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Abstract: FMDYV virus has been increasingly recognised as the most economically severe animal virus with a remarkable
degree of antigenic diversity. Using an integrative evolutionary and computational approach we have compelling evidence
for heterogeneity in the selection forces shaping the evolution of the seven different FMDV serotypes. Our results show
that positive Darwinian selection has governed the evolution of the major antigenic regions of serotypes A, Asial, O, SAT1
and SAT?2, but not C or SAT3. Co-evolution between sites from antigenic regions under positive selection pinpoints their
functional communication to generate immune-escape mutants while maintaining their ability to recognise the host-cell
receptors. Neural network and functional divergence analyses strongly point to selection shifts between the different serotypes.
Our results suggest that, unlike African FMDYV serotypes, serotypes with wide geographical distribution have accumulated
compensatory mutations as a strategy to ameliorate the effect of slightly deleterious mutations fixed by genetic drift. This
strategy may have provided the virus by a flexibility to generate immune-escape mutants and yet recognise host-cell recep-
tors. African serotypes presented no evidence for compensatory mutations. Our results support heterogeneous selective
constraints affecting the different serotypes. This points to the possible accelerated rates of evolution diverging serotypes
sharing geographical locations as to ameliorate the competition for the host.
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Introduction

Foot-and-Mouth Disease Virus (FMDV), a single-stranded RNA virus, belongs to the Picornaviridae
family (Racaniello, 2001). It has a genome of 8.5 kb that is translated into a polyprotein and processed
to yield the structural (P1) and non-structural (P2 and P3) proteins (Belsham, 1993). P1 produces the
four different capsid proteins (VP1 to VP4). VP1 is the most surface-exposed capsid protein (Acharya
et al. 1989) and contains the major antigenic determinants A, C and D (Mateu, 1995). Site D is also
formed by residues from VP2 and VP3 and it involves residues of the C-terminus of VP1 (Lea et al.
1994). The antigenic diversity of VP1 makes it an ideal candidate for epidemiological studies (Bastos
et al. 2000; Bastos et al. 2001; Sangare et al. 2001; Bastos et al. 2003; Knowles and Samuel, 2003;
Sangare et al. 2003).

FMDV is classified into seven immunologically diverse serotypes distributed throughout the world
(South Africa Territories (SAT) 1-3, Asia-1, A, O and C). It has an enormous wide spectrum of infec-
tion reflecting its genetic and antigenic diversity. O is the most predominant of the serotypes. Type A
possesses greater geographical spread than any of the other serotypes. It is also the most antigenically
diverse of the Eurasian serotypes with a large amount of variants in Asia, Africa and South America
(Ansell et al. 1994; Konig et al. 2001; Araujo, Montassier and Pinto 2002; Tosh, Hemadri and Sanyal
2002). To date according to the OIE/FAO World Reference Laboratory for FMD, the last type C outbreak
to emerge was in East Africa and Asia in 1996. The virus type Asial is endemic to southern Asia and
is now considered the least diverse type with a single subtype (Ansell et al. 1994). South African terri-
tories FMDYV types (SAT 1-3) have a natural reservoir in the African buffalo (Syncerus caffer) (Condy
et al. 1985). They are also characterised by their large degree of antigenic diversity (Bastos et al. 2003;
Sangare et al. 2003).

A number of evolutionary and population parameters are believed to be responsible for the emergence
and dispersal of the different virus serotypes. These constraints can be broadly classed as genetic, for
example the ability of the virus to avoid the host immune response, or ecological such as host mobility
and population density. Elucidating the mechanisms utilised by viruses that subsequently drive the
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evolution and infectivity would critically aid in our
understanding of viral epidemiology and disease
prevention. Recently, Carrillo et al. (Carrillo
etal. 2005) have performed an exhaustive compar-
ative genomic analysis to identify novel functional
constraints acting on the genome. Conversely,
we explored all the available sequences for a
gene belonging to the different FMDYV serotypes.
Analysis of the constraints governing FMDV VP1
protein has been previously conducted to determine
the main causes for the emergence of FMDYV strain
CS (serotype C) (Elena, Gonzalez-Candelas and
Moya, 1992). This insightful work yield precise
information about the evolutionary parameters
governing FMDV serotypes evolution. However,
heterogeneity in the evolutionary constraints has
not been explored with much detail due to a limita-
tion in the number of sequences and computational
tools. Also, no detailed study has been performed
before to exhaustively explore other selective
constraints at the molecular level in FMDV using
an unbiased sample of sequences.

It has been long recognised that the VP1
gene differs in about 30—-50% between serotypes
(Knowles and Samuel, 2003). We postulate that
there are differences in the serotypes ability to infect
and spread that may be accounted for by hetero-
geneity of evolutionary pressures. In this study
we test for changes in the selection constraints to
which amino acid sites are subjected by examining
variations in the evolutionary rates of amino acid
sites (selection shifts or site-rate changes between
lineages) between the different FMDYV serotypes.
For this analysis we use the capsid protein VPI,
which is essential in cell receptor recognition and
escape from the host immune response (Sobrino
et al. 2001). We ask the question of what selec-
tive constraints have very likely been responsible
for the emergence and spread of the different
FMDV serotypes. To test for heterogeneity in
selective constraints among FMDYV serotypes,
we conducted several types of analyses. We first
determined whether different selective constraints
have shaped the evolution of FMDYV serotypes by
testing for accelerated fixation rates of amino acid
substitutions at particular lineages. As a second
approach to the identification of selection shifts
between serotypes, we also tested functional
divergence (within-site amino acid substitution
rates changes throughout the phylogeny) between
serotypes. Thirdly, amino acid sites responsible
for within-serotype accelerated rates of evolution

or functional divergence are identified and their
biological importance for the ability of the virus to
spread and infect examined. Finally, we identified
the co-evolutionary relationships between amino
acid sites under accelerated rates of evolution or
functional divergence and other protein regions
as to understand the molecular consequences of
such changes in the VP1 protein of FMDYV and to
speculate about possible epidemiological scenarios
responsible for such selective shifts. We perform
an exhaustive analysis of how fixation of amino
acid replacements by positive Darwinian selec-
tion, coevolution between functionally/structurally
important residues and functional divergence in
VP1 has performed an efficient strategy for FMDV
to spread. This study complements previous reports
on the evolution and emergence of foot-and-mouth
disease serotypes and pinpoints the need for further
experimental work on apparently non-important
protein regions that extend beyond well-recognised
antigenic sites.

Materials and Methods

Sequence data

A dataset comprising 665 FMDV VP1 sequences
were downloaded from Genebank. This includes
all serotypes and only comprises sequences with
length greater than 400 nucleotides to account
for most of the antigenic regions within the VP1
protein. Table 1 of Supplementary Information
describes the serotypes and number of sequences
used including the range of sampling times. Acces-
sion numbers of the sequences used in this study
are provided in Table 2 of Supplementary Informa-
tion. All serotypes are significantly represented,
both geographically and sample wise.

Sequence alignments

and phylogenetic tree inference
Alignments were obtained for VP1 amino acid
sequences for each individual serotype using the
T-coffee program (Notredame, Higgins and
Heringa 2000). We then aligned protein-coding
nucleotide sequences for each one of the serotypes
by concatenating triplets of nucleotides based on
the amino acid alignment. An alignment including
the 665 sequences was also built as explained
above to test for functional divergence type I
(e.g. within-site rates changes among serotypes,
see below for a more detailed definition).
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Table 1. Amino acid sequence regions for the VP1 protein detected as having undergone positive selection
in each FMDV serotype using the program SWAPSC. Regions in bold are those detected in SAT1 and SAT2.
F and S refer to functionally and structurally important sites, respectively, as predicted by a neural network
analysis. Functionality refers to the antigenicity of those sites. Non-synonymous-to-synonymous rates ratio (@)

is shown for each region.

