of the receptor protein (Figure S7).
Methyl deacetylnomilinate belongs to the class of citrus
limonoids present in lime, citrus, and grapefruit and has

been reported as an anti-inflammatory and anticancer agent.
Cyclocalamin belongs to the class of organic compound
known as steroid lactone. Cyclocalamin has been extracted
from citrus and mandarin orange (tangerine). Cyclocalamin
showed binding interactions with Arg139, Asn79, and Lys
146 of the receptor protein (Figure S8).

In the light of the current results, it is assumed that these
natural phytochemicals would be proven as good antagonists
against MERS-CoV (nsp13) protein to stop its proliferation
in the future. Results also demonstrated the potency of these
selected ligands as they can block the target site of the viral
replicative nonstructural protein. The results from the inter-
actions of ligands and target protein elucidate that these phy-
tochemicals would be strong drug candidates against the
MERS-CoV nsp13.

3.3. Drug Scan. The Lipinski rule of five (Ro5) illustrates the
durability of potential drug candidates. According to this
rule, the molecular mass of the molecule should be ≤500 Dal-
ton, high lipophilicity should be expressed as log P < 5,
hydrogen bond donors should be ≤5, hydrogen bond accep-
tors should be ≤10, molar refractivity should be between 40
and 130. Only those that accomplished all five parameters
could be proven as potential drug candidates. Among the
top 10 ligands selected in this study, all ligands except methyl
deacetylnomilinate and cyclocalamin followed the Ro5. The

Table 1: Interaction of top ten phytochemicals with MERS-CoV nps13.

Sr. no. PubChem ID Compound name S-score RMSD value Residues

1 9823887 Rosavin -15.40 1.64 Arg339, Asn361, Lys146, Cys309

2 135926572 Betaxanthin -14.64 2.45 Arg339, His311, Lys146

3 5280343 Quercetin -14.24 1.13 Arg339, Arg139, Arg390, His230

4 12303287 Citromitin -13.73 1.33 Arg339, Arg139, Thr382

5 70695727 Pluviatilol -13.01 1.14 Arg560, Val533, His554, Pro514, Asn516

6 441886 Digitogenin -13.15 0.83 Arg339, Arg139, Glu143, Lys146, Asn361

7 441801 Ichangin -12.99 2.52 Arg202, Tyr205, Thr532, Asn177

8 272822441 Methyl deacetylnomilinate -12.45 2.17 Arg339, Arg139

9 274366689 Kobusinol A -12.25 1.30 Arg339, Arg139, Asn361, His311

10 13857944 Cyclocalamin -12.34 1.04 Arg139, Asn179, Lys146

Table 2: Pharmacokinetic parameters important for bioavailability of compounds’ drug-likeness properties of selected phytochemicals.

Sr. no. Ligand Mass (<500 D) HBD (≤5) HBA (≤10) Log P (<5) Molar refractivity (40-130) Violations

1 Rosavin 428 6 10 2.75 101.31 1

2 Betaxanthin 358 2 6 1.71 84.39 0

3 Quercetin 302 5 7 0.52 64.36 0

4 Citromitin 404 0 8 3.56 99.23 0

5 Pluviatilol 356 1 6 3.10 90.31 0

6 Ichangin 488 1 9 4.54 125.39 0

7 Digitogenin 448 3 5 6.06 140.22 2

8 Methyl deacetylnomilinate 504 2 9 4.81 128.66 1

9 Kobusinol A 374 2 6 3.07 97.76 0

10 Cyclocalamin 502 1 9 4.90 130.08 1

HBD: hydrogen bond donors; HBA: hydrogen bond acceptors; log P: the logarithm of octanol/water partition coefficient.
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drug assessment test also revealed fewer adverse effects of the
selected ligands. Rosavin, methyl deacetylnomilinate, and
cyclocalamin violated only one rule, so on the basis of overall
drug profiling, these ligands could also be accepted as good
drug candidates (Table 2).

ADMET properties of drug molecules were checked after
the durability. All the selected top ten ligands accomplished
the criteria of being good drug candidates as they are non-
toxic and noncarcinogenic. Rosavin, betaxanthin, and citro-
mitin showed a little variation, but the overall results could
be accepted as they are nontoxic (Table 3).

The interactions and binding patterns of the best phyto-
chemicals (i.e., pluviatilol and kobusinol A) with nsp13 of
MERS-CoV are shown in Figures 1 and 2, respectively.

The fifth ligand pluviatilol is a principal lignan precur-
sor from the class of polyphenol isolated from Lindera
obtusiloba. Pluviatilol has been reported with antiallergic
and anti-inflammatory activities. The binding patterns of
pluviatilol showed interactions with Arg560, Val533,
His554, Pro514, and Asn516 residues of the receptor
protein.

4. Discussion

Middle East respiratory syndrome coronavirus (MERS-CoV)
is a lethal zoonotic pathogen that causes severe respiratory
illness which leads to respiratory and kidney failure. MERS-
CoV was firstly reported in Saudi Arabia as a causative agent
for respiratory and renal disease with approx. fatality rate of
~35%. In 2019, about 203 new cases of MERS were reported
because there was no typical targeted vaccine for the MERS-
CoV [13]. Most of the cases were associated with travellers,
and predominately human-to-human associations and trans-
mission were more common. Phylogenetic and epidemiolog-
ical studies revealed bats as initial and camels as intermediate
reservoirs for MER-CoV prevalence [14].

The phylogenetic study revealed a close relationship of
MERS-CoV with the Tylonycteris bat coronavirus HKU4
and Pipistrellus bat coronavirus HKU5. This close genomic
relationship suggests the zoonotic origin of MERS-CoV
(from bat coronaviruses) [15]. Beta-coronavirus (β-CoVs)
are positive-strand RNA viruses that belong to the family of
Coronaviridae and order Nidovirales. The genome of a

Table 3: ADMET profiling of the best selected phytochemicals.

Rosavin Betaxanthin Quercetin Citromitin Pluviatilol Ichangin Digitogenin MD
Kobusinol

A
Cyclocalamin

Absorption

BBB – + – – + + + + + +

HIA – + + + + + + + + +

Caco-2
permeability

– – – + + – – – + +

PGS NS Substrate NS NS NS Substrate NS Substrate NS Substrate

PGI NI NI NI Inhibitor Inhibitor NI NI Inhibitor Inhibitor Inhibitor

ROCT NI NI NI NI NI NI NI NI NI NI

Metabolism

CYP3A4
substrate

Substrate Substrate Substrate Substrate NS Substrate Substrate Substrate Substrate Substrate

CYP2C9
substrate

Substrate NS NS NS NS NS NS NS NS NS

CYP2D6
substrate

NS NS NS Substrate Substrate NS NS NS Substrate NS

CYP3A4
inhibition

NI NI Inhibitor Inhibitor Inhibitor Inhibitor NI Inhibitor NI Inhibitor

CYP2C9
inhibition

NI NI NI NI Inhibitor NI NI NI Inhibitor NI

CYP2C19
inhibition

NI NI NI Inhibitor Inhibitor NI NI NI Inhibitor NI

CYP2D6
inhibition

NI NI NI NI Inhibitor NI NI NI NI NI

CYP1A2
inhibition

NI NI Inhibitor Inhibitor Inhibitor NI NI NI Inhibitor NI

Toxicity

AMES toxicity NAT NAT NAT NAT NAT NAT NAT NAT NAT NAT

Carcinogens NC NC NC NC NC NC NC NC NC NC

MD: methyl deacetylnomilinate; BBB: blood-brain barrier; HIA: human intestinal absorption; PGS: P-glycoprotein substrate; PGI: P-glycoprotein inhibitor;
ROCT: renal organic cation transporter; NS: nonsubstrate; NI: noninhibitor; NAT: non-Ames toxic; NC: noncarcinogenic.
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MERS-CoV encodes major structural and nonstructural pro-
teins that mediate in viral replication and progression of the
infection. The nsp13 used in this was also a nonstructural
helicase of the MERS-CoV genome involved in multiple
functioning. Spike glycoprotein displays a multidomain
architecture and organized homodimer units that mediate
the entry of the virus inside the host cell. The variety in
sequence and structure of spike glycoprotein mediates virus
to alter the mechanism of its fusion and attachment to the
host receptors which leads towards the difficulty in targeting
a specific site of the viral protein [14].

The domains in the spike protein are comprised of N-
terminal and C-terminal. N-terminal subunits are comprised
of folded domains that mediate viral attachment to DPP4
receptors in the host cell while C-terminal fuses the mem-
branes of the virus with the host cell to provide spot for ini-
tiation of infection. Upon interaction with DPP4 on the
epithelial cells, the virus infects the lungs of the host [16].
In the MERS-CoV genome, the 3-terminal genes encode pro-
teins with structural and functional variability to make a
complex which provides targets for antiviral agents. On the

other hand, the 5-terminal of the MERS-CoV genome is
comprised of large open reading frames (i.e., ORF1a and
ORF1b) which encode different nonstructural and structural
proteins including spike, membrane, envelope, and nucleo-
capsid structural proteins [17].

Computational biology skills help scientists to evaluate
the possibilities of binding patterns of different ligands before
the experimental work in the laboratory [18]. Molecular
docking is an elaborative method to discover the binding fea-
tures of different small molecules as drugs against the target
proteins [19–21]. The natural flora plays a vital role in drug
screening and development [22–24]. The crude extracts of
different medical plants have been reported with biologically
active compounds with multiple clinical activities against
many diseases [25, 26]. Biomedical or herbal decoction of
many medicinal plants has been in practice since prehistoric
times for management of multiple disorders [27]. For the
past few years, medical plants have played an important role
in the pharmaceutics to treat many uncured diseases. Plants
are good sources of phytochemicals that play role as inhibi-
tors to the binding sites of the target moiety [28].
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Figure 2: Interactions (a) and binding patterns (b) of kobusinol A with MERS-CoV nps13. Kobusinol A was the ninth ligand, and it showed
interactions with Arg339, Arg139, Asn361, and His311 residues of the viral protein. Kobusinol A is a lignin and has been extracted from leaves
of different plants, and it plays an important role as an antimicrobial agent against a variety of microbial diseases.
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Figure 1: Interactions (a) and binding patterns (b) of pluviatilol with MERS-CoV nps13.
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The purpose of this study includes the discovery of novel
compounds as an antagonist of MERS-CoV nsp13. The
MERS-CoV nsp13 is a nonstructural helicase that predomi-
nantly forms the core of membrane-bound replication-
transcription complexes [29]. Extensive studies have been
made to develop the vaccine against MERS-CoV, but the
efforts have yet not proven successful. So, there is dire need
to design new drugs against the virus.

The current study was based on the docking of different
phytochemicals from different medicinal plants against the
MERS-CoV nps13. The 3D structure of the target protein
of Middle East respiratory CoV (human beta corona virus)
was downloaded from PDB and saved in the MOE software
after following the docking protocols. After docking, top 10
molecules were shortlisted on the bases of the best S-scores
and interactions with amino acids at the active site of the viral
protein using MOE software. Moreover, a detailed study for
ADMET scanning of lead compounds was also carried out.
All the selected compounds in this study showed no diverse
effects in absorption in the human body. Distribution of a
drug through the blood brain barrier is a key factor in the
drug discovery as most of the drugs cannot cross the BBB
due to the tight junctions around the brain [30]. Other types
of models such as HIA (human intestine absorption), renal
organic cation transporter, and P-glycoprotein substrate also
help to evaluate the compounds as good drug candidates.
Another model is comprised of the clusters of the isoenzyme
cytochrome P50 involved in the metabolism of the drug, and
75% association of drug metabolism is linked with these
enzyme clusters. From the results of the admetSAR screen-
ing, all the selected phytochemicals were found as nontoxic
and noncarcinogenic.

From the results of interacting amino acid residues,
Arg178, Arg339, His311, His230, Lys146, and Arg139 have
been found as more common interacting residues in this
study. In the chemical interactions, Arg339 and Arg139 as
basic and directly interacting residues shared the common
side chain position. Results demonstrated the potential of
these ligands to bind and block the target site of the viral pro-
tein. It can be concluded that these 10 molecules can be used
as drugs in the future with no severe side effects.

5. Conclusion

Beta coronavirus is the main causative agent of the Middle
East respiratory syndrome, and instead of many contribu-
tions by scientists, no accurate drug against MERS-CoV has
been discovered since its emergence. Through molecular
docking, scientists find the potency of many natural com-
pounds to act as drugs against disease causative agents. The
present study discovered 10 strongly interacting phytochem-
icals (i.e., rosavin, betaxanthin, quercetin, citromitin, pluvia-
tilol, digitogenin, ichangin, methyl deacetylnomilinate,
kobusinol A, and cyclocalamin) from different medicinal
plants against MERS-CoV, and out of these two phytochem-
icals (i.e., pluviatilol and kobusinol A), all Ro5 and pharma-
cokinetic parameters were followed. On the bases of
chemical interactions and drug scanning of these molecules,
it was revealed that they would inhibit MERS-CoV replica-

tion. The aim of this study was to figure out the novel bioac-
tive compounds from medicinal plants with the maximum
potential to inhibit the target viral protein which could be
used as efficient drug candidates against the MERS-CoV
nps13.
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Toll-like receptors (TLRs) play an important role in the innate immune response against various pathogens. They serve as expected
targets of natural selection in those species which are adapted to habitats with contrasting pathogen burdens. Till date, sufficient
literature about TLRs especially TLR6 is not available. The current study was therefore planned to show evolutionary patterns of
human TLRs generally and TLR6 specifically along with their conservation and diversity. The study also deals with
characteristic polymorphic patterns of TLR6 in humans which are involved in serious clinical consequences. The sequence
analysis of TLR6 from different mammals revealed conserved regions in the protein sequence. With respect to TLR6 evolution,
human showed a close evolutionary relationship with chimpanzee and orangutans, while monkeys were appeared in a separate
clade showing a distant evolutionary relationship. Old World monkeys and New World monkeys made their separate clades but
both have evolved from a common ancestor. The C-terminal of human TLRs (TLR1 to TLR10) exhibited more conservation as
compared to other regions. The phylogram of human TLRs showed that TLR6 is closely related to TLR1 and both TLRs shared a
common ancestor with TLR10. The domain analysis has revealed that TLR1 and TLR10 have least (i.e., 4) number of leucine-rich
repeat (LRR) while TLR6 contains five LRRs. Three single nucleotide polymorphisms were found in TLR6 which were found to be
associated with benign. Conclusively, the current comparative sequence analyses and phylogenetic analyses provided informative
insights into the process of TLR evolution in mammals. Furthermore, the polymorphism analysis would serve as a useful marker in
the early detection of susceptibility and resistance against cancers and other diseases in humans.

1. Introduction

The host immunity begins with first line of defence including
skin, endothelium, lysozyme, saliva, gastric juice, and
mucous membranes that prevent foreign infectious agents
to reach into the cellular potential sites to cause infections.
The second and third lines of defense are comprised of non-
specific resistance (innate immunity) and specific resistance
(acquired immunity), respectively. The former relies on
inflammations and activation of phagocytic cells, and the lat-
ter is cell-mediated immunity linked with antibody produc-
tion and activation of antigen-sensitized cytotoxic T cells.
The professional T cells, B cells, leukocytes, phagocytes, and
release of cytokines play a central role in the cellular immu-
nity by neutralizing the threats [1].

Cell-mediated immunity plays a critical role in combat-
ing multiple types of infections and pathogenic attacks.
Cell-mediated innate immunity is nonspecific to invaders,
dependent on the phagocytes and proteins to recognize the
conserved regions of pathogen-associated molecular patterns
(PAMPs) and/or pathogenic endogenous damage-associated
molecular patterns (DAMPs) to destroy them quickly [2].
The innate immunity is mainly involved the recognition of
DAMPs and PAMPs via pattern recognition receptors
(PRRs) [3]. Toll-like receptors (TLRs) are type I glycopro-
teins that belong to the family of PRRs and respond towards
the special repertoire of pathogenic molecules including
PAMPs and DAMPs. RLRs are pattern recognition receptors
with 10-27 extracellular leucine-rich repeats, intracellular
cytoplasmic Toll/interleukin-1 receptor (TIR) domain, and
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a single transmembrane helix, and these are the structurally
conserved regions of TLRs [4]. To date, 10 human TLRs
(TLRs 1-10) and 13 murine TLRs (TLRs 1-9 and TLRs 11-
13) have been reported. The TLR10 has been found to be
nonfunctional in mouse [5].

Toll-like receptors are expressed on all innate immunity
cells including macrophages, basophils, neutrophils, natural
killer cells, and dendritic cells as well as on adaptive immune
cell lymphocytes (T and B cells) [6]. The cellular repair
mechanism is activated by activation of TLRs that stimulate
the signalling cascade of host immune system which helps
the release of immune modulators and cytokines [7]. The sig-
nalling cascade of TLRs depends on the nature of stimuli and
is regulated by two distinct pathways (i.e., TIR-domain-
containing adapter-inducing interferon-β- (TRIF-) depen-
dent pathway and MyD88-dependent pathway). TLR3 and
TLR4 utilize the TRIF-dependent pathway that leads towards
the stimulation of type 1 interferons, and all TLRs except
TLR3 utilize MyD88-dependent pathway associated with
inflammatory cytokine production [6]. The overexpression
of TLRs drastically alters the homeostasis of immune system
by sustaining the levels of proinflammatory cytokines, and
type 1 interferon contributes in the development and pro-
gressions of autoimmune diseases including lupus erythema-
tous, rheumatoid arthritis, Alzheimer’s disease, and type I
diabetes mellitus [6].

