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Abstract

Background: Infectious bursal disease is a highly contagious and acute viral disease caused by the infectious bursal disease
virus (IBDV); it affects all major poultry producing areas of the world. The current study was designed to rigorously measure
the global phylogeographic dynamics of IBDV strains to gain insight into viral population expansion as well as the
emergence, spread and pattern of the geographical structure of very virulent IBDV (vvIBDV) strains.

Methodology/Principal Findings: Sequences of the hyper-variable region of the VP2 (HVR-VP2) gene from IBDV strains
isolated from diverse geographic locations were obtained from the GenBank database; Cuban sequences were obtained in
the current work. All sequences were analysed by Bayesian phylogeographic analysis, implemented in the Bayesian
Evolutionary Analysis Sampling Trees (BEAST), Bayesian Tip-association Significance testing (BaTS) and Spatial Phylogenetic
Reconstruction of Evolutionary Dynamics (SPREAD) software packages. Selection pressure on the HVR-VP2 was also
assessed. The phylogeographic association-trait analysis showed that viruses sampled from individual countries tend to
cluster together, suggesting a geographic pattern for IBDV strains. Spatial analysis from this study revealed that strains
carrying sequences that were linked to increased virulence of IBDV appeared in Iran in 1981 and spread to Western Europe
(Belgium) in 1987, Africa (Egypt) around 1990, East Asia (China and Japan) in 1993, the Caribbean Region (Cuba) by 1995
and South America (Brazil) around 2000. Selection pressure analysis showed that several codons in the HVR-VP2 region were
under purifying selection.

Conclusions/Significance: To our knowledge, this work is the first study applying the Bayesian phylogeographic
reconstruction approach to analyse the emergence and spread of vvIBDV strains worldwide.
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Introduction This viral agent preferentially infects young, sexually immature
3—6-week-old chickens [7] and causes a variety of symptoms
ranging from loss of feed efficiency to immunodeficiency, the latter
of which leads to an increased susceptibility to other infectious

Infectious bursal disease (IBD) is a highly contagious and acute
viral disease affecting all major poultry producing areas of the
world [1]. This disease was initially identified in the 1960’s [2],
and the most important lesions observed in affected animals are
lymphoid tissue damage found in the bursa of Fabricius [3].

IBD is caused by the infectious bursal disease virus IBDV), a
non-enveloped virus belonging to the Bimaviridae family with a
genome consisting of two segments of double-stranded RNA
(segments A and B) [4]. Segment A encodes a precursor

diseases and a poor immune response to vaccines [3,8].

Two different serotypes of IBDV that have been reported to
date can be differentiated by virus neutralisation test [9]. All
pathogenic isolates are serotype-1 strains, whereas serotype-2
strains neither cause disease nor protect against infection by
serotype-1 strains [10,11]. Based on pathogenicity and antigenicity
characteristics, serotype 1 strains have been further classified as
polyprotein in a major open reading frame (ORF) that s (Jagsical virulent IBDV (cvIBDV), very virulent IBDV (wIBDV),

Clea\.red by auto-proteolysis to yielc.l the mature VPQ. (outer antigenic variant IBDV (avIBDV) and attenuated IBDV (atIBDV)
capsid), VP4 (protease), and VP3 (inner capsid) proteins [5]. [12]:

The VP2 protein is largely recognised as the immunodominant

; wIBDV strains were first described in Belgium during the
antigen of IBDV [6].

1980’s in association with high mortality in young chickens [13,14]
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and have been the source of significant economic losses in the
poultry industry in many countries. The ability to cause high
mortality in susceptible chickens is the primary defining quality of
wIBDV strains. To reduce the economic impact of vwwIBDV
strains, it is desirable to have a rapid, cost-efficient method to trace
changes in virulence. Since in vivo studies are expensive, time-
consuming and sometimes impossible, molecular techniques have
been developed based on genotyping the hyper-variable region of
VP2 (HVR-VP2) [15,16,17].

In Cuba, the first report of IBD was in 1982 [18]. Only sporadic
outbreaks of the disease have been reported in the chicken flocks
from 1982 to 1992 [19]. Although the Cuban flocks have been
under a vaccination policy (reviewed in [20]) from 1993 to the
present, a trend toward acute severe outbreaks of IBD in the
chicken flocks has been documented [21]. An increase in severity
of histopathological lesions of affected animals has also been
observed [22]. However, genetic information on the IBDV field
strains that circulate in Cuban flocks has remained unknown.

Bayesian inference methods have been recently developed that
offer a unique opportunity to explore viral genotypic and
phenotypic evolution in greater detail [23]. Phylogeographic
approaches have helped uncover the impact that spatial epidemi-
ological processes leave in the genomes of rapidly evolving viruses
and have been used for tracking the spread of foot-and-mouth
disease and human immunodeficiency virus type 1 [24,25,26].

The current study was designed to provide a rigorous
measurement of the global phylogeographic dynamics of IBDV
strains to gain insight into the expansion of viral populations as
well as the emergence, spread and pattern of the geographical
structure of vwIBDV strains. Analyses based on genealogy and
phylogeography approaches were conducted to improve our
understanding of the molecular epidemiology of IBDV and
identify the possible origin of this agent in Cuba. We also assessed
the possible selection pressure on the HVR-VP2 region resulting
from the immune response elicited by host vaccination.

Here, a phylogeographic reconstruction was conducted for
wIBDYV strains worldwide based on the HVR-VP2 region. This
study revealed the expansion of strains carrying sequences linked
to high virulence of IBDV from Iran in 1981 to Western Europe
(Belgium) in 1987, Africa (Egypt) around 1990, East Asia (China
and Japan) around 1993, the Caribbean Region (Cuba) around
1995 and finally South America (Brazil) around 2000.

