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Abstract
Blackleg is an infectious disease of animals that is commonly caused by Clostridium chauvoei and characterized by localized 
muscle necrosis. In this study, proteome-mining and immunoinformatics approaches were applied to identify novel antigenic 
proteins and to construct a multi-epitope vaccine against C. chauvoei. All proteins of C. chauvoei strains were retrieved 
from the NCBI Microbial Genome Database containing both genomic and proteomic data of prokaryotes. The proteins were 
analyzed to exclude non-redundant sequences and to determine antigenic, virulent, and non-allergenic vaccine candidates 
through several online tools, resulting in seven protein candidates. Cytotoxic T and B cell epitopes of these proteins were 
evaluated through the tools present in the immune epitope database and the prioritized antigenic epitopes were then conju-
gated via appropriate linkers to construct the vaccine candidate. After the evaluation of physicochemical properties of the 
construct, the tertiary structure was modeled and refined through trRosetta and GalaxyRefine, respectively. The quality of 
the 3D structure was validated by ERRAT score, z-score, and Ramachandran plot and the construct was then docked with 
bovine Toll-like receptor 4 (TLR 4) using ClusPro. The docked complex was subjected to Molecular Mechanics/Generalized 
Born Surface Area in the HawkDock server and normal mode analysis in the iMODS simulation suite to assess the binding 
energy and stability of the complex, respectively. Overall, the vaccine construct was found stable and energetically feasible 
for bovine TLR 4 binding. Therefore, it can be used as a multi-epitope vaccine construct in clostridial vaccines to control 
the blackleg disease.
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Introduction

In small ruminants, severe toxic infections are caused by 
Clostridium species including C. chauvoei, C. septicum, C. 
novyi, and C. sordellii (also known as Paeniclostridium sor-
dellii) mainly due to the contamination of wounds. Blackleg 
is one of these infectious diseases that is widely observed 
in cattle and sheep with a high mortality rate. The com-
mon causative agent of blackleg is C. chauvoei which is 
a Gram-positive and strict anaerobic bacterium defined as 
one of the most pathogenic Clostridium sp. (Abreu and Uzal 
2016). Due to the endospore-forming nature of C. chauvoei, 
it persistently contaminates the soil, which, in turn, causes 
the infection of grazing ruminants. Although C. chauvoei 

is thought to be animal-specific, human cases with neutro-
penic enterocolitis and gas gangrene are also reported in the 
literature, indicating that animal specificity should be recon-
sidered (Nagano et al. 2008; Weather and Tweardy 2012). 
There is limited knowledge about its pathogenesis, but the 
studies reveal the virulence factors of the pathogen includ-
ing C. chauvoei toxin A (hemolytic leukocidin A) (CctA), 
flagella, and sialidase that can play important roles in the 
spread of the pathogen and infection (Disasa et al. 2020). 
The most studied virulence factor of C. chauvoei is CctA 
which belongs to the alpha-hemolysin channel-forming toxin 
family and causes cell lysis through membrane disruption 
(Zaragoza et al. 2019). Moreover, it is a well-conserved 
toxin among all strains of C. chauvoei and has similarities 
with the pore-forming toxins of C. perfringens and Staphy-
lococcus aureus (Frey et al. 2012; Abreu and Uzal 2016).

Blackleg is characterized by localized muscle necrosis, 
especially in the leg muscle tissues, where the disease causes 
a blackish-red color in the infected area. The common death 
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cause due to blackleg is acute toxemia in animals. The dis-
ease can be prevented by vaccination and commercial vac-
cines consist of formalin-inactivated bacterial cultures of C. 
chauvoei formulated alone or with other clostridial ingredi-
ents (Disasa et al. 2020). Although vaccination can control 
the disease, blackleg outbreaks still occur frequently, pos-
sibly due to vaccine failures as a result of wrong dosage and 
usage of expired vaccines (Disasa et al. 2020). Besides the 
conventional approach, recombinant vaccine studies against 
C. chauvoei are investigated to provide new generation vac-
cines (Corpus et al. 2008; Frey et al. 2012). A study with 
recombinant CctA conferred protection in animal models 
against C. chauvoei challenge, suggesting the possible inclu-
sion of the toxin into a toxoid vaccine formulation. Although 
this monovalent vaccine seems to provide high immunity, 
it would be better to include several antigenic proteins into 
toxoid or multi-epitope vaccines to confer long-lasting and 
efficient immunity.