TLR6 forms a heterodimer with TLR2 to broaden the
ligand capacity against different pathogens. The mutations
in TLR1, TLR2, and TLR6 lead towards the progression of
different autoimmune disorders. Different studies have sup-
ported the evidence of involvement of TLR6 in the progres-
sion of many autoimmune complications including sepsis,
coronary artery disease, and intestinal inflammation [8–10].
Therefore, in current study, the evolutionary and genetic
level study of TLR6 was conducted which will provide sub-
stantial knowledge about the variants and polymorphisms
associated with different disorders. In this study, we have
adopted computational biology mode of study to explore
polymorphic residues and estimated evolutionary relation-
ships of TLR6 among various mammals and conservation
of human TLRs.

2. Materials and Methods

2.1. Retrieval of Human TLR6 Protein Sequence. The human
TLR6 protein sequence was retrieved from NCBI’s Entrez
protein database with accession number: AAY88762.1 and
analysed using PSI-BLAST (Position-Specific Iterative Basic
Local Alignment Search Tool) [11] available on the NCBI
website (http://www.ncbi.nlm.nih.gov/).

2.2. Phylogenetic Analysis. Along with human TLR6 protein
sequence, forty most similar reported sequences of TLR6
from different mammals were also retrieved from protein
database for phylogenetic systematics. The expected thresh-
old value was set to 0.05 in PSI-BLAST, and only those
sequences were selected which showed E-value better than
threshold. All sequences were aligned using ClustalX and
imported into the MEGA7 program [12] for manual align-

ment. Neighbor-joining (NJ) phylogenetic tree was recon-
structed using MEGA7 with 100 bootstrap replicates [13].

2.3. Comparative Sequence Analysis and Domain Organization
of Human Toll-Like Receptors. The protein sequences of all
TLRs (i.e., TLRs 1-10) from humans were retrieved from
NCBI’s Entrez protein database to reveal their diversity and
conservation at amino acid level. Multiple sequence alignment
of protein sequences of all TLRs was performed through Gen-
eious [14] for comparative study. An NJ phylogenetic tree of all
human TLRs was also reconstructed using MEGA7 with 100
bootstrap replicates to explore their evolutionary relationships.
To identify conserved protein domains in human TLRs, the
SMART server (http://smart.embl-heidelberg.de/) was used
with the default parameters [15].

2.4. Allelic Distribution and Polymorphism of Human TLR6
Gene. The database of single nucleotide polymorphism
(dbSNP) of NCBI was explored to reveal allelic distribution
and TLR6 polymorphism associated with diseases. The
dbSNP contains single nucleotide variations, microsatellites,
and small-scale insertions and deletions in humans. Only
those SNPs of human TLR6 were selected in this study which
exhibited clear clinical significance.

3. Results

BLAST has been the most popular algorithm for similarity
search that can accommodate nucleotide or protein
sequences. BLAST was used to identify local regions of simi-
larity and statistical significance of TLR6 protein sequences
from selected organisms. Geneious was employed to perform
multiple sequence alignment (Figure 1). The truncated
sequences were deleted, and longer sequences were shortened
in the multiple sequence alignment to make them all equal in
length. The consensus sequence is also shown above the
alignment. To show identity among TLR6 sequences, bars
are shown in the alignment. Higher the green bar in the
alignment, higher is the identity among those regions. The
comparative sequence analysis is showing greater diversity
among TLR6 protein sequences among selected organisms
in the regions of amino acids 1 to 100. High sequence conser-
vation is revealed in the regions of 640 to 790.

3.1. Analysis of TLR6 Phylogenetic Tree. To establish the evo-
lutionary relationships, a phylogenetic tree of TLR6 protein
from human and forty members of mammals with maximum
identity was reconstructed (Figure 2). The evolutionary his-
tory was inferred using the neighbor-joining method [16].
The percentages of replicate trees in which the associated
taxa clustered together in the bootstrap test (100 replicates)
are shown next to the branches [17]. The tree is drawn to
scale, with branch lengths in the same units as those of the
evolutionary distances used to infer the phylogenetic tree.
The evolutionary distances were computed using the Poisson
correction method [18] and are in the units of the number of
amino acid substitutions per site. Overall mean distance was
found to be 0.143 that shows estimates of average evolution-
ary divergence over all sequence pairs.
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Figure 2: Phylogenetic relationships of TLR6 from human and other homologs. The phylogram is labelled on the basis of their monophyletic
groups. The protein sequence of TLR1 from Athene cunicularia was used as an out-group.
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The phylogram was fully resolved into different clades.
The phylogram has been divided into four different mono-
phyletic groups (i.e., MPG-I, MPG-II, MPG-III, and MPG-
IV) based on cladding patterns of all taxa. Homo sapiens
was appeared in MPG-II and showed close evolutionary rela-
tionships with gorilla and chimpanzee. Two orangutan spe-
cies (i.e., Pongo pygmaeus and Pongo abelii) also appeared
in this clade. The latter is one of the two species of Asian
ape, while other orangutan species belong to rainforests of
Borneo and Sumatra. Three gibbon species also joined the
MPG-I (Hylobates moloch, Hylobates lar, and Nomascus leu-
cogenys) showing their evolutionary closeness with other taxa
in the group.

The MPG-I was found to be a clade of monkeys. Long-
tailed or crab-eating macaque (Macaca fascicularis), rhesus
macaque (Macaca mulatta), and southern pig-tailed macaque
(Macaca nemestrina) were found to be closely related species,
while all three distantly related to the sabaeus monkey
(Chlorocebus sabaeus). The drill (Mandrillus leucophaeus)
showed a close evolutionary relationship with the sooty
mangabey (Cercocebus atys); whereas, gelada (Theropithecus
gelada) and the olive baboon (Papio anubis) were found to
be related species. Similarly, the Ashy red colobus monkey
(Piliocolobus tephrosceles) and angolan colobus monkeys
(Colobus angolensis palliates) showed close evolutionary rela-
tionship. The leaf monkey or langur (Trachypithecus francoisi)
was distantly related to two related species which were golden
monkey (Rhinopithecus roxellana) and the black snub-nosed
monkey (Rhinopithecus bieti).

The MPG-III was consisted of New World monkeys
which are small to mid-sized primates. A node with 100
bootstrap value is showing that the New World monkeys
and Old World monkeys shared a common ancestor. The
Philippine tarsier (Carlito syrichta) and the North American
beaver (Castor canadensis) both did not appear in any clade
and showing divergence from other monophyletic groups.
Two lemur species, the gray mouse lemur (Microcebus mur-
inus) and coquerel’s sifaka (Propithecus coquereli), exhibited
a strong evolutionary relationship.

The fourth clade (i.e., MPG-IV) was consisted of diverse
group of taxa. The large flying fox (Pteropus vampyrus) and a
Brandt’s bat (Myotis brandtii) were found to be evolutionary
related species. Three Camelus species also appeared in this
clade. Then, some marine organisms such as blue whale
(Balaenoptera musculus), the common bottlenose dolphin
or Atlantic bottlenose dolphin (Tursiops truncatus), and the
long-finned pilot whale (Globicephala melas) also joined this
clade with strong evolutionary relationships to each other.
The protein sequence of TLR1 from a burrowing owl (Athene
cunicularia) was used to root the tree.

3.2. Conservation and Diversification of Human TLRs. The
protein sequence of human TLR6 was compared with other
human TLRs (TLRs 1, 2, 3, 4, 5, 7, 8, 9, and 10), and their
multiple sequence alignment is shown in Figure 3. More
sequence conservation has been depicted at C-terminal of
the TLR proteins. Dark shaded areas are highly conserved,
light shaded areas are somewhat conserved, while unshaded
areas are showing diversification among TLR sequences.

The sequence logo of human TLRs is shown in Figure S1.
In logo, the conserved sequences are represented by large
single-letter codes of amino acids at specific positions. The
sequences which are missing from other TLRs are highlighted
by pink rectangles.

3.3. Evolutionary Relationships and Domain Organization
Analysis of Human TLRs. The multiple sequence alignment
of human TLRs was further used to reconstruct a phyloge-
netic tree (Figure 4). Interesting relationships among human
TLRs were revealed from this phylogram. The TLR6 was
found to be closely related to TLR1 as both have evolved from
a common ancestor that is supported by 100 bootstrap value
at their ancestral node. Both TLRs further shared a common
ancestor with TLR10 and showing their evolutionary rela-
tionship with TLR10. TLR1 and TLR10 showed minimum
number of leucine-rich repeat (LRR) domains and also both
have signal peptides, while TLR6 contains five LRR domains
and also does not have a signal peptide. TLR2 and TLR4 are
showing distant evolutionary relationships with TLR1, TLR6,
and TLR10. A high bootstrap value (82%) on the ancestral
node of TLR3 and TLR5 is showing that both TLRs have
evolved in a close evolutionary relationship. TLR7 and
TLR8 shared a common ancestor and showing that both
are closely related which is supported by a high bootstrap
value of 98%, and both TLRs further joined the ancestral
node of TLR9 showing an evolutionary relationship with
TLR9. It has been depicted by a high bootstrap value (93%)
that TLR3 and TLR5 have close evolutionary relationship
and shared a common ancestor with TLR9, TLR7, and
TLR8 which is showing that a distant evolutionary relation-
ship is present between both groups of human TLRs. TIR
domain was found in all TLRs, while TLR3 and TLR9 showed
maximum number of domains (i.e., 20). LRR carboxyl-
terminal (LRR_CT) domain was not found in TLR7. LRR
amino-terminal (LRR_NT) domain was found only in
TLR3 and TLR7.

3.4. Comparative Sequence Analysis of Human TLR6 and
TLR1. Based on phylogenetic analysis, the human TLR6
showed a strong evolutionary relationship with TLR1. There-
fore, a sequence logo was generated through comparative
sequence analysis of both proteins to access similarity
between both proteins (Figure 5). The sequence logo is
shown above the aligned sequences. The amino acids in their
single-letter codes are shown in the sequence logo. Higher
the size of the single-letter code of amino acids, higher the
conservation is at that position. A high similarity between
both sequences has been labelled in red rectangles. It has
been revealed that both sequences are not highly similar in
the region of 1 to 145.

3.5. SNPs of Human TLR6 Gene with Clinical Significance.
The single nucleotide polymorphisms (SNPs) of human
TLR6 gene with serious clinical significance are given in
Table 1. Only the SNPs with known clinical significances
were added. A total of four SNPs have been found in dbSNP
that are associated with benign. Three variants of single
nucleotide variations and one variant of deletion were found
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in these SNPs. In first SNP, the thiamine (T) is replaced with
cytosine (C) and the highest frequency of the alternate allele
(C) has been found in African American. In second SNP, the
cytosine (C) was the reference allele in TLR6 gene which is
altered with thiamine (T) which causes a missense mutation.
The highest frequency of the alternate allele (T) has been found
in Europeans. Third SNP was also a SNV, and in this polymor-
phism, cytosine (C)hasbeen alteredwith adenine (A) andcauses
a missense mutation with its highest frequency in South Asia.
The last SNP was found to be a deletion in which adenine and
thiamine (AT) were deleted and caused in frameshift mutation.

4. Discussion

The inflammatory responses have been closely associated
with TLR6-mediated extracellular signal-regulated kinase
(ERK) and p38 pathways in macrophages [19]. The onset of

single nucleotide polymorphisms (SNPs) in TLR6 encoding
gene or protein leads towards alteration in the functioning
of this PRR. The polymorphic residues on the amino acid
sequence of TLRs result in SNPs that alter the inflammatory
signalling cascade associated with different disorders [20]. In
this study, we have demonstrated the phylogenetic relation-
ships of TLRs specifically TLR6 reported in humans. In this
phylogram, the TLR6 of human showed a strong evolution-
ary relatedness with gorilla. Woodman et al. [21] also con-
ducted a phylogenetic analysis of TLR6 from different
mammals including primates. In their phylogram, the
human also showed a strong evolutionary relationship with
chimpanzee and gorilla. In another study, Soni et al. [22]
reconstructed a phylogenetic tree of DNA sequences of dif-
ferent TLRs (TLR1 to TLR10) of various vertebrates. They
found that TLR2, TLR6, TLR9, and TLR10 were revealed to
be conserved during the entire course of their evolution.
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Figure 3: Multiple sequence alignment of human TLRs (TLR1 to TLR10). The dark shaded areas are showing conservation among various
TLRs (more the intensity of the dark shaded area, higher is the conservation in that region). The conservation scale: black = conserved,
gray = average, and white = variable.
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Phylogeny is an effective tool for determining the evolu-
tionary relationships among various species in terms of pro-
tein and its functionality [23, 24]. To further elucidate the
evolutionary relationships of TLRs, a phylogram among all
human TLR proteins was also reconstructed. It was revealed
that TLR6 is closely related to TLR1, and both TLRs were
emerged from the ancestral node of TLR10. Similar findings
were reported by Kumari and Singh [25] who conducted

phylogenetic analysis of TLR6 gene fragment of different ani-
mals. The TLR6 was found nearest to TLR1 and TLR10
mRNA of the Sus scrofa. The results of Banerjee et al. [26]
are also in accordance to these findings. They have reported
that genes of TLR1, TLR6, and TLR10 might have arisen
from a gene duplication event which could be evidently
proved by the presence of all three genes on the same chro-
mosome (BTA6) and also all three genes belong to the same
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Figure 4: Phylogenetic tree of human TLRs. The evolutionary history was inferred using the NJ method. The bootstrap consensus tree
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family of TLR2. TLR2 and TLR4 appeared in the same clade
in this study. Tantia et al. [27] also reported that both genes
are highly conserved across all mammalian species.

In mammals, the pattern recognition receptors have dis-
tinct classes including RIG-I-like receptors (RLRs), Toll-like
receptors (TLRs), NOD-like receptors (NLRs), AIM2-like
receptors (ALRs), and C-type lectin receptors (CLRs) which
trigger the immediate host defence that leads to the induction
of innate immunity responses [5, 28]. Among all the discov-
ered PRRs, TLRs extensively initiate the survey of recognition
of self- and non-self-antigens [29]. Toll-like receptors are
generally expressed on cellular surface or in endosome in
the dimer form, preferentially as homodimers or heterodi-
mers. Among the reported Toll-like receptors, TLRs 1-2
and TLRs 4-6 are expressed on cell membrane, while TLR3,
TLR7, TLR8, and TLR9 are localized in endosomes [30].
The TLRs are mainly associated with invader recognition
features via eternal PAMPs of pathogens. These ligands can
be characterized into three types, i.e., proteins are recognized
by TLR5, TLR3, TLR7, TLR8, and TLR9; nucleic acids
are recognized by TLR5; and lipids are recognized by
TLR2/TLR6, TLR2/TLR1, and TLR4, respectively [28].

Each innate immune cell contains special TLRs that
mediate in cellular immunity by recognizing the specific
PAMP/DAMP and inducing proinflammatory cytokines.
The intracellular Toll/interleukin-1 (IL-1) receptor (TIR)
domains of TLRs play a leading role in the regulation of
downstream signalling cascade [4]. TLRs reinvigorate
adapter proteins that act as a platform for activations of
IL-1R-associated protein kinases (IRAK) 1, 2, and 4 and
TNF receptor-associated factor 6 (TRAF6) which translo-
cate the NF-κB, proinflammatory transcription factor,
IRF3, and AP-1. Each transcriptional factor transcribes
specific genes to encode different proteins such as proin-
flammatory cytokines, chemokines, antimicrobial peptides,
and type 1 interferon.

The differences in producing immune molecules or poly-
morphisms in TLRs not only exhibit substantial influence on
responses to a wide range of pathogens but are also associated
with susceptibility and resistance to different diseases. In this
study, a total of four SNPs were found in human TLR6 gene
with serious clinical significance and result in the develop-

ment of benign. In a study, Elmaghraby et al. [31] have
reported two novel nonsynonymous SNPs in TLR6 which
were resulted from transversions. In another study, Mariotti
et al. [32] found 855G>A SNPs and 2315T>C SNPs in the
TLR6. In a study of prostate cancer, nine TLR6 SNPs were
reported by Sun et al. [33]. Similarly, Noreen and Arshad
[34] have reported that a C>T SNP (C745T) is associated with
asthma and colitis, and an A>G SNP (A1401G) is associated
with an increased risk of prostate cancer. Another SNP A>C,
G,T (rs5743810) affects the expression and function of
TLR6. The change in amino acid from Ser to Pro reduces
the function of TLR6 and weakens the regulation of innate
immune system in predisposed individuals. This mutation
can potentially develop cancer [35]. The polymorphisms in
the coding regions are believed to be involved in cancer devel-
opment because of their roles in gene expression regulation. It
has been found that TLR6 functionally interacts with TLR2 for
mediating the cellular response against bacterial lipoproteins
and causes the activation of NF-κB pathway and inflammatory
events. This activation further contributes towards tumor
development and progression [36]. In spite of its enhanced
expression and activation, the function and role of TLR6 in
cancer are still not clearly understood. Identification of single
nucleotide polymorphism (SNP) in genes involved with the
innate immune response can be a useful marker in early detec-
tion of resistance or susceptibility in humans.