Serotype Region Functionality Neural Network 0]
Prediction
SAT-2 18-40 Site 3 F, S 3.869
43-62 BC loop/Site 3 F, S 4.117
65-68 F, S 2.207
74-77 F 8.754
81-87 F 3.525
97-101 F 4.058
108-114 F, S 2.903
117-120 F, S 1.813
123-128 F, S 4.015
134-143 Site A F, S 3.00
151-162 G-H loop F, S 4.634
172-178 F, S 2.886
189-192 Site D/C F, S 8.1
196-203 C-T loop/Site C F 6.399
213-218 F 5.067
SAT-1 45-50 B-C loop F 1.526
95-101 F 1.658
136-149 G-H loop F 7.080
199-211 Site D/C F 7.662
216-244 F 5.313
ASIA 1 92-105 F 6.540
135-143 G-H loop F 4,982
148-160 Site A F, S 3.356
209-214 F 8.965
A 44-51 B-C loop/Site 3 S 2.030
131-148 G-H loop/ F 1.415
164-217 H-I loop/Site D/Site C F, S 2.586
o 4-6 F 5.311
68-70 F 2.500
81-83 F 2.167
85-87 S 3.107
96-98 2.500
137-142 G-H loop 3.371
144-153 G-H loop F 3.216
177-179 F, S 2.682
197-199 C-T loop/Site C 8.131
201-204 C-T loop/Site C F 2.167
211-231 F 4.782

To infer an accurate phylogenetic tree, we first
estimated the shape parameter (¢) of the gamma
distribution for the amino acid sequence align-
ment using the program AAml from the PAML
package version 3.14 (Yang et al. 2000). This
parameter takes into account both multiple amino
acid substitutions per site and unequal substitution
rates among sites. The substitution model WAG,

the model that significantly improves the log-
likelihood value of the data after comparison with
other models available in the program ModelTest
(Posada and Crandall, 1998) using the Likelihood
Ratio test (LRT), was used to estimate «. Finally,
we inferred the phylogeny by neighbour-joining
(Saitou and Nei, 1987) using gamma-corrected
amino acid distances, estimated by maximum
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Table 2. Hemi-matrix of the number of sites under functional divergence type | among FMDV serotypes.

Serotype SAT1 SAT2 SAT3 ASIA1 Cc A o
SAT1 -

SAT2 11 -

SAT3 14 11 -

ASIA1 13 22 18 -

C 6 21 30 7 -

A 15 33 80 7 5 -

O 15 14 22 6 0 7 -

likelihood under the WAG model for the dataset
of FMDV sequences, using the program MEGA
v3.0 (Kumar, Tamura and Nei, 2004). To estimate
the support for internal nodes, we inferred the
phylogeny using gamma-corrected amino acid
distances in MEGA and estimated support values
by bootstrap analyses based on 1000 pseudo-
replicates. The phylogenetic analyses using
gamma-corrected amino acid distances and
neighbour-joining yielded the same phylogenetic
topology as that based on WAG distances.

Testing changes in selective

constraints using neural networks

To test the biological (functional/structural) impor-
tance of particular amino acid sites in the VP1
protein we used two approaches. The first approach
was based on the collection of the functional
information available for this protein. However,
most of the amino acid sites in the molecule have
not been tested for their functional importance
since studies have been biased towards testing
antigenic peptide regions. We hence conducted
a neural-network analysis implemented in the
program CONSEQ (Berezin et al. 2004). We used
as input alignment each one of the FMDYV subtype
alignments (including each one a minimum of
30 sequences and a maximum of 203 sequences
(Table 1 of supplementary information). Briefly,
CONSEQ derives automatically a phylogenetic
tree from the query multiple sequence alignment
and calculates the substitution rates at each position
in the sequence alignment by maximum likelihood.
A neural network analyses is thereafter conducted
by CONSEQ to predict schemes to discriminate
between buried and exposed residues. Although the
sensitivity regarding the buried and exposed states
has been reported to be of about 56% (Berezin
et al. 2004), we tested the performance of the test

by comparing the predictions to the positions of the
amino acid sites in the available crystal structure
for the VP1 protein of FMDV. The functional or
structural importance of sites was determined by the
conservation of the site, with significantly exposed
conserved sites being functionally important and
conserved buried sites structurally important.

Characterising the main selective

constraints in FMDV serotypes

To test if the different FMDYV serotypes have been
subjected to different evolutionary constraints
at the molecular level, we conducted a precise
analysis of selective constraints for each serotype.
Normally, the intensity of selection on protein-
coding sequences is measured by comparing the
number of substitutions per synonymous site (d) to
the number of replacements per non-synonymous
site (dy) (Kimura, 1977; Sharp, 1997; Akashi, 1999;
Crandall et al. 1999; Yang and Bielawski, 2000).
The ratio between the two rates (@0 = %) helps to
elucidate if the gene has been fixing amino acid
replacements neutrally (@ = 1), replacements have
been removed by purifying selection (@ < 1), or
mutations have been fixed by adaptive evolution
(@ > 1). Furthermore, since d values are neutrally
fixed (except when constraints operate at the RNA
level in these sites or when synonymous sites are
saturated) they are proportional to the time since
the sequences compared have diverged. Conse-
quently, the normalisation of d\, values by d¢makes
@ independent of time. It has been shown, however,
that @ is a poor indicator of the action of adaptive
evolution (Sharp, 1997; Crandall et al. 1999). The
rationale behind this is that punctual events of posi-
tive selection of advantageous non-synonymous
mutations throughout the evolution of a particular
sequence (episodic positive selection) may be
hidden by an overwhelming number of deleterious
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mutations removed by purifying selection from the
same protein regions. Consequently, the number of
amino acid substitutions will be below the expecta-
tion under neutrality despite these punctual events
of adaptive evolution and the mean @ values will
be < 1. A way to tackle this problem is by estimating
@ value for specific branches of the tree and for
each codon region of a protein. Unless branches
are pre-specified, using maximum likelihood for
this kind of analysis is computationally prohibitive
specially when the number of sequences is large
and the model is complex.

We have used Kimura-based models to measure
the intensity of selection between and within sero-
types using the set of 665 sequences. To detect
selective constraints we used a sliding-window
based approach (Fares et al. 2002) implemented in
the program SWAPSC version 1.0 (Fares, 2004).
Briefly, the program slides a statistically optimum
window size along the sequence alignment to
detect selective constraints and estimates the prob-
ability of d, and dusing a number of simulated
data sets. We used 1000 simulated data sets in our
analysis obtained using the program EVOLVER
from the PAML (Yang, 2000) package, taking as
initial parameters the average @, transition-to-
transversion rates ratio and codon frequency table
generated under the Goldman and Yang model
(Goldman and Yang, 1994). These parameters were
estimated from the real sequence alignment. The
program then slides the window along the real
sequence alignment and estimates d, and d by the
method of L1 (L1, 1993). The significance of these
estimates is tested assuming a Poisson distribution
of nucleotide substitutions along the alignment.
This program was also used due to its ability to
identify adaptive evolution (& > 1) but also accel-
erated rates of amino acid substitutions without
the restriction of @ > 1 (that can be due to either
adaptive Darwinian evolution or to the fixation of
slightly deleterious mutations by genetic drift),
saturations of synonymous sites (where d values
are underestimated) and hot spots (where both d
and d), are significantly high but where @ < 1).

Testing Functional divergence
between serotypes

Normally, in phylogenetic tree inference and detec-
tion of selective constraints, fast evolving sites and
slow evolving sites are considered to remain fast
and slow sites, respectively, throughout the entire

evolutionary history (for example, the functional
importance of sites has not changed along the
evolution of the gene, and thus the rate of evolu-
tion of that site remained constant), something
called the homogeneous gamma model or rates-
across-site (RAS) model (Gaucher et al. 2002). If
the functional/structural importance of particular
amino acid sites changes between lineages,
their rates of evolution also changes and a
non-homogenous gamma model will explain better
the process of evolution.