Traditional antigen discovery for vaccine production 
is a time-consuming process and only a small portion of 
microorganism’s proteins is handled due to the limitation 
of culture-based techniques. In the era of whole genomic 
and proteomic analysis, it is now possible to cover a huge 
number of proteins for the discovery of novel antigens in a 
fast manner via high throughput in silico methods. While 
proteome-mining with reverse vaccinology pipeline reveals 
novel vaccine candidates, the immunoinformatics approach 
provides the identification of T and B cell epitopes of these 
candidates in silico that can be further analyzed in in vitro 
studies. The high throughput methods also allow docking 
these proteins or epitopes with immune cell receptors, espe-
cially with Toll-like receptors (TLRs) to evaluate their bind-
ing affinity (Oli et al. 2020).

In the present study, by means of reverse vaccinology 
and immunoinformatics approaches, it is aimed to determine 
novel vaccine candidates from C. chauvoei strains and to 
identify their T and B cell epitopes to construct a multi-
epitope vaccine against the pathogen. The vaccine construct 
can be used in a combined subunit vaccine against clostridial 
diseases of animals.

Methodology

Proteome Retrieval and Selection of Non‑redundant 
Proteins

The Microbial Genome Database of National Center for Bio-
technology Information (NCBI) (https:// www. ncbi. nlm. nih. 
gov/ genome/ micro bes/) contains four different strains of C. 
chauvoei with their genomic and proteomic data. Thus, the 
protein sequences of all strains were retrieved from the data-
base in FASTA format. They were subjected to the cluster 

database at high identity with tolerance (CD-HIT) (http:// 
weizh ong- lab. ucsd. edu/ cd- hit/) analysis for the identification 
of non-redundant proteins and the sequence identity thresh-
old was set to 80% along with the exclusion of the proteins 
smaller than 100 amino acids in length (Huang et al. 2010).

Identification of Antigenic and Virulent Vaccine 
Candidates

The Vaxign2 (http:// www. violi net. org/ vaxig n2) reverse vac-
cinology approach was employed to determine potential vac-
cine candidates based on the defined criteria which were as 
follows: Vaxign-ML > 90, transmembrane helicase ≥ 1, no 
human or mouse similarity, and adhesin property ≥ 0.51 (He 
et al. 2010). Vaxign2 also predicts subcellular localization 
of the proteins through PSORTb v3.0 server. The proteins 
tagged with ‘unknown location’ in the Vaxign2 analysis 
were subjected to CELLO v2.5 (http:// cello. life. nctu. edu. 
tw/) (Yu et al. 2006). Cell wall and extracellular proteins 
were shortlisted and they were analyzed to reveal antigenic 
and virulent proteins through VaxiJen v2.0 (http:// www. ddg- 
pharm fac. net/ vaxij en/ VaxiJ en/ VaxiJ en. html) and BLASTp 
of virulence factor database (VFDB) (http:// www. mgc. ac. 
cn/ VFs/), respectively (Doytchinova and Flower 2007; Liu 
et al. 2019). While the proteins with VaxiJen score of > 0.5 
were considered as antigenic, VFDB cut-off values were as 
follows: E-value of 1e − 04 and bit score of > 100.