Materials and Methods

Samples

Ethics statement. International standards for animal welfare
were used for all animal samples collected, following the
regulations for animal sampling of the Institute of Veterinary
Medicine (IMV), Ministry of Agriculture (MINAGRI) of the
Republic of Cuba. The protocol was approved by the Committee
on the Ethics of the MINAGRI of the Republic of Cuba and all
efforts were made to minimize suffering of the animals. Birds were
euthanized using cervical dislocation to collect the samples. The
samples were sent directly from the IMV to Animal Virology
Laboratory at CENSA. The IMV is the official regulatory body of
the Republic of Cuba; therefore additional permits were not
required.
Collection, selection and processing of
samples. Seventy-two bursa of Fabricius samples were initially
included in this study. These samples were collected from 1992 to
2011 and came from commercial layer and broiler chicken flocks

with suspected cases of IBD. Samples were collected from different
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geographic regions in Cuba and submitted to the Animal Virology
Laboratory at CENSA for confirmatory IBDV diagnosis.

All bursa samples were split into two parts: one was frozen at
—80°C to conduct molecular studies and the other was fixed in
10% formalin to conduct histopathologic examination following
procedures previously described by Gonzélez-Insua et al. [22].
Sixty-three bursa samples were confirmed as IBDV positive by
immunohistochemistry tests following the assay described by
Perera et al. [27]. Of these, 41 samples were selected for further
molecular studies based on geographic region of origin and year of
collection (Table 1). These selected bursal samples were printed on
FTA® cards, suitable for the preservation of genetic material and
adequate transportation [28]. Two atIBDV strains used as
vaccines were also included in the current work: i) the commercial
vaccine strain “Gumboro” (Labiofam, S.A., Cuba) (http://www.
labiofam.cu/productos/vacuna-gumboro.html) that is currently
used in vaccination programs by Cuban veterinary services
(reviewed in [29]) and 1) the strain Lukert-I used as the vaccine
“CT-Gumboral”, which was applied in Cuba between 1996—
1999. These vaccine strains were also printed on FTA® cards and,
together with the 41 FTA ® cards that contained field strains, were
sent to Centre de Recerca en Sanitat Animal (CReSA) in
Barcelona, Spain where molecular analyses were conducted.

NA Isolation from FTA® Cards, RT-PCR and Sequencing

RNA was extracted from all 43 FTA® card samples using the
method described by Moscoso et al. [28] with modifications.
Briefly, one gram from the spotted areas of the FTA® cards was
cut by a sterile fork and placed in 1.5 ml microcentrifuge tubes.
For each FTA® paper portion, 200 pL of nuclease-free water was
added, vortexed and incubated for 10 min at room temperature.
The final suspensions were centrifuged at 7500 g for 5 min at 4°C.
RNA was then extracted from the 150 ul. of recovered
supernatant using the Nucleospin RNA virus kit (Macherey-
Nagel, Diiren, Germany) following the manufacturer’s instruc-
tions. RNA was eluted in a final volume of 60 pL of nuclease-free
water.

The RNA extracted from FTA® cards was used to amplify the
complete  HVR-VP2 wusing the primer pair GUM-F (5'-
ACAGGCCCAGAGTCTACA-3")/GUM-R (5'-
AYCCTGTTGCCACTCTTTC-3") and RT-PCR conditions
previously described by Dolz et al. [30]. Amplification products
were visualised by electrophoresis on 1.8% agarose gels stained
with ethidium bromide and cleaned with the QIAquick PCR
purification kit (Qiagen Inc., Valencia, CA) following the
manufacturer’s instructions.

The resulting products were submitted to bi-directional DNA
sequencing using a BigDye Terminator v3.1 cycle sequencing kit
following the manufacturer’s instructions (Applied Biosystems,
Stockholm, Sweden). Sequencing products were read on an ABI
PRISM-3100 Genetic Analyzer (Applied Biosystems, Stockholm,
Sweden). The sense and antisense sequences obtained from each
amplicon were assembled, and a consensus sequence for each gene
was generated using the ChromasPro V1.5 program (Technely-
sium Pvt. Ltd., 2009). Nucleotide BLAST analysis (http://www.
nchi.nlm.nih.gov/blast/Blast.cgi) was initially used to verify the
identity of each fragment sequence obtained. Sequences were
submitted to the GenBank database under accession numbers

HF547305-HF547347.

Selection of the Sequence Dataset and Multiple
Sequence Alignment

To establish phylogenetic relationships and classification the
Cuban field strains included in the present work (Table 1), Cuban
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Table 1. Sequences of Cuban IBDV strains used in the current study.
Year of collection GenBank accession No. Strain (ID used in tree) Province
1992 HF547332 BL La Habana
1995 HF547306 BF35Hab95 La Habana
1996 HF547333 117/96PiR96 Pinar del Rio
1996 HF547305 29/96XHab9%6 La Habana
1996 HF547307 BF63Hab96 La Habana
1997 HF547334 BF6Gra97 Granma
1997 AJ238647* Myga La Habana
1997 HF547345 BF4Gra97 Granma
1997 HF547308 BF9Hab97 La Habana
1997 HF547310 BF3Hab97 La Habana
1997 HF547311 BF26Hab97 La Habana
1997 HF547312 BF8Hab97 La Habana
1997 HF547309 BF28Hab97 La Habana
1997 HF547344 BF7VCI97 Villa Clara
1997 HF547343 BF51Cam97 Camagtliey
1997 HF547342 BF52Cam97 Camagliey
1997 HF547341 BF53CiA97 Ciego de Avila
1998 HF547313 56/98Hab98 La Habana
1998 HF547314 61/98Hab98 La Habana
1998 HF547315 69/98Hab98 La Habana
1998 HF547340 BF67PiR98 Pinar del Rio
1998 HF547316 BF70Hab98 La Habana
2000 HF547317 BF11Hab00 La Habana
2000 HF547339 47/00Cam00 Camagliey
2000 HF547318 94/00Hab00 La Habana
2000 HF547338 135/00H0l00 Holguin
2001 HF547319 11/01Hab01 La Habana
2002 HF547320 45/02Hab02 La Habana
2002 HF547321 BF12Hab02 La Habana
2004 HF547322 BF29Hab04 La Habana
2004 HF547323 BF31Hab04 La Habana
2006 HF547324 BF15Hab06 La Habana
2008 HF547337 BF14Cie08 Cienfuegos
2008 HF547325 BF16Hab08 La Habana
2009 HF547336 BF17Mat09 Matanzas
2009 HF547326 BF19Hab09 La Habana
2009 HF547329 BF18Hab09 La Habana
2010 HF547327 BF20Hab10 La Habana
2010 HF547328 BF22Hab10 La Habana
2011 HF547347 BF24Hab11 La Habana
2011 HF547330 BF25Hab11 La Habana
2011 HF547331 BF23Hab11 La Habana
2011 HF547335 Gumboro_labiofam”Vac/Cub11” -
HF547346 strain Lukertl/Cuba -
*Previously obtained and submitted at GenBank.
doi:10.1371/journal.pone.0065999.t001