5. Conclusion

The genes encoding TLRs play an important role in the early
defense against pathogens. The evolutionary history of TLR6
and evolutionary relationships of human TLRs were studied
through phylogenetic analyses. Direct sequence comparisons
and standard evolutionary approaches were employed to
determine sequence conservation and diversity in human
TLRs and TLR6 between human and other closely related
species. In addition, the comparison of patterning of human
TLR domains was performed. Single nucleotide polymor-
phisms involved in the development of benign were also
revealed from human TLR6. These findings will facilitate
the further exploration of TLRs especially TLR6 roles in reg-
ulating the immune system of human.

Table 1: Distribution, polymorphism, and clinical significance of alleles of human TLR6 gene.

Sr. no.
Reference

SNP
Variant
type

Alleles Functional consequence
Clinical

significance
Allele frequency (global)† Population with highest

Alt allele frequencyRef allele Alt allele

1 rs5743812 SNV T>C Coding sequence variant,
synonymous variant

Benign T = 0:99731 C = 0:00269 African American
(C = 0:0364)

2 rs5743816 SNV C>T Missense variant, coding
sequence variant

Benign C = 0:87967 T = 0:12033 European (T = 0:14193)

3 rs75244616 SNV C>A Missense variant, coding
sequence variant

Benign C = 0:99933 A = 0:00067 South Asian (A = 0:05)

4 rs863223364 DEL AT>- Frameshift variant, coding
sequence variant

Benign NA NA NA

SNV: single nucleotide variation; DEL: deletion; NA: not available. †The ALFA project provides aggregate allele frequency from database of Genotypes and
Phenotypes (dbGaP).
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In vertebrate animals, the molecules encoded by major histocompatibility complex (MHC) genes play an essential role in the
adaptive immunity. MHC class I deals with intracellular pathogens (virus) in birds. MHC class I diversity depends on the
consequence of local and global environment selective pressure and gene flow. Here, we evaluated the MHC class I gene in four
species of the Turdidae family from a broad geographical area of northeast China. We isolated 77 MHC class I sequences,
including 47 putatively functional sequences and 30 pseudosequences from 80 individuals. Using the method based on analysis
of cloned amplicons (n = 25) for each species, we found two and seven MHC I sequences per individual indicating more than
one MHC I locus identified in all sampled species. Results revealed an overall elevated genetic diversity at MHC class I, evidence
of different selection patterns among the domains of PBR and non-PBR. Alleles are found to be divergent with overall
polymorphic sites per species ranging between 58 and 70 (out of 291 sites). Moreover, transspecies alleles were evident due to
convergent evolution or recent speciation for the genus. Phylogenetic relationships among MHC I show an intermingling of
alleles clustering among the Turdidae family rather than between other passerines. Pronounced MHC I gene diversity is
essential for the existence of species. Our study signifies a valuable tool for the characterization of evolutionary relevant
difference across a population of birds with high conservational concerns.

1. Introduction

The major histocompatibility complex (MHC) is a group of
molecules encoded by certain genes that are most polymor-
phic to have been described in vertebrates’ genomes [1].
Two types of MHC gene families, class I and class II, are use-
ful to cell surface glycoproteins that regulate the immune
response. MHC class II molecules are heterodimers consist-
ing of an α chain and a β chain; both contribute to presenting
peptides from the processing of extracellular pathogens such
as bacteria to the CD4+ T-helper cells [2]. Heterodimer mol-

ecules of MHC class I are made up of an α chain and a non-
MHC molecule, the β2 microglobulin. The α chain consti-
tutes a cytoplasmic tail, a transmembrane domain, and three
extracellular domains named α1, α2, and α3 [3] that are
encoded by exons 2, 3, and 4, respectively. The MHC class I
molecules are expressed in almost all somatic cells and trigger
an adaptive immune response by presenting endogenously
derived peptides of viral protein and an individual’s own
body cells to CD8+ cytotoxic T-cells [4]. Polymorphism is
largely confined within the region encoding the ABS (anti-
gen-binding site) of MHC class I [5]. Maintenance of
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surprising diversity is supposed to take place by two types of
selection: heterozygote advantage and frequency-dependent
selection. Heterozygotes could recognize a broader range of
antigens from multiple pathogens and therefore have more
fitness than either individual having a homozygote [6]. Other
is frequency-dependent selection, in which rare alleles deliver
a selective advantage where pathogens have found a means to
escape against common immune defensive alleles in the pop-
ulation. Thus, alteration in the pathogen community with
time and locality results in MHC variation in the host popula-
tion. Generally, in an individual possessing huge numbers and
diverse MHC alleles; more pathogens can be recognized [1].

Structural diversity and immune response have been
explored in numerous research, including genomics [7, 8], ail-
ment [9–11], and mate choice [12–14]. Sequence similarity at
PBR-based assignment to the locus is frequently hampered by
various evolutionary indicators due to current recombination,
duplication, and/or concerted evolution as well as positive
selection mediated by a variety of pathogens [15]. Thus,
numerous studies emphasized MHC genes as important
markers to evaluate the adaptive potential and evolutionary
status of a threatened population [16].

The emerging scenario inspires researchers to collect
statistics from a group of wild taxa to enlarge our under-
standing of the evolution of the MHC gene [17]. Despite
significant efforts, protocols for locus-specific MHC
genotyping in avian are still difficult to achieve and remark-
ably rare [18]. MHC studies in population of wild birds
remain neglected possibly due to complications in amplify-
ing gene sequences from bird species not closely related to
systematically studied chicken [19, 20].

A significant decline in habitats and fragmentation of
available habitats are predisposing factors for dramatic dete-
rioration in population sizes [21]. The avian genus Turdus is
one of the broadly distributed passerine genera, with 65 doc-
umented extant species. The genus is listed wild territorial
birds that are beneficial to china having economic and
research value. Birds of this genus are strongly migratory
thus experiencing a variety of environments. Up to the pres-
ent, there are no studies on MHC class I genes in Turdidae
species, which is the first step towards exploring the role of
selection mediated by pathogens in the maintenance of
MHC class I diversity. Precisely, this study aims to (1) Mea-
sured locus-specific variation in MHC I exon 3 genes across
the Turdidae family to evaluate the mode of evolution by
which such variation comes about. To achieve this, we have
measured the diversity and selection at MHC I genes to make
available the variations that exist across the Turdidae family.
(2) We investigate the numbers of alleles possessed by each
species and the general features of alleles in terms of func-
tional genetic diversity. (3) Phylogenetic analyses to assess
evolutionary relationships and processes driving avian
MHC I diversity among four species of the Turdidae family
and other avian species.

2. Material and Methods

2.1. Study Population. The study population was non-
sympatrically distributed 80 individuals of four species of

genus Turdus of the Turdidae family. Samples include two
to three contour feathers, tissue from breast and liver of birds
accidentally injured or died during migratory season of 2017-
19 in autumn and deposit in State key laboratory of wildlife
detection center in northeast forestry university, stored at
4°C. The geographical location of sample material is pre-
sented (Figure 1).

2.2. Extraction of Genomic DNA. Region of calamus to the
rachis of contour feathers was excised, tissues from skel-
etal muscles were minced, placed into a 1.5ml Eppendorf
tube containing TNE buffer (10mM Tris-HCl (pH8.0),
150mM NaCl, 2mM EDTA, 1% SDS). Total genomic
DNA was extracted with AxyPrep Multisource Genomic
DNA Miniprep Kit (AXYGEN, China) according to the
manufacturer’s instructions. The DNA concentration was
measured with Nanopore Spectrophotometer at 260nm
absorbance. Samples above 100ng/μl concentration were
used for further analysis.

2.3. PCR, Cloning, and Sequencing. Polymerase chain reac-
tion was conducted using motif specific primers designed
for the amplification of MHC class I genes in great reed war-
bler. The forward primers HN36 5′-TCCCCACAGGTCTC
CACACAGT-3′ and HN46 reverse 5′-ATCCCAAATTC
CCACCCACCTT-3′ correspond to exon 3 region in the
flanking introns, the region coding most of the peptide-
binding site in MHC molecules (subunit α2) [22–24]. The
primers were used due to their successful amplification in
many passerine species. Amplification was performed in the
reaction mixture containing 20 ng DNA template, 0.2μM of
each primer, 25μl 2× EasyTaq® PCR SuperMix (+dye)
(Trans, China), and water (deionized) to reach 50μl as final
volume. Thermal cycling for MHC class I amplification
began with one cycle at 94°C for 5min, followed by 30 cycles
of denaturation consisting of sequential steps of 94°C for 30s,
52°C for 30s, and 72°C for 30s, ending with a single extension
step at 72°C for 5min. Purification was carried out with Axy-
Prep™DNA Gel Extraction Kit in accordance with the man-
ufacturer’s protocol. Purified PCR product was cloned using
pEASY ®-T5 Zero Cloning Kit containing Trans1-T1 Phage
resistant chemically competent cells (Transgen Biotech).
PCRs were performed for positive clones using M13 forward
and reverse primers. Several colonies (20-25) per individual
were selected and used as a template for sequencing direc-
tionally on an automatic sequencer (ABI PRISM 3730; Invi-
trogen Biotechnology Co. Ltd.).

2.4. Definition of Allele. Since few artifacts introduced during
the recombination of PCR products in cloning [25, 26].
Amplification, cloning and sequencing were performed
twice. Sequences were verified and referred to as an Allele;
either minimum of three sequences have the same nucleotide
composition or repeated in both events. The sequences which
showed any deletion, insertion, or premature stop codons
within exons were identified as presumed pseudogene
sequence, and others were considered as putative functional
allele (PFA) [27]. All sequences appropriate to our criteria
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have been deposited into the GenBank (Accession No:
MN849308-54).

2.5. Data Analysis

2.5.1. Sequence Analysis. Chromatogram signals of all
sequencing were examined with chromas 2.2.6. Sequences
without ambiguous signals were selected. Vector sequence
from the MHC class I gene was removed using seqMan in
the DNAStar7.1 package. Sequence editing and organization
were done with BioEdit [28]. Sequences were aligned individ-
ually and then altogether four sampled species using CLUS-
TAL X [29]. The unique alleles were named according to
the nomenclature for MHC in non-human species [30].
NCBI BLAST [31] was used for sequences confirmation
representing close identity to passerine species previously
published MHC class I exon 3 sequences. Sequences having
at least one stop codon (shift in the reading frame due to
indels or nonsense sequences) were classified as pseudogenes.
Based upon sequences found to be translatable, a minimum
number of functional loci MHC class I was estimated using
a conservational approach that all Loci from samples species’
individual were in heterozygote state.

The average pairwise nucleotide distances (Kimura 2-
parameter model - K2P), and the Poisson-corrected amino
acid distances were calculated using MEGA7.0. Standard

errors were obtained through 1000 bootstrap replicates. Hap-
lotypes identification (Na), the average number of nucleotide
differences (K), polymorphic sites (S)) and nucleotide diver-
sity (π) were measured by DnaSP 5.10 [32].

2.6. Inference of Recombination. Recombination can influ-
ence the outcomes of selection, we first tested recombination.
Analyses were implemented for the nucleotide alignment of
exon 3 in the Recombination Detection Program version 4
(RDP4). Several method, including RDP [33], GENECONV
[34], Chimaera [35], MaxChi [36], BootScan [33], SiScan
[37], and 3Seq [38], were used to detect recombination
events. In addition, the online GARD tool, provided by the
Datamonkey webserver (http://www.datamonkey.org/), was
used for recombination signals assessment [39].

2.7. Tests for Selection. For selection, we conduct a priori clas-
sification of peptide binding region (PBR) and non- peptide
region upon inferred passerine PBR sequences [40, 41]
homology sites with chicken MHC [42, 43] and human
HLA [44]. The identification of sites subjected to selection
in MHC class I Exon 3 was performed using various
methods. The first standard selection test (Tajima’s D, Fu
and Li’s F ∗, and Fu and Li’s D ∗) were calculated using
DnaSP 5.0 [32]. Second method was the calculation of
parameter (ω) for functional alleles. It was carried out an
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Figure 1: Geographical locations of samples included in our study. Square represents the actual site of the sample, and size of the square
represents the approximate diameter of the sample’s geographical range.
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overall estimation of dN/dS of MHC class I Exon 3 and the
other was codons comprising only PBR and non-PBR, which
was calculated with MEGA 7.0 according to the Nei-
Gojobori method [45] with the Jukes and Cantor correction.
Standard error estimates were derived from 1000 bootstrap
replicates. Z test of historical positive selection [46] was cal-
culated in MEGA 7.0. Third, the Maximum likelihood imple-
mented in codeml in PAML 4.9 was used for identification of
sites involved in the positive selection, which are indicated
where the ratio ω (dN/dS) larger than 1 [47]. Two different
models corresponding ω were tested: M7 (beta), M8 (β and
ω). To find whether the alternative model (M8) provided bet-
ter fitter than the M7, we performed Likelihood ratio tests to
compare twice the difference of the log-likelihood ratios
(2ΔlnL) using a distribution χ2. PSSs in the M8 model was
identified by PP more than 95% using the Bayes empirical
Bayes procedure. Positively selected sites were verified at each
codon site separately using many complementary approaches
implemented in Datamonkey (http://www.datamonkey.org/)
[48] in addition to afore mention methods. Specifically, we
used MEME [49], FEL, SALC [50], and FUBER [51].

2.8. Phylogenetic Analysis. To assess the phylogenetic rela-
tionship, we construct two phylogenies (One for sampled
species and other representing MHC class I sequences of
related passerines plus sampled species) using Bayesian infer-
ence. We find the GTR+T nucleotide substitution model
[52] that fits our data using MrModeltest [35] through the
Akaike Information Criterion (AICc) [53]. Bayesian Markov
chain Monte Carlo (MCMC) was run for two million gener-
ations and sampling every 1,000 generations to ascertain
when log Likelihood reached stationary phase. The phyloge-
netic tree was summarized in MrBayes v3.1.2 [54] and the
first 25% of the tree as burn-in was removed. Fig tree was
used for visualization of the consensus tree. Exploration of
relation between sampled species and related avian species,
we conducted a maximum likelihood (ML) analysis with
MEGA 7.0 [55]. The data were analyzed with the T92+G
model. We conducted 1000 bootstrap replicates to estimate
the support. Values greater than 75% were indicated in the
ML phylogenetic trees. The species covered are mainly from
Passeridae, Acrocephalidae, Paridae, Motacillidae, Muscicap-
idae, Hirundinidae, Phylloscopidae, Fringillidae, Cardinali-
dae, and Sturnidae. To further identify allelic lineages
among sampled species and related avian species, we con-
ducted the Neighbor-Net algorithm in SplitsTree 4.14.8.
Neighbor-Net networks were based on uncorrected P-dis-
tances and carried out 1000 bootstrap replicates to estimate
nodal support. Nodal support values (>75%) were displayed.

3. Results

3.1. Characterization of Alleles. We successfully and selec-
tively amplified MHC class I exon 3 genes across 80 individ-
uals from four species of the Turdidae family using HN36
and HN46 primers. An average of 22.7 clones per individual
was sequenced. Sequences varied between 459 and 579 base
pairs. The multiple sequence alignments of all sampled spe-
cies were 411 base pair long. The final aligned MHC class I

dataset included 285-291 bp (Primers not include). Analysis
of gDNA alignment revealed a total of 77 distinct Haplotype-
s/alleles including 47 PFA. Each sequence was confirmed to
exhibit similarity (81%-93%) with earlier reported passerine
MHC class 1 sequences based upon BLAST search. The num-
bers of PFA sequences found in a single individual ranged
from one to five, indicating that one to three loci exist in three
of the four species of the Turdidae family. However, the
number of putative functional alleles found in a single indi-
vidual ranged from two to seven in Turdus atrogularis exhi-
biting two to four loci. Number of the individual tested,
number of PFA and pseudogene retrieved, the minimum
number of functional loci estimated is given in Table 1. Three
alleles (Tuna-MHCI ∗ PFA05=Tuen-MHCI ∗ PFA09, Tuna-
MHCI ∗ PFA07=Tuen-MHCI ∗ PFA02 and Tuen-MHCI ∗
PFA05=Tuna-MHCI ∗ PFA015) were shared among Turdus
naumanni and Turdus eunomus. Two alleles (Turu-MHCI ∗
PFA05=Tuat-MHCI ∗ PFA02 and Turu-MHCI ∗ PFA09= -
Tuat-MHCI ∗ PFA08) were also detected among individuals
of Turdus ruficollis and Turdus atrogularis. Interestingly,
genotypes comprising of one allele were by far the most
repeated (26.67%, 8/30), followed by genotypes comprising
two (16.67%, 5/30) and four alleles (13.3%, 4/30) in the popu-
lation of Turdus naumanni. Almost pattern was consistent in
population of Turdus eunomus and Turdus rufficollis. Geno-
types constituting one allele (23.3%, 7/30) were the most
repeated followed by three (16.67%, 5/30) in Turdus eunomus.
Genotypes comprising one allele (33.33%, 5/15) were repeated
in the population of Turdus rufficollis. Allelic repetition was
absent in population of Turdus atrogularis.

