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ABSTRACT: Outbreaks of very high pathogenic avian influenza (H5N1) viruses are being reported in poultry in almost

all countries including Asia. It has been reported that the spread is very fast and found that this virus is spreading in avian
species since several years. In this study, the evidence of positive selection prominent to mutations was analyzed for the
Hemagglutinin (HA) and Neuraminidase (NA) nucleotide sequences of H5N1 avian influenza from chicken, duck and
goose across Asia. HS5N1 avian influenza viruses are being a severe risk to the public health. Detection of positive selection
sites in Hemagglutinin (HA) and Neuraminidase (NA) genes will help to trace the evolutionary path of these viruses from
different poultry hosts. The positive/ diversifying selectiondN/dS(w) >1) was found to be showing significant signals in
mutation of HA and NA genes and is evolving rapidly. The cumulativdN/dS(w) ratio was found ranging from 0.21 to 0.23

in HA gene and 0.16 to 0.25 in NA gene of Avian Influenza Virus from chicken, duck and goose. Furthermore, statistical
Bayesian model methods were applied to interpret the genetic diversity of H5N1 strain, the evolutionary rates were
ranging from 2.36x10°to 5.19x1( in HA gene and 2.28x10 to 6.25x1in NA gene from chicken, duck and goose
respectively, which revealed a rapid evolution in these viruses with respect to their genetic ancestor. Substitution rates
and selection pressure in these three different hosts indicate that their dynamics of mutation and replication remain
similar among the species studied and are important for evolution.
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INTRODUCTION natural hosts for most influenza type A virus.

Avian influenza viruses are single-stranded negative- Type A (H5N1) avian influenza viruses are subtyped
sense Ribonucleic acid (RNA) belongs to the familycentered on two glycoproteing. Hemagglutinin (HA)
Orthomyxoviridagits genome consists of eight segmentsand Neuraminidase (NA) seen on their exterior surface.
The segmented nature of this viral genome which haghere are 18 HA and 11 NA subtypes identified so far.
polymerase prone to error that enhances adaptation Hi'5N1 virus has HA5 protein and an NA1 protein, used
new hosts and rapid evolution of the virus (Kimal.  in our study. They interfere in the host cell attachments
2007). Influenza A viruses, including avian influenzaand has the transmitting ability to cause influenza virus
viruses (AlVs), are enveloped, pleomorphic, and eighdisease to spread rapidly. HA binds to the sialic acid of
segments ranging from 890 to 2341 nucleotides in lengthonosaccharide present on the exterior surface of the
(Websteret al. 1992). These viruses cause mild to severhost target cells, whereas the function of neuraminidase
infection in different bird species and are designated asto remove receptors for the influenza virus from newly
low-morbific to highly morbific avian influenza viruses formed virus particles allowing these to be released and
(Suartheet al. 2018). spread the infection (Pushlkt al. 2017). Sialic acid of

There are four types of influenza viruses: A, B, C anehonosaccharide involves restraints for the virus, which
D, and predominantly ducks, geese and chickens are tisedestroyed by the Neuraminidase gene. An outbreak of
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H5N1 spreading regionally has been transmitted amorapunting-based method for phylogenetic applications
birds in Asian countries (Tiagt al. 2015). (Leeet al.2016).

These viruses naturally occur amongst wild birds are The procedure for model test is conducted on
also found to infect domestic birds and other aviatikelihood ratio tests repeatedly between nested model,
species. Infectious type A, (H5N1) avian influenza virugnd models of non-nested for comparisons of Akaike’s
causes huge mortality amongst the avian species. Aviémformation Criterion (AIC). A goodness-of-fit criterion
influenza viruses are RNA viruses that replicate verykaike’s Information Criterion rewarding the model for
rapidly among the poultry birds. higher log likelihood score log(L) and AIC = -2logL+2p.

HA and NA genes undergo mutations rapidly and’he lowest AIC model explains the best fit for data. The
highly adaptable to evolve themselves to survive in theain aim of this study is to obtain the tMRCA and positive
host. In this regard, study was undertaken to estimate thelection pressure of HA and NA genes of H5N1 avian
evolutionary rate, time of the most recent commoinfluenza viruses from chicken, duck and goose.
ancestor (tMRCA) and positive selection sites to delineate
the evolutionary pathway of virus. Molecular MATERIALS AND METHODS
evolutionary analysis tool such as Bayesian Evolutionary Sequence data
Analysis by Sampling Trees (BEAST) (Hasseatnal. Full-length nucleotide sequences encoding proteins
2020) which estimates genetic variation obtained in thigHA and NA) of type A, Avian Influenza Virus (AlV)
regard in these datasets to get the evolutionary rates. from the Influenza Research Database (IRD) were

