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Abstract
Newcastle disease virus (NDV) has negatively affected the poultry industry worldwide. Given that the
antigenic similarity of a vaccine strain to a �eld virus is effective in protection, an immunoinformatics
study was performed to examine the similarity between antibody epitopes of classical vaccines and a
sub-genotype VII.2 NDV (VII.2 NDV). Considering the role of fusion (F) and hemagglutinin-neuraminidase
(HN) proteins in the induction of neutralizing antibodies, the 3D structure of HN and F proteins of the VII.2
NDV and nine vaccine strains were predicted, re�ned, and validated. Using these structures, linear and
conformational antibody epitopes were mapped. Epitope analysis showed distinct results from the
evolutionary distance and protein identity analysis and it was found that the range of difference in the
number of identical epitopes in relation to F is wider than HN protein. LaSota and B1 vaccine strains
showed the least epitope identity to the VII.2 NDV. The V4 and I-2 vaccine strains showed the highest
epitope identity with the VII.2 NDV especially in F protein which is important in virus cell-to-cell
transmission. In conclusion, excellence of the LaSota vaccine under �eld condition shows that protection
is not just about epitope similarities and especially in the case of live vaccines, the vaccine-induced
damage, replicative capacity and tropism of the vaccine strain are important. The prediction of this study
may be useful for inactivated vaccines in which the amount of antigen is all that matters.

1. Introduction
Newcastle disease virus (NDV), also known as avian paramyxovirus 1 (APMV-1), is a virus of genus avian
orthoavulavirus 1 (AOAV-1) with worldwide distribution (ICTV 2019; Suarez et al. 2020). NDV can infect
more than 200 species of birds, however, the Newcastle disease (ND) severity is dependent on factors like
virus strain, host, the presence of other organisms, and environmental conditions (Suarez et al. 2020).
Because of negative effects on the world poultry industry, the World Organization for Animal Health listed
ND as a noti�able terrestrial animal disease.  NDV genome is a negative sense, single-stranded, non-
segmented RNA with a size of about 15.2 kb that encodes 6 structural proteins: nucleocapsid protein (N),
phosphoprotein (P), matrix (M), fusion (F), hemagglutinin-neuraminidase (HN), and large polymerase (L)
(Suarez et al. 2020).

HN and F proteins are located at the outer surface of the enveloped virus and are important in
immunoprotection (Merz et al. 1980; Boursnell et al. 1990; Naohiro et al. 1994; Reynolds and Maraqa
2000). HN protein is involved in virus binding to sialic acid receptors of cells, neuraminidase activity, and
through interaction with F protein, mediates fusion of the viral envelope with the cell membrane (Suarez
et al. 2020). According to the virulence, isolates of NDV are categorized into three main pathotypes:
lentogenic (low virulence), mesogenic (moderate virulence), and velogenic (high virulence) (Suarez et al.
2020). Avirulent and lentogenic strains have been used extensively as live vaccines (Dimitrov et al. 2017).
Although all isolates of NDV are grouped serologically into a single serotype (Suarez et al. 2020), but
vaccine protection is not always optimal. This may be due to poor vaccination practices or different
antigenic properties of the circulating virulent NDVs and the vaccine strains (Miller et al. 2007; Dortmans
et al. 2012; Liu et al. 2017). Considering the important role of F and HN proteins in virus tropism,
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pathogenicity, and virulence (Römer-Oberdörfer et al. 2003; Römer-Oberdörfer et al. 2006; Khattar et al.
2009), it was proved that some antibodies against these glycoproteins can neutralize NDV and are
important in the induction of protective immunity (Lee et al. 2008; Kim et al. 2013; Liu et al. 2017).

Different strains of classical NDV vaccines are now available, and in addition to their high safety pro�le,
have been protective (Dortmans et al. 2012; Dimitrov et al. 2017). On the other hand, the antigenic
similarity between a vaccine strain and the �eld virus may improve vaccination-induced protection in
terms of infectivity and virus shedding (Miller et al. 2009; Miller et al. 2013; Yang et al. 2017; Shahar et al.
2018).

Viruses of sub-genotype VII.2 are responsible for the �fth NDV panzootic that affected the Middle East,
Asia, Europe, and Africa (Fuller et al. 2017; Abolnik et al. 2018; Ghalyanchilangeroudi et al. 2018; Dimitrov
et al. 2019). This study was performed to identify antibody epitopes of nine classical vaccine strains.
These epitopes were compared with their analogous ones identi�ed from a virulent NDV of sub-genotype
VII.2.