A non-homogeneous gamma model of evolu-
tion can be statistically described by the functional
divergence type I (Gu, 1999; Gu, 2001; Wang and
Gu, 2001). Because of the significant serotypic
and geographic split between FMDYV types,
we tested whether this split between serotypes
was reinforced by serotype-specific amino acid
replacement rates. We tested this selection shifts
by comparing the likelihood value of the hypoth-
esis of functional divergence to that of a RAS
model. This comparison was performed using the
Likelihood-ratio test (LRT). We tested functional
divergence type I between serotypes using the
program DIVERGE version 1.04 (Gu, 1999), respec-
tively. DIVERGE tests for functional divergence
type 1 by estimating the parameter of functional
divergence (6), which is equivalent to the anti-corre-
lation in the evolution of the two group of sequences
(e.g. FMDV serotypes) being compared. It esti-
mates the posterior Bayesian probability for an
amino acid site to belong to the group of sites
responsible for functional divergence. These sites
share the property of being highly constant in one
of the sequence groups and variable in the other,
supporting the gain/loss of a functional/structural
constraint in one of the groups.

Identifying coevolution between
structural/functional regions in VP1
Amongst FMDYV antigenic sites in VP1 protein,
Site A is involved in conferring the virus its
ability to escape from the immune pressure and
to recognise host cell receptors (Aggarwal and
Barnett, 2002). Important structural/functional
residues spatially adjacent to these sites may have
contributed to the antigenicity of the VP1 protein
by their functional or structural interaction. In fact,
coevolution between sites surrounding function-
ally important protein regions allows maintaining
the structural and spatial stability of active sites
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(Gloor et al. 2005). Fixation of amino acid replace-
ments in regions with strong functional/structural
constraints can improve the biological fitness of
the virus (for example to escape from the immune
response of the host). Alternatively, slightly delete-
rious mutations (mutations compromising the
structural stability or functional performance of the
protein) can be fixed under genetic drift in or nearby
functional/structural regions and be compensated
by conditionally advantageous mutations (for
example, mutations that are advantageous due to
their compensatory effect) at interacting sites. The
mutational dynamic of the protein (for example,
fixation of slightly deleterious mutations, advanta-
geous mutations or compensatory mutations) yields
information hence on the evolutionary pathways
that a group of sequences (serotype) have under-
gone and provide support for the functional and/or
structural importance of a specific molecular region.
Analysis of the different types of mutations also
provides an opportunity to test the heterogeneity in
the mutational dynamics between serotypes.

We tested intra-molecular coevolution in each
one of the serotypes by applying a method based
on the information theoretic quantity called mutual
information to measure the dependence of muta-
tions in VP1 (see Korber et al. 1993 for details).
This method measures the covariation between
two amino acid sites using the Mutual Information
Criterion (MIC). Mutual information is represented
by the entropies that involves the joint probability
distribution, P(s;, s’j), of occurrence of symbol i
at position s and j at position s’. The MIC values
generated range between 0, indicating independent
evolution, and a positive value whose magnitude
depends on the amount of covariation. We only
included in the analysis those variable positions
in the alignment that were parsimony-informative
(i.e. they contain at least two types of amino acids
and at least two of them occur with a minimum
frequency of two). The statistical power of the test
is dependent on the number of sequences as well as
the amount of variability at each amino acid site.
In this case, both parameters were secured since
the number of sequences was high and the vari-
ability as well. The significance of the MIC values
was assessed by randomisation of pairs of sites
in the alignment, calculation of their MIC values
and comparison of the real MIC values with the
randomly generated distribution of MIC values.
One million permutations were conducted to test
MIC value significance.

Results

Heterogeneous patterns of adaptive

evolution between serotypes

All serotypes (SAT 1, SAT 2, Asial, A and O),
except C and SAT3, presented evidence of positive
Darwinian selection in the VP1 protein (Table 1).
We have also analysed the functional/structural
importance of these sites using a neural-network
based method implemented in the program
CONSEQ (Berezin et al. 2004). The assumption
made in this program is that conserved regions
at the amino acid level may have a functional or
structural role. We did not consider the buried/
exposed state for the amino acid sites inferred by
CONSEQ due to the low sensitivity (56%) reported
for this method regarding these states. This analysis
supported that regions detected as having under-
gone adaptive evolution present evidence of a
functional or structural role (Table 1).

The comparison of the five serotypes under
positive selection highlights diverse patterns of
selective constraints at the molecular and phyloge-
netic levels. Interestingly, all those serotypes under
positive selection comprise a similar region around
N131-R149 that is located in the immunodominant
site A within the G-H loop. However only serotypes
A and O, the wider geographically spread FMDV
serotypes, have the full RGD motif under positive
selection. Moreover, serotypes SAT1 and 2 present
evidence of adaptive evolution at overlapping VP1
protein regions. In fact, all of the regions detected
in SAT1 to be under adaptive evolution were also
found in SAT?2 to be positively selected (Table 1).
Interestingly, SAT2 presented greater percentage
of adaptive evolution compared to SAT1, which
correlates with a wider geographical distribution
of this serotype in Africa. Conversely, regions
under positive selection in the widely geographi-
cally distributed serotypes (serotypes A, Asia 1 and
O) presented poor overlap. Interestingly, there is
more overlap in the regions under adaptive evolu-
tion between SAT serotypes and serotypes Asial,
O and A than within widely spread serotypes (for
example between Asial and O).

If we were to classify these serotypes in terms of
percentage of codon sites under positive selection
the following is observed: SAT2 > ASIA1>A>
SAT 1 > O. The difference from SAT 2 to type O
represents a 10-fold increase in the percentage of
sites under adaptive evolution.
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Evidence for changes in selection
constraints among FMDV serotypes
For each individual serotype we applied the neural-
network analysis to detect functional/structural
sites implemented in the program CONSEQ. This
analysis also enabled us to know whether sites
under adaptive evolution had any functional/struc-
tural role. In the seven serotypes, the RGD motif
from the VP1 protein was identified as function-
ally important, except in the case of Asial and A
serotypes where only the G144 and D145 were
identified as important.

The level of functional important sites varied
significantly between serotypes (Figure 1). For
example, the variability of the proportion of
functionally important sites when comparing the
different serotypes was significant ()¢ = 14.034,
P =0.029). Similarly, the proportion of structur-
ally important sites was also significantly different
among serotypes (¥ ¢ =20.948, P <0.01). Compar-
ison of the number of sites under functional and
structural constraints between serotypes uncovers
an interesting pattern that suggests certain corre-
lation between the selective constraints acting on
VPI and the functional/structural selection shifts
among serotypes. In fact, those serotypes that
have not undergone adaptive evolution present the
greatest number of functionally and structurally
important regions (140 and 145 sites for SAT3
and C serotypes, respectively). The percentage of
sites under functional constraints as detected by
CONSEQ were not an artefact of the amino acid
variability produced by adaptive evolution since
all positively selected regions were detected to
be functionally/structurally important. Thus, high
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variability due to positive selection was not leading
to an underestimation of functional/structural
important sites.

Functional divergence
between FMDV serotypes

FMDYV serotypes were compared to each other
and regions under functional divergence type I
determined. Only amino acid sites showing
posterior Bayesian probabilities greater than 0.95
were considered as having been subjected to func-
tional divergence. In all the pairwise comparisons
between serotypes, most of the sites involved in
functional divergence were found in the carboxy-
terminal half of the molecule, affecting antigenic
sites A, C and D.