Prediction of T and B Lymphocyte Epitopes

The CTL epitopes were uncovered using the immune epitope 
database (IEDB) major histocompatibility complex (MHC) 
class I tool (http:// tools. iedb. org/ mhci/) (Vita et al. 2019). In 
the analysis, cow alleles including BoLA-6*01301 (HD6), 
BoLA-2*01201 (T2A), BoLA-3*00201 (JSP), BoLA-
1*02301 (D18.4), BoLA-3*00101 (AW10), BoLA-6*04101 
(T2B), BoLA-T2C and BoLA-T5 were selected to represent 
three bovine species (Bos taurus taurus, Bos taurus indicus, 
and hybrid) (Santos Junior et al. 2020). The epitopes with 
a score of more than 0.5 and a percentile rank lower than 3 
were selected as they were considered as good binders and 
the epitope length was set to 9 residues (9-mer). Moreover, 
CTL epitopes were subjected to immunogenicity analysis 
in the IEDB MHC class I immunogenicity tool (http:// tools. 
iedb. org/ immun ogeni city/). For the identification of linear 
B cell epitopes, the amino acid sequences of the shortlisted 
proteins were subjected to IEDB BepiPred linear epitope 
prediction 2.0 tool (http:// tools. iedb. org/ bcell/) (Vita et al. 
2019). The threshold was set to 0.5 and the epitopes smaller 
than 30-mer were included for further analysis.

The shortlisted CTL and B cell epitopes were subjected to 
antigenicity and allergenicity analysis through the VaxiJen 
v2.0 and AllergenFP v1.0 (https:// ddg- pharm fac. net/ Aller 
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genFP/) servers, respectively (Doytchinova and Flower 
2007; Dimitrov et al. 2014). The epitopes with ‘allergenic’ 
status and an antigenicity score lower than 0.5 were excluded 
from the study.

Construction of Multi‑epitope Vaccine Candidate

Among the CTL and B cell epitopes screened according to 
the defined criteria, the top two epitopes with the highest 
antigenic scores for each protein were selected to construct 
a polyepitope vaccine candidate. While CTL epitopes were 
linked by Ala-Ala-Tyr (AAY) linkers, B cell epitopes were 
linked via Lys-Lys (KK) linkers (Dong et al. 2020). The anti-
genic nature of the vaccine construct was checked by Vaxi-
Jen and AllergenFP was used to evaluate the allergenicity of 
the construct. While ProtSol (https:// prote in- sol. manch ester. 
ac. uk/) was employed for solubility assessment, the physico-
chemical properties like molecular weight, aliphatic index, 
and instability index were predicted using Expasy ProtParam 
(https:// web. expasy. org/ protp aram/) (Gasteiger et al. 2005; 
Hebditch et al. 2017).

Prediction of Secondary and Tertiary Structure 
of the Construct

The secondary structure of the vaccine construct was evalu-
ated using the PSIPRED server (http:// bioinf. cs. ucl. ac. uk/ 
psipr ed/) (Jones 1999; Buchan and Jones 2019). The 3D 
structure of the construct was predicted in trRosetta (https:// 
yangl ab. nankai. edu. cn/ trRos etta/) and refinement of the 
tertiary structure was performed using the GalaxyRefine 
server (http:// galaxy. seokl ab. org/) (Ko et al. 2012; Yang 
et al. 2020). The refined tertiary structure of the construct 
was validated via the ERRAT score and z-score prediction 
provided by ProSA (https:// prosa. servi ces. came. sbg. ac. 
at/ prosa. php) (Colovos and Yeates 1993; Wiederstein and 
Sippl 2007). Further validation of the construct quality was 
assessed by Ramachandran plot using PROCHEK (https:// 
saves. mbi. ucla. edu/) (Laskowski et al. 1993).

Molecular Docking of the Construct with Bovine TLR 
4

In the study, the interaction between the vaccine construct 
and TLR 4 was studied due to the localization of the recep-
tor on the cell surface. The bovine TLR 4 crystal structure 
was not present and thus, its amino acid sequence was 
downloaded from the UniProt database (ID: Q9GL65) and 
used to model TLR 4 through homology modeling in the 
SWISS-MODEL server (https:// swiss model. expasy. org/) 
(Waterhouse et al. 2018). After refinement and validation 
of the structure, the docking of the vaccine construct with 
bovine TLR 4 was performed via ClusPro (https:// clusp 

ro. org) (Kozakov et al. 2017). The top outputted complex 
was subjected to the PDBsum (http:// www. ebi. ac. uk/ thorn 
ton- srv/ datab ases/ pdbsum/ Gener ate. html) analysis to map 
the residues of the construct and TLR 4 in the interaction 
site and the binding free energy of the docked complex was 
assessed via HawkDock (http:// cadd. zju. edu. cn/ hawkd ock/) 
using Molecular Mechanics/Generalized Born Surface Area 
(MM/GBSA) method (Laskowski et al. 2018; Weng et al. 
2019).