Of the 77 sequences, 30 were non-translatable due to
indels or the presence of stop codons resulted changes in
the reading frame. Sequences were thus presumed to be pseu-
dogenes. The number of identified pseudogenes within the
four species ranged between three and five in most individ-
uals of study population, and six of the thirteen pseudogene

Table 1: Amplification success and genetic diversity within each of
the four species of the Turdidae family investigated. MHC class I
exon 3 gene size (L), the overall number of polymorphic sites per
allele repertoire (S), and the average number of nucleotide
differences (K). Nucleotide diversity π at all sites: PBR and non-
PBR.

Species L S K π

Turdus naumanni

0.118

285 64 33.7 0.211

0.091

0.113

Turdus eunomus
285 58 32.32 0.183

0.079

Turdus ruficollis

0.121

291 65 35.28 0.247

0.087

Turdus atrogularis

0.151

291 70 43.95 0.309

0.093
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sequences were found to be identical in three individuals
from the population of sampled species. We cannot ignore
the likelihood that some of the identified pseudogene
sequences may be due to PCR or sequencing artifacts, as such
events would more often result in nonfunctional sequences.
The nucleotide deletion result in loss of 3 amino acids was
obvious in Tuna-MHCI ∗ PS07-9 and Tueu-MHCI ∗ PS01-
04 and Tueu-MHCI ∗ PS08. Both nucleotide deletion, frame
shift mutation and premature stop codons were detected
in Turu-MHCI ∗ PS01,03 and MHCI ∗ PS09 at amino
acid 33 encoding Exon 3. Loss of 3 amino acids was at
position 78 was detected in Tuat-MHCI ∗ PS05 and
Tuat-MHCI∗PS06.

3.2. Analysis of Genetic Diversity. Overall we find an elevated
genetic diversity (π) within exon 3 alleles repertoire among
individuals of Turdus atrogularis was (0.151) than Turdus
eunomus (0.113). The average number of nucleotides differ-
ence (K) varied between 43.95 in Turdus atrogularis and
32.32 in Turdus eunomus.

3.3. Analysis of Recombination. The recombination detection
program not only analyzes brake points but also identify par-
ent sequences. We ran the test of recombination by pooling
all putative functional alleles recovered from four species of
the Turdidae family. We only find one potential recombina-
tion event in Tuna-MHCI ∗ PFA06 in Turdus naumanni at
two recombinant breakpoints at position 148 and 253.
Tuna-MHCI ∗ PFA02 as major and Tuna-MHCI ∗ PFA011
minor parent. Likewise, a single recombination was signifi-
cant in Tueu-MHCI ∗ PFA07.We detected no recombination
among other alleles. However, these recombinations were
only significant in two out of seven tests and not consistent
with recombination breakpoint identified by GARD, hence

the results represent that overall recombination is not likely
to have any prominent effects on tests for positively selected
sites (Table 2). The recombination breakpoints identified by
these two programs are often inconsistent, probably because
they use different computational methods.

3.4. Analysis of Selection. Considering that the evolutionary
history of each domain might have been different, we tested
each domain separately for evidence of positive selection.
Selection statistics by traditional methods did not disclose
any statistical significant signal of selection that deviate from
neutral expectations for Turdus eunomus (Tajima’s D:
-0.87309, P > 0:10; Fu and Li’s D ∗ test statistic: 0.36, P >
0:10; Fu and Li’s F ∗ test statistic: 0.03, P > 0:10) and Turdus
atrogularis (Tajima’s D: -0.86107, P > 0:10 Fu and Li’s D ∗
test statistic: 0.19, P > 0:10; Fu and Li’s F ∗ test statistic:
-0.077, P > 0:10). Still, overall dN value was significantly
higher statistically than dS in Turdus atrogularis (1.687)
and ratio dN/dS was more pronounced at codons presumably
coding PBR (1.994) than codons not involved in such activity
(0.884) is presented in (Table 3).

Application of Likelihood models represents that the
model M8 allows for positive selection provides a better than
the neutral evolution models M7. Sites being positively
selected were recognized, are given in (Table 4). In total, we
find 12 codons under positive selection in sampled species,
of which three sites (25%) match homologues codons found
positively selected in other avian species and one (8.3%)
matched human peptide binding region (Table 4).

Usually consistent with the above finding, every substi-
tute test (MEME, SALC, FEL, and FUBAR) for positive selec-
tion implemented in online adoptive evolutionary server
Datamonkey (Weaver et al., 2018) identify numerous codons
under positive selection (Figure 2) and (Figure 3).

Table 2: Recombinants detected in Turdidae family MHC class I alleles, parent sequences and breakpoints detected by the recombination
detection program (RDP) and the genetic algorithm for recombination detection (GARD), and the RDP analyses.

Recombination event 1 Recombination event 2

Recombinant Tuna_MHCI ∗ PFA06 Tuna_MHCI ∗ PFA02

Maj P Tuna_MHCI ∗ PFA02 Tuna_MHCI ∗ PFA09

Min P Tuna_MHCI ∗ PFA011 Unknown (Tuna_MHCI ∗ PFA01)

BP 1 location 148 (148) 254 (253); P < 0:001
BP 2 location Absent Absent

RDP methods

RDP NS <0.05
GENECONV <0.001 <0.001
BootScan <0.01 <0.05
MaxChi <0.001 <0.01
Chimaera <0.01 <0.01
SiScan <0.001 <0.001
3Seq <0.001 <0.01

BP from GARD Absent

Note: NS indicates not significant. Maj P and Min P represent major and minor parents, respectively. BP denotes breakpoint. The numbers in parentheses are
BP locations in the recombinant nucleotide sequences without gaps. The values after the semicolon are Max chi values for those BPs. ∗∗ indicates P < 0:01.
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Across all tests for positive selection, four codons (9, 29,
65, and 88) were frequently identified by all methods as hav-
ing under positive selection. Of these, codons (42, 59) were
corresponding to PBR in human and codons 9, 29, 64, and
88 also match homology to PBR, known as positively selected
among passerine in general [56] (Figure 4). The ten most fre-
quent MHC class I alleles retrieved from sampled species dis-
played 87%-91% sequence similarity to 18 sequences from
five other passerine families (Acrocephalidae, Passeridae,
Muscicapidae, Paridae, Passerellidae). None of the 77 alleles
studied had 100% sequence similarity to other published
sequences to GenBank; thus, it establishes no allelic pair in

the study population that was 100% sequence likeness shared
by another species.

3.5. Phylogenetic Analysis. In phylogenetic analysis, we
observed that sampled species form a well-supported mono-
phyletic clade with Erithacus rubeculsmembers of the Turdi-
dae family in maximum likelihood analysis. Bayesian
analysis represents that most of the alleles shared among
Turdus atrogularis and Turdus reficollis. This pattern was
almost consistent among Turdus naumanni and Turdus
eunomus presented in Figure 4. The Net network of putative
functional and pseudogene MHC class I exon 3 sequences in

Table 4: Estimation of dN and dS substitution rates for sites positively selected and their ratio for codons chosen a priori (PBR and non-PBR).

Species Comparison Model lnL value Parameter estimates PSSs LRT TS value

Turdus naumanni Tuna 1-30

M7 (beta) -703.53
P = 0:19, q = 0:138,

P0 = 0:351 Not allowed

M7 vs. M8 5.47

M8 (beta and omega) -722.49
P = 0:87, q = 0:117,
P1 = 0:09, ω = 3:11 39F,41L 88T

Turdus eunomus Tuna 1-30

M7 (beta) -692.13
P = 0:13, q = 0:97,

P0 = 0:347 Not allowed

M7 vs. M8 4.56

M8 (beta and omega) -714.11
P = 0:91, q = 0:158,
P1 = 0:11, ω = 3:76 41L, 52P,88T

Turdus ruficollis Turu1-15

M7 (beta) -811.27
P = 0:49, q = 0:187,

P0 = 0:411 Not allowed

M7 vs. M8 6.21

M8 (beta and omega) -834.88
P = 0:131, q = 0:232,
P1 = 0:13, ω = 3:94 29Y, 78F, 88G

Turdus atrogularis Tuat1-5

M7 (beta) -847.53
P = 0:83, q = 0:211,

P0 = 0:585 Not allowed

M7 vs. M8 7.10

M8 (beta and omega) -849.78
P = 0:173, q = 0:279,
P1 = 0:17, ω = 4:11 39H, 78F, 91Q

∗The log likelihood values and parameters estimated were computed using codeml implemented in PAML 4.9. PSSs were inferred in model M8 by BEB with
posterior probabilities > 95%.

Table 3: The average rates of nonsynonymous (dN) and synonymous (dS) substitutions and the result of Z-test and the average nucleotide
distances (dnt) and amino acid distances (daa) for PBR and non-PBR and all sites in MHC class I of the Turdidae family.

Species Domain dN ± SE dS ± SE Z P ω dnt ± SE daa ± SE

Turdus naumanni

All sites 0:142 ± 0:026 0:104 ± 0:013 0.610 0.543 1.365 0:051 ± 0:08 0:246 ± 0:035
PBR 0:281 ± 0:059 0:153 ± 0:032 1.848 0.034 1.835 0:041 ± 0:045 0:372 ± 0:082

Non-PBR 0:051 ± 0:062 0:067 ± 0:012 1.356 0.476 0.761 0:034 ± 0:09 0:126 ± 0:029

Turdus eunomus

All sites 0:134 ± 0:021 0:107 ± 0:019 0.729 0.457 1.251 0:043 ± 0:010 0:202 ± 0:031
PBR 0:179 ± 0:023 0:102 ± 0:032 1.442 0.383 1.175 0:057 ± 0:031 0:366 ± 0:011

Non-PBR 0:056 ± 0:041 0:049 ± 0:012 1.792 1.000 1.142 0:051 ± 0:011 0:134 ± 0:029

Turdus ruficollis

All sites 0:146 ± 0:048 0:101 ± 0:025 0.911 0.771 1.445 0:059 ± 0:017 0:191 ± 0:035
PBR 0:264 ± 0:037 0:138 ± 0:011 1.643 0.002 1.912 0:147 ± 0:045 0:453 ± 0:078

Non-PBR 0:070 ± 0:018 0:068 ± 0:028 0.061 0.476 1.029 0:034 ± 0:049 0:126 ± 0:052

Turdus atrogularis

All sites 0:189 ± 0:091 0:112 ± 0:025 1.040 0.150 1.687 0:063 ± 0:053 0:211 ± 0:039
PBR 0:321 ± 0:013 0:161 ± 0:069 1.012 0.435 1.994 0:207 ± 0:045 0:572 ± 0:162

Non-PBR 0:069 ± 0:062 0:078 ± 0:012 1.813 0.476 0.884 0:078 ± 0:091 0:206 ± 0:041
∗The errors were attained through 1000 bootstrap replicates which are in parentheses. Bold represents significant results.
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the Turdidae family with other passerines indicate that allelic
distribution among them is almost congruent with limited
divergence. For instance, Tueu-MHCI ∗ PFA02 and Tuna-
MHCI ∗ PFA07 networks formed a monophyletic clade in
the phylogenetic network of exon 3. Three alleles were shared
among Turdus naumanni and Turdus eunomus two among
Turdus rufficollis and Turdus atrogularis. The clustering of
the sequences among species could be due to transspecies
polymorphism or orthology [57].

4. Discussion

In this study, we have for the first time characterize MHC
Class I gene in four species of the Turdidae family in the
order Passeriformes from the wide geographical area of
Northeast china. Analysis of MHC class I sequences revealed
a total of 77 distinct Haplotypes/alleles including 47 putative
functional alleles ever reported in passerine species, a group
which is reported to have surprising MHC diversity [58,
59]. According to our findings based on MHC class I
sequences, the functional loci in an individual ranged from

one to three in three of the four species, which was consistent
with findings from other passerine species studied till now
[60]. In addition, we detected a large number of presumed
pseudogene sequences in the sampled population as it retains
important information about the evolution of MHC. This is
not surprising, as it is consistent with the expectation of evo-
lution by birth-and-death [61]. We made a significant effort
to characterize the variation in regions of MHC class I exon
3 in our study population, we find that the primers would
make some unlikely bias in allelic variations among individ-
uals. Hence, MHC class I alleles variations per individual
should, largly be due to copy number of genes variation
among individuals, which has been confirmed in other birds
[62]. Few MHC class I alleles were shared between Turdus
naumanni and Turdus eunomus as well as among individuals
of Turdus ruficollis and Turdus atrogularis is indicating allelic
sharing due to common ancestors or challenging common
pathogens, as this event is frequent in numerous avian species
such as owls, ardeid birds, penguins and passerines [63–65].

Generally, abundant variation in genetic material in a
species is an indicator of the capacity to adapt to numerous
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Figure 2: Positively selected sites using the online adoptive evolutionary server Datamonkey with (a) MEME, (b) FEL, (c) FUBAR, and (d)
SALC. Substitution tests identify numerous codons showing the signature of positive selection.
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environmental changes by that species. Rapidly evolving
environmental pathogens would cause MHC genes to exhibit
enlarged genetic diversity in species [66, 67]. Collectively, in
our study, we find elevated genetic diversity among func-

tional sequences and significant divergence, whereas pseudo-
gene has low genetic variation and limited divergence.
Similar results also have been described in other passerine
species, including common yellow throat [68], great reed

# #
Turu-MHCI⁎PFA01 L S H I P TH R R F F T A S VG CD L L S DG S I HG SY G HGYDGR DF I S F D L G FMR L VA AD S DAE VT R R RWE D EK VA E R L S NY L GH F C P EWL QKNGG Y T QK E L DRK
Turu-MHCI⁎PFA02 S
Turu-MHCI⁎PFA03 G T P Y S K N N V I R A Q
Turu-MHCI⁎PFA04 F T L D Y Q C K A Y R R Q R H
Turu-MHCI⁎PFA05 G L M EW R N Y L K P L H R H R
Turu-MHCI⁎PFA06 V WH D Y R A T E D R .
Turu-MHCI⁎PFA07 P C F G T Q T R I Q
Turu-MHCI⁎PFA08 V M N Y V K F T I C R R
Turu-MHCI⁎PFA09 V W R M EW D Y Q . F G E R R . R Q
Turu-MHCI⁎PS01 G P L F _ N C F T V D P N G F T Q T Q P Q
Turu-MHCI⁎PS02 G N Q C L I P E T F S N D P V F P P N L _
Turu-MHCI⁎PS03 G H Y C T L _ Y L F S I I S D F R I D _
Turu-MHCI⁎PS04 G R F T M _ Y F S I V G F V H _
Turu-MHCI⁎PS05 G R Q S L N N _ N Q K F H L Q R _
Turu-MHCI⁎PS06 G V L Y K F S P V _ H Y _
Turu-MHCI⁎PS07 G N HG P Y I T _ Y A K F S N F T L I Y R P _