Functional divergence type I between serotypes
followed a trend in agreement with the geographical
pattern observed in the analysis of coevolution and
functional/structural sites distribution. Functional
divergence affected a significantly greater number
of sites when the serotypes compared belonged
to different-continent locations (¢,, = 2.538, P =
0.02; Table 2). Moreover, widespread viruses (O,
C and A) and that in the Asian continent (Asia 1)
presented lower functional divergence between
each other compared to the number of sites under
functional divergence when serotypes confined
to the African continent (SATI1, 2 and 3) were
compared (¢, = 3.789, P = 0.007; Table 2). The
distribution of sites under functional divergence
also changed depending on the serotypes compared.
Antigenic sites A, C and D were massively affected
by functional divergence when African serotypes
were compared (Figure 2). Conversely, comparison

M Functional
O Structural

SAT1 SAT2 SAT3

Il

ASIA1

Serotype

Figure 1. Number of functional (black bars) and structural (grey bars) important sites in each serotype as predicted by the neural-network

analysis implemented in the program CONSEQ.
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Site 3

Site A Site D-C

SAT1-SAT2
SAT1-SAT3
SAT2-SAT3
-0

Figure 2. Analysis of functional divergence between FMDV serotypes. The green horizontal bar represents the sequence of the VP1 protein
of FMDV, with antigenic sites pink-labelled. Vertical bars in each horizontal lane indicate the approximate location of sites under functional
divergence in the serotypes compared. The different comparisons are colour-coded for clarity.

of serotypes A and O showed functional diver-
gence in regions outside the antigenic sites, with
only antigenic site A showing a moderate level
of functional divergence (Figure 2). Comparison
of serotypes belonging to completely different
geographical areas showed functional divergence
in antigenic and non-antigenic regions, probably
indicating ancestral functional divergence.

Intra-molecular co-variation generates

FMDV immune-escape mutants

To determine if specific residues are important for
the antigenicity of the virus through their func-
tional/physical interaction with antigenic sites,
we conducted an amino acid covariation analysis
developed by Korber et al., (Korber et al. 1993).
This method is implemented in the program PIMIC
(Codoner, Elena and Fares, unpublished and avail-
able on request).

Sites detected as coevolving under this approach
were, in all the serotypes, located in the antigenic
sites A, C, D, and antigenic site 3. There was
also a strong correlation between those sites co-
evolving and those under positive selection. In
fact, the percentage of co-evolving sites under

Site 3

Site A

positive selection were 100% (i.e. all sites under
co-evolution were positively selected) in SAT2,
83% in A, 63% in Asial, 33% in SAT1 and 21%
in O (Figure 3). Results were not biased by the fact
that positively selected sites are more prone to be
detected as coevolving because in some serotypes
sites under positive selection were not detected as
coevolving and vice versa. Interestingly, a pattern
emerges that correlates the geographic distribution
of the serotype with the molecular distribution of
sites under adaptive evolution or co-evolution. For
example, for those serotypes widely distributed (O
and A) or covering an overlapping geographical
area (O, A and Asial) several sites under adap-
tive evolution are found within the same group of
coevolution (Figure 4A). In addition, several of the
amino acid sites detected by SWAPSC to be under
accelerated rates of evolution were detected as co-
evolving with sites under positive selection. When
adjacent sites to these accelerated amino acid resi-
dues were analysed by CONSEQ, all of them were
found to be functionally important. For example,
the accelerated amino acid site 3 in serotype O is
coevolving with the positively selected site 4, both
belonging to the coevolution group G5 (Figure 4A).
This site is in physical contact (less than 4A distant)

Site D-C

C
A
o

Asia1

SAT1 99
SAT2 99
SAT3

Figure 3. Analysis of the distribution of co-evolving sites in the different serotypes. The green horizontal bar represents the sequence of
the VP1 protein of FMDV, with antigenic sites pink-labelled. Vertical bars in each horizontal lane indicate the approximate location of sites
under coevolution in the serotypes compared. The different comparisons are colour-coded for clarity. The phylogenetic relationships between
serotypes are also presented and internal nodes with bootstrap support values greater than 75% are indicated.
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— .
D138-N142

Figure 4. Coevolution analysis in the VP1 protein from FMDV serotype O. A) Groups of coevolution (G1 to G14) detected by the analysis.
Each amino acid coevolve with all those from the same group. Underlined amino acids are those detected to have undergone adaptive
evolution. B) The three-dimensional structure of the VP1 protein of FMDV (PDB entry 1QGC). Coevolving amino acid sites are highlighted
in space-fill structure, whilst functional sites are defined by the ball-and-stick structure. Sites in black are those positively selected; whilst
sites in grey represent those showing accelerated rates of evolution (where non-synonymous substitutions are significantly high but where
non-synonymous-to-synonymous rates ratio is below 1). Functionally important sites (Func), predicted using the program CONSEQ, are

marked. The RGD tri-peptide in the antigenic site A is also shown.

with functionally important regions as predicted by
CONSEQ (Figure 4B). The same holds for amino
acid site 143 that is coevolving in several groups
of co-evolution with sites under positive selection
(139, 140, 141 and 142; Figure 4A). This site is

contacting or is significantly close to the RGD
motif (Figure 4B). Given their location, these
sites are expected to be slightly deleterious and
may have been thus compensated by conditional
positively selected mutations as explained above.
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Interestingly, these sites (accelerated amino acid
sites and positively selected sites) did always coin-
cide phylogenetically further demonstrating their
correlated variation. These data support thus the
compensatory effect of positively selected sites in
the widely distributed virus serotypes because the
conditions to consider mutations as compensatory
(for example, they have to coevolve with amino
acid sites that have undergone accelerated rates of
fixation of amino acid substitutions and these sites
have to be nearby functional/structural regions) are
met. Their advantageous effect however would be
considered conditional to the emergence of slightly
deleterious mutations and the general effect of both
types of mutations is thus neutral.

There was no evidence for compensatory muta-
tions in African serotypes. In these serotypes, sites
under adaptive evolution were generally included
in different coevolution groups (Figure 5A). No
single site under accelerated rate of evolution
(with no positive selection) was found to co-evolve
with spatially close positively selected sites
(Figure 5B).

All four antigenic regions presented evidence
of co-evolution between each other. Interestingly,
the BC loop presented the highest percentage of
co-evolving sites with antigenic sites A, C and D
compared to other VP1 regions. A trend emerges
that shows that serotype A has the greatest number
of co-evolving sites in antigenic regions closely
followed by C, then types O, SAT2, ASIA1, SAT1
and SATS3.

Discussion

Previous works have attempted to answer the ques-
tion of whether the appearance of a new serotype is
subjected to a change in evolutionary constraints.
Elena and colleagues (1992) showed that a constant
rate model of evolution in the different serotypes
explains the evolution of three of the FMDYV sero-
types. They also demonstrated that episodic posi-
tive Darwinian selection might have been operating
during the evolution of CS serotype. Since this
statistically elegant study was performed, several
new FMDYV sequences were released and statistical
and computational methods developed to conduct
more detailed analyses of selective constraints.
In this work we have conducted a detailed and
comprehensive analysis of selective constraints
in the different serotypes of FMDV using all the
available sequences. The importance of FMDV and

the amount of data available make this virus a good
system to conduct a comparative evolution analysis
of virus serotypes such as the one performed here.
We would however like to state that other FMDV
genomic regions might clarify or modify the
conclusions shown in this work. In fact, previous
works have shown that the FMDV host range can
be governed by non-structural proteins such as the
3A and 3B proteins (Nunez et al. 2001; Pacheco
et al. 2003). Analyses of other genomic regions
may provide valuable information to confirm many
of the conclusions in this work.