Normal Mode Analysis of the Docked Complex

iMODS server (http:// imods. chaco nlab. org/) was used to 
investigate structural dynamics of the vaccine-receptor 
complex (Lopez-Blanco et al. 2014). The server employs 
normal mode analysis (NMA) to compute protein internal 
coordinates for the stability evaluation and the results are 
represented as deformability plot, covariance matrix, elastic 
network model, B-factor value, and eigenvalue.

Codon Optimization and In Silico Cloning

Reverse translation and codon optimization were performed 
via the Java Codon Adaptation Tool (JCat) (http:// www. jcat. 
de/) (Grote et al. 2005). Escherichia coli K12 strain was 
selected for the prokaryotic expression system as it was com-
monly used and additional options including the removal 
of rho-independent transcription terminators, cleavage sites 
of restriction enzymes, and prokaryotic ribosomal binding 
sites were employed. In silico cloning studies were employed 
through SnapGene software (https:// www. snapg ene. com).

Results

Subtractive Proteomic Approach

For the protein sequence retrieval, the NCBI Microbial 
Genome Database was used as it contains proteomic as well 
as genomic data and also more C. chauvoei strains than other 
databases including UniProt. The complete proteome of C. 
chauvoei SBP 07/09, DSM 7528, 12S0467, and JF4335 
strains containing 10,189 protein sequences were retrieved 
in FASTA format. The bacterial genome usually has redun-
dant sequences as a result of duplication during evolution, 
transduction, transformation, and conjugation and the 
removal of these sequences is appreciated as they have no 
influence on pathogen survival (ul Qamar et al. 2021). CD-
HIT is a widely used tool to reduce sequence redundancy 
by clustering method (Huang et al. 2010). In the study, the 
proteins with 80% sequence identity were excluded as they 
may reflect structural and functional similarity. Moreover, 
the sequences smaller than 100 amino acids were eliminated 
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due to the low possibility of being an essential protein in 
pathogen survival (Rahman et al. 2020). As a result, the CD-
HIT analysis revealed 2286 non-redundant proteins which 
were then further analyzed (Supplementary Table S1).

Determination of Antigenic and Virulent Vaccine 
Candidates

Vaxign2 was used to determine vaccine candidates among 
the non-redundant proteins. It is the first web-based vaccine 
design tool that reverse vaccinology is employed, resulting 
in the prediction of many features including transmembrane 
helices, adhesin probability, subcellular localization, and 
similarity to human and mice proteins through TMHMM, 
SPAAN, PSORTb v3.0, and NCBI BLAST servers, respec-
tively. Besides these predicted features, Vaxign2 assigns a 
score to each protein reflecting their protegenicity and induc-
tion potential for protective immunity (He et al. 2010). After 
the Vaxign2 analysis and determination of the location of 
‘unknown’ proteins via CELLO v2.5, 6 cell wall and 50 
extracellular proteins were shortlisted as vaccine candidates 
due to their possible interaction with immune cells (Sup-
plementary Table S2). These candidates were then subjected 
to antigenicity analysis in VaxiJen v2.0 and their virulent 
potential was revealed through VFDB. VaxiJen performs an 
Auto Cross-Covariance (ACC) transformation via an align-
ment-independent algorithm and a protein with a threshold 
of more than 0.5 is considered as a potential immunogen 
(Doytchinova and Flower 2007). VFDB contains 714 experi-
mentally verified virulence factors and provides a BLAST 
search against the database (Doytchinova and Flower 2007; 
Liu et al. 2019). According to the defined criteria, 2 cell wall 
and 5 extracellular proteins were identified as antigenic and 
virulent vaccine candidates (Table 1).