# #
Tuat-MHCI⁎PFA01 L S HV P THR G F F T A S VGCD L L S EWS I R G S H L HGYDGGN F I S F D L G S QR F VA AD S DA E F T R R RWE Y VKVA E G L T NY L GH F C A EWL Q I HV R Y V QK E L E R K
Tuat-MHCI⁎PFA02
Tuat-MHCI⁎PFA03 I R S L N M DG H D N D A N R E D Y G T D
Tuat-MHCI⁎PFA04 S CH DR Y T V W V I R T D H
Tuat-MHCI⁎PFA05 Y L L
Tuat-MHCI⁎PFA06 Y R L Y G A V N V T R G C D
Tuat-MHCI⁎PFA07 S N C . I C C L A X H N R A C N R
Tuat-MHCI⁎PFA08 V S R I T C L V A H N R C N Q
Tuat-MHCI⁎PFA09 P M Y Y V C V D N V Q L D R D Q
Tuat-MHCI⁎PS01 I S L V DR Y N V D W A I T D Q
Tuat-MHCI⁎PS02 S F Y C C Z A C
Tuat-MHCI⁎PS03 Y I C A H N R Q C D L
Tuat-MHCI⁎PS04 C M Y T A R V I N P
Tuat-MHCI⁎PS05 V S CH Y R V A D E _ _ _ C R I D P
Tuat-MHCI⁎PS06 H DR Y L Y V D E _ _ _ T DG S
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⁎! ⁎ # # ⁎! *
Tuna-MHCI⁎PFA01 I GR I P T Y P S F L AAS L DL L S D G S I R GS Y R DG Y NGR DF I S F H L GS R R S VAAD S AAE VT R R R W E DE NE VE R WT N Y L GY DCP E W L QKY F R Y T QK E L DR K
Tuna-MHCI⁎PFA02 . . Q. . . . . . . . . . V. . . . . . . . . . . . . . . . . . . Q. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . V. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Tuna-MHCI⁎PFA03 F . . . . . CA. . . . . W. . . . . . . . . . . . . . . . . . . . . . . . . . . . . K . . M. . . . . . . . . . . . . . . . . A. . . . K . . . . . V. . . . . P . . . . . . . . . . . . .
Tuna-MHCI⁎PFA04 F . H. . . CA. . N . . . . . . . . . . . . . . . . . E . . . . P . . . . . . . . . K . . M. . . T . . . . . . . . . . . . KI . . . . K . . . . . V. . . . . . . . . . . . . . . . . . N
Tuna-MHCI⁎PFA05 . . . . . . . . . . W. . L . . . . . . . . . . . . H. Y . . . . L . . . . . . . . . K . . . . . . I . . . . . . . . . . . . . . . . . . R . . . . . I . . . . . . . . . . . . . . . . . . .
Tuna-MHCI⁎PFA06 F . P . . . CA. . S . . V. . . . . . . . . . . . . . . . . . . . . . . . . . . . . T . . M. . . . . . . . . . . . . . . K . E . . . W . . . . . V. . . . . . . . L . . P . . . . . . N
Tuna-MHCI⁎PFA07 . . L . . . . . R . I . . . . . . . . . . . . P . . D. . . . . . . . . . . . . . . . K . . . . . . D . . . . . . . . . . . . . . . . . I . . . . . . S . . . . . . . . . . . A. . . . . . .
Tuna-MHCI⁎PFA08 . . P . . . . . G . . . . L . . . . . . . . . . . . D. . . . . . P . . . . . . . . . . . . L . . . D . . . . . . . . . . . . . . . . . . . . . . . . S . . . . . . . C . . . . . . . . . . .
Tuna-MHCI⁎PFA09 . . . . . . C . . . T . . L . . . . . . . . . . . . . . . . . . . L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . H. . . . . . . C . . . . . . . . . . R
Tuna-MHCI⁎PFA010 . . . . . . R . G. I . . L . . . . . . . . . . . . . . . . . Y . . . . . . . . . . . E . . . . . . . . . . . . . . . . . . . . . . . . L . . . . . . F . . . . . . . . . . . V. . . . . . Q
Tuna-MHCI⁎PFA011 V. . . . . R . F . T . . H. . . . . . . . . . . . H. . . . D. . . . . . . . . . . Q. F . . . . . . . . . . . . . . . . . . . . . . L . . . . . HT . . . . . . . . . . . . . . . . . . .
Tuna-MHCI⁎PFA012 . . . . . . R . F . T . . . . . . . . . . . . . . . HGH. . . . P . . . . . . . . . Q. F . . . . . . . . . . . . . . . . . . . . . . L . . . . . H. . . . . . . . . . . . . . . . . . . Q
Tuna-MHCI⁎PFA013 . . . . . . R . . . T . G. . . . . . . . . . . . . H. H. . D. L . . . . . . . . . L . F . . . . . . . . . . . . . . . . . . . . . . . . . . . . H. . . . . . . . C . . . L . . . . . . .
Tuna-MHCI⁎PFA014 F . L . . . R . . . . . GN. . . . . . . . . . . . H. . . . . . . . . . . . . . . . L . F . . . . . . . . . . . . . . . . . . . . . . . . . . . . HI . . . . . . . . . . . K . . . . . . G
Tuna-MHCI⁎PFA015 F . . . . . . . A L . . . V. . . . . . . . . . . . . . . . . . . . . . . . . . . . . K . F . . . . . . . . . . . . . . . . . K . . . . L . . . . . HY . . . . . . . . . . . S . . . . . . N
Tuna-MHCI⁎PFA016 F . L . . G. . . . S . . . . . . . . . . . . P . . HGH. . . . . . . . . . . . . . M. . . . . . G . . . . . . . . . . . . . . . . . L . . . . . A. . . . . . P . . . . . S . . . . . . _
Tuna-MHCI⁎PS01 . . . . . H. . . . S . . V. . . . . . . . . . . . H. . . . H. . . . . . . . . . . . . . . . . . Y . . . . . . . . . . . . . . . . . . . . . . . . F . . . . . . . . L . . Q. . . . . . _
Tuna-MHCI⁎PS02 . . . . . A. S . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . W. . . . . . H. . . . . . . . . . . . K . . . . . . . . . . H. . . . . . . . F . . . A. . . . . . _
Tuna-MHCI⁎PS03 F . H. . G. T T . . . . . . . . . . . . . . L . . H. . . . . . . . . . . . . . . . K . . . . . . G . _ . . . . . . . . . . . . . . . Q. . . . . HA. . . . . . . . . . . A. . . . . . _
Tuna-MHCI⁎PS04 . . H. . . CA. . A . . N. . . . . . . . . . . . . . . . . . . . . . . . . . . . . K . . . . . . . T _ . . . . C . . . . . . . . . . . . . . . . H. . . . . . . . . . . . A. . . . . . _
Tuna-MHCI⁎PS05 . . . . . . . . . . T . . V. . P . . . . . . . . . H. . . . . . Q. . . . . . . . . W. . . . . . G . . . . . . . . . . . . K . . . . . . . . . . HH. . . . . . . . . . . . . . . . . . _
Tuna-MHCI⁎PS06 . . P . . . . . . . . . . . . GH. . . . . . H. . . . . . . . . L . . . . . . . . . . . . M. . . . . . . . . . . . . . . . . . . . . N. . . . . . I . . . _ _ . . F . . . A. . . . . . _
Tuna-MHCI⁎PS07 F . H. . . CA. . T . . _ _ . . . . . . . . L . . . . . . . D. L . . . . . . . . . . . . . . . . I T . . . . . C . . . . . . . . . . L . . . . . H. . . . _ _ . . F . . . I . . . . . _ _
Tuna-MHCI⁎PS08 . . P . . . . . . L S . . _ _ . H. . . . . . H. . H. . . . D. P . . . . . . . . . M. . . . . . A . . . . . . . . . . . . . . . . . L . . . . . H. . . . _ _ . . . L . . A. . . . . . _
Tuna-MHCI⁎PS09 . . L . . . . . . L K . . _ _ . . . . . . . . . . . H. . . . . . . . . . . . . . . . A. . . . . . H. . . . . . . . . . . . K . . . . L . . . . . H. . . . _ _ . . . L . . Q. . . . . . _

⁎ ! ⁎ # # ⁎! ⁎

Tueu-MHCI⁎PFA01 _ L A_ F P P T HP _ VP R CWT S CL T GAS VDP T GM A T MGGI S S P F T WAP R DP WQL T P L L R S P GGA G KMR T KL R GS R I T WGP S AE N G S R NT S DI HR R S WT A
Tueu-MHCI⁎PFA02 _ . . S . . . . . . . W. . . . . . S . . . . . L . . . . T V . . . . . . . . . . . V. . . . . . . . T . . . . . . . . . . . G. . V. . . G . . . . AA. Q. . . . . A. . M. . . . . . .
Tueu-MHCI⁎PFA03 _ . . R . . . . Q. . R R . L . . . . . . . . . L . . . . T . . . . . . . . . . . . D. G. . . R . . A. . . . . . . . . . . . . . . . . _ . . . . . . T . Q. . . . . . . . . . . . . . . .
Tueu-MHCI⁎PFA04 _ . . T . . . . . . . MR . . . . . . . . . . . . . . . . T . . . . . . . . . . . . D. G. . . R . . A. . . . . . . . . . . . I . . . . _ . . . . . . T . Q. . . . . . . . . . . . . . . .
Tueu-MHCI⁎PFA05 _ . . . . . . . Q. . P R . P . . . F . . . . . L . . . . . . . . . . . . . . . . . . . . . . . . . . A. . . . . . . . . . . . . . . . . L . . . . . A. . . . . . . . . . . . . . . . . . .
Tueu-MHCI⁎PFA06 _ . . Q. . . . Q. . L . . F . . . . . . . . . L . . . . T V . . . . . . . . . . . . . _ Y . . L . . T . . . . . . . . . . . GI . V. . . G . . . . AA. . . . . G. . . . . . . . . . . .
Tueu-MHCI⁎PFA07 _ . . . . . . A. . L _ . . R . . . . . . . . . . . . . . . G . . . . . . . . . . . . . . . . . R . . A. . . . . . . . . . . G. . . . . _ . . . . . T . . Q. . . . . A. . . . . . . . . .
Tueu-MHCI⁎PFA08 _ . . A. . . . . . . L R . G. . . Y . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . I . . . . . . . . . . T . . Q. . . . . . . . . . . . . . . .
Tueu-MHCI⁎PFA09 _ . . G. . T . Q. . P . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . S . . . . . . . . . . . _ M. . . . I . . . . . T . . Q. . . _ . S . . M. . . . . . .
Tueu-MHCI⁎PFA010 . . . R . . . . . . . L R . . . . . . . . . . . . . . . . . . . . W. . . . . . . . . . . . . . . . . S . . . . . . . . . . . . M. . . . L . . . . . T P . Q. . . _ . . . . . . . . . . . .
Tueu-MHCI⁎PFA011 _ _ . T . . AA. . . L R . . . . . . . . . . . . . . . . T . . . . . . . . . . . . . . G. . . R . . . . . . . . . . . . . . . . . . . . _ _ . . . . . P . Q. . . . . . . . . . . . . . . .
Tueu-MHCI⁎PFA012 _ . . L . . . . Q. . R . . . . . . . . . . . . . . . . . . . . . . . . . A. . . . . . . . . . . . . . . . . . . . . . . . . _ I . V. . F G . . . . . A. Q. . . G. S . . . . . . . . . .
Tueu-MHCI⁎PFA013 _ . . R . . . . Q. . W. . P . . . . . . . . . . . . . . . . . . . . . . P . . . . V. . . . . . . . A. . . . . . . . . . . GS . . . . _ . . . . . AP . . . . . . . P . . M. . . . . . .
Tueu-MHCI⁎PS01 K. . S . . . . . . . L R _ _ _ . . . . . . . . . . . . . T V I . . . . . . . . . . D. . . . . . . . T . . . . . . . . . . . . . . . . . . G . . . . T A. . . . . G. A. . M. . . . . . .
Tueu-MHCI⁎PS02 K. . A. . . . . . . L R _ _ _ . . . . . . . . L . . . . . . . . . . . . . . . . . V. . . H. . . . . . . . . . . . . . . . G. . . . . . . . . . . T . . . . . . . . S . . M. . . . . . .
Tueu-MHCI⁎PS03 K. . R . . . . . . L L R _ _ _ . . Y . . . . . . . . . . . . . . . . . . . . . . . . . G. L . . . . S . . . . . . . . . . . . I . . . . . . . . . . T . . K. . . _ . P . . M. . . . . . .
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Figure 3: Alignment of deduced amino acid sequences of all alleles retrieved from four species of the Turdidae family. Dots (.) indicate
identity with the reference sequence. Light gray color represents codons presumably coding for peptide binding regions upon alignment
with human and other avian species. The light brown region indicates flanking introns. - indicates missing nucleotides. ∗ represents
codons positively selected in almost all of the tests performed for selection analysis. ! indicates the homologue region also positively
selected in most of avian species. # inferred homology with human.
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warbler and the great tit [69]. The allelic variation described
in our study could be due to increased immunological
defense against the internal pathogen since these are highly
unlikely to adapt to novel, infrequent variant [15].

Recombination has been considered an important mech-
anism that influences allelic diversity and driving evolution
of the MHC gene [70, 71] We only find one potential recom-

bination event in Tuna-MHCI ∗ PFA06 at two recombinant
breakpoints at position 148 and 253 identified with recombi-
nation detection program. Similarly, single recombination
was significant in Tueu-MHCI ∗ PFA07. Recombination pat-
tern was also restricted two out of seven tests; hence our find-
ing indicate recombination is unlikely to have any significant
influence on tests for PSs. Though we could not find any

Tuen-MHCI⁎PFA07
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Figure 4: Bayesian phylogenetic reconstruction of MHC class I exon 3 of four species of the Turdidae family. All the nodes are well supported
(PP > 0:90%) unless indicated otherwise. AB268885 Gallus gallus was used as an outgroup.
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Figure 5: The phylogenetic networks of MHC class I of four species of the Turdidae family along with homologue sequences from passerine
species. GenBank accession numbers are provided. Species names are mentioned in the lower right side with branch colors. Neighbor-Net
networks based on uncorrected P-distances and carried out in 1000 bootstrap replicates to estimate nodal support. Nodal support values
(>75%) were displayed.
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substantial recombination among other alleles, qualitatively
our result suggests a role for recombination during the evolu-
tion of MHC class I in our species studied. Our finding is
consistent with, that micro-recombination is frequently
observed in MHC genes [57]. Further study of recombinant
function in the future will contribute to a detailed under-
standing of its role in the evolution of the MHC gene.

Positive selection is the maintainer of alleles having the
advantageous mutation that maintain fitness of an individ-
ual. In our study, the classical test of selection Tajima’s D,
Fu and Li’s D ∗ and Fu and Li’s F ∗ showed no deviation
from neutral selection or balance selection. Considering the
level of variation, conventional methods used to find selec-
tion are not influential [72]. As sites positively selected are
likely to accumulate more non-synonymous than synony-
mous substitutions, influencing amino acid variation to
result in functional modifications in proteins [73]. Our study
revealed differential expression of selection pattern in func-
tional sequences on regions related with PBR and non-PBR
of the MHC class I gene. Codons involved in peptide binding
region revealed more non-synonymous substitution than
synonymous (dN/dS = 1:99) in Turdus atrogularis as com-
pared to non- peptide binding region (dN/dS = 0:884), pat-
tern was consistent among all species tested, which might
be enlightened that stronger selection pressure from intracel-
lular pathogens than extracellular pathogens [74]. Evidence
of positive selection at PBR of MHC has been reported in
the house sparrow (PBR dN/dS = 1:55 vs. non-PBR dN/dS =
0:51) [75] and golden pheasant (PBR dN/dS = 1:45 vs. non-
PBR dN/dS = 0:91) [76]. Of the 12 codons in total among spe-
cies tested exhibit positive selection with Likelihood methods
using PAML, 9, 29, 64, and 88 match homologues codons
found positively selected in other passerine species.

It should be noted that the pooling of all alleles across loci
will mostly reduce selection detection tests, so the outcomes
might be conservative, but will be less prone to false positives
[77, 78]. Therefore, attention should be given while inferencing
about the detected diversity in MHC and the possible effects of
selection on individual loci. Our results suggested that α2
domain of MHC class I exon 3 of all species are under positive
selection pressure. Pronounced positive selection at antigen-
binding sites permits a species or population to present a larger
repertoire of peptides (antigens), thus increase the defensive
ability against parasitic and pathogenic infections.

Finally, phylogenetic clustering of MHC class I data set of
sampled species when pooled with other passerine species
produces a contrasting pattern. In general, the MHC class I
sequence of the Turdidae family clustered together with
sequences from congeneric species. We found increased
sequences similarities between the same species rather than
within species (trans specific likenesses), is usually described
with trans species polymorphism (TSP), which occurs due to
alleles passage from ancestral to the decedent via partial
arrangement of lineages [79]. Although trans specific similar-
ities can be described with convergent evolution due to the
results of similar environmental selective pressure. Studies
indicate that TSP is a primary mechanism responsible for
clustering of alleles at avian MHC class I [80] (Figure 5).

5. Conclusion

Our study shows that species of the Turdidae family has
retained significant MHC class I diversity, which supports
high conservational value and contributes to the evolution
of MHC class I genes. Importantly, we specifically amplify
the exon 3 locus and provide an opportunity to avoid chi-
mera formation during molecular characterization of hyper-
variable genes of immunity. At the same time, our study is
the first to validate contrasting patterns of allelic diversity
and positive selection upon inferred PBR and non-PBR
codons which supported the hypothesis that different mech-
anisms can shape evolutionary paths of MHC class I.
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Bovine tuberculosis (bTB) is a widespread zoonotic infection targeting the livestock sector, especially in developing countries, and
posing a risk to humans and animal populations. Its recent prevalence in river buffaloes has been estimated as higher as 33.7%. In
emergent countries like Pakistan, there is likeliness of human-livestock interfaces extensively and lacking of effective preventive
measures that illustrate the risk of spreading the infection at a remarkable rate. The river buffalo (Bubalus bubalis) is an upkeep
host of Mycobacterium bovis and is responsible for disease transmission among buffaloes and other livestock species. In this
study, potential molecular biomarkers in the Interferon-gamma gene (IFNg) were identified after genomic screening of river
buffaloes. Unique genomic loci in river buffalo proved the novelty of the genomic structure of this phenomenal animal but also
highlighted its significance in natural immunity against the Mycobacterium. A total of eight single nucleotide polymorphisms
were identified in the coding region of IFNg. The SNPs in the exonic region were all transitions, i.e., the conversion of purines
to purines. These SNPs were analyzed for Hardy Weinberg Equilibrium, chi2 test, gene diversity, and protein structural
conformation. Pathway analysis in tuberculosis revealed that IFNg inhibits the antigen-presenting cells (APC) through JAK and
STAT pathways. Network analysis of IFNg proteins in both species showed strong associations among the immunity-related
proteins (interleukins, tissue necrosis factors) and receptors of interferons. The identified polymorphic sites might be novel-
potentiated markers for the selection of animals with superior immune response against bTB and can be exploited as promising
genomic sites for breeding the resistant animal herds to combat Mycobacterium infection in a long run.