sequences were initially aligned along with 67 HVR-VP2 geographic origins and different classification was built. To
sequences available in the GenBank database (Table S1). Thus, estimate rates of nucleotide substitution per site, per year and
an initial dataset of 111 sequences that included different the time to the most recent common ancestors (tMRCAs) of
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specific groups, only sequences with a known year of collection
were included. The Cuban vaccine strains were also removed.
Thus, 25 sequences included in the first analysis were removed
(Table S1, the sequences removed are denoted by a symbol (})). In
all cases, alignments of the dataset of sequences were performed
using the algorithm ClustalW method included in the program
BioEdit Sequence Alignment Editor [31].

Phylogenetic Analysis

To remove sequences with a possible recombination event,
searches for recombinant sequences and crossover regions were
performed from alignment of the 111 sequence dataset using
Geneconv [32], RDP [33], MaxChi [34,35], Chimera [35],
BootScan [36], SiScan [37], 3Seq [38] and LARD [39], all
implemented in RDP3 Beta 4.1 [40]. Programs were executed
with modified parameter settings according to the guidelines in the
RDP3 manual for the analysis of divergent sequences (available
upon request). Recombinant sequences were tested with the
highest acceptable p value of 0.05, and Bonferroni’s multiple
comparison correction was used. Analyses were conducted twice to
ensure the repeatability of the results.

ModelTest V.3.0.6 [41] was used to estimate the best-fit model
using the Akaike information criterion (AIC). The best-fit model
was selected and used for phylogenetic analysis. Phylogenetic
relationships among IBDV strains based on HVR-VP2 sequences
were analysed using Bayesian inference (BI) and maximum
likelihood (ML) methodologies. Bayesian inference analyses were
performed with the MrBayes 3.1 software [42,43]. MCMC
searches were run with four chains for 10 million generations
and sampling of the Markov chain every 100 generations. At the
end of the run, the convergence of the chains was inspected
through the average standard deviation of split frequencies; the
first 25% of the trees were discarded. After discarding the burn-in,
the four MCMC chains were combined and summarised on a
majority-rule consensus tree. The convergence was again assessed
on the basis of the effective sampling size (ESS) using Tracer
software version 1.4 (http://tree.bio.ed.ac.uk/software/tracer/).
Only log-likelihoods with ESS values of >250 were accepted. A
tree with clade credibility was constructed using the posterior
probability distribution. The tree was rooted using the sequences
of IBDV serotype 2 accessed from the GenBank database
(accession number M66722).

ML trees were computed using PHYML v3.0 [44], and
confidence levels were estimated by 1000 bootstrap replicates.
The topologies were tested by the Kishino and Hasegawa test (K—
H) [45] and the Shimodaira-Hasegawa test (S—H) [46], which
computed the log-likelihood per site for each tree and compared
the total log-likelihood for each proposed topology using the
PAMILv4.3 program [47]. Ten thousand replicates were per-
formed using the K-H and S—H topologies tests by re-sampling
the estimated log-likelihoods for each site (RELL model) [48].
Finally, the selected tree was visualised by FigTree v1.1.2 [49].

Substitution Rates, Time-scale of Evolutionary History
and Phylodynamic Analyses

The dataset of 86 previously selected sequences (see section 2.3)
was used to generate the BEAST input file by BEAUt within the
BEAST package v1.7.4 [50] (freely available at http://beast.bio.
ed.ac.uk). Rates of nucleotide substitution per site and per year
and the tMRCA were estimated by a Bayesian Markov chain
Monte Carlo (MCMC) approach. Model selection was performed
by estimating model marginal log-likelihood through the AICM
following the method described by Baele etal. [51]. The
estimation of model marginal log-likelihood through the AICM
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for the twelve coalescent demographic models included parametric
models (constant population size, exponential and logistic growth)
and nonparametric models (Bayesian skyline plot, BSP) with strict
(SC), uncorrelated lognormal distribution (UCDL) and uncorre-
lated exponential distribution (UCED) relaxed molecular clocks
were calculated (Table S2). Rates of nucleotide substitution per site
and per year and the tMRCA were also estimated only for Cuban
sequences. A Bayesian skyline plot was also created from a sub-
dataset of the HVR-VP2 sequence, which only included the
Cuban sequences, to infer the population dynamics of Cuban
viruses as measured by differences in the levels of relative genetic
diversity (Net) over time.

In all cases, the MCMC chains were running for 100 million
generations to obtain an ESS >250. The first 10% of trees were
discarded as “burn-in” as recommended by the BEAST package
manual [52] (freely available at http://beast.bio.ed.ac.uk). Con-
vergence was assessed by estimating the ESS after a 10% burn-in
using Tracer software version 1.5 (http://tree.bio.ed.ac.uk/
software/tracer/). The tree with maximum log clade credibility
was selected and visualised by FigTree v1.1.2 [49].

Phylogeny-trait Association and Phylogeographic
Analysis

The association between phylogeny and the pattern of the
geographical structure of IBDV was assessed using the software
BaTS [53]. In a first approach, the trait of geographic region for
the 111 sequence dataset was assessed by removing only the
vaccine strains from this dataset. In a second analysis, the
association between the different phylogenetic relationships of the
field strains present in Cuba and Cuban provinces was performed
by analysing only the Cuban sequences (vaccine strains were not
included). Values of the association index (Al), parsimony score
(PS) statistics and the level of clustering in individual locations
using the monophyletic clade (MC) size statistic were all calculated
based on the posterior samples of trees produced by MrBayes 3.1
using the BaTS program. The null distribution for each statistic
was estimated with 1,000 replicates of state randomisation.