2. Materials And Methods
2.1. Collection of HN and F proteins of vaccine strains and sub-genotype VII.2 NDV

The full-length amino acid sequences of HN and F proteins of nine live attenuated NDV vaccine strains,
including B1 (AF309418.1), I-2 (AY935499.2), PHY-LMV42 (DQ097394.1), R2B (JX316216.1), Ulster
(AY562991.1), V4 (JX524203.1), VG/GA (KC906188.1), LaSota (AF077761.1), and F (KC987036.1) were
retrieved from GenBank. The HN protein of PHY-LMV42, Ulster, V4, and VG/GA strains is longer than the
one of the other NDV vaccine strains. However, for HN protein activation, this C-terminal extension is
removed by proteolytic cleavage (Gorman et al. 1988). Accordingly, 47 C-terminal amino acids were
removed from the HN protein of these strains before bioinformatics analysis. The full-length amino acid
sequence of HN and F proteins of a virulent NDV with a characterized genome (MH614933.1) (Ababneh
et al. 2018) used as the representative of sub-genotype VII.2 NDV (hereafter, referred to as VII.2 NDV).

2.2. Estimates of evolutionary distance and identity analysis of antigens

The amino acid sequences of HN and F proteins were aligned using the MUSCLE algorithm and the
evolutionary distances were calculated in MEGA X (Kumar et al. 2018). The identity percentage between
the HN and F protein sequences of the VII.2 NDV and the vaccine strains was calculated using the NCBI
BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi).

2.3. 3D structure modeling of HN and F proteins of the vaccine strains and the VII.2 NDV

Since most antibodies identify conformational epitopes (Barlow et al. 1986; Van Regenmortel 1996), the
3D structures of HN and F proteins were constructed for antibody epitope prediction. MODELLER program
version 9.23 was used for the model building of HN proteins (Sali and Blundell 1993). MODELLER
implements the “modeling by satisfaction of spatial restraints”. For comparative modeling of the vaccine
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strains and the VII.2 NDV, X-ray diffraction derived HN structure (PDB code 1E8T) was used as a template
(Crennell et al. 2000). Amino acid residues 124-570 of HN protein were used for comparative modeling. X-
ray diffraction derived F structure in the prefusion state (PDB code 1G5G) was used as a template (Chen
et al. 2001). Amino acid residues 106-170 of F protein are not modeled in 1G5G structure, and it caused
that MODELLER program output has a different structure at the stalk region compared to 1G5G.
Therefore, I-TASSER (Iterative Threading ASSEmbly Re�nement) on-line server, with specifying 1G5G as a
template, used for homology modeling of F proteins (Roy et al. 2010). The I-TASSER server has been
ranked as the top server for protein structure prediction in recent community-wide CASP experiments
(Moult et al. 2018). Amino acid residues 33-454 of F protein were used for comparative modeling.

2.4. 3D structure re�nement and validation

The 3D structures modeled for the HN and F proteins were re�ned using the GalaxyRe�ne server
(http://galaxy.seoklab.org/cgi-bin/submit.cgi?type=REFINE). The GalaxyRe�ne server has been tested
successfully in community-wide CASP10 experiments. This method rebuilds and then repacks side
chains, and causes a relaxation of overall protein structure using molecular dynamics simulation. This
leads to an improvement in the quality of both global and local structures (Heo et al. 2013). After
re�nement of modeled proteins, the GalaxyRe�ne server provided data about MolProbity, Clash score,
Poor rotamers, and Ramachandran plot analysis which were used for validation of the re�ned protein
structures. ProSA-web (https://prosa.services.came.sbg.ac.at/prosa.php) was also used to validate the
re�ned protein structures. Using ProSA the overall quality of proteins was evaluated and compared in the
context of the previously known protein structures (Wiederstein and Sippl 2007). Structure �les in PDB
format for the modeled HN and F proteins are included in supplementary information �les.  