Heterogeneous selective constraints
and the emergence of immune-

escape mutants in FMDV serotypes
Adaptive evolution in FMDYV has been previously
detected in natural isolates and has been associated
with the emergence of immune-escape and persis-
tent mutants (Haydon et al. 2001; Tosh et al. 2003;
Mittal et al. 2005). Because the method used in this
study examines specific branches of the tree and
regions of the alignment for adaptive evolution,
additional sites to those observed previously have
been detected under positive selection in FMDV
type A. Splitting the evolutionary time hence in as
many temporal points as branches in the FMDV
tree makes the non-synonymous-to-synonymous
rates ratio a more sensitive approach to detect
episodic changes on selective constraints. Our
results are also consistent with those of Haydon
et al. (Haydon et al. 2001) as we do not find any
significant level of positive selection in types C
and SAT3 but do detect a considerable amount
in type O. Interestingly, C and SAT 3 serotypes
have almost gone to extinction to this date. As
a limitation of the method used here to detect
selective constraints is the fact that, even though
the SWAPSC software is applicable to RNA data,
selective constraints operating at synonymous
sites to maintain a stable secondary RNA struc-
ture may inflate @ values due to the purifying
selection acting on the RNA molecule. However,
this would affect all the regions in the protein
and thus selective constraints would not be
concentrated in few biologically important protein
regions.

On examination of the sites under adaptive
evolution we find that G-H loop that ranges from
amino acids 131-149 have undergone positive
selection in all the serotypes. Within SAT serotypes
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Figure 5. Coevolution analysis in the VP1 protein from FMDV serotype SAT1. A) Groups of coevolution (G1 to G13) detected by the analysis.
All amino acids included in the same group are coevolving with each other. Underlined amino acids are those detected to have undergone
adaptive evolution. B) The three-dimensional structure of the VP1 protein of foot and mouth disease virus (PDB entry 1QGC). Coevolving
positively selected amino acid sites are highlighted in space-fill structure.

we find Site 3 and antigenic region C under posi-
tive selection. Most of the regions under positive
selection in SAT serotypes are not found in non-
African serotypes, sparking speculation that there
is a difference in the selective pressures governing
the SAT types compared to non-African sero-
types. On the other hand, the difference in the
percentage of sites that have undergone positive
selection is very noticeable, with SAT2 having

a significantly greater percentage of sites under-
going selection compared to SAT 1. This coincides
with the fact that SAT2 is widely distributed in
the African continent whereas SAT1 is confined
to specific African regions, yet both serotypes
overlap in some African territories. A plausible
explanation for this correlation is that SAT2
has accumulated amino acid replacements in its
VP1 protein that permitted the generation of
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immune-escape mutants and the emergence of
variants in SAT1-SAT2 overlapping geographical
areas as to minimize the competition by utilizing
different niches in these areas (adaptive radiation).
If this hypothesis were true, we would expect
greater accelerated rates of evolution in the VP1
protein from serotypes in overlapping geographical
areas compared to the same serotypes in non-
overlapping areas. Examination of the Poisson-
corrected amino acid distances between serotypes
in overlapping regions reveals faster evolutionary
rates for data sets of sequences in overlap-
ping geographical regions for all the serotypes
(Figure 6). This fact is independent of different
sequence sampling dates because all the sets
included sequences from similar sampling dates
and were taken from the same countries. Although
the analyses here can be linked to the ability of
SAT1 and SAT2 to infect other hosts in addition
to establish persistent infections in the buffaloes,
further analyses are required to confirm the direct
relationships between host range and pathogen-
esis and the functional divergence between both
serotypes. For instance, analysing genes respon-
sible for the host range and pathogenicity such
as 3A and 3B might shed more light to this
problem.
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Host-cell receptor recognition and
antigenicity may be linked by positive
selection and coevolution

Amino acid sites detected to be under adaptive
evolution in FMDYV serotypes are mostly located
in antigenic regions known to interact with both,
integrin receptors (Jackson et al. 1996; Jackson
et al. 2000; Jackson et al. 2002) and neutralising
antibodies (Verdaguer et al. 1995; Ochoa et al.
2000). It is remarkable the detection of positive
selection in the RGD motif despite its direct
involvement in the interaction with the host cell
receptors. Experimental dispensability of the RGD
tri-peptide for cell entry expands greatly the reper-
toire of antigenic variants of FMDV with substitu-
tions at the antigenic site A (Martinez et al. 1997;
Ruiz-Jarabo et al. 1999). FMDYV exhibits an aston-
ishing flexibility in receptor usage, as substitutions
within the RGD or at neighbouring sites have been
isolated in viruses from lesions in immune cattle
challenged with a highly virulent FMDV (Taboga
etal. 1997). The co-evolution of positively selected
sites in antigenic regions, as shown in this work,
also involved in the interaction with alternative
cell surface receptors complements this conclu-
sion. This co-evolution can be promoted by the
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Figure 6. Cumulative mean Poisson-corrected pairwise distance along the sequence alignments of foot-and-mouth disease virus. Different
serotypes have been compared in both overlapping geographical areas (black line) and non-overlapping areas (grey line).
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position of the mobile loop ensuring interaction
of residues in the G-H loop with residues located
in distant regions of the VP1 protein such as the
B-C loop (Verdaguer et al. 1999). We also concur
with Aggarwal and Barnett (Aggarwal and Barnett,
2002) who suggested that unidentified sites outside
of antigenic regions may also be important in the
immune response. In this respect, our work shows
non-antigenic regions under positive selection
co-evolving with known antigenic sites.

A geographical-specific pattern

of adaptive coevolution in FMDV
Examination of the three-dimensional localisation
of coevolving sites suggests fixation of mutations
with compensatory effects in VP1 from serotypes
with a wide geographical distribution. In fact, in
these serotypes we identified fast-evolving sites
co-evolving with positively selected sites. These
accelerated sites are in contact with function-
ally important sites as highlighted in the three-
dimensional structures. Mutations at these sites
may have important negative effects on the
functional regions that must be compensated by
advantageous mutations at adjacent sites. Both
types of mutations together would have neutral
effects on the protein’s function. In addition, for
those accelerated sites affecting important regions
embedded in complex local structures, such as
the RGD motif, several advantageous mutations
at nearby sites would be needed to compensate
for the deleterious effect of accelerated sites. This
would explain the significant number of positively
selected sites belonging to the same co-evolution
group in the case of these serotypes. Conversely,
those viruses with a distribution confined to the
African continent showed no indication of compen-
satory mutations.

This pattern of coevolution may have probably
been produced by fixation of slightly deleterious
mutations in the widely distributed serotypes (for
example, serotypes O and A) subjected to popula-
tion bottlenecks due to the high host geographical
mobility. Caution is however stressed in inter-
preting these results since high host population
densities may ameliorate the effects of genetic
drift caused by host mobility. Conversely, SAT
serotypes are confined to specific areas of the
African continent probably infecting persistently
the host (for example, they have their reservoir
in the African buffalo) through improving their

ability to generate highly competitor immune-
escape mutants. In addition, compensatory muta-
tions and the co-evolution among antigenic sites,
as demonstrated in this work, would permit fixing
immune-escape mutations probably maintaining
the ability to recognise host-cell receptors in these
serotypes. This is in agreement with previous
studies suggesting the co-evolution of antigenicity
and receptor usage (Mateu et al. 1996; Domingo
et al. 1999; Baranowski et al. 2001). Furthermore,
the fact that mutations within the B-C loop can
influence the conformational stability of the G-H
loop (Parry et al. 1990) supports the importance of
the co-evolving sites in both loops detected here.

A geographical-based pattern
of functional divergence between

FMDV serotypes

Our analysis supports that FMDV serotypes
geographically distant have diverged functionally/
structurally during their independent evolution.
In contrast to the African serotypes that show a
geographical confinement, serotypes in the Asian
continent present evidence for inter-serotype
contact due to their lower functional divergence.
This has been probably produced due to the greater
mobility of the virus or the host that could eventu-
ally lead to bottlenecks on the viral population.