In this paper, we evaluated and estimated the abilitfownloaded (http://www.fludb.org) (Zhargal.2017).
of standard modelling tools to obtain the nucleotiderhree distinct data sets were generated for each gene
substitution rate and tMRCA for the data downloadedentered on their subtype H5N1 from chicken, duck and
from the Influenza research database wherein thgoose.
evolutionary dates are taken as sample dates @a@bn
2019). Sequence alignment

The similarity of substitution rates with non-  Multiple sequence alignments were performed using
synonymous to synonymous values is the approach magultiple Alignment using Fast Fourier Transform
commonly used to estimate positive selection. PositiveMAFFT) sequence alignment tool and Gblocks a
selection was interpreted usird\(dS orw) ratio in the  biological sequence alignment editor was used for
context of codons that constitutes the ratio of the nosequence analysis and editing (Castreszna. 2000,
synonymous rated(N) to synonymous ratesl§ of Katohet al. 2019).
evolution. Interpretations are usually with instance to non-
synonymous/synonymous)( substitution rate ratio per  Homologous recombination detection
region (Mahardikaat al. 2016). RDP4 tool along with the seven recombination

Wherein the ratesiN and dS are the numbers detection methods, Rescan/Bootscan (Mattad.2005),
substitutions of nonsynonymous and synonymous rat€sENECOV (Padidaret al.1999), MaxChi (Smith 1992),
per site, respectively. THiN/dS(«w) ratio estimates the RDP (Martin and Rybicki, 2000), 3Seq (Latal.2018),
selection pressure at each protein-coding (El-Sheshegyscan (Gibbst al.2000) and the Chimaera (Posada and
et al.2016). The ratias> 1 indicates positive selectiopn Crandall, 2001) methods detected recombination signals
w=1 indicates neutral selection afcw>1 indicates (Darribaet al. 2012). RDP4 v.4.100 tool was used for
negative selection. the sequence data (HA and NA) which performs a number

The synonymous mutation rate is used as a base raffrecombination detection and analyzing the techniques.
of neutral evolution while comparing to the effect of the
non-synonymous substitution, the selective effect of a Evolutionary rate analysis
synonymous substitution is insignificant. Afixed-effects Based on Akaike Information Criteria (AIC), models
likelihood (FEL) method measures non-synonymous anglere selected using the tool jModelTest2 (Ramisdut
synonymous rates of substitution at each codon site. FEIL 2016). TempEst v1.5.3 tool was used to evaluate the
describes the model of rate variation over improvegemporal signals. Using the isolation year as sampling
random effects models, which does not experience mugime, BEAUti was used for input analysis (Drummond
false positives as random effects models do for data set#hd Rambaut, 2007). Four molecular clock models (strict
Single Likelihood Ancestor Counting (SLAC) (Aragh  clock, Relaxed Clock log normal (RCLN), relaxed clock
al. 2016) provides inheritance functionality which adaptgxponential (RCE) and Random Local Clock (RLC))
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Table 1. List of countries that reported avian influenza during 1996-2019.

HA_Goose NA_Goose
Accession Year of Country of Accession Year of Country of
Number collection origin Number collection origin
MK616077 2015 China MK616079 2015 China
MF116310 2012 China MF1.6320 2012 China
KC261464 2008 China KC261474 2008 China
DQ997405 2003 China DQ997406 2003 China
AF144305 1996 China AF144304 1996 China
AF148678 1996 China AF364335 1997 China
AF364334 1997 China HM172181 2004 China
HM172089 2004 China DQ997523 2001 China
DQY97522 2001 China HM172168 2005 China
HM172070 2005 China KR010413 2014 China
KR010411 2014 China JQ638678 2010 China
JQ638674 2010 China DQ997277 2003 China
DQY97276 2003 China GU252832 2008 India
GU252830 2008 India DQ366316 2005 ietham
DQ366314 2005 tnam LC500368 2018 \ietnam
LC500366 2018 iétnam LC364291 2017 \ietnam
LC364289 2017 \étnam KY437769 2014 China
KY437767 2014 China CY030907 2006 China
CY030905 2006 China CY030915 2006 China
CY030913 2006 China KU042801 2014 China
KU042743 2014 China KU042802 2014 China
KU042744 2014 China

were used along with four demographic model (constarisualized with Figtree software (Rambaaital. 2018,
population, exponential population, Bayesian skylin&Veaveret al.2018).
plot, extended Bayesian skyline plot) and approximations
of nucleotide substitution rates were accomplished using Positive selection
the Markov Chain Monte Carlo (MCMC) method. Datamonkey Adaptive Evolution (DAE) server is a