A discrete phylogeographic analysis (DPA) was conducted using
a standard continuous-time Markov chain (CTMC) model with
Bayesian stochastic search variable selection (BSSVS) to model the
geographic transmission of vwIBDV from the 65 sequence dataset
[54]. The MCMC analyses were performed in two independent
runs. After burn-in, the two runs were combined to summarise the
results. The resulting maximum clade credibility (MCC) phyloge-
netic trees were obtained by TreeAnnotator. A second DPA was
performed to model the spatial diffusion of IBDV between Cuban
provinces using the same conditions described above and
analysing only the Cuban sequences.

The results of both DPA were summarised using the SPREAD
software [55]; keyhole markup language (KML) files were
generated to identify the major routes of geographic diffusion.
The Bayes factor (BF) test was used to select the most probable
routes of transmission. The resulting KML files from SPREAD
with a non-zero expectancy that showed a BF>) for the global
analysis and a BF>3 for the Cuban province diffusion analysis
were visualised by Google Earth (available at: http://earth.google.
com).

Analysis of Selection Pressures

The existence of selection pressure on HVR-VP2 in Cuban
IBDV sequences was assessed by plotting the amino acid sequence
entropy calculated by the DAMBE program [56]versus the
difference between nonsynonymous (dN) and synonymous (dS)
rates calculated by the SNAP web utility (http://hiv-web.lanl.gov/
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content/hiv-db/SNAP/WEBSNAP/SNAP.html) based on the
method of Nei and Gojobori [57]. The selection pressures at
individual codons were estimated using the single likelihood
ancestor counting (SLAC), fixed effects likelihood (FEL) methods
available at the Datamonkey online version of the HyPhy package
[58,59]. All analyses utilised the TN93+G model of nucleotide
substitution and employed input maximum likelihood phyloge-
netic trees.

Finally, to detect positive selection acting on a particular lineage
as well as sites within the HVR-VP2, several models available in
the CODEML module of PAML 4.3 software package [60] were
used. Different values of the non-synonymous/synonymous dN/
dS rate ratio (x parameter) were considered according to the user
guide [60]. To avoid false positives, the models used to detect sites
under positive pressure were contrasted with models used to detect
neutral selection [61]; only cases where the likelihood ratio test
(LRT) result was significant were considered. The Bayes empirical
Bayes (BEB) calculation of posterior probabilities for site classes
was used to calculate the probabilities of sites under positive
selection [47].

Chimera software package (http://www.cgl.ucsf.edu/chimera)
and Swiss-PdbViewer (http://spdbv.vital-it.ch/) were used to
visualise the 3D crystal structure of VP2.

Results

Phylogenetic Relationships and Sequence Analyses

The phylogenetic relationships among the IBDV strains were
reconstructed based on HVR-VP2 sequences using ML and BI
analyses. Both algorithms yielded congruent results with the same
topology, which was supported by moderate to high confidence
values given by the bootstrap percentage and the posterior
probability (data not shown). The best Bayesian tree was obtained
by the S-H test, but the support obtained for this tree was not
significantly different from the ML tree (data not shown). The
Bayesian tree that estimated the phylogenetic relationships
between the Cuban IBDV sequences and those from other
geographical regions are shown in Fig. 1.

Three Cuban IBDV field strains (BL, BF23Habll and
BF6Gra97) were grouped in the defined cluster corresponding to
the atIBDV strains together with the vaccine strains applied in
Cuba (Fig. 1). The remaining Cuban IBDV field strains were
grouped in the defined cluster corresponding to the vwwIBDV
strains. However, a clear division into two subgroups was observed
among the vwwIBDV strains included in the current work (vwIBDV-
GI and wIBDV-GII) (Fig. 1). Thus, the Cuban IBDV strains
BF35Hab95, 29/96XHab96, 117/96PiR96, BF63Hah96,
Myga97, BF26Hab97, BF28Hab97, BIF3Hab97, BF4Gra97,
BF51Cam97, BF52Cam97, BF53CiA97, BF7VCI197, BF8Hah97,

BF9Hab97, BF67PiR98, BF70Hab98, 56/98Hab98, 61/
98Habh98, 69/98Hab98, 47/00Cam00, 94/00Hab00,
BF11Hab00,  135/00Hol00, 11/01Hab01,  45/02Hab02,
BF12Hab02, BF29Hab04, BF31Hab04, BF29Hab04,

BF31Hab04 and BF16Hab08 collected between the years 1995—
2008 (Table 1) were located in the vwIBDV-GI cluster, whereas
the Cuban IBDV strains BF14Cie08, BF17Mat09, BF18Hab09,
BF19Hab09, BF20Hab10, BF22Hab10, BF24Habl11,
BF25Hab]11, collected between 2008-2011 (Table 1), were located
in the vwIBDV-GII cluster (Fig. 1).

Comparisons of nucleotide and deduced amino acid sequences
were carried out among the Cuban IBDV field strain sequences
obtained in the current study. Nucleotide sequence identities
among the HVR-VP2 sequences of the 42 Cuban IBDV field
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strains ranged from 91.6-100% and those of the deduced amino
acids ranged from 91.3-100%.

The region of the four loop structures (Pgc, Ppg, Prg, and Pgy)
of the HVR-VP2 has been linked to a change in IBDV virulence
and escape from vaccination [62].The lineages on the tree (Fig. 1)
can be correlated with specific loop structure mutations. Based on
the pattern of the four loops for each lineage, comparisons of
amino acid substitutions were performed among all sequences
included in the present work. Amino acid changes in the pattern
described for vwIBDV were only found in the strains BF53CiA97
and BF52Cam97, which showed changes of 222PxA and 286IxT
in loops Ppc and Prg, respectively (Fig. 1). Amino acid changes in
the pattern of atIBDV were found in the three Cuban field strains.
A replacement of 249RxQ was found in the strains BL and
BF6Gra97, while a replacement of 253QxH was found in the
strain BF23Hab11, all located in loop Ppy, (Fig. 1).