Virus variability and survival

In this manuscript we give details about the
complex dynamics of evolution of an economically
important virus. Variability in RNA viruses caused
by high errors rates during virus replication seems
to be important for the survival of virus popula-
tions under changing environmental conditions. It
has been recently shown that low fidelity increases
virus pathogenesis and that selective pressures
are operating at the population level (Pfeiffer and
Kirkegaard 2005; Vignuzzi et al. 2006). The main
conclusion of these studies is that pathogenesis is
supported by Quasispecies diversity. High fixation
of rates of amino acid replacements in FMDV can
be hence instrumental in the survival of the viral
population per se.

Sampling bias

Sampling limitations may indeed play a factor
in the interpretation of these results. In order to
provide accurate reflections of the disease, there
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is need for complete temporal, spatial coverage
and full recording of all disease events. This study
attempts to maximise the geographic distribution
and range of sampling times for sequences in order
to obtain a random and true representation of the
worldwide situation rather than single episodes or
epizootics. Indeed it is inevitable that the current
sequences sampled here are only a subset of those
actually in nature but nevertheless they aid in our
understanding of the disease. In any case, this is
to our knowledge the most comprehensive study
done on the evolutionary constraints on FMDV
serotypes.
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SUPPLEMENTARY INFORMATION
Table 1. Sampling dates and geographic ranges for FMDV serotypes.

Serotype N? Date range Geographic Sampling (N)

A 182 1932-2001  Argentina (32), Brazil (7), Cameroon
(38), Colombia (2), France (1),
Germany (5), Holland (1), India (75),
Irag (3), Iran (1), Italy (1), Kenya (2),
Peru (1), Philippines (1), Spain (3),
Thailand (1), Turkey (2), Uruguay (2),
UK (1), USSR (1), Venezuela (2)

O 203 1947-2001 Angola (2), Argentina (14), Armenia
(1), Bahrain (2), Bangladesh (1),
Belgium (1), Bhutan (1), Brazil (2),
Burundi (2), Burkina Faso (3),
Cameroon (12), China (8), Cote de
Ivory (1), Eritrea (2), Ethiopia (17),
Ghana (4), Hong Kong (15), India (1),
Indonesia (4), Iran (5), Iraq (2), Israel
(1), Italy (1), Japan (1), Kenya (4),
Kuwait (1), Laos (1), Lebanon (1),
Malaysia (1), Mongolia (1), Myanmar
(1), Niger (3), Pakistan (1), Philippines
(4), Poland (1), Russia (12), Saudi
Arabia (2), South Africa (6), South
Korea (4), Sri Lanka (1), Taiwan (29),
Tanzania (1), Thailand (1), Turkey (3),

Unknown (1), Uruguay (1), Uganda (1),

UAE (1), UK (12), Venezuela (1),
Vietnam (4)

C 30 1953-1994  Argentina (13), Belgium (1), Brazil (2),

Denmark (1), France (2), Germany (1),

Italy (1), Spain (3), Switzerland (2), UK

(2), Unknown (2)

0.140

0.104

0.080






Asia 1l

SAT 3

SAT1

SAT 2

70

48

68

64

1954-1999

1960-1999

1962-2000

1948-2001

India (66), Lebanon (1), Israel (2),
Pakistan (1)

Botswana (4), Kenya (1), Namibia (5),
South Africa (13), Uganda (1),
Unknown (1), Zimbabwe (18), Zambia
(5)

Botswana (9), Israel (1), Namibia (4),
Nigeria (19) Niger (4), South Africa
(8), Swaziland (2) Tanzania (2),
Unknown (3), UK (1), Zimbabwe (12),
Zambia (3)

Angola (1), Botswana (4), Burundi (1),
Eritrea (1), Gambia (2), Ghana (2),
Kenya (4), Malawi (1), Mozambique
(2), Namibia (2), Nigeria (1), Rwanda
(1), Saudi Arabia (1), Senegal (4),
South Africa (25), Unknown (1), Zaire
(1), Zambia (6), Zimbabwe (4)

0.085

0.168

0.203

0.157

® Number of sequences used in the study

® Mean pairwise DNA genetic distance





Table 2. FMDV serotypes, isolate names and GenBank accession numbers.

Serotype Isolate name GeneBank

Accession Number

A 25DEMAYO/ARG/87 AJ306220
A ARGP64/01 AY593785
A ALEM/ARG/81 AJ306219
A ARGP55/01 AY593784
A ARGENTINA/79 K03345

A ARGENTINA/68 AJ308694
A A25/ARGENTINA/59 AYS593769
A ARGENTINA/76 AJ409219
A A26/ARGENTINA/66 AY593770
A A17/AGUARULBOS/67 AY593757
A A4/SPAIN AY593778
A A24/ARGENTINA/65 AY593767
A A5/ALLIER/60 AY593780
A AYACUCHO/ARG/90 AJ308696
A ARGENTINA/ARECO/01 AY593783
A ARGENTINA/OO AYS593782
A BAGE/77 AY593787
A A16/BELEM/59 AY593756
A BRAZIL/79 AY593788
A BAHIABLANCA/ARG/71 AJ308695
A BAYERN/BAVERIA/71 AY593759
A BRAZIL/70 AY593753
A COLOMBIA/67 AYS593771
A CASTELLANOS/ARG/87AF2 U62260

A CAR/1/76 AY254443
A CASTELLANOS/ARG/87AFC2 u62257

A CASTELLANOS/ARG/87 AJ306222
A CASTELLANOS/ARG/87AFC3 u62258

A CAR/5/85 AY254442
A CASTELLANOS/ARG/87AFC1 U62256

A CASTELLANOS/ARG/87CLONEA U62255

A CASTELLANOS/ARG/87AF1 u62259

A CANEFA/61 AY593789
A CAR/15/2000 AY254413
A CAR/12/2000 AY254410
A A24/CRUZEIRO/55 AY593768
A CAR/14/75 AY254440






CORDOBA/ARG/90 AJ308697

> >» >» >» >» >» >» >» >» > >» > > > >» > > > > > > >r>»>r > r>»r>rr>»r>r>»r>rr>r

IRAQ/26/64

CAR/13/2000 AY254412
CORDOBA/ARG/92 AJ308700
CUNDINAMARCA/COL/76 K03341
CAR/14/2000 AY254411
CAR/4/86 AY254441
CORRIENTES/ARG/92 AJ308701
DN1/100/08 AY254431
DNL/100/05 AY254418
DNL/085/01 AY254423
DNL/085/08 AY?254424
DNL/085/09 AY?254425
DN1/085/10 AY254432
DMA/112/03 AY254406
DNL/100/06 AY254416
DAM/112/06 AY254407
DMA/112/01 AY254405
FKE/066/08 AY254437
GENERALLOPEZ/01 AY593790
HOLLAND/42 AY593751
IND/233/99 AF390621
IND/252/99 AF390626
IND/68/2001 AF390659
IND/258/99 AF390630
IND/76/96 AF390662
IND/237/99 AF390623
IND/490/97 AF390652
IND/170/88 AF390612
IND/160/90 AF390608
IND/135/99 AF390603
IND/61/88 AF390657
IND/110/99 AF390593
IND/302/88 AF390641
IND/139/99 AF390605
IND/395/88 AF390645
IND/253/98 AF390627
IND/455/98 AF390650
IND/2/93 AF390635
IRAQ/24/64 AY593762

AY593763






> >» >» >» >» >» >» >» >» > >» > > > >» > > > > > > >r>»>r > r>»r>rr>»r>r>»r>rr>r