Epitope Selection for T and B Lymphocytes

An effective vaccine is expected to mimic natural immunity 
by inducing a long-lasting adaptive immunity where T and 

B cells serve as critical components of the immune response. 
While CTL epitopes can trigger long-lasting cellular immu-
nity, B cell epitopes stimulate humoral immune response 
through the production of immunoglobulins. Although helper 
T lymphocytes (HTL) are critical elements for the activation 
of CTL and B cells, a complete sequence of the bovine MHC 
II locus related to HTL was not assembled in the bovine 
genome (Gaafar et al. 2019). Therefore, only BoLA MHC I 
analysis was performed in the study for the determination of 
the CTL epitopes. Among the selected MHC I alleles, BoLA-
HD6, BoLA-T2A, BoLA-JSP, BoLA-D18.4, and BoLA-T2B 
represent Bos taurus taurus whereas BoLA–T5 and BoLA-
AW10 belong to Bos taurus indicus. Additionally, BoLA-
T2C belongs to a Bos taurus taurus and Bos taurus indicus 
hybrid (Santos Junior et al. 2020). For the determination of 
CTL and B cell epitopes, the IEDB server was employed 
with the defined criteria. The server provides a wide range of 
analysis methods for epitope prediction and it contains over 
one million B cell, T cell, and MHC binding elution assays 
and more than 260,000 epitopes (Fleri et al. 2017).

All shortlisted CTL and B cell epitopes were subjected to 
antigenicity analysis in the VaxiJen server to obtain the most 
favorable epitopes to provoke the immune system. They 
were also analyzed through AllergenFP for the exclusion 
of the allergenic epitopes to avoid allergenic reactions in 
the body. The detailed information about the non-allergenic 
and antigenic CTL and B cell epitopes was presented in Sup-
plementary Tables S3 and S4 whereas the non-allergenic 
epitopes with the highest antigenic scores were listed in 
Table 2 as they were considered to design a multi-epitope 
vaccine candidate against C. chauvoei. In the case of flagel-
lin and flagellar hook-basal body protein, no CTL and B cell 
epitopes met the pre-defined criteria for epitope selection, 
respectively.

In Silico Design of Multi‑epitope‑Based Vaccine

For the construction of the multi-epitope vaccine, the top 
two CTL and B cell epitopes were conjugated via AAY and 

Table 1  Antigenic and virulent vaccine candidates predicted through reverse vaccinology pipeline

Protein accession Protein name Vax-
ignML 
score

Localization 
(probability)

Adhesin 
probabil-
ity

Trans-
membrane 
helices

Antigenicity Virulent

QBJ74913.1 Flagellin 95.7 Extracellular 0.801 0 0.5876 ✓
QBJ76507.1 Hypothetical protein C6H62_13090 97.7 Extracellular 0.827 0 0.5266 ✓
ATD57902.1 Alpha hemolysin (CctA) 96.8 Extracellular 0.836 0 0.5776 ✓
QBJ74926.1 Flagellar hook-basal body protein 99.7 Extracellular 0.774 0 0.6971 ✓
CDG00977.1 Putative cell wall surface anchor family protein 97.5 Extracellular 0.663 0 0.6630 ✓
QBJ74801.1 Hypothetical protein C6H62_03650 99.9 Cell wall 0.744 1 0.5720 ✓
QBJ75069.1 Exo-alpha-sialidase 99.9 Cell wall 0.762 1 0.6266 ✓
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KK linkers, respectively (Table 2; Fig. 1a). The vaccine 
construct was then evaluated in terms of physicochemical 
properties using Expasy Protparam. The final construct con-
sisted of 356 amino acids and the molecular weight was 
predicted as 38.28 kDa with a theoretical isoelectric point 
(pI) of 9.51 and the instability index (II) score of 19.08. Any 
value of pI higher than 7 indicates basic nature of proteins 
and an instability index greater than 40 represents unstable 
structures (Ali et al. 2017). Therefore, it is suggested that the 
vaccine construct is alkaline and stable in nature. Moreover, 
the aliphatic index defined as the relative volume maintained 
by the aliphatic side chains was 60.76. A higher value of ali-
phatic index indicates greater thermostability and thus, the 
construct has thermostable nature. Furthermore, a negative 
score of grand average of hydrophobicity index (− 0.808) 
suggested hydrophilic nature of the construct that is a desir-
able feature of a vaccine candidate (Ali et al. 2017).