2.5. The prediction of antibody epitopes

Discontinuous or conformational epitopes are composed of amino acids that coming together in the
surface of an antigen structure. Conformational epitopes make up more than 90% of antibody epitopes in
an antigen (Barlow et al. 1986; Van Regenmortel 1996). ElliPro is a web-tool that identi�es linear and
conformational antibody epitopes using an antigen 3D structure as an input. By giving an AUC value of
0.732, ElliPro performed the best in antibody epitope prediction compared to the other structure-based
methods (Ponomarenko et al. 2008). ElliPro predicts antibody epitopes by implementing algorithms that
lead to an approximation of protein shape as an ellipsoid, calculation of the residue protrusion index (PI),
and using PI values for neighboring residues clustering. Regarding the epitope prediction parameters, the
minimum score and the maximum distance were speci�ed at 0.5 and 5 angstroms, respectively. The F
and HN proteins form trimers and tetramers on the virion, respectively. After epitope mapping, epitopes
that were located at the interface of each monomer were omitted from the study.

2.6. Estimating the epitope identity between vaccine strains and the sub-genotype VII.2 NDV

To �nd the best vaccine strain, it was necessary to make an appropriate comparison between the identity
level of analogous epitopes of the VII.2 NDV and each vaccine strain. To calculate the identity percentage

http://galaxy.seoklab.org/cgi-bin/submit.cgi?type=REFINE
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between two analogous epitopes, it was considered that the presence of a different amino acid in a
vaccine strain epitope compared to its absence possibly has a greater effect on reducing antibody
binding. The identity is de�ned in equation 1, where aa stands for amino acids and ae for the analogous
epitope.

3. Results
3.1. The evolutionary distance and identity between HN and F proteins of the sub-genotype VII.2 NDV and
vaccine strains

To have a preliminary comparison between the HN and F proteins of the VII.2 NDV and vaccine strains
regarding the number of amino acid substitutions per site, the evolutionary distance was calculated
(Table 1). The number of amino acid substitutions per site between sequences is higher for HN (0.125
average) than F (0.105 average) protein. HN protein of the VII.2 NDV has the highest and the lowest
evolutionary distances with F and Ulster strains, respectively. Regarding F protein, V4 and VG/GA strains
have the lowest and B1 strain has the highest evolutionary distances. Protein sequence identity analysis
shows that the HN protein of the VII.2 NDV has the highest and the lowest identity with Ulster and F
strains, respectively, and the F protein has the highest identity with V4 and VG/GA strains and the lowest
identity with B1 strain (Table 1).

The number of amino acid substitutions per site and identity for HN protein ranged from 0.109 to 0.147
(0.038 difference) and 86.64 to 89.98 % (3.34 difference), respectively. The number of amino acid
substitutions per site and identity for F protein ranged from 0.089 to 0.125 (0.036 difference) and 88.41
to 91.67 % (3.26 difference), respectively.

3.2. 3D structure modeling

For HN protein structure prediction, homology modeling was performed by MODELLER program version
9.23 employing basic modeling. Using the command model-single.py, the DOPE score was calculated for
the predicted structures. Out of the �ve HN models predicted for each virus, the model with the lowest
DOPE score was selected for further re�nement. For F protein structure prediction, �ve structures were
modeled for each virus using the I-TASSER server based on 10 threading templates. The threading
alignments had a normalized Z-score from 2 to 10 which means a good alignment. Out of the 5 modeled
structures predicted for each F protein, the best model with the highest C-score was selected and used for
further re�nement.  
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3.3. The re�nement and validation of 3D structures

The GalaxyRe�ne server was employed to re�ne the selected models of HN and F proteins. It produced
�ve re�ned protein structures for each modeled protein. According to the calculated parameters, the best-
re�ned models were selected (Table 2). MolProbity scores of the modeled proteins were in the range of 1
to 2 which is typical for experimental structures. ProSA-web was also used to obtain the overall quality
score for the modeled proteins. The Z-score of the modeled proteins was within the range of scores
typically found for native proteins of similar size.

3.4. Prediction of linear and conformational antibody epitopes

ElliPro was used for the antibody epitope prediction employing the modeled HN and F proteins. The
position of the predicted antibody epitopes in the 3D structure of HN and F proteins of the VII.2 NDV are
shown in �gures 1 and 2, respectively.

Linear and conformational antibody epitopes of HN proteins are shown in tables 3 and 4, respectively.

Linear and conformational antibody epitopes of F proteins are depicted in tables 5 and 6, respectively.

In the case of both HN and F proteins, some epitopes detected in silico incorporated amino acids that
experimental �ndings have been previously shown that are involved in the construction of neutralizing
epitopes (Tables 3-6) (Chambers et al. 1988; Toyoda et al. 1988; Neyt et al. 1989; Yusoff et al. 1989; Iorio
et al. 1991; Iorio et al. 1992).