IND/299/99
IRAQ/70
IND/236/99
IRAN/98
IND/257/96
IND/271/97
IND/294/99
IND/163/97
IND/55/86
IND/156/97
IND/161/97
IND/256/98
IND/456/98
IND/270/96
IND/172/94
IND/96/96
IND/287/96
IND/83/97
IND/289/96
IND/84/97
IND/93/96
IND/299/94
IND/138/99
IND/148/93
IND/92/96
IND/24/2001

IND/172/2000

IND/80/2000
IND/78/2000
IND/84/2000
IND/38/2000
IND/81/2000
IND/40/2000

IND/126/2000

IND/42/2000

IND/104/2000
IND/128/2000

IND/408/97
IND/432/97
IND/297/99

AF390640
AY593764
AF390622
AY593791
AF390629
AF390632
AF390636
AF390611
AF390655
AF390607
AF390609
AF390628
AF390651
AF390631
AF390615
AF390673
AF390633
AF390667
AF390634
AF390669
AF390672
AF390639
AF390604
AF390606
AF390671
AF390624
AF390614
AF390665
AF390664
AF390668
AF390643
AF390666
AF390646
AF390599
AF390648
AF390592
AF390600
AF390647
AF390649
AF390637






> >» >» >» >» >» >» >» >» > >» > > > >» > > > > > > >r>»>r > r>»r>rr>»r>r>»r>rr>r

IND/173/2000
IND/21/90
IND/39/2000
IND/248/96
IND/174/2000
IND/115/2000
IND/16/2000
IND/53/2000
IND/134/2000
IND/50/2000
IND/13/2000
IND/298/99
IND/10/2000
IND/119/2000
IND/11/2000
IND/123/99
IND/19/2000
IND/67/2000
IND/116/2000
KENYA/6/65
KENYA/64
MBA/094/09
MBD/096/03
MKI1/099/01
MFA/055/03
MECKLENBURG/68
MFA/057/01
PEHUAJO/ARG/92
PERU/69
PHILLIPINES/75
PARMA/62
RIVADAVIA/ARG/91
SABANA/85
SPAIN/69
SANIGNACIO/ARG/90
SPAIN/59
TURKEY/65
TURKEY/72
THAILAND/60
TRENQUELAUQUEN/01

AF390616
AF390620
AF390644
AF390625
AF390617
AF390595
AF390610
AF390654
AF390602
AF390653
AF390601
AF390638
AF390591
AF390597
AF390594
AF390598
AF390618
AF390658
AF390596
AY593766
AY593761
AY254435
AY254434
AY254409
AY254408
AY593776
AY254419
AJ308702
AYS593773
AY593793
AYS593792
AJ308699
AY593794
AY593774
AJ308698
AY593754
AY593765
AYS593772
AY593755
AY593786






O 000000000000 O00>»>» >» >» >» >» >» >» > > > > >» > > > > > > > > > > > >

USSR/1/64
URUGUAY/98
URUGUARY/01
UTRACAN/ARG/87
VLV/122/04
VLV/122/06
VLV/122/20
VLV/122/02
VDI/044/66
VLV/122/16
VLV/122/13
VLV/122/03
VLV/122/08
VBM/153/09
VALLESTRAIN 119
VNE/126/09
VLV/122/19
VLV/122/11
VNE/126/01
VENEZUELA/70
VENCESLAU/76
WESTERWALD/51
WG/72
WG/42
ZULIA/67
ARGENTINA/69
ARGENTINE/69
ARGENTINA/83
ARGENTINA/84
BRESCIA/ITALY/64
C-S18
C-S9
GRALROCA/ARG/03/93
GRAL/LAMADRID/ARG/93
GRALROCA/ARG/02/93
GRALVILLEGAS/ARG/93
HAUTELOIRE/FRANCE/69
INDAIA/71
LOUPOIGNE/BELGIUM/53
NOVILLE/SWITZERLAND/65

AY593760
AY593802
AY593801
AJ306221
AF254420
AY254421
AY254422
AY254426
AY254439
AY254417
AY254428
AY254429
AY254430
AY254433
AY593752
AY254415
AY254414
AY254427
AY254436
AY593775
AY593803
AY593781
AYS593779
AYS593777
AY593758
AY593809
M90377
M90371
M90377
M86532
M18899
M18898
AJ306215
AJ306213
AJ306214
AJ306217
M84360
AY593806
M90369
M90379






O 0O 000000000000

@

SAT1
SAT1
SAT1
SAT1
SAT1
SAT1
SAT1
SAT1
SAT1
SAT1
SAT1
SAT1
SAT1
SAT1
SAT1
SAT1
SAT1
SAT1
SAT1
SAT1
SAT1
SAT1
SAT1
SAT1
SAT1

NOVILLE/65
OBERBAYERN/60
RIVADAVIA/ARG/93
RIART/SPAIN/82
RESENDE/55
SANCRISTOBAL/ARG/94
SANANTONIODEGILES/ARG/92
SALTO/ARG/91
TURUP/DENMARK/61
TIERRADELFUEGO/66
UNKNOWNSTRAIN1
UNKNOWNSTRAIN2
VOSGES/FRANCE/60
WALDMAN/149
997/UK/53
BEC/1/70
BOT/37/98
BOT/25/98
BOT/17/77
BOT/24/77
BOT/2/98
BOT/14/98
BOT/1/68
BOT/8/98
ISRL/4/62
KNP/17/96
KNP/75/98
NIG/20/75
NIG/24/75
NAM/306/98
NAM/308/98
NIG/25/75
NIG/2/79
NIG/14/76
NIG/14/75
NIG/5/81
NIG/15/75
NIG/10/81
NIG/2/76
NIG/3/80

AY593804
AY593805
AJ292208
M18900
LO8386
AJ306218
AJ308704
AJ308703
M90370
AY593808
M63637
M63638
M90375
AY593810
M90380
AY593838
AF137405
AF137404
AF137401
AF301423
AF137402
AF137403
AY593845
AF301432
AY593844
AF301431
AF137406
AF431713
AF431714
AF137408
AF137410
AF431715
AF431728
AF431725
AF431709
AF431730
AF431710
AF431731
AF431722
AF431729






SAT1
SAT1
SAT1
SAT1
SAT1
SAT1
SAT1
SAT1
SAT1
SAT1
SAT1
SAT1
SAT1
SAT1
SAT1
SAT1
SAT1
SAT1
SAT1
SAT1
SAT1
SAT1
SAT1
SAT1
SAT1
SAT1
SAT1
SAT1
SAT1
SAT1
SAT1
SAT1
SAT1
SAT1
SAT1
SAT1
SAT1
SAT1
SAT1
SAT1

NIG/6/76
NIG/1/76
NGR/2/76
NGR/1/76
NIG/7/76
NIG/20/76
NAM/272/98
NGR/5/76
NAM/288/98
NGR/4/76
NIG/8/76
NIG/11/75
NIG/5/76
NIG/17/75
RHOD/5/66
RV/11/37
SWL/1/00
SAR/34/00
SA/61
SAR/8/00
SWL/4/00
SWA/1/49
SWA/40/61
SAR/1/00
SAR/2/00
SAR/4/00
SAR/3/00
SR/2/58
TAN/1/99
TAN/2/99
ZIM/14/98
ZIM/6/99
ZIM/3/96
ZIM/7/99
ZIM/25/90
ZIM/GN34/91
ZIM/47/90
ZIM/HV11/90
ZIM/26/90
ZIM/14/90

AF431716
AF431721
AF431718
AF431717
AF431726
AF431727
AF137407
AF431720
AF301433
AF431719
AF431724
AF431711
AF431723
AF431712
AY593846
AY593839
AF446016
AF446015
AY593842
AF446014
AF446017
AY593840
AY593843
AF446010
AF446011
AF446013
AF446012
AY593841
AF301434
AF301435
AF137411
AF301438
AF283455
AF301439
AF301426
AF301429
AF301428
AF301424
AF301427
AF301425