For Cuban sequences, amino acid changes in other regions of
the HRV-VP2 (outside of the loop structures) were also compared.
Two different groups of sequences were obtained to perform a
better comparison by taking into account the IBDV strain
classification based on the phylogenetic tree obtained (Fig. 1).
The first group was formed by sequences of strains classified as
atIBDV (Fig. 1) and the vaccine strain “Gumboro” was used as a
reference. Only strain BF6Gra97 showed a replacement of
242VxA. The second group was formed by sequences of strains
classified as vwIBDV (Fig. 1) along with strain BIF35Hab95, which
was used as a reference. In this group, the strains 29/96XHab96
and BF7VCI97 showed a replacement of 212NxD. Strain
BF7VCI97 also showed the replacements 337IxT, 340RxG and
341TxN. In strain BF52Cam97, outside of the loop structures, the
replacement 334VxA was found, while strain BF53CiA97 showed
the replacements 211DxA, 279NxD, 299NxS and 330RxA.
Interestingly, the replacement 299NxS was also found in the
strains BF14Cie08, BF16Hab08, BF17Mat09, BF19Hab09,
BF18Hab09, BF20Habl0, BF22Habl0, BF24Habll and
BF25Hab11, which are the most recent strains included in the
group wIBDV-GII (Fig. 1).

Time-measured Phylodynamic Analyses

AICM analysis based on an analogue of AIC [51] showed a
skyline coalescent plot and an exponential, uncorrelated clock best
fitted to our data (Table S2).

The estimated mean (95% HPD) for the substitution rate of
IBDV was 8.63x10™* (4.14x10"*-1.41x107% substitutions/
site/year. The date Bayesian phylogenetic tree obtained for the
global IBDV strains was characterised by a clear temporal
structure; the oldest samples tended to fall closest to the root of
the tree, while the most recent samples were located at the most
distal tips. The mean tMRCA for the diversification of IBDV
serotype 1 to the different linages cvIBDV, atIBDV and vwwIBDV
was located at approximately 1922 95% HPD from 1869 to 1960),
while the mean of tMRCA for the vwwIBDV strains was 1970 (95%
HPD from 1956 to 1985) (Fig. 2A).

The estimated mean (95% HPD) of the substitution rate for
Cuban IBDV strains was 1.23x107° (5.98x10™*1.9x1077)
substitutions/site/year, and the mean of the tMRCA for the
Cuban IBDV strains was 1977 (95% HPD from 1952—-1992). In
addition, the substitution rate was 1.94x1073
(1.04x1073=2.95x 1077 substitutions/site/year for the Cuban
wIBDV strains, and the mean of the tMRCA was 1991 (95%
HPD from 1984-1995) (Table 2). The estimated substitution rates
and the tMRCA for the different groups of Cuban vwIBDV strains
(GI and GII) are also shown in Table 2.

June 2013 | Volume 8 | Issue 6 | €65999



Phylogegraphy of Infectious Bursal Disease Viruses

TVM+G
a=0.4325

vwiIBDV

North America
Australia
Caribbean Region

= lQUtgroup

Figure 1. Phylogenetic tree of IBDV based on HVR-VP2. The model used for phylogenetic inference is shown at the top left. The Cuban IBDV
sequences are denoted with black letters and the names of the strains were used as identification (ID) in the tree. For the remaining sequences, an ID
for the tree was used (see Table S1). For geographic-trait association, different colours related to the origin of the strain were used and denoted
(strains from Asia in orange, Africa in red, Europe in blue, South America in green, North America in pink, Australia in brown and the Caribbean
Region with a turquoise star). The pattern of the HVR-VP2 loop structures Pgc, Ppg, Prg, and Py, linked to changes in IBDV virulence and escape from
vaccination by Coulibaly et al. (2005) are shown as rectangles. Those strains that showed changes in this pattern are highlighted using a grey

rectangle; the amino acid substitution is also indicated.
doi:10.1371/journal.pone.0065999.9001

Demographic inference using the BSP model is summarised in
Fig. 2B, which essentially plots Net as a function of time. Net can
be considered a measure of relative genetic diversity that reflects
the number of effective infections established by the wvirus.
Therefore, the BSP for the whole vwIBDV Cuban population
showed peaks for Net during the second half of 1994 until 1996,
indicating an epidemic behaviour of the virus (Fig. 2B). In
contrast, a decrease in Net in 1997 for the whole Cuban
population of vwwIBDV was observed, with a quick inflection
suggesting a new increase in diversity of the population. However,
a discontinuous decrease of genetic diversity was observed since
1999, with two epidemic peaks of Net in the years 2006 and 2010.
It is important to emphasise that in 1999, a new vaccination
program against IBDV supported by serology test was applied to
the Cuban flocks.

On the other hand, a decrease in Net in 1998 for the Cuban
wIBDV-GI subpopulation was observed, with a trend towards a
constant size or stabilisation of this subpopulation between the
years 2000-2011. This finding provided evidence of endemic
circulation of this subpopulation (Fig. 2B). Thus, the increase in
Nert of the whole Cuban population of vwwIBDV during 2006 and
2010 seem to be related to two events: the first one is the
emergence of the Cuban vwIBDV-GII subpopulation from 2006
2007, and the second is an increase in Net of the latter
subpopulation (Fig. 2B). Finally, Net dramatically dropped from
the second half of 2010 to 2011.

Phylogeographic Analysis

Overall patterns of geographic structure. The global trait
association (Al and PS) tests of phylogeographic structure rejected
the null hypothesis of no association between sampling location
and phylogeny at all spatial levels tested for the vwIBDV strains
included in the present study (Table 3). Thus, the HVR-VP2
sequences possess some geographic structure. The use of index

PLOS ONE | www.plosone.org

ratios of the observed values to those expected under panmixis
(where 0 indicates complete population subdivision and 1 suggests
random mixing [panmixis|) allows the strength of the association
between geography and phylogeny to be further characterised.
Hence, the Al of 0.40 (0.31-0.53B CI) suggests that the evolution
of wiIBDV is not homogeneous but rather presents a geographic
structure. This characteristic was more evident when the MC
statistic was shown (Table 3). The population subdivision was
significant for most localities, although samples from the Africa
and South America showed evidence of gene flow (Table 3).