3.5. Identity analysis between analogous epitopes of the vaccine strains and the VII.2 NDV

The identity percentage between analogous epitopes was calculated according to equation 1. The
number of analogous epitopes between the VII.2 NDV and the vaccine strains has been shown in table 7
for each epitope identity percentage range. Different percentages of identity were observed for both
proteins in the case of linear and conformational epitopes. F protein identical linear and conformational
epitopes are ranged from 1 to 5, and HN protein identical linear and conformational epitopes are
respectively ranged from 0 to 2 and 2 to 3. Totally, the number of identical epitopes of F and HN proteins
is respectively ranged from 3 to 10 and 2 to 5 (Table 7).

The order of the vaccine strains in relation to the number of F protein identical linear and conformational
epitopes to the VII.2 NDV is as follows: (V4=10) > (F=7; R2B=7; I-2=7) > (VG/GA=6) > (Ulster=5) >
(LaSota=4) > (B1=3; PHY.LMV.42=3).

The order of the vaccine strains in relation to the number of HN protein identical linear and
conformational epitopes to the VII.2 NDV is as follows: (Ulster=5) > (I-2=4; V4=4; VG/GA=4) > (LaSota=3;
PHY.LMV.42=3; R2B=3) > (B1=2; F=2).

The order of the vaccine strains in relation to the number of identical linear and conformational epitopes
of F and HN proteins to the VII.2 NDV is as follows: (V4=14) > (I-2=11) > (Ulster=10; VG/GA=10; R2B=10) >
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(F=9) > (LaSota=7) > (PHY.LMV.42=6) > (B1=5).               

4. Discussion
This study was conducted to answer the question of how much the antigenic similarity of classical NDV
vaccine strains with circulating virulent NDV strains can be related to the experience of using these
vaccines under �eld condition. Considering that both HN and F proteins induce the production of
antibodies involved in NDV neutralization (Merz et al. 1980; Boursnell et al. 1990; Naohiro et al. 1994;
Reynolds and Maraqa 2000), they were used for antibody epitope �nding.

Live vaccines are the most commonly used vaccine type for immunization of chickens against NDV
(Dimitrov et al. 2017). The LaSota, B1, and VG/GA vaccine strains belong to genotype II within class II.
Among these strains, LaSota has the highest replicative capacity in chickens, VG/GA is enterotropic and
B1 is the most attenuated vaccine strain (Dimitrov et al. 2017). I-2, V4, Ulster, and PHY-LMV42 vaccine
strains belong to genotype I within class II and have been used for chickens of all ages due to their high
safety pro�le (Dimitrov et al. 2017). V4 and I-2 vaccine strains are thermostable and are especially
suitable for use in rural areas. The activity of these two strains is maintained in freeze-dry form for up to
two months at temperatures between 9 and 29  ̊C and up to two weeks at temperatures between 30 and
37  ̊C (Alders 2014). R2B and F vaccine strains, belong to genotype II within class II, are respectively
mesogenic and lentogenic (Chellappa et al. 2012; Dey et al. 2014). R2B strain can be used in adult
chickens previously immunized with a lentogenic vaccine and strain F can be used in young chickens
(Chellappa et al. 2012; Dey et al. 2014).

All genotypes of NDV belong to a single serotype (Dimitrov et al. 2019), and the use of classical vaccine
strains such as LaSota, B1, Ulster, and VG/GA has provided complete protection against clinical signs in
chickens. However, under �eld condition, these vaccines have not been able to completely prevent
infection, virus shedding, and thus the spread of a virulent NDV; however, the use of vaccines with antigen
similarity to the �eld strain has been reported effective in eliminating these disadvantages (Miller et al.
2007; Jeon et al. 2008; Miller et al. 2009; Miller et al. 2013; Liu et al. 2017). Opposed to these �ndings,
Dortmans et al. found that the lower e�cacy of classical vaccine strains attributed to inadequate
vaccination practices but not antigenic variation (Dortmans et al. 2012).

In this study, different parameters including the evolutionary distance, identity, and linear and
conformational antibody epitopes of F and HN proteins of a sub-genotype VII.2 NDV and nine vaccine
strains were evaluated. Estimates of evolutionary distance showed that the number of amino acid
substitutions per site between sequences is higher for HN compared to F protein (Table 1). This is
consistent with the notion that HN protein is highly under immunological pressure and changes more
rapidly (Gong and Cui 2011; Gu et al. 2011).