The antigenic feature of the vaccine construct was 
assessed by VaxiJen and the analysis confirmed the anti-
genicity with a score of 1.2137. Moreover, allergenicity 
was evaluated to avoid allergic reactions in the body and 
AllergenFP confirmed that the vaccine construct had a non-
allergenic nature.

Structural Analysis and Validation of the Construct 
and TLR 4

Among the TLRs, TLR 4 and TLR 11 have been documented 
to recognize the proteins and only TLR 4 was selected to test 
the binding ability of the vaccine construct due to the absence 
of TLR 11 in bovine (Kar and Srivastava 2018). Based on the 
human TLR 4 as a template, a homology modeling of bovine 
TLR 4 was employed through SWISS-MODEL. The server 

provides global model quality estimation (GMQE) score 
reflecting the certainty of a model and greater GMQE indi-
cates better quality of models (Shahid et al. 2020). The homol-
ogy modeling result of bovine TLR 4 has a GMQE score 
of 0.46, suggesting higher quality of the TLR 4 model. The 
secondary structure of the vaccine construct was employed 
by PSIPRED (Fig. 1b). The server provides position-specific 
iterated-blast for the secondary structure prediction based on 
amino acid sequence. The tertiary structure of the construct 
was modeled through trRosetta using residual deep neu-
ral networks for the prediction of location distribution and 
inner-residue space (Fig. 1c) (Zhao et al. 2020). The structural 
quality of the 3D-modeled vaccine construct through ERRAT 
score, z-score, and Ramachandran plot was presented. The 
overall quality factor predicted by ERRAT was 80.24, indi-
cating a high quality of the modeled structure as the value 
over 50 has been in the generally accepted range (Messaoudi 
et al. 2013). PROCHECK server was used to generate the 
Ramachandran plot which resulted in 89.0% residues in the 
favorable region, 10.1% residues in the allowed region, and 
0.9% residues in the outlier region (Fig. 1d). Ideally, residues 
more than 85% in the favored region confirm the reliability 
of models. The 3D model of the construct was within the 
expected range (Yang et al. 2021). The solubility was checked 
with the ProtSol server and the analysis resulted in a value of 
0.65 which indicated a high solubility of the modeled vaccine 
construct (Fig. 1e). Moreover, ProSA resulted in a z-score of 
− 5.3, implying the reliability of the construct (Fig. 1f). The 
validation of the bovine TRL 4 model was also employed as 
in the case of the vaccine construct (data not shown). The 
overall results have suggested that the modeled construct and 
bovine TLR 4 were valid and further analysis could be carried 
out with these models.

Table 2  The prioritized CTL and B cell epitopes of the selected vaccine candidates

Protein accession Protein name CTL epitope B cell epitope

QBJ74913.1 Flagellin – RLEHTINNLNTSSENLTAAESRVRDVD
ATAGKSMEKLSSGLRINRAGD

QBJ76507.1 Hypothetical protein C6H62_13090 SGIQINYPK
TVGDHELTF

TKVDSTNPNYYI
YAEDGPGSIK

ATD57902.1 Alpha hemolysin (CctA) TTTIFSLTL
KGTEESTVK

SIEYGKEGPKAGGGINGSYTAQ
WYGENNRNSRIDS

QBJ74926.1 Flagellar hook-basal body protein DIAGVTITL
ELNGYSFEI

–

CDG00977.1 Putative cell wall surface anchor family protein NLAGATFEI
GKLRFQLPY

TKTDKQTGKPI
ANVKNKKIAEQSNTG

QBJ74801.1 Hypothetical protein C6H62_03650 ENAEPGYTM
RVGLGFRIK

LNPTEGETA
IEGGNRVVLTTENRGDEEGAYK

QBJ75069.1 Exo-alpha-sialidase STSGGVGQL
STAGDTNNK

TSSQPGEGADKAIDNNTST
DAGNRSNGT
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Fig. 1  a Plain format of the 
vaccine construct (bold letters 
indicate linkers), b Schematic 
representation of the secondary 
structure provided by PSIPRED, 
c 3D structure of the refined 
construct model, d Ramachan-
dran plot of the tertiary 
structure, e solubility analysis of 
the construct using ProtSol, and 
f z-score (− 5.3) of the vaccine 
construct presented by ProSA
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Molecular Docking and Molecular Dynamics 
Simulations