In contrast, phylogeny-trait association tests based on Al and PS
yielded no significant associations of the relationship among the
field strains in Cuba and the Cuban provinces (Table 3). This
result further indicates that the vwIBDV evolution is homogeneous
throughout Cuba.

Inference of routes of vvIBDV spread and local
spreading. Phylogeographic reconstruction was able to identify
a single location for the root of the tree of the global dataset of
wIBDV sequences with posterior probabilities for state sp=0.31
for the locality of Iran. The virus then spread following two distinct
routes: 1) to Europe arriving at Belgium and the Netherlands in
1987 and 1988, respectively and ii) from North East Asia arriving
to China and Japan around 1992 (Fig. 3A and whole video
included as Video S1). vwIBDV strains arrived in the Caribbean
Region around 1995 and in South America around the year 2000
(Fig. 3A and whole video included as Video S1). Viral strains from
the United Kingdom, the Netherlands and Belgium were the most
probable sources for the introduction of vwIBDV strains to Cuba
(Video S1, BF>5), even though only the route from Belgium
showed a BF>20 (Fig. 3B).

Once wIBDV arrived in Cuba, the virus quickly spread from
the western region of the country to the east in only three years
(Fig. 4A & B), reaching complete dissemination throughout the
country by 2001 (Fig. 4C). The phylogeographic analysis placed
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Figure 2. Phylodynamics of IBDV. The left panel A) describes a maximum clade credibility (MCC) analysis performed using BEAST (Drummond
et al,, 2012), with the evolutionary history of the HVR-VP2 sequences dataset shown. The branches belonging to Cuban sequences were highlighted
in black. The internal nodes of cvIBDV, atIBDV, avIBDV and vvIBDV were denoted using black arrows and the most probable year for the MRCA of
vvIBDV was also denoted. The right panel B) shows a Bayesian skyline plot (BSP) representing the relative genetic diversity of circulating Cuban
vvIBDV over time. In addition, a BSP to differentiate the genetic diversity of the two different groups of vvIBDV found circulating in Cuba was also
shown. Different colours were used to distinguish each population (red line: all Cuban vvIBDV strains, blue line: Cuban vvIBDV included in group | and
sky-blue line: Cuban vvIBDV included in group ll). For clarity, only the mean population sizes over time were plotted. The starting period for the
vaccination program supported by serological test was highlighted by a green shadow.

doi:10.1371/journal.pone.0065999.9002

the Havana region as the most probable entry point into Cuba;
from there, the virus spread by different routes (BF>3) to the rest
of the country.

Selection Pressures

No residues under positive selection pressure were detected in
the HVR-VP2 by the PAML software with significant values
(p<<0.05). In addition, the PAML software yielded values of
(0 =dN/dS) very close to one for models M2 and M8, suggesting
that most mutations found were under neutral selection (Table
S3). In contrast, the SLAC and FEL methods yielded values for 22
codons under negative selection pressure (purifying selection) with
p<<0.05 (Fig. 5 and Table S4). The highest value of variability, as
indicated by the entropy for each codon position, was found for
codon 299. This position also showed the highest value of dN-dS
by WebSNAP-utility along with position 256 (Fig. 5). Therefore,
these results suggest that changes in the position 299 over time
could be the most advantageous mutations and considered as
antigenic drift. The distance between the residue at position 299
and the valine (V) at position 194, located on the B-hairpin AA’
structure of VP2, was also calculated. This estimate showed that
the distance when the N residue was located at this position was
lower (3.833 A) than when the S residue was found at this position
(4.481 A) (Fig. 5).

Discussion

In the past, efforts have been made to infer the dispersal of
IBDV and to elucidate the diffusion patterns of the virus over
decades [63,64,65]. However, only the recent introduction by
Lemey etal. [54] of a Bayesian phylogeographic inference
framework allowed for the incorporation of spatial and temporal
dynamics of viral lineages for inference, visualisation, and
phylogeographic hypothesis testing. To our knowledge, the current
study is the first applying the Bayesian phylogeographic recon-
struction approach to gain insight into the emergence and spread
of wIBDV strains worldwide. Furthermore, the genetic diversity
and spatiotemporal dynamics of the Cuban IBDV strains as
representatives of the Caribbean Region, framed on a global stage,
were also analysed.

The expansion of vwIBDV in the late 1980s dramatically
changed the epidemiology of the disease. Thereafter, several
studies were conducted to obtain a better understanding of the

evolution and spread of wIBDV worldwide [15,63,64,65]
Although some studies have included segment B of the viral
genome to obtain more accurate inference of IBDV phenotypes
[63,65], partial VP2 sequences have been widely used as a reliable
approach [15,16,17,30,64].

Based on the HVR-VP2 sequences, the Cuban IBDV strains
analysed in the current work were classified as atIBDV (n = 3) and
wIBDV (n = 38). The most likely date of first introduction of the
virus to the country was 1977 (1952-1992), which was concordant
with the first report of the presence of IBDV in Cuba in 1982 [18].
The date for the emergence of vwvIBDV in Cuba was estimated to
be 1991 (1984-1995). This event appears related to an increase in
the number and severity of field outbreaks from 1993 to the
present [19,21].

We estimated the emergence for vwIBDV in the global scenario
around 1970. This date is in agreement with the range of years
proposed by Hon et al. [63], who determined the emergence of
tMRCA for the VP2 sequences associated with highly virulent
strains of IBDV among 1950-1973. In the present work, the
expansion of strains carrying HVR-VP2 sequences linked to high
virulence of IBDV was fixed starting from Iran in 1981 (see Video
S1). IBDV was first reported in Iran in 1981 and was associated
with low mortality rates in a broiler farm [66]. Our analysis
suggested that the Iranian IBDV isolates RT275/81 and RT75D/
82 (GenBank acc. No. DQ630451 and DQ630455, respectively)
were the ancestral isolates of the virus that subsequently spread to
Belgium in 1987.