1. Introduction

Bovine tuberculosis is a widespread infectious disorder
affecting animals as well as humans. A major cause of this
infection is a slow-growing, obligatory bacterium, which
exists inside the cells, Mycobacterium bovis. This microbe is
referred to as a well-adapted and “successful” pathogen. Its
distribution is global, and several countries have been
affected by its devastation in terms of economic losses and
reduced herd health at livestock farms [1]. Many advanced
countries have opted for the use of pasteurization in order
to reduce the spread of infection, but the disease continues
to cause economic/production losses when poorly controlled.
The Office International des Epizooties categorized bTB as a

List-B disease, a disease which has been declared as major
public health concern over the last decade and affects the
socioeconomic status of local farmers and animal breeders.
It also bears a significant impact on the animal trading and
export of animal goods [2, 3]. In underdeveloped countries
like Africa, M. bovis infection has been reported in a wide
range of animal species [4]. Bovine TB is also one of the
major zoonotic diseases in Pakistan. The prevalence of
bovine TB in buffaloes in the country has been reported from
0.51% to 12.72% [5]. In Pakistan and India, the incidence of
bTB in cattle and buffalo was found in about 2.25% of the
population in 1969 and 10% in 1975. In some countries,
human disease caused by M. bovis is merely reported as TB
to avoid inquiries from disease control departments, which
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might produce problems of patient privacy [6]. Transmission
ofMycobacterium bovis in animal herds is usually via inhala-
tion and ingestion [7]. Resistance to infection could be medi-
ated either by the innate or adaptive immune system, and,
therefore, the genomic regions related to either of these pro-
cesses may be considered as candidate genes for bTB suscep-
tibility loci [7]. IFNg is clearly an imperative cytokine in the
control of the infection largely due to its potent role in mac-
rophage activation [8–11] and is one of the major responders
in Mycobacterium infections.

The aim of the study provides evidence in the progression
of bovine tuberculosis to clinical stages is associated with
reduced expression of IFNg at the site of infection. Bovine
IFNg is the major gene involved in the production of IFNg,
a cytokine involved in delayed type of hypersensitivity
response in buffalo. In the present study, candidate polymor-
phisms in IFNg gene that play a part in the immunologic
response were identified. Hardy Weinberg equilibrium and
chi2 testing depicted the significance of each locus in a popu-
lation. Association testing was performed to evaluate the sig-
nificance of each locus with bTB susceptibility. Network and
pathway analyses were also performed. Finally, protein struc-
tural configuration was studied to evaluate the genomic
closeness with other bovine species. Results of this study
illustrate the uniqueness of the genomic architecture of IFNg
in Pakistani river buffalo, and identified polymorphisms pro-
vide a better understanding of superior animal selection that
confers immunity against bTB.

2. Materials and Methods

This study was conducted to explore the novel SNPs in the
exonic regions of IFNg, which affect the immunologic status
of the buffalos that ultimately leads to the resistance or sus-
ceptibility of bovine TB in buffalo. This research work was
conducted at the Postgraduate Genomics lab, Institute of
Biochemistry and Biotechnology, University of Veterinary

and Animal Sciences (UVAS), Lahore. This study has been
approved by the University of Veterinary and Animal Sci-
ences Research Ethics Committee and has been performed
in accordance with the ethical standards.

2.1. Animals Selection Criteria. A clutch of 50 animals (buffa-
los) with specific phenotypic features for the Nili-Ravi buffalo
breed were selected from different relative herds with their
Bovine TB status records from UVAS Pattoki campus,
Research Farm B, and Buffalo Research Institute (BRI) Pat-
toki. These 50 animals were bifurcated into two heads for
the purpose of blood sampling, each group consisting of 25
animals. The two groups were as follows:

(1) Nili Ravi buffalo showing positive skin tuberculin test
and Physical features

(2) Nili Ravi buffalo with negative skin tuberculin test
and no previous history of lung infection

The characterization of the Positive bTB animals was
done on the basis of certain phenotypic parameters as emaci-
ation, prominent transverse process, sharped neural spines,
dorsal spines individually pointed to the touch and hips, pins,
tail-head, and ribs were eminent. Scoring system proposed

Table 1

(a) Description of condition scores for Positive samples

Score Condition Features (antemortem) (Postmortem) PPD∗

1 L- Marked emaciation
Caseous
necrosis

+ve

2 L Transverse processes project prominently, neural spines appear sharply. Mineralization +ve

3 L+
Individual dorsal spines are pointed to the touch; hips, pins, tail-head, and ribs are prominent.

Transverse processes visible, usually individually
Cavitation +ve

∗Purified protein derivative.

(b) Description of condition scores for negative samples

Score Condition Features (antemortem) (Postmortem) PPD

1 F-
Animal smooth and well covered, but fat deposits are not marked. Dorsal spines can be felt with

firm pressure, but feel rounded rather than sharp.

No lesion

-ve

2 F Fat cover in critical areas can be easily seen and felt; transverse processes cannot be seen or felt. -ve

3 F+
Heavy deposits of fat clearly visible on tail-head, brisket, and cod; dorsal spines, ribs, hooks, and

pins fully covered and cannot be felt even with firm pressure.
-ve

Table 2: IFNg gene primers.

Sr. no. Primer names 5′-3′ sequences

1
IFNG1 (F) 5–ccagcaccaaaaggagacac-3

IFNG1 (R) 5-gaagactagagatgagagccca-3

2
IFNG2 (F) 5-gtgccagcatccaagttcaa-3

IFNG2 (R) 5-agcaacaggaaaatcagccaa-3

3
IFNG3 (F) 5-tcctaatgactcataggcctga-3

IFNG3 (R) 5-tgtttcatttaacccagcccc-3

2 BioMed Research International
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for gross pathologic condition was used as proposed by [12].
This scoring system was based on the lesions in viscera
specially lungs. Lesions were scored for caseous necrosis,
mineralization, cavitation, granuloma formation, etc. In this
system, varying degrees of lesions from firm or hard white,
grey, or yellow nodule with a yellow, caseous, necrotic center,
which was dry and solid to thin-walled suppurative abscesses
were categorized as postmortem positive Elizabeth et al.1996.
Detail is mentioned in Tables 1(a) and 1(b).

2.2. Sampling Strategy. The blood sampling of mentioned
animal groups (based on the phenotypic expression of
anatomical signs antemortem and postmortem scoring) was
carried out. Animals group (n = 25) without these lesions
was classified as postmortem negative.

2.3. Blood Sampling. Observing standard operating proce-
dures blood samples were drawn from the jugular vein into
a 50ml falcon tube containing 200 gl of anticoagulant, i.e.,
EDTA (ethylene diamine tetra—acetic acid).

2.4. Genomic DNA Extraction/Quantification. DNA extrac-
tion was done by using standard organic method using phe-
nol-chloroform, isoamyl alcohol (Sambrook and Russell,
2001) [13], and quantification was done by using NanoDrope
Spectrophotometer and 0.8% agarose gel electrophoresis.

2.5. Genetic Characterization of IFNg Gene. Interferon-
gamma in bovine species is located on chromosome 5. It
has 4 exons with a total length of 2743 bp. Genomic charac-
terization was done by designing specific primers to amplify
the various regions of the gene by using Primer3 software
(http://frodo.wi.mit.edu/) and using the sequence reported
in the NCBI database (https://www.nlm.nih.gov) (Table 2).

2.6. Amplification and Sequencing the PCR Products. Primers
were optimized and amplified on specific annealing temper-
ature and PCR reaction mixture. PCR products were precip-
itated by using ethanol and sequenced using the ABI Genetic
analyzer 3130 XL (Applied Biosystems, USA).

2.7. Bioinformatics Analysis. Sequences were aligned by using
ClustalW, Multiple Alignment Tool (https://www.genome
.jp/tools-bin/clustalw). Protein structural configuration of

IFNg in Bos taurus and Nili-Ravi buffalo was created by using
Phyre2 software (http://www.sbg.bio.ic.ac.uk/). Further
pathway analysis was of IFNg in tuberculosis disease pathway
was performed through KEGG (https://www.genome.jp/
kegg/pathway.html), and network analysis of IFNg in Bos
taurus and Nili-Ravi buffalo was carried out using STRING
(ver. 11.0) knowledgebase resource (https://string-db.org/).

2.8. Statistical Analysis. Evaluation of the difference between
allelic and genotypic frequency of the gene under study was

Table 3: SNPs identified in IFNg in Nili Ravi buffalo.

SNP Location Wild Mutant Transition/ transversion Chi2 (<0.05) HWE

p:264G > C 45830264 G C Transversion 0.040418 S∗

p:274G > A 45830274 G A Transition 0.033603 S

p:294T > C 45830294 T C Transition 0.243009 NS∗

p:336G > A 45830336 G A Transition 0.000649 S

p:342T > C 45830342 T C Transition 0.000262 S

p:433T > A 45830433 T A Transversion 1.000000 NS

p:1441A > C 45831441 A C Transversion 0.015112 S

p:1545G > C 45831545 G C Transversion 0.000111 S
∗S: significant. ∗NS: nonsignificant.

Table 4: Allele frequency of multiple loci identified in IFNg in Nili
Ravi buffalo.

Allele/locus Allele A Allele B

p:264G > C 0.3030 0.6970

p:274G > A 0.7523 0.2477

p:294T > C 0.3733 0.6267

p:336G > A 0.3939 0.6061

p:342T > C 0.6371 0.3629

p:433T > A 0.2097 0.7903

p:1441A > C 0.5432 0.4568

p:1545G > C 0.9137 0.0863

Table 5: Shannon index of genomic variations in IFNg gene
depicting diversity.

Locus Sample size na∗ ne∗ I

p:264G > C 50 2.0000 1.9231 0.6595

p:274G > A 50 2.0000 2.0000 0.6743

p:294T > C 50 2.0000 1.6000 0.6288

p:336G > A 50 2.0000 2.0000 0.5710

p:342T > C 50 2.0000 1.7241 0.1937

p:433T > A 50 2.0000 1.1050 0.6402

p:1441A > C 50 2.0000 1.6000 0.6743

p:1545G > C 50 2.0000 1.0000 0.5823
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done by using chi-square test and association analysis
through calculating the odds ratio using SHEsis (http://
analysis.bio-x.cn).

3. Results

The purpose of this study was to identify the effect of single
nucleotide polymorphisms in the interferon-gamma gene in
Nili Ravi buffalo. Different statistical and bioinformatics
tools were used to analyze the genetic variations.

3.1. Statistical Significance of Data. A total of eight SNPs (sin-
gle nucleotide polymorphisms) were identified in the coding
region of IFNg. Among all the eight SNPs identified, four
were transitions (p:274G > A, p:294T > C, p:336G > A, and
p:342T > C) and remaining were transversions (p:264G > C,
p:433T > A, p:1441A > C, and p:1545G > C) (Table 3).
p:294T > C and p:433T > A were nonsignificant (P < 0:05)
and were obeying Hardy Weinberg Equilibrium (HWE).
p:294T > C was observed having the highest value for
chi2; 0.243009 (>0.05). This variation is a potentiated
marker for single locus association analysis and further
selection in the breeding program. The remaining all
were significantly deviating from HWE. The lowest chi2

score was observed for p:1545G > C (0:000111 < 0:05)
(Table 3).

Allelic frequencies were also calculated for all loci
(Table 4). The frequency range for allele-A was from 0.2097
to 0.9137, while for allele-B was from 0.0863 to 0.7903. Shan-
non index was also calculated for all variations depicting the
gene diversity for all loci. The range of the I-score was 0.1937
to 0.6743, indicating the lower to medium diversity of this
gene in river buffalo (Table 5).

Heterozygosity statistics were also calculated indicating
the expected and observed heterozygosity of each locus.
The average score of gene heterozygosity was 0.3245 with a
standard deviation of 0.2093 (Table 6). Haplotypes were con-
structed by blocking the genomic variations. The odds ratio
was calculated with a confidence interval (CI) of 95%, and
maximum score observed was 2.667 with chi2 value 0.007
(Table 7). This indicated the significance of these variations
to move together into the next generation.

3.2. Bioinformatics Significance of the Data. Bioinformatics
analysis was done to construct a three-dimensional protein
structural model and secondary structure prediction
(Figure 1). It was observed that the numbers of residues were
the same in Nili-Ravi buffalo and Bos taurus protein of IFNg.
The structural model of both species did not show significant
variation. Both models were carrying α–Helix and β-sheets.
A significant variation in structural configuration was
observed in Nili-Ravi buffalo in the form of a transmembrane
helix between residues 66-81 directing from extracellular
matrix to cytoplasmic medium (Figure 2). This helix could
not be predicted in the 3-D structure of IFNg protein in
Bos taurus. Pathway analysis in tuberculosis revealed that
IFNg inhibits the antigen-presenting cells (APC) through
JAK and STAT pathways (Figure 3). No difference in path-
ways of IFNg mediated inhibition of APC was found in B.
Taurus and B. Bubalis. Network analysis of IFNg proteins
in both species showed strong associations among the
immunity-related proteins (interleukins, tissue necrosis fac-
tors) and receptors of interferons (Figure 4).

4. Discussion

The bacterium, Mycobacterium bovis, causes chronic respi-
ratory disease and has a major impact on the cattle and buf-
falo industry worldwide as well as posing a risk to humans
and other animal populations. In Punjab (Pakistan), the
prevalence of bovine tuberculosis varies in buffaloes from
12.48% to 33.72% [14]. Despite over sixty years of costly

Table 6: Summary of heterozygosity statistics of IFNg in Nili Ravi Buffalo.

Locus Obs_Hom Obs_Het Exp_Hom∗ Exp_Het∗ Nei∗∗ Ave_Het

p:264G > C 0.8000 0.2000 0.4947 0.5053 0.4800 0.4800

p:274G > A 0.8000 0.2000 0.4737 0.5263 0.5000 0.5000

p:294T > C 0.5000 0.5000 0.6053 0.3947 0.3750 0.3750

p:336G > A 1.0000 0.0000 0.4737 0.5263 0.5000 0.5000

p:342T > C 1.0000 0.0000 0.5579 0.4421 0.4200 0.4200

p:433T > A 0.9000 0.1000 0.9000 0.1000 0.0950 0.0950

p:1441A > C 0.9000 0.1000 0.6053 0.3947 0.3750 0.3750

p:1545G > C 1.0000 0.0000 1.0000 0.0000 0.0000 0.0000

Mean 0.8900 0.1100 0.6584 0.3416 0.3245 0.3245

St. dev 0.1595 0.1595 0.2203 0.2203 0.2093 0.2093

Table 7: Association analysis of haplotypes by calculating odds
ratio in IFNg gene.

Haplotype Chi2 Pearson’s P Odds ratio (95% CI)

A B A A B B B A 0.916 0.338615 —

A B B A B B B A 0.007 0.931562 1.133

A B B B B B B A 0.036 0.931562 1.133

B B A A B B B B 0.094 0.848878 1.167

B B B A B B B A 0.007 0.289049 2.667

B B B B A B B A 0.916 0.122060 —
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eradication programs, including the vaccination, regular
monitoring at farms, and periodic slaughter of infected ani-
mals, the number of cases continues to rise. According to
Health Department, Government of Punjab, Pakistan is
ranked 8th among the 22 high tuberculosis burdened coun-
tries in the world and about 300,000 new cases are added
each year. There are also issues like drug residues in animal
products and drug resistance by the pathogens that demand
new control strategies for this infection. Previous studies
have suggested that animals differ genetically in their risk of
bovine tuberculosis. This has opened up the possibility of
breeding animals that have a lower risk of becoming infected
with bovine tuberculosis. Colin [15] and his team provided
the first hand report about the genetic basis to natural resis-
tance to infections such as bovine tuberculosis, with an esti-
mated heritability of 0.48 (standard error, 0.096; P < 0:01).
The breeding of selection lines of resistant and susceptible
animals provided an ideal strategy for reducing the number
and severity of outbreaks of Tb in farmed animals. Identify-

ing candidate genes and novel polymorphisms are crucial
to economically important infectious diseases, which ulti-
mately can provide a method for the selection of resistant
animals in a more targeted and efficient way. But this solu-
tion is a long-term one and needs extensive research. Previ-
ous studies have suggested that animals differ genetically in
their risk of bovine tuberculosis [16–18]. This has opened
up the possibility of breeding animals, which have a lower
risk of becoming infected with bovine tuberculosis.