ClusPro is a fast rigid-body protein-protein docking tool 
and its fully automated method provides docking according 
to three algorithms: (1) Fast Fourier Transform correlation 
approach, (2) clustering the top outputted energy confor-
mations, and (3) refinement of models through medium-
range optimization method SDU and short Monte Carlo 
simulations (Kozakov et al. 2017). After refinement of the 
3D structures of the vaccine construct and bovine TLR 4, 
they were uploaded to ClusPro for protein-protein docking. 
The top outputted docked complex was selected and the 
visualization of the complex was carried out with Maestro 
12.4 of Schrodinger (Schrödinger Release 2020-3: Maes-
tro, Schrödinger, LLC, New York, NY, 2020) (Fig. 2a). The 
binding free energy of the docked complex was evaluated 
through MM/GBSA approach over the HawDock server, 
providing an efficient scoring of protein-protein interac-
tions. The analysis of the complex revealed − 124.51 kcal/
mol, indicating that the docking was energetically achiev-
able. Moreover, the interaction was deeply analyzed through 
PDBsum and a total of 33 residues of the construct interact 
with 43 residues of bovine TLR 4. The interaction consists 
of 21 hydrogen bonds along with 8 salt bridges and 200 non-
bonded contacts. All the distance of the H-bonds between 
bovine TLR 4 and the construct lie within the range of 
2–3.5 Å, suggesting strong interactions (Minch 1999). The 
detailed interacting residues are illustrated in Fig. 2b and 

the interaction may indicate that the multi-epitope vaccine 
candidate can favorably bind to bovine TLR 4.

The flexibility and stability of the vaccine-TLR 4 com-
plex were assessed using NMA in the iMODS simulation 
suite. First, the deformability of the complex was compared 
with the monomeric bovine TLR 4 protein and a significant 
reduction in the distortions was observed in the vaccine-
TLR 4 complex, suggesting the stabilization of the complex 
(Fig. 3a, d). In Fig. 3b, e and B-factor analysis, exposing 
the minor atomic distortions, was represented for the mono-
meric bovine TLR 4 and the docked complex, respectively. 
In addition, the eigenvalue of the monomeric bovine TLR 4 
was 1.196886e − 05 whereas it was 1.024499e − 05 for the 
complex which was slightly higher than the monomeric pro-
tein, indicating that much more energy is needed to deform 
the vaccine-TLR 4 complex (Fig. 3c, f). Moreover, the vari-
ance analysis, inversely proportional to eigenvalue, was also 
employed and it also signified the stiffness of the complex 
(Fig. 3g). The coupling between the residues of the vaccine-
TLR 4 complex was assessed by covariance analysis where 
correlated, uncorrelated, and anti-correlated motions were 
represented in red, white, and blue, respectively (Fig. 3h). 
Furthermore, the elastic network analysis was performed 
where each spring represented the corresponding pair of 
atoms. The analysis revealed the dark gray springs dem-
onstrating the compactness and rigidity of the complex 
(Fig. 3i). All these results suggest stable binding interac-
tions with compact conformation and minor fluctuations in 
the vaccine–TLR4 complex.

Fig. 2  Molecular docking of 
the vaccine construct with 
bovine TLR 4. a The schematic 
representation of the docked 
complex visualized by Maestro 
12.4 of Schrodinger. The vac-
cine construct and bovine TLR 
4 are shown in green and red, 
respectively. b The detailed 
interaction scheme between the 
vaccine construct (chain A) and 
the receptor (chain B) obtained 
from the PDBsum analysis 
(Color figure online)
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In Silico Cloning of the Vaccine Construct

For the expression of the multi-epitope vaccine construct 
in E. coli K12, codon optimization was employed through 
the JCat tool. The improved sequence had a value of codon 
adaptive index (CAI) of 0.97 and a GC content of 47.0%. In 
general, CAI greater than 0.8 and a GC content between 30 
and 70% are considered ideal for efficient protein expression 
(Kar et al. 2020). Following, NdeI and XhoI restriction sites 
were added to the sequence and it was cloned into the pET-
28a(+) vector (Fig. 4).