Hon etal. [63] hypothesised that the expansion of highly
virulent strains of IBDV occurred around 1981. This process of
expansion was linked to the reassortment of the genome (segment
B) of IBDV with a mutant VP2 background, which caused a
sudden increase in virulence [63]. It has also been suggested that
several migratory and sedentary avian species, such as cattle
egrets, pigeons, carrion crows and waterfowl species (bean goose,
white-fronted goose, and mallard duck), may also be carriers or
reservoirs of IBDV [17], (reviewed in [63]). Considering that the
three most important global flyways for several migratory avian
species cross Iran on the way to Europe and East Asia (see Fig. S1),
we can hypothesise that the viral strains that caused the 1981
outbreak in Iran could have provided the background for the VP2
sequences of the vwIBDV strains. The virus could have been
transported to Belgium by the migration of avian species, in which

Table 2. Estimated substitution rates and tMRCA for the Cuban IBDV strains.

Dataset of Cuban IBDV strains

Rate (substitution/site/year) (HPD95%)

tMRCA (year) (HPD95%)

Whole population

1.23x103(5.98x10*-1.9%x103)

wIBDV 1.94x1073(1.04x103-2.95x103)
vvIBDV-GI 1.42x103(6.25x10%-2.29x103)
wIBDV-GII 525x1073(2.11x1073-4.94x1073)

1977 (1952-1992)
1991 (1984-1995)
1994 (1986-1998)
2007 (2008-2006)

doi:10.1371/journal.pone.0065999.t002
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segment B reassortment events may have taken place, triggering
the increase in virulence.

Unfortunately, to our knowledge, very few studies have been
conducted so far to determine whether wild birds can become
infected with IBDV [17,67]. Studies designed to obtain informa-
tion on the genetic structure of IBDV from wild birds together
with the use of the currently available phylogeographic tools may
help bridge the gap regarding the emergence and spread of
wIBDV strains, as well as help elucidate the role of wild birds in
the epidemiology of different IBDV strains.

The phylogeographic association-trait analysis revealed that
viruses sampled from individual countries tend to cluster within
them, suggesting a geographic subdivision among different strains
of IBDV. On the other hand, some evidence of viral gene flow was
also observed, suggesting the existence of epidemiological and
commercial connections among different countries.

The most probable route of entry for the vwwIBDV strains to
Cuba was framed from the Netherlands, the United Kingdom and
Belgium from 1993-1995. However, it is important to consider the
fact that the virus circulating in Belgium was rapidly transmitted to
the Netherlands. The origin in the United Kingdom appears to be
the same as in Belgium and occurred in a very short period of time
(see Video Sl1). Analysing the live poultry trade statistics of UN
Comtrade, significant importations and exportations of birds
among Belgium, the Netherlands and the United Kingdom
occurred during 1987 (http://comtrade.un.org/db/). Therefore,
the bird movements between these countries during this period of
time could have favoured the emergence of viral populations of
wiIBDV with few differences among them.

The importation of chicken to Cuba from the United Kingdom
in the second half of the 1990°s (Dr. Fernandez, A. Personal
communication) is an important link between the chicken
populations of both countries. Nonetheless, there was also an

PLOS ONE | www.plosone.org

Table 3. Phylogeny-trait association tests of the phylogeographic structure of vvIBDV using BaTS.

Analysis Statistic IR(C195%) Observed mean(CI95%) Expected mean (C195%) Significance

Global Al 0,40 (0,31-0,53) 3,1 (2,6-3,68) 7,7 (6,9-8,4) <0,001
PS 0,63 (0,57-0,70) 37,0 (39,0-35,0) 58,7 (55,3-61,4) <0,001
MC (Asia) ND 6,0 (6,0-6,0) 1,9 (1,3-2,5) <0,001
MC (Australia) ND 2,0 (2,0-2,0) 1,0 (1,0-1,0) <0,001
MC (Africa) ND 1,0 (1,0-1,0) 1,0 (1,0-1,0) 1
MC (Europe) ND 3,0 (3,0-3,0) 1,7 (1,1-2,3) 0,01
MC (South America) ND 1,0 (1,0-1,0) 1 (1,0-1,0) 1
MC (North America) ND 2,1 (1,0-4,0) 1,2 0,03
MC (Caribbean Region) ND 3,0 (3,0-3,0) 1,2 <0,001

Cuban provinces Al 0,9 (0,5-1,4) 1,8 (1,3-2,2) 2,0 (1,5-2,4) 0,2
PS 0,98 (0,91-1,1) 11,6 (11,0-12,0) 11,8 (11,0-12,0) 1,0
MC (La Habana) ND 3,8 (3,3-4,0) 4,7 (3,1-8,1) 0,7
MC (Granma) ND 1,0 (1,0-1,0) 1,0 (1,0-1,0) 1,0
MC (Villa Clara) ND 1,0 (1,0-1,0) 1,0 (1,0-1,0) 1,0
MC (Camaguey) ND 1,2 (1,0-2,0) 1,1 (1,0-1,2) 1,0
MC (Ciego de Avila) ND 1,0 (1,0-1,0) 1,0 (1,0-1,0) 1,0
MC (Pinar del Rio) ND 1,2 (1,0-2,0) 1,0 (1,0-1,0) 1,0
MC (Holguin) ND 1,0 (1,0-1,0) 1,0 (1,0-1,0) 1,0
MC (Cienfuegos) ND 1,0 (1,0-1,0) 1,0 (1,0-1,0) 1,0
MC (Matanzas) ND 1,0 (1,0-1,0) 1,0 (1,0-1,0) 1,0

doi:10.1371/journal.pone.0065999.t003

importation of chickens to Cuba from the Netherlands in 1993
(http://www.ceec.uh.cu/sites/default/.../LIBRO_CASOS_-
DE_ESTUDIO.pdf). Therefore, this last event seems to be the
most probable cause of the introduction of vwIBDV strains to
Cuban chicken flocks, even though multiple entries of the virus
could have occurred at the same time.