Each data with approximate MCMC chains of 30-6Qvork process that removes the redundant sequences
million generations were run and to achieve convergendefore the analysis (Pond and Frost 2005). The similarity
in each case, chain lengths were run sufficiently and whérom substitution rates of non-synonymous to
employed in BEAST tool as burn-in a 10% of samplesynonymous is the approach most commonly used to
were discarded. The tMRCA with 95% Highest Posterioestimate positive selection. Positive selection is
Density (HPD) intervals of the substitution rate andnterpreted using the ratio of non-synonymadis)(rate
divergence time parameters were calculated from the synonymous ratesl§ in the context of codons. The
treeheight/tmrca. Mean clock rate and UCLD meanN, dS and dN/dS¢y) valuesat each nucleotide site is
sample respectively. The log files obtained from Beasistimated by the Fixed-Effects Likelihood (FEL),
tool were visualized and the models were paralleled usirgpmbined with maximum likelihood at every codon-site
Bayes factor with approximate values implemented ithat fits a codon model (for 20-40 nucleotide sequences).
Tracer v1.7.1 software tool for selection. Such codon model using th@ distribution tests the

A total of six phylogenetic trees, three each for HAsignificance ofw value Single Likelihood Ancestor
(Chicken, duck and goose) and NA (chicken, duck an@ounting (SLAC) combined with maximum likelihood
goose) were processed by tree annotator, which are thgor more than 40 nucleotide sequences) reconstructs
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Table 2. Values of substitution rates and tMRCA.

Substitution Rate (10°)

(subs/site/year) tMRCA
95% HPD 95% HPD
Gene Host Mean Median Lower  Upper Mean Median Lower  Upper
Chicken 2.36 2.31 1.82 3.00 69.53 67.63 59.39 83.1
HA Duck 5.15 5.15 4,75 5.54 25.22 25.19 23.35 27.16
Goose 5.19 5.19 452 5.89 23.87 23.74 22.62 25.4
Chicken 2.88 3.00 1.82 3.42 36.23 35.14 30 46.61
NA Duck 2.28 2.16 1.80 2.98 41.27 40.67 35.71 48.6
Goose 6.25 6.24 5.39 7.13 22.15 221 22 22.47

*fMRCA: time of the most common ancestor in years, HPD: highest posterior density.

ancestral state and estimatld, dS anddN/dS () 1350 bp in length). Multiple aligned sequences were
(Fourment and Holmes 2015). The values were obtained from the tool MAFFT and edited by Gblocks

estimated based on relative GTR branch lengths arahd were then saved in FASTA subjected to homologous
nucleotide substitution biases with Log (L) and AlC-crecombination detection.

values recorded for different data sets for Hemagglutinin

(HA) and Neuraminidase (NA) gene from the avian hosts Homologous recombination detection

chicken, duck and goose. RDP4 v.4.100 tool was employed to undertake a
complete exploratory scan on the dataset containing

RESULTS AND DISCUSSION sequences to detect the recombination events.
Dataset Recombination regions were detected in HA gene specific

Full-length nucleotide sequences encoding proteirt® hosts chicken and duck and are removed. However, no
(HA and NA) of type A Avian Influenza Virus (AIV) from recombination regions were detected in HA gene specific
1996-2019 from the Influenza Research Database (IRM)r goose. The recombination regions for NA gene
were downloaded (http://www.fludb.org). Three distinctspecific for were detected and are removed. All the edited
data sets were generated for each gene centered wsgguence datasets without recombinant regions were then
subtype H5N1. The H5N1 nucleotide sequence frordaved in FASTA format for evolutionary and positive
datasets of Hemagglutinin (HA) gene originating fronselection analysis.

Chicken (n=364), Duck (n=296), Goose (n=22) and

Neuraminidase (NA) gene sequences from Chicken Evolutionary rate analysis

(n=361), Duck (n=296), Goose (n=21) were extracted. To know whether there are substantial transformations

Table 1 contains the list of countries that reported avian evolutionary rates amongst AlV from chicken, duck

influenza of goose (HA and NA) during 1996-2019.  and goose, the study was focused on HA and NA proteins.
Complete gene sequences of HA & NA were used to