In this context, this study was planned for genetic screen-
ing of the Interferon-gamma gene in the Nili Ravi buffalo of
Pakistan. A total of eight SNPs were identified in the coding
region of the IFNg gene. The one SNP found in the current
research is in compliance with the research on IFNg, hence,
seven SNPs found in the current research are novel in Nili
Ravi buffalo. SNPs in the IFNg gene have also been reported
by [19] and considered as candidate markers for controlling
the Bovine Tuberculosis in Chinese Holstein cattle.

For the analysis of population, genetics at all the loci
POPGENE 32 software was used. By using this software,
overall allele frequency, heterozygosity, probability using
Chi-square test, and Likelihood ratio test Hardy-Weinberg
equilibrium, gene diversity of all SNP position was calculated.

The results of the study follow the postulates of the
Hardy-Weinberg equilibrium demonstrating that the two of
the identified alleles were randomly distributed throughout
the population, no migration had occurred, no bottlenecks
happened, and the population remained large in numbers.
These nonsignificant variations were obeying HWE and can
be potential markers for genetic selection. Polymorphisms
with a probability value below 0.05 indicated that the popula-
tion at these polymorphic sites was not obeying Hardy-
Weinberg equilibrium. This indicated that at these positions,
alleles were not equally distributed in population.

The mean value of effective number of alleles (ne) was
1.59522, and the mean value score for the observed number
of alleles (na) was 2.0000, which is higher than (ne) demon-
strating that Mutant alleles are more in the animal popula-
tion, which could not pass on to the next generation as a
whole. The mean value of observed homozygosity and
observed heterozygosity was 0.8900 and 0.1100. Similarly,
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Figure 1: 3-D protein structural configuration of IFNg protein in Nili Ravi Buffalo and Bos taurus.
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expected homozygosity and heterozygosity mean were
0.6584 and 0.3416, respectively. The average heterozygosity
mean value was 0:3245 ± 0:2093 (SD).

3-D protein structure of IFNg protein in buffalo and cat-
tle was compared, and unique secondary structures were

observed. A transmembrane helix was predicted in buffalo,
which was missing in the cattle IFNg protein of cattle. More-
over, it is also revealed that IFNg inhibits the antigen-
presenting cells (APC) through JAK and STAT pathways in
tuberculosis disease [9, 11].
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Tumor necrosis factor alpha (TNF-α) plays a critical role in the progression of inflammation and affects the cells of the synovial
membrane. Another key factor in the progression of rheumatoid inflammation is interleukin-6 (IL-6). Both TNF-α and IL-6
promote the proliferation of synovial membrane cells thus stimulating the production of matrix metalloproteinases and other
cytotoxins and leading towards bone erosion and destruction of the cartilage. Growth differentiation factor-11 (GDF11) and
growth differentiation factor-8 (GDF8) which is also known as myostatin are members of the transforming growth factor-β
family and could be used as antagonists to inflammatory responses which are associated with rheumatoid arthritis. In the
current study, to elucidate the evolutionary relationships of GDF11 with its homologs from other closely related organisms, a
comprehensive phylogenetic analysis was performed. From the phylogram, it was revealed that the clade of Primates that belong
to superorder Euarchontoglires showed close evolutionary relationships with order Cetartiodactyla of the Laurasiatheria
superorder. Fifty tetrapeptides were devised from conserved regions of GDF11 which served as ligands in protein-ligand
docking against TNF-α and IL-6 followed by drug scanning and ADMET profiling of best selected ligands. The peptides SAGP
showed strong interactions with IL-6, and peptides AFDP and AGPC showed strong interactions with TNF-α, and all three
peptides fulfilled all the pharmacokinetic parameters which are important for bioavailability. The potential of GDF8 as an
antagonist to TNF-α and IL-6 was also explored using a protein-protein docking approach. The binding patterns of GDF8 with
TNF-α and IL-6 showed that GDF8 could be used as a potential inhibitor of TNF-α and IL-6 to treat rheumatoid arthritis.

1. Introduction

The immune system is a collection of chemicals, cells, and
pathways that protect the cells from foreign invaders. Beyond
chemical and physical barriers to pathogens, the immune
system has two fundamental pillars in line of defense which
include innate immunity and adaptive immunity [1]. Innate
immunity is a nonspecific rapid immune response activated
within minutes to hours with the lack of immunologic mem-
ory. On the other hand, adaptive immunity is an antigen-
dependent response activated upon the subsequent exposure
of host cells to antigens. There is synergy between the events
in innate immunity and adaptive immunity, and any defect
in either system provokes severe problems and diseases such

as autoimmune diseases, inflammations, and immunodefi-
ciency disorders [2].

The immune system preserves homeostasis in immune
integrity to protect the host cells from infectious agents.
Furthermore, the immune system undergoes processed path-
ways to initiate self-tolerance to avoid the destruction of
tissues or cells of the host immune system. The impairment
of the self-tolerance mechanism leads towards the onset of
severe autoimmune disorders [3]. Mounting evidence has
clearly demonstrated the relation of innate immunity
responses in initiation, progression, and maintenance of dif-
ferent autoimmune disorders including lupus erythematosus,
rheumatoid arthritis, Alzheimer’s disease, Addison’s disease,
and type I diabetes mellitus [2]. Autoimmunity involves the
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self-destruction of own tissues by the production of abnor-
mal responses due to self-reactive T-cells, cytokines, and
autoantibodies. To design potential drugs and targets, these
self-reactive species are the main focus to maintain different
autoimmune disorders [4].

In this study, our main focus was on the systemic
autoimmune disease rheumatoid arthritis (RA). Rheuma-
toid arthritis (RA) is an autoimmune disease characterized
by synovial inflammation, decalcification, bone erosion,
and destruction of cartilage which result in joint impair-
ment. Currently, there are five main classes of drugs that
have been in practice in RA therapy including analgesics,
glucocorticoids, biologic disease-modifying antirheumatic
drugs (bDMARDs), nonbiologic disease-modifying anti-
rheumatic drugs, and nonsteroidal anti-inflammatory drugs
(NSAIDs). The most common biological disease-modifying
antirheumatic drugs are TNF-α inhibitors. Despite many
drug therapies, the RA patients did not get any significant
clinical benefits from these agents [5].

On the basis of sequence identity, shared inhibitors,
and receptor utilization, the members of the transforming
growth factor-β (TGF-β) family may be divided into three
subclasses, i.e., TGF-β, bone morphogenetic protein
(BMP)/GDF, and activin/inhibin [6, 7]. A similar protein
fold has been observed in all proteins of the TGF-β family,
and efforts have been made to understand the structural basis
of these individual ligands for their differential signaling.
Growth differentiation factor-11 (GDF11) also known as
bone morphogenetic protein 11 (BMP11) is a member of
the transforming growth factor-β (TGF-β) family [8]. From
this family, GDF11 and GDF8 (also known as myostatin)
have been found to be the most closely related members
and emerged through a gene duplication event in an ancestral
gene after the point when divergence of amphioxus occurred
from vertebrates [9]. It has been observed that both GDF8
and GDF11 bind with type II receptors of activin which trig-
ger signaling via the Smad2/3 pathway after subsequent
phosphorylation of these receptors [10].

The aim of this study includes the investigation of poten-
tial tumor necrosis factor alpha (TNF-α) and interleukin-6
(IL-6) inhibitors which could be used in RA maintenance.
Currently, the attenuation of inflammatory responses has
attracted the attention of researchers in the field of many
inflammatory disorders. Recently, the therapeutic effects of
GDF11 in mouse models as an antagonist of inflammatory
responses associated with RA have been explored [11]. In
the current study, we therefore explored the inhibitory nature
of GDF11 against the proinflammatory cytokines responsible
for rheumatoid arthritis.

2. Materials and Methods

2.1. Phylogenetic Analysis.Human GDF11 gene sequence was
retrieved from the NCBI nucleotide database and analyzed
using BLAST (Basic Local Alignment Search Tool) [12] avail-
able on the NCBI website (http://www.ncbi.nlm.nih.gov/).
Along with GDF11 gene sequence of Homo sapiens,
seventy-four most similar reported sequences ofGDF11 from
different mammals were also retrieved from GenBank for

phylogenetic systematics. All sequences were aligned using
ClustalX and imported into the MEGA7 program [13] for
manual alignment. A Neighbor-Joining (NJ) phylogenetic
tree was reconstructed using MEGA7 with 100 bootstrap
replicates.

2.2. Ligand-Based Molecular Docking. A ready-to-dock
library of 50 ligands was prepared and docked against tumor
necrosis factor alpha (TNF-α) and interleukin-6 (IL-6) with
the help of Molecular Operating Environment (MOE)
software.

2.3. Ligand Selection and Database Preparation. The protein
sequence of GDF11 was retrieved from NCBI’s Entrez Pro-
tein under accession No. O95390.1. MEME Suite was used
to predict three motifs from nine selected homologs of
GDF11 [14, 15]. The chemical structures of 50 tetrapeptides
were drawn from the consensus sequences of predicted
motifs using ACD ChemSketch and saved in MOL format.
All the tetrapeptides were minimized and saved into the
MOE database in .mdb format for docking studies.

2.4. Retrieval and Optimization of Receptor Proteins. Three-
dimensional structures of TNF-α (PDB ID: 6OP0) and IL-6
(PDB ID: 5FUC) were retrieved from Protein Data Bank
(PDB) and optimized by removing water molecule, addition
of hydrogen atoms, energy minimization, and 3D proton-
ation using MOE software. The ready-to-dock database of
50 tetrapeptides was docked counter to TNF-α and IL-6
separately. The top five interaction conformations of each
receptor protein were selected on the basis of binding pat-
terns and energy conformations.

2.5. Protein-Ligand Docking. Active sites of receptor proteins
were predicted by a site finder tool of MOE with default
parameters. The prepared database of 50 tetrapeptides from
the conserved sequences of GDF11 was docked counter to
receptor proteins separately using MOE. The docking pro-
gram of MOE provides the top conformations on the basis
of maximum occupancy of binding pocket and minimum
energy structure. The top five ligands from each protein-
ligand docking study were selected on the basis of S-scores
and kept aside for further verification through drug scan
analysis.

2.6. Drug Scanning and ADMET Profiling. Lipinski’s rule of
five explores the therapeutic nature of selected drug mole-
cules by distinguishing the drug-like and nondrug-like prop-
erties of drug candidates. The durability of hit compounds
was evaluated using the online server SwissADME [16].
The ADMET (metabolism, distribution, excretion, absorp-
tion, and toxicity) attributes of target molecules were discov-
ered using admetSAR server [17]. Only those ligands were
considered to be the potential or lead drug candidates that
accomplished all the ADMET models successfully.

2.7. Protein-Protein Docking. Appropriate interactions
between the member of TGF-β and TNF-α and IL-6 are nec-
essary to check binding residues between them and to inhibit
the residues of receptor protein(s). In this study, the chain A
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of myostatin (PDB ID: 6UMX) was selected as a template and
downloaded from PDB to dock against receptor proteins
TNF-α (PDB ID: 6OP0) and IL-6 (PDB ID: 5FUC). The
inhibitors of TNF-α and IL-6 have been extensively studied
and researched due to their role in reduction of inflammatory
response in autoimmune disorders. The HADDOCK server
was used to dock myostatin with TNF-α and IL-6 [18]. To
visualize the interactions, the educational version of PYMOL
was used [19]. Moreover, the online database PUBsum was
used to demonstrate the interacting residues involved in
protein-protein interactions [20].

3. Results and Discussion

Basic Local Alignment Search Tool (BLAST) is still the most
popular search algorithm and can accommodate nucleotide
or protein sequences. BLAST was used to identify local
regions of similarity and statistical significance of GDF11
nucleotide sequences from selected organisms. Multiple
sequence alignment was also performed through Geneious
[21] (Fig S1 of Supplementary file). The truncated sequences
were deleted, and longer sequences were shortened in the
multiple sequence alignment to make them all equal in
length.

3.1. Analysis of GDF11 Phylogenetic Tree. To establish the
evolutionary relationships, a phylogenetic tree of the
GDF11 gene from seventy-six members of the Eutheria clade
of mammals with maximum identity including H. sapiens
was reconstructed (Figure 1). The evolutionary history was
inferred using the Neighbor-Joining method [22, 23]. The
percentage of replicate trees in which the associated taxa
clustered together in the bootstrap test (100 replicates) is
shown next to the branches [24, 25]. The tree was drawn to
scale, with branch lengths in the same units as those of the
evolutionary distances used to infer the phylogenetic tree.
The evolutionary distances were computed using the Kimura
2-parameter method [26] and are in the units of the number
of base substitutions per site. Overall mean distance was
found to be 0.052. The tree is fully in accordance with the
classification system, and all organisms appeared in their
respective clades and subclades. The organisms divided
themselves under three superorders, i.e., Euarchontoglires,
Laurasiatheria, and Afrotheria, with two, four, and five
orders covered, respectively. Oryctolagus cuniculus has
appeared in Glires and Homo sapiens in Primates orders
under the same superorder of Euarchontoglires. From the
phylogeny of GDF11, it was inferred that O. cuniculus had
the strongest evolutionary relationship with Ochotona prin-
ceps while H. sapiens with Gorilla gorilla gorilla. Some inter-
esting observations were also found in the phylogeny of
GDF11. The Primates order that belongs to superorder
Euarchontoglires is showing more identity with order Cetar-
tiodactyla of the Laurasiatheria superorder, inferring that
there would be some evolutionary closeness between two
orders. The organisms of order Chiroptera have not appeared
in a single clade and are divided into two small clades, i.e.,
Chiroptera I and Chiroptera II. Chiroptera II is showing
more closeness with the Perissodactyla order hypothesizing

that the organisms under both clades have strong evolution-
ary relationships.

A detailed phylogenetic analysis for GDF11 sequences
was not found previously, and therefore, in this study, we
conducted a comprehensive phylogenetic analysis. In our
phylogenetic analysis, the mammalian GDF11 clades were
divided into different clades on the basis of their suborders.
Biga et al. [27] also conducted a phylogeny of GDF11 using
protein sequences. They found that GDF11 from mammals
clustered with that of zebrafish and also found that all myos-
tatin and GDF11 sequences were grouped together showing
high identity between both proteins. In another study [28],
GDF11 and myostatin in vertebrates were found to be more
closely related to each other than piscine myostatin when a
phylogenetic analysis of GDF11 and myostatin was
performed.

More than 30 ligands have been reported from the TGF-
β family, which are structurally related but functionally
distinct. The family has 3 subclasses, i.e., TGF-βs, BMPs,
and activin/myostatins. From the TGF-β family, GDF11
and GDF8 (myostatin) have 90% sequence identity within
their mature signaling domain and both are members of
the activin/myostatin subclass [29]. Talking about the func-
tion of GDF11, it is essential for the development of mam-
mals and has been recognized for the regulation of aging of
various tissues. GDF8, however, has been found as a strong
negative regulator of muscle growth and modulates various
metabolic processes [30].

Other differences in GDF11 and GDF8 are also studied
and observed that GDF11 mRNA is found largely in various
tissues [31] but most abundant in the kidney and spleen [32],
whereas GDF8mRNA is mainly found in cardiac and skeletal
muscles. Both proteins are found in the bloodstream, and the
functional effects of their circulation are still not clear, but it
has been suggested that their presence may act as hormonal
signals. It was suggested that a number of features and func-
tions of both GDFs could overlap because of their high
sequence similarity, but the latest studies have shown that
both ligands have different functions [29]. Due to identical
residues in the region, both proteins possibly bind type II
receptors in the same fashion, but the residues have been
found divergent in the prehelix loop and wrist helix between
GDF11 and GDF8 conferring that the binding of type I
receptors might be different in both ligands [33].

Because of high sequence similarity and conservation
between GDF11 and GDF8, the functions of both the ligands
were assumed to be similar [34]. It is likely that much of this
assumption reflects the fact that GDF11 is a comparatively
understudied ligand of the TGF-β family as compared to
other members especially GDF8, and thus, the tools to study
the biology of GDF11 are continuously evolving. Therefore,
we have studied GDF11 in more detail and gave its compre-
hensive evolutionary relationships through its phylogeny.

3.2. Devising of Tetrapeptides as Ligands. Protein BLAST
(BLASTp) was used to explore homologs of GDF11 based
on query converge. MEME Suite was then used to explore
three motifs from the selected homologs. The most con-
served 50 tetrapeptides were devised from the selected
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motifs as ligand molecules and saved in the MOE
database.

3.3. Protein-Ligand Docking. Molecular docking is a
computer-aided drug discovery used to predict the perfect
orientation of ligand molecules. This study includes a
ready-to-dock library of 50 tetrapeptides devised from
GDF11 and docked against tumor necrosis factor alpha and
interleukin-6. The top hit compounds were selected on the
bases of S-scores and energy validations for further analyses.