The homogenous spread of the vwIBDV strains across the
country could have been caused by the fact that the replacement of
productive birds takes place for the entire country from the same
genetic crossing from a single farm. Therefore, geographic
divisions of the viral population have not been possible.
Nevertheless, the evolutionary rate of the HVR-VP2 sequences
from the Cuban viral population was estimated on the order of
10~? nucleotide substitutions per site per year, which would be
expected for RNA viruses (reviewed in [68,69]). This value is
slightly higher than the evolutionary rate estimated for VP2
sequences of the Brazilian viral population [65]. However, these
differences could be explained because Silva et al. [65] used the
whole VP2 sequence for their analyses, whereas only HVR-VP2
sequences region were analysed in the current work.

The demographic history of vwIBDV in Cuba showed a trend
toward an initial growth of genetic diversity, possibly generated by
the initial introduction of these strains. However, after the
introduction of the CT-Gumboral vaccine in 1996, a decrease in
the genetic diversity of the Cuban vwIBDV population was
maintained (Dr. Alba, N. personal communication). This behav-
iour was further accentuated after the vaccination program
supported by the use of the Cuban-produced vaccine, “Gumboro
Vaccine” Labiofam, S.A., together with serological tests intended
to determine the ideal time for vaccination. The decrease in
genetic diversity observed for the Cuban vwwIBDV population
suggests that the disease was controlled in the country, even
though eradication of this viral agent has not been accomplished.
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Figure 3. Temporal dynamics of spatial vvIBDV diffusion. A) Temporal dynamics of spatial vvIBDV diffusion globally; only rates supported by a
BF of >5 were considered significant. The map was reconstructed using the Gateway to Astronaut Photography of Earth (public domain: http://eol.
jsc.nasa.gov/sseop/clickmap/), this panel is similar but not identical to the original image, and is therefore for illustrative purposes only (whole video
included as Video S1). B) Most probable route for the arrival of vwIBDV to Cuba with a BF of >20 was considered significant. The map was directly
taken from the output file of the spread software.

doi:10.1371/journal.pone.0065999.g003

Nevertheless, the vaccination program has apparently been strains. These latter strains were apparently linked to fixing the
successful because it has maintained control of the new emerging 299N mutation.
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Figure 4. Inferred routes of spread of vvIBDV in Cuba. A) For the years of 1993-1995, B) 1998 and C) 2001. Only rates supported by a BF of >3
were considered significant. The maps were reconstructed using OpenStreetMap (http://www.openstreetmap.org/), this figure is similar but not
identical to the original image, and is therefore for illustrative purposes only.

doi:10.1371/journal.pone.0065999.g004
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Figure 5. Analysis of amino acids of the HVR-VP2 region of Cuban IBDV strains. Panel (A) Amino acid entropy rates plot, x-axis: amino
acid position; y-axis: entropy. The measure of entropy (Hi) for each position of amino acid was obtained using DAMBE software. The position with the
highest value of entropy is indicated. Panel (B) Difference between non-synonymous and synonymous rates (dN-dS). Codon-specific
nonsynonymous (dN) and synonymous (dS) substitution rates were obtained via a website (WEBSNAP); position 299 was denoted. Panel (C)
Amino acid sequence alignment of the Cuban field strains of IBDV. Those residues under purifying selection as detected by SLAC and FEL analyses are
indicated with black arrows. The secondary structure that belongs to each residue of the alignment is also denoted:  indicates B-sheets (in sky blue),
A indicates loops (in dark blue) and o indicates a-helices (in orange). The residue at position 299 is highlighted using a black rectangle. Panel (D) X-
ray crystal structures of a monomer of VP2, crystal structure 2DF7 was downloaded from Protein Data Bank; only the monomer A was used for clarity.
Chimera software v1.6.2 was used for visualisation. Residues Y206 and T350, respectively indicating the beginning and end of HVR, are shown. The
HVR is annotated using the same colours as panel (C): B-sheets in sky blue, loops in dark blue and a-helices in orange. The remaining domains (S and
B) are denoted in yellow. The B-hairpin AA’ involved in the stabilisation of the trimer conformation of VP2 (Coulibaly et al., 2005) is indicated. The

distance between residues 299 and 194 is shown.
doi:10.1371/journal.pone.0065999.g005

The replacement 299NxS seems to be the result of an antigenic
drift event generated at random, but with an adaptive advantage,
as has been suggested by the neutral hypothesis of the evolution
(reviewed in [70]). This advantage could be caused by the closer
distance between HVR-VP2 and the B-hairpin AA’ structures
when an N residue was located in the 299 position.

The B-hairpin AA’ structure is an important stabilising element
of the VP2 trimer during viral capsid formation [62]. This
structure makes a flap that invades and completes the B-barrel of
the neighbouring P domain in the trimer, contributing a fifth
antiparallel strand at the edge of each B-sheet, making it more
stable [62]. However, further studies are required to determine if
the increased stabilisation of the VP2 trimer during viral capsid
formation caused by the replacement 299NxS could have some
impact in either the speed of viral replication or in viral
pathogenesis.

In the current study, several codons of the HVR-VP2 analysed
were found to be under purifying selection. However, these codons
were mainly localised on the B-sheet. The B-sheet structures seem
to be subjected to restrictions because they play an important role
in the stability of the VP2 homotrimer, the unit that forms the viral
capsid [62]. Thus, amino acid substitution in these structures could
be deleterious for viral progeny.

Conclusion

In this study, a rigorous measurement of the global phylogeo-
graphic dynamic of IBDV strains was performed based on HVR-
VP2 sequences. This study revealed the expansion of strains
carrying the sequences linked to the increased virulence of IBDV
strains that appeared in Iran in 1981 and initially spread to
Europe, Africa and East Asia, then later to the Caribbean Region
and South America.

Framed in the Caribbean Region and Cuba, the present work is
the first study that provides evidence that vwIBDV strains are
circulating into Cuban poultry. The spatial and temporal analyses
suggested that these strains were introduced to Cuba by an
importation during the 1990’s, and once the virus arrived, it
spread across the country. Nevertheless, this viral agent is under
control by a successful vaccination program.
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