Sequences alignment conclude the substitution rate and time of most common

Three distinct nucleotide sequence datasets weggcestors (tMRCAs) using the Bayesian-based coalescent
generated for HA gene and NA gene from three aviamethodology. jModelTest2 tool was employed to arrive
hosts (chicken, goose and duck) centered on their subtyp®est fit model as GTR. The data, priors, clock rate and
(H5N1) through the web site IRD in FASTA format. TheMCMC chain lengths were edited and saved using
generated nucleotide sequence datasets f&EAUL tool in XML format of BEAST tool. The
Hemagglutinin (HA) gene from avian hosts viz., Chickerlogarithmic (log) and trees files for each HA and NA gene
(n=364; 1707 bp in length), Duck (n=296; 1704 bp irof H5N1 virus from three hosts were obtained from the
length), Goose (n=22; 1704 bp in length) andXML file after executing in BEAST tool. The log files
Neuraminidase (NA) gene of Chicken (n=361; 1329 bpvere used to estimate the evolutionary rates and tMRCA.
in length), Duck (n=296; 1350 bp in length), Goose (n=21fhe individual datasets for demographic model were
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Table 3. List of positively/diversifying selected sites and cumulativaN/dSratio.

Gene Host Method Codon Length of Positive/diversifying  dN/dS at positive selected sites Cumulative

used Sites gene (bp) selected sites dN/dS
Chicken SLAC 568 1707 87, 102, 137, 145, 2.05,2.00,2.03,1.04,1.17,2.60,2.00,2.74.2357
154, 156, 157, 171
ha DUk sLac 567 1704 156, 170, 171, 172,  2.16,2.68,2.72,2.00,2.31,2.16 ~ 0.2187
204, 205
Goose FEL 567 1704 0.2185
87, 131, 157, 156, 2.79,2.80,3.07,3.87,2.77 :
171
" Chicken SLAC 442 1329 16,17 38, 60, 235 2.16,2.25,2.34,2.12,2.66 0.2302
Duck  SLAC 449 1350 44, 46, 48, 56, 64 2.64,2.00,1.99,2.00,2.09 0.25
Goose  FEL 449 1350 44, 46, 369 3.32,2.85,2.78 0.1694

*Positively selected codon with with p-value threshold of 0.1 are reported.

selected with 95% of the Highest Posterior Density (HPD)ositive selection ¢ >1). The number of positively
estimates. Such selected individual HA and NA dataseselected sites for glycoprotein HA gene of H5N1 from
were used to estimate the tMRCA and substitution rathicken were in 8 positions (87,102,137,145,154,156,157
per site per year by employing RCLM and URCM clockand 171) withdN/dS(2.05,2.00,2.03,1.04,1.17,2.
models. Approximations of nucleotide substitution raté0,2.00,2.74), from duck were in 6 positions
were accomplished using the Markov chain Monte Carl¢156,170,171,172,204 and 205) witkiN/dS
(MCMC) method available in BEAST v1.8.4. (2.16,2.68,2.72,2.00,2.31,2.16) from duck, and from
The evolutionary rates for the HA gene from chickengoose were in 5 positions (87,131,157,156,171) ath
duck and goose are 2.36x%9.15 x1@ and 5.19 x10 dS(2.79,2.80,3.07,3.87,2.77). The cumulativealues
respectively, whereas the evolutionary rates for NA gerfer HA gene from chicken, duck and goose are 0.2357,
from chicken, duck and goose are 2.88%1D28x1® 0.2187 and 0.2185 respectively. The number of positively
and 6.25x10respectively. Fig.1 shows the evolutionaryselected sites for NA gene of chicken were at 5 positions
rates plotted for both the HA and NA genes, in both HA16,17,38,60,235) wittN/dS(2.16,2.25,2.34,2.12,2.66),
and NA genes goose shows lineage among other birdsick at 5 positions (44,46,48,56,64) withN/dS
taken in this study (chicken, duck and goose). (2.64,2.00,1.99,2.00,2.09) and goose at 3 positions
The tMRCA recorded in ages for the HA gene 0f44,46,369) witdN/dS(3.32,2.85,2.78). The cumulative
chicken as 69.53 years with 95% HPD range (59.39 1 values for NA gene of chicken duck, and goose were
83.10), duck as 25.22 years with 95% HPD range (23.352302, 0.2500 and 0.1694 respectively represented in
to 27.16), goose as 23.87 years with 95% HPD randgeble 3. The u values at each codon site for each host of
(22.62 to 25.40) and for NA gene of chicken as 36.2BIA and NA gene were graphically visualized (Fig.2 -
years with 95% HPD range (30.00 to 46.61), duck aBig.7).
41.27 years with 95% HPD range (35.71 to 48.60), goose The substitution rates varied between 2.36xand
as 22.15 years with 95% HPD range (22.00 to 22.45.19x10° subs/site/year for HA gene among the three
represented in Table 2. The HA gene from the hostatasets from chicken, duck and goose, whereas the
chicken, duck and goose has revealed of 1979, 1995 asubstitution rates varied between 2.88%afd 6.25x10
1984 years as its tMRCA respectively, whereas that 8fsubs/site/year for NA gene among all the three host
NA gene from chicken, duck and goose revealed 1958pecies. It means that the divergence of HA gene occurred