3.4. Interaction Analyses. According to given commands,
MOE gave different confirmations of all ligands. The top five
ligands from each protein-ligand study were selected as hit
compounds on the basis of S-scores and binding residues.
For TNF-α, the peptide TETV exhibited the best S-score
(i.e., -14.7233) and showed interactions with amino acids
Ser147 and His15 of the binding pocket (Figure 2). Other
peptides (i.e., ISMA, ANPR, AFDP, and AGPC with S
-scores -14.4874, -14.4748, -14.1934, and -13.6792, respec-
tively) also showed interactions with active amino acids of
the binding site (Figs 2S to 5S, respectively, of Supplementary
file). Table 1 is showing peptides with their docking scores
and interacting residues of TNF-α.

Other receptor protein interleukin-6 is a pleiotropic
anti-inflammatory myokine and proinflammatory cytokine
encoded by the IL-6 gene in humans. In our study, the
peptide AQET exhibited the best S-score (-11.4547) with
interactive amino acid residues (i.e., Met67 and Glu172) of
the binding pocket (Figure 3). Four peptides (i.e., DGSP,
TETV, SAGP, and GSAG with S-scores of -10.9771,
-10.2757, -10.0603, and -9.9370, respectively) showed excel-
lent binding interactions with active amino acids (Figs 6S to
9S, respectively, of Supplementary file). Table 1 is showing
peptides with their docking scores and interacting residues
of IL-6.

The elevated level of plasma IL-6 is associated with
insulin resistance in diabetes mellitus [35]. IL-6 binds to
the receptor on the cellular surface and forms an IL-
6/sIL-6R complex that leads towards activation of cells.
IL-6 also promotes T-cell differentiation and at the same
time collaborates with TNF-α and IL-1 to induce systemic
inflammatory response [36]. TNF-α is also a proinflamma-
tory cytokine used by the immune system in a defense mech-
anism to induce inflammation against pathogenic response.
The deregulation or elevated signaling of TNF-α alters the
balance of T-cells thus leading towards the inflammatory dis-
eases such as inflammatory bowel disease, rheumatoid arthri-
tis (RA), and ankylosing spondylitis (AS). Collectively with
TNF-α, the role of IL-6 has been studied in humans and
different animal models to understand the phenomena of
autoimmunity [37]. Thus, there is a dire need for new drugs
to regulate the cytokine signaling and reduce the inflamma-
tory responses to treat autoimmune disorders.

3.5. Drug Scan and ADMET Screening. The Lipinski rule of
five distinguishes the drug-like and nondrug-like molecules
based on five parameters (i.e., molecular mass: ≤500 daltons,
hydrogen bond donor: <5, hydrogen bond acceptor: <10,

molar refractive index: 40-130, and partition coefficient (log
P): ≤5). The three peptides SAGP, AFDP, and AGPC showed
no deviation and fully accomplished the criteria of potent
drug candidates. The remaining peptides AQET, DGSP,
TETV, SAGP, GSAG, ISMA, and ANPR showed only one
violation of Lipinski’s rule of five (Table 2). The ADMET-
based drug profiling is necessary to estimate the bioavailabil-
ity of drug candidates. The ADMET study evaluates the hit
compounds using different threshold values to estimate the
absorption of leading compounds. In the current study, all
the selected compounds were found to be noncarcinogens
and non-Ames toxic (Table 3). Based on overall drug profil-
ing, these ligands could be used as potential inhibitors of
TNF-α and IL-6.

3.6. Protein-Protein Docking. Protein-protein docking is the
prediction of binding complexes between two proteins to
demonstrate the protein-protein interference. The HAD-
DOCK server was used to perform template-based docking
and to predict the interacting residues through hybrid algo-
rithms. In this study, the docking analysis was performed to
dock myostatin (GDF8) protein (which showed >85%
sequence identity with GDF11) with TNF-α and IL-6. The
results revealed good binding patterns and interactions
between amino acids of two protein complexes. The HAD-
DOCK binding score of GDF-TNF-α was found to be
-62.2 kcal/mol and that of GDF-IL-6 was found to be
-48.1 kcal/mol. The interactions between GDF8 and TNF-α
are shown in Figure 4 while interactions between GDF8
and IL-6 are shown in Figure 5.

The hydrogen bonds between GDF8 and both target pro-
teins are shown in red stick representation. In the case of
GDF-TNF-α interactions, it was observed that the active
amino acids of GDF8 were involved in six hydrogen bonds
with TNF-α; meanwhile, 16 hydrogen bonds were observed
in GDF-IL-6 interactions. The online database PUBsum also
demonstrates the hydrogen bonding along with disulfide
bonds between the active amino acids of these protein com-
plexes. The overall results and binding patterns of GDF8 with
TNF-α and IL-6 indicated that GDF8 could be used as a
potential inhibitor of TNF-α and IL-6 receptor proteins.

The molecular docking approach predicts the best orien-
tation of ligands binding with particular amino acids of the
binding pocket of receptor molecules [15]. Molecular dock-
ing is the major section of drug discovery as it predicts the
biological interactions and bioavailability of hit compounds.
Computational drug discovery is the most economic and
effective route of in silico drug designing [38]. Based on the
type of ligands, docking can be classified into many types like
protein-small molecule (ligand) docking, protein-protein
docking, and protein-nucleic acid docking [39]. In the
current study, we used two approaches (i.e., ligand-based
protein docking and protein-protein docking) of TGF-β
members counter to two target proteins such as tumor necro-
sis factor alpha and interleukin-6.

Human TNF-α is 17 kDa in size, nonglycosylated, and
encoded by genes on 6p23-6q12. TNF-α mainly involves in
a variety of functions including phagocytosis of neutrophilic
granulocytes, cytolysis and cytostasis of many tumor cells,
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Figure 2: Interactions (a) and binding patterns (b) of TETV with TNF-α.

Table 1: Top interactions of GDF11 tetrapeptides with TNF-α and IL-6 as receptor proteins.

Sr. No. Peptide Receptor S-score Interacting residues

1 TETV

TNF-α

-14.7233 Ser147, His15

2 ISMA -14.4874 Gly148

3 ANPR -14.4748 Arg32, Glu146, Val150

4 AFDP -14.1934 Ala33, Ser147

5 AGPC -13.6792 His15, Gln149, Val150, Ser147

6 AQET

IL-6

-11.4547 Met67, Glu172

7 DGSP -10.9771 Met67, Arg179

8 TETV -10.2757 Glu172, Arg179, Arg168

9 SAGP -10.0603 Glu172, Arg179, Ser169, Ser176

10 GSAG -9.9370 Glu172, Glu172, Arg179
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Figure 3: Interactions (a) and binding patterns (b) of AQET with IL-6.
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and modulations of many other proteins such as IL-1 and IL-
6 [40]. TNF-α is a pleiotropic cytokine, a key mediator of
chronic and acute inflammations secreted by macrophages,
neutrophils, and T-cells [41]. With the combination of IL-6
and IL-1, TNF-α performs a variety of functions including
endothelium alterations, inhibition of anticoagulatory mech-
anisms, and B-cell differentiation and proliferation.
Although TNF-α is a necessary cytokine, its overexpression
or deregulation is associated with different autoimmune dis-
eases [40].

Interleukin-6 is a proinflammatory cytokine and an anti-
inflammatory myokine transiently produced by the host
immune system as the result of an infection. Human IL-6

protein is of ∼20 kDa and contains 212 amino acids encoded
by genes on chromosome 7p21 [42]. Interleukin-6 plays a
critical role in host immunity, acute-phase reactions, and
hematopoiesis. Although the expression and regulation of
IL-6 have been completely controlled by posttranscriptional
mechanisms, any mutation in the IL-6 regulatory mechanism
leads towards chronic inflammation and autoimmunity [43].
Under the presumption that IL-6 and TNF-α cause autoim-
munity, therefore, several drugs have been designed to treat
autoimmune diseases. All the anti-TNF-α and IL-6 therapies
have been totally designed to negate the TNF-α and IL-6
activity by blocking the TNF transcription and NF-
mediated downstream signaling [40, 44].

Table 2: Pharmacokinetic parameters important for bioavailability of compounds drug-likeness properties of selected peptides.

Sr. No. Peptides Receptor
Molecular properties†

Mass (<500D) HBD (≤5) HBA (≤10) Log P (<5) Molar refractivity (40-130) Violations

1 SAGP IL-6 330.34 5 7 -2.32 81.15 0

2 AFDP TNF-α 448.47 5 8 -0.75 115.86 0

3 AGPC TNF-α 346.40 4 6 -1.58 87.91 0

4 TETV TNF-α 448.47 10 8 -2.25 106.22 1

5 AQET IL-6 447.44 8 10 -2.93 103.16 1

6 GSAG IL-6 290.27 6 7 -2.92 64.83 1

7 ISMA TNF-α 420.52 6 7 -0.93 106.07 1

8 ANPR TNF-α 456.50 8 8 -3.21 116.03 1

9 DGSP IL-6 374.35 6 9 -2.95 87.73 1

HBD: hydrogen bond donors; HBA: hydrogen bond acceptors; log P: the logarithm of octanol/water partition coefficient.

Table 3: ADMET profiling of the best selected peptides.

Peptides
AQET DGSP TETV SAGP GSAG ISMA ANPR AFDP AGPC

Absorption

BBB + + + + + + + − +

HIA − − − − − − − − −
Caco-2 permeability − − − − − − − − −
PGS NS Substrate NS NS NS Substrate Substrate Substrate Substrate

PGI NI NI NI NI NI NI NI NI NI

ROCT NI NI NI NI NI NI NI NI NI

Metabolism

CYP3A4 substrate NS Substrate NS Substrate NS NS Substrate Substrate Substrate

CYP2C9 substrate NS NS NS NS NS Substrate NS NS NS

CYP2D6 substrate NS NS NS NS NS NS NS NS NS

CYP3A4 inhibition NI NS NI NS NI NI NI NI NI

CYP2C9 inhibition NI NI NI NI NI NI NI NI NI

CYP2C19 inhibition NI NI NI NI NI NI NI NI NI

CYP2D6 inhibition NI NI NI NI NI NI NI NI NI

CYP1A2 inhibition NI NI NI NI NI NI NI NI NI

Toxicity

AMES toxicity NAT NAT NAT NAT NAT NAT NAT NAT NAT

Carcinogens NC NC NC NC NC NC NC NC NC

BBB: blood-brain barrier; HIA: human intestinal absorption; PGS: P-glycoprotein substrate; PGI: P-glycoprotein inhibitor; ROCT: renal organic cation
transporter; NS: nonsubstrate; NI: noninhibitor; NAT: non-Ames toxic; NC: noncarcinogenic.
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The blockage of TNF-α and IL-6 has been expected as
an effective strategy for the treatment of many autoimmune
disorders. Many IL-6 antibodies have been developed to
inhibit the IL-6 signaling and transduction pathways.
Among all the designed antibodies, anti-IL-6RAb com-
monly known as tocilizumab showed efficient results in
clinical trials for rheumatoid arthritis as anti-IL-6RAb.
The tolerability profiles of anti-IL-6RAb monotherapy
proved safe and potent and therefore could be used as an
anti-RA antibody. Several clinical studies supported the
inhibitory nature of tocilizumab as an anti-IL-6 receptor
monoclonal antibody and showed astonishing efficacy in
RA [42, 45]. In another study, suppression of proinflamma-
tory cytokine responses by targeting the JAK/STAT pathway
has been demonstrated as a therapeutic option in saphenous
vein graft failure. The results of different clinical trials includ-
ing suppression of cytokine signaling (SOCS3) showed that it
appears as a major contributor to suppression of unwanted
vascular inflammation and proliferation [46].

Wang et al. [47] demonstrated the dual nature of differ-
ent ligands as potential inhibitors of TNF-α and IL-6. The
results of their study showed that two molecules (i.e.,
ZINC19701771 and ZINC06576501) exhibited the best bind-
ing pattern and pharmacological properties and therefore
could be served as potential candidates for the development
of an anti-RA drug. In the current study, we used two

approaches of molecular docking to check the therapeutic
nature of two members of the TGF-β family (i.e., GDF11
and GDF8/myostatin) as antagonists of TNF-α and IL-6. In
the first approach, ligand-based docking was performed
and 50 tetrapeptides were devised from conserved regions
of GDF11 counter to two inflammatory receptor proteins
such as TNF-α and IL-6. On the basis of confirmations and
orientation of ligands, the top five peptide molecules were
selected for further pharmacokinetic analysis. The peptide
TETV with the best S-score (-14.7233) showed interactions
with amino acids Ser147 and His15 present in the binding
pocket of TNF-α. Similarly, the peptide AQET was found
with the top S-score (-11.4547) and interacted with amino
acids Met67 and Glu172 of the binding pocket of IL-6 recep-
tor protein.

The drugability test of all selected peptides fulfilled the
criteria of being potential drug candidates by following the
Lipinski rule of five. Out of ten selected peptides, three pep-
tides (i.e., SAGP, AFDP, and AGPC) followed all the five
parameters of Lipinski’s rule of five while other peptides
showed only one violation. The ADMET profiling of all lead-
ing compounds was also found satisfactory as all hit com-
pounds were revealed to be noncarcinogens and non-Ames
toxic. Therefore, based on overall drug profiling, these
ligands could be used as potential inhibitors of TNF-α and
IL-6.
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Figure 4: Protein-protein interactions between myostatin and TNF-α. (a) GDF8/TNF-α docked complex in cartoon representation is shown
at the top. Myostatin is shown in green while TNF-α is shown in blue. Interacting residues of the GDF8/TNF-α complex are shown in red
color stick representation. (b) All interacting residues of GDF8 and TNF-α. Blue color: H-bonds, red color: salt bridges, yellow color:
disulfide bonds, orange color: other contacts. Hydrogen bonds are shown with blue lines. The colors of interacting residues are
representing properties of amino acids (i.e., blue: positive, red: negative, green: aliphatic, grey: aliphatic, pink: aromatic, orange: Pro/Gly,
and yellow: Cyc).
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In the next approach, we used protein-protein docking
via the HADDOCK server to check the binding interactions
of GDF8 with TNF-α and IL-6. The binding score of GDF-
TNF-α was found to be -62.2 kcal/mol with 6 hydrogen
bonds between active residues, and GDF-IL-6 showed a
binding score of -48.1 kcal/mol with 16 hydrogen bonds.
Later, all these interactions were confirmed by comparing
the results of HADDOCK with those of PUBsum. From
results of this study, it can be concluded that both members
of TGF-β can be used as therapeutic agents against two main
inflammatory cytokines (i.e., TNF-α and IL-6) for the treat-
ment of rheumatoid arthritis. This study can be used as a ref-
erence to explore more aspects and involvement of GDF8
and GDF11 in the treatment of autoimmune disorders.

4. Conclusion

From a comprehensive phylogenetic analysis of GDF11,
protein-ligand and protein-protein docking, the potential of
TGF-β members (GDF11 and GDF8) as drug inhibitors of
TNF-α and IL-6 receptor proteins has been revealed. Three
tetrapeptides (i.e., SAGP: against IL-6; AFDP and AGPC:
against TNF-α) devised from GDF11 with good docking
scores fulfilled all the criteria of being good drug candidates.
TNF-α and IL-6 are the proinflammatory cytokines that reg-
ulate the inflammatory responses and signaling upon infec-
tions. In the case of deregulation of these cytokines, the
circumstances lead towards the onset of autoimmunity and
resistance in self-tolerance. In the current study, different
approaches were employed to explore the inhibitory nature

of GDF11 and GDF8 counter to TNF-α and IL-6. The energy
validations and scoring of molecular docking results showed
the potential of GDF11 and GDF8 as drug candidates with no
toxicity.
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Fig S1: multiple sequence alignment of GDF11 gene from
selected organisms to show sequence similarities/differences.
Fig 2S: interactions (a) and binding patterns (b) of ISMA
with TNF-α. Fig 3S: interactions (a) and binding patterns
(b) of ANPR with TNF-α. Fig 4S: interactions (a) and binding
patterns (b) of AFDP with TNF-α. Fig 5S: interactions (a)
and binding patterns (b) of AGPC with TNF-α. Fig 6S:
interactions (a) and binding patterns (b) of DGSP with
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Figure 5: Protein-protein interactions between myostatin and IL-6. (a) GDF8/IL-6 docked complex in cartoon representation is shown at the
top. Myostatin is shown in green, and IL-6 is shown in yellow. Interacting residues of the GDF8/IL-6 complex are shown in red color stick
representation. (b) All interacting residues of GDF8 and IL-6. Blue color: H-bonds, red color: salt bridges, yellow color: disulfide bonds,
and orange color: nonbonded contacts. Hydrogen bonds are shown with blue lines. The colors of interacting residues are representing
properties of amino acids (i.e., blue: positive, red: negative, green: aliphatic, grey: aliphatic, pink: aromatic, orange: Pro/Gly, and yellow: Cyc).
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IL-6. Fig 7S: interactions (a) and binding patterns (b) of
TETV with IL-6. Fig 8S: interactions (a) and binding pat-
terns (b) of SAGP with IL-6. Fig 9S: interactions (a) and
binding patterns (b) of GSAG with IL-6. (Supplementary
Materials)
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