Discussion

C. chauvoei is a highly pathogenic spore-forming bacte-
rium that causes a severe disease called blackleg in animals. 
Rapid death of the animals without symptoms is commonly 
observed and thus, vaccination is the most important prophy-
lactic measure to prevent the disease. Commercially availa-
ble vaccines contain chemically inactivated bacteria that are 
supposed to include the main toxins such as CctA, sialidase, 
and flagellin. Besides, subunit vaccine development against 
blackleg is also studied to avoid potential adverse reactions 
of inactivated vaccines. A recent study investigating 20 
strains of C. chauvoei isolated from different continents over 
64 years revealed that the genome of the strains was greatly 
homogenous and many metabolic and structural genes were 

conserved (Rychener et al. 2017). Thus, the products of the 
conserved genes can be used to develop subunit and multi-
epitope vaccines.

In the present study, the complete proteome of C. chau-
voei strains found in NCBI was retrieved and subjected to 
reverse vaccinology approach, resulting in seven prioritized 
vaccine candidates, namely alpha hemolysin (CctA), flagel-
lin, exo-alpha-sialidase, flagellar hook-basal body protein, 
putative cell wall surface anchor family protein, and two 
hypothetical proteins. Among these candidates, alpha hemo-
lysin (CctA), flagellin, and sialidase have been already con-
sidered as potential targets for subunit vaccines against the 
pathogen (Disasa et al. 2020). Moreover, the immunogenic-
ity of flagellar hook-basal body proteins including FlgE and 
FlgG were also revealed in both in silico and in vitro studies 
(Wilhelm et al. 2006; Wan et al. 2021). Besides these pre-
viously known candidates, three novel antigenic proteins, 
putative cell wall surface anchor family protein and two 
hypothetical proteins, were discovered in the current study.

Multi-epitope vaccines have a potential to induce both 
cellular and humoral immune responses through T and 
B cells, respectively, and they are suggested as a more 
valuable alternative to monovalent vaccines. Therefore, 
a multi-epitope vaccine containing prioritized CTL and 
B cell epitopes was constructed against C. chauvoei after 
epitope-mapping of the selected vaccine candidates. Dur-
ing the construction, AAY sequence was used to link CTL 
epitopes as the studies showed that flanking Ala and Tyr 

Fig. 3  Molecular dynamics simulation analysis. a–c The deformability, B-factor, and eigenvalue of TLR 4, d–f the deformability, B-factor, and 
eigenvalue of the vaccine-TLR 4 complex, g variance analysis, h covariance map, and i elastic network of the vaccine construct-TLR 4 complex
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residues did not inhibit proteasomal digestion, resulting in 
enhanced CTL epitope presentation (Bergman et al. 1996; 
Wang et al. 2004). Moreover, AAY linker was used to pro-
vide better separation of the short CTL epitopes (Pandey 
et al. 2018). B cell epitopes were joined via KK linker that 
is the target for lyzosomal protease, cathepsin B, which has 
an important role in antigen processing. KK linker also 
prevents antibody induction for junctional epitopes formed 
when individual epitopes are linked linearly (Ayyagari et al. 
2020). After the construction, in silico analysis revealed that 
the construct was stable, hydrophilic, and the quality of the 
model was in the accepted range. Moreover, docking studies 
demonstrated the interaction between the vaccine construct 
and bovine TLR 4, suggesting that the multi-epitope vac-
cine construct may be used to stimulate an effective immune 
response.

In conclusion, reverse vaccinology and immunoinformat-
ics approach paved the way for designing a chimeric subunit 
vaccine that could be an ideal vaccine candidate against C. 
chauvoei. The therapeutic and prophylactic effects of the 
chimeric vaccine need to be further evaluated in pre-clinical 
studies.
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