1988 and 1996 years as its tMRCA respectively. earlier than that of NA gene in all three avian hosts
(Nonthabenjawaret al. 2016). The tMRCA in ages for
Positive Selection Analysis HA from the three hosts were 69.53 years (1997-2019),

The Analysis of HA and NA genes obtained in thi25.22 years (2001-2018) and 23.87 years (1996-2018)
study revealed that some of the codon sites had undergamieich shows that the HA gene of AIV from chicken
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Fig. 1. Evolutionary rates 1 (subs/site/year) of avian influenza virus of HA and NA gene of chicken, duck and goose 95%
higher and lower HPD was evaluated using BEAST.
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Fig. 2. The positive substitutions per site based on a set of codon aligned nucleotide sequences of chicken H5N1 virus.
Cumulated dN-dS are displayed for the codon sites from 1 to 568.

evolved late followed by that from duck and goose. The In addition to evolutionary rate, nucleotide substitution
NA gene tMRCA in ages were 36.23 years (1997-2019)ates also played an important role in virus evolution. It
41.27 years (2001-2018) and 22.15 years (1996-2018ps found that the selection pressure acting on the HA
from the three avian hosts respectively, which revealegnd NA genes were an important factor for mutation.
the evolution of NA gene from goose was earlier, followedHemagglutinin (HA) and Neuraminidase (NA) genes are
by chicken and duck. The nucleotide substitution ratemajor glycoproteins placed on external surface of virus
site/year for the HA and NA genes of H5N1 virus frominteracting with host immune systems frequently. So in
three different avian host species were estimated [pe process of positive selection, increased selective
Bayesian analysis with BEAST tool which showed thapressure may result in more accumulation of phenotypic
these viruses were rapidly evolving and transmitting ivariants, some of them may evolve as more pathogenic
the host that aggravated faster evolutioneflal. 2011).  variants. Positively selected variants will be more
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Fig. 3. The positive substitutions per site based on a set of codon aligned nucleotide sequences of duck H5N1virus.
Cumulated dN-dS are displayed for the codon sites from 1 to 567.
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Fig. 4. The positive substitutions per site based on a set of codon aligned nucleotide sequences of chicken H5N1 virus.
Cumulated dN-dS are displayed for the codon sites from 1 to 442.

prevalent in the hosts and have advantageous mutatiagsose.

(Suchardet al. 2018). In this study, positive selection The frequencies of positive selection in the datasets
that had significant signaling of HA gene were detectedere detected using the SLAC and FEL (Sucledral.

with 8 positions (87,102,137,145,154,156,157,171) i2018). Among the 8 positive selection signals of HA gene
chicken, 6 positions (156,170,171,172,204,205) in duci chicken, 3 of them were already predicted by the other
and 5 positions (87,131,157,156,171) in goose. There wasselection signals detected in this study have their own
positive selection in NA gene with 5 positionssignificance as evidenced by selection signal sitesat 87
(16,17,38,60,235) in chicken, 5 positionsposition in the epitope region, 102nd 14% found in
(44,46,48,56,64) in duck, 3 positions (44,46,369) irantigenic sites, 137n epitope D and 17in epitope B
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Fig. 6. The positive substitutions per site based on a set of codon aligned nucleotide sequences of goose H5N1 virus.
Cumulated omega (dN-dS) is displayed for the codon sites from 1 to 567.

regions (Duvvuret al.2009). In HA gene of duck avian analyses were convergent, showing that these sites might
influenza virus, positive selection sites were found dte evident for adaptation to the host species that were
170,172, 204 and 205 codon position in this study.  newly evolved (Arafaet al 2016). Positive selection of
The evolution of H5 and N1 from three avian speciesome codon sites and variants have already been reported
revealed that a positive selection played a very criticgdreviously, variants in the antigenic sites reveal a very
role, and purifying (negative) selection very largelycaptious role and also exhibits that the virus evolves with
provided to its viral pathogenicity thereby infecting thea high rapidity across the specific geographical region.
hosts. The significant signals show mutations in the HA
and NA genes had positive selection and the evolution
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Fig. 7. The positive substitutions per site based on a set of codon aligned nucleotide sequences of goose H5N1 virus.
Cumulated omega (dN-dS) is displayed for the codon sites from 1 to 449.
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