To increase the accuracy of B-cell linear epitopes prediction and the need for antigen 3D structure
information to predict B-cell conformational epitopes, molecular modeling of F and HN proteins was
performed for the studied viruses. Since the quality of the predicted 3D structures is in�uential in the
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epitope �nding, the accuracy of 3D structure prediction was investigated and con�rmed in different ways
(Table 2). Observing the position of the predicted epitopes on the 3D structure of F and HN antigens
(Figures 1 and 2) and comparing them with the experimentally detected neutralizing epitopes (Chambers
et al. 1988; Toyoda et al. 1988; Neyt et al. 1989; Yusoff et al. 1989; Iorio et al. 1991; Iorio et al. 1992),
con�rmed the epitope mapping accuracy.

Since changes in amino acids may affect an antigen's 3D structure and conformational epitopes,
analogous epitopes with different compositions and numbers of amino acids were observed (Tables 3-6).
Studies have shown that even a single amino acid difference can inhibit the function of a monoclonal
antibody in NDV neutralization (Chambers et al. 1988; Toyoda et al. 1988; Neyt et al. 1989; Yusoff et al.
1989; Iorio et al. 1991; Iorio et al. 1992). Due to the unknown role of each amino acid in binding to
antibodies, vaccine strain epitopes with 100% identity to their analogous epitopes of the VII.2 NDV were
employed to �nd the most similar vaccine strain (Table 7). The range of identical epitopes of the vaccine
strains to the VII.2 NDV was wider for F (3 to 10 epitopes) than HN protein (2 to 5 epitopes) (Table 7);
contrary to this, the range of difference of evolutionary distance and protein sequence identity for F and
HN proteins were close to each other (Table 1). For some vaccine strains including B1, LaSota, Ulster, and
PHY.LMV.42, the F protein was close to HN protein in the number of identical epitopes. However, for
vaccine strains including V4 and F, the number of F protein identical epitopes was more than two-fold
higher compared to the HN protein (Table 7).

Although anti-HN antibodies can neutralize a paramyxovirus at the host attachment step, in the case of
viruses that have entered and multiplied in the cell, anti-F antibodies can prevent the virus spread to
nearby cells (Merz et al. 1980). Accordingly, an effective vaccine for paramyxoviruses should also be able
to induce anti-F protein neutralizing antibodies. Based on this fact, it can be speculated that the wider
range of differences in the number of identical epitopes in relation to F compared to HN protein may
distinguish the e�cacy of these vaccines not in the early stages of infection but in preventing virus cell-
to-cell transmission and the spread of infection (Table 7). In a study by Kim et al., it was found that F
protein plays the most important role in providing protection following the use of genotype-matched
vaccines (Kim et al. 2013).

As the number of common epitopes between a vaccine strain and a virulent �eld NDV increases, the
protective antibodies may be expanded (Miller et al. 2009; Miller et al. 2013; Yang et al. 2017; Shahar et
al. 2018). This study showed that the V4 and I-2 strains have the most epitope similarity to the VII.2 NDV
(Table 7). Among the vaccine strains, B1, PHY.LMV.42 and LaSota had the lowest number of identical
epitopes to the VII.2 NDV.

However, the successful experience of using the LaSota vaccine compared to other classical vaccines
such as V4 and I-2 may indicate that, especially in relation to the use of NDV live vaccines, epitope
similarity is not the dominant factor in vaccine e�cacy but higher replicative capacity and tropism of the
LaSota vaccine plays a more important role in inducing protective responses.
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Figure 1

3D representation of linear and conformational B-cell epitopes for the HN protein of the VII.2 NDV. Panels
A and B are showing the linear and conformational epitopes of HN protein, respectively. The number of
each 3D structure corresponds to the number of epitopes listed in tables 3 and 4. HN monomer
ectodomain is shown in a way that the active site pocket is at the center and the amino acids with a
potential role in inducing neutralizing epitopes are located around the active site pocket
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Figure 2

3D representation of predicted linear and conformational B-cell epitopes for F protein of the VII.2 NDV.
Panels A and B are showing the linear and conformational epitopes of F protein, respectively. The number
of each 3D structure corresponds to the number of epitopes listed in tables 5 and 6
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