SAT1
SAT1
SAT1
SAT2
SAT2
SAT2
SAT2
SAT2
SAT2
SAT2
SAT2
SAT2
SAT2
SAT2
SAT2
SAT2
SAT2
SAT2
SAT2
SAT2
SAT2
SAT2
SAT2
SAT2
SAT2
SAT2
SAT2
SAT2
SAT2
SAT2
SAT2
SAT2
SAT2
SAT2
SAT2
SAT2
SAT2
SAT2
SAT2
SAT2

ZIM/3/95
ZAM/1/99
ZIM/5/99
ANG/4/74
BOT/1/98
BOT/18/98
BOT/31/98
BUN/1/91
BOT/29/98
ERI/12/98
GAM/8/79
GHA/2/90
GHA/8/91
GAM/9/79
KNP/19/88
KEN/9/99
KNP/20/88
KEN/7/99
KEN/5/99
KEN/11/60
KNP/18/88
KNP/16/88
KNP/1/92
KNP/32/92
KNP/18/95
KNP/31/95
KNP/7/88
KNP/183/91
KNP/19/89
KNP/17/88
KNP/2/89
MOZz/1/79
MOZ/4/83
MAL/3/75
NIG/2/75
NAM/292/98
NAM/304/98
PAL/5/83
RWA/1/00
RHOD/48

AF301430
AF301436
AF301437
AF479417
AF367122
AF367123
AF367125
AF367111
AF367124
AF367126
AF479410
AF479415
AF479416
AF479411
AF367106
AF367133
AF367107
AF367132
AF367131
AY593849
AF367138
AF367104
AF367114
AF367115
AF367118
AF367119
AF367103
AF367112
AF367110
AF367105
AF367109
AF367137
AF367101
AF367099
AF367139
AF367128
AF367129
AF367102
AF367134
AY593847

10





SAT2
SAT2
SAT2
SAT2
SAT2
SAT2
SAT2
SAT2
SAT2
SAT2
SAT2
SAT2
SAT2
SAT2
SAT2
SAT2
SAT2
SAT2
SAT2
SAT2
SAT2
SAT2
SAT2
SAT2
SAT2
SAT2
SAT2
SAT3
SAT3
SAT3
SAT3
SAT3
SAT3
SAT3
SAT3
SAT3
SAT3
SAT3
SAT3
SAT3

SAR/5/01
SAR/9/01
SAR/3/01
SAU/6/00
SAR/2/01
SEN/5/75
SEN/3/83
SAR/8/01
SEN/7/79
SAR/11/01
SEN/7/83
SAR/6/01
SAR/4/01
SAR/1/01
SAR/10/01
SAR/7/01
NAM/286/98
ZIM/267/98
ZIM/1/00
ZAM/9/93
ZAM/10/93
ZAM/7/96
ZAM/10/96
ZIM/GN10/91
ZAl/1/82
ZIM/1/88
106/67
BOT/6/98
BOT/9/98
BEC/1/65
BEC/20/61
KNP/5/96
KNP/6/88
KNP/3/96
KNP/14/96
KNP/3/94
KNP/15/96
KNP/33/94
KNP/36/93
KNP/11/96

AY442907
AY442911
AY442905
AF367135
AY442904
AF367140
AF479413
AY442910
AF479412
AY442913
AF479414
AY442908
AY442906
AY442903
AY442912
AY442909
AF367127
AF367130
AF367136
AF367116
AF367117
AF367120
AF367121
AF367113
AF367100
AF367108
AY593848
AY258050
AY168816
AY593853
AY593851
AY168810
AY168791
AY168809
AY168813
AY168802
AY168814
AY168803
AY258048
AY168812
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SAT3
SAT3
SAT3
SAT3
SAT3
SAT3
SAT3
SAT3
SAT3
SAT3
SAT3
SAT3
SAT3
SAT3
SAT3
SAT3
SAT3
SAT3
SAT3
SAT3
SAT3
SAT3
SAT3
SAT3
SAT3
SAT3
SAT3
SAT3
SAT3
SAT3
SAT3
SAT3
SAT3
SAT3
SAT3
Asial
Asial
Asial
Asial
Asial

KNP/9/96
KNP/44/94
KENYA/11/60
NAM/294/98
NAM/5/94
NAM/274/98
NAM/1/94
NAM/287/98
RHO/3/78
SA/57/59
SAR/1/80
SAR/336/98
UGA/2/97
ZIM/32/90
ZIM/3/99
ZIM/3/94
ZIM/1/91
ZAM/5/93
ZIM/4/99
ZIM/5/91
ZIM/11/94
ZIM/13/91
ZIM/GN9/91
ZIM/31/90
ZIM/HV5/90
ZIM/11/91
ZIM/CK7/91
ZAM/7/93
ZIM/CK4/91
ZAM/1/93
ZIM/CK5/91
ZAM/11/96
ZIM/CK10/91
ZIM/1/99
ZIM/GN39/91
IND/108/99
IND/92/99
IND/126/99
IND/69/99
IND/277/99

AY168811
AY168804
AY593852
AY258052
AY168806
AY168817
AY168805
AY258051
AY168790
AY593850
AY258042
AY168818
AY192556
AY258043
AY168820
AY168807
AY168798
AY168800
AY168821
AY168799
AY168808
AY248047
AY168796
AY168793
AY168792
AY258046
AY258045
AY168801
AY168794
AY258049
AY258044
AY168815
AY168795
AY168819
AY168797
AF392902
AF392925
AF392903
AF392947
AF392909
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Asial
Asial
Asial
Asial
Asial
Asial
Asial
Asial
Asial
Asial
Asial
Asial
Asial
Asial
Asial
Asial
Asial
Asial
Asial
Asial
Asial
Asial
Asial
Asial
Asial
Asial
Asial
Asial
Asial
Asial
Asial
Asial
Asial
Asial
Asial
Asial
Asial
Asial
Asial
Asial

IND/286/99
IND/324/98
IND/397/97
IND/102/99
IND/388/97
IND/104/99
IND/386/97
IND/105/99
IND/390/97
IND/127/99
IND/15/95
IND/339/96
IND/82/96
IND/125/98
IND/57/95
IND/51/93
IND/70/96
IND/314/94
IND/73/96
IND/43/95
IND/50/95
IND/278/99
IND/80/96
IND/256/97
IND/89/96
IND/177/88
IND/81/96
IND/2/90
IND/26/95
ISRL/3/63
IND/175/94
IND/267/88
IND/173/96
IND/152/94
IND/10/91
IND/305/94
IND/19/89
IND/24/95
IND/120/91
IND/22/88

AF392911
AF392938
AF392942
AF392897
AF392915
AF392898
AF392914
AF392899
AF392940
AF392929
AF390680
AF392939
AF390705
AF392928
AF390696
AF392923
AF390698
AF392937
AF390701
AF392916
AF390694
AF392934
AF390703
AF392906
AF390706
AF392904
AF390704
AF392912
AF390687
AY593796
AF392931
AF390686
AF390681
AF392930
AF390674
AF392936
AF390684
AF392933
AF392927
AF390685
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Asial
Asial
Asial
Asial
Asial
Asial
Asial
Asial
Asial
Asial
Asial
Asial
Asial
Asial
Asial
Asial
Asial
Asial
Asial
Asial
Asial
Asial
Asial
Asial
Asial

o
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IND/45/89
IND/33/96
IND/17/91
IND/43/96
IND/13/91
IND/44/98
IND/53/93
IND/63/72
IND/47/95
IND/132/90
IND/396/97
IND/46/87
IND/247/92
IND/120/88
IND/116/90
IND/10/86
IND/491/97
IND/68/92
IND/49/93
IND/82/86
IND/75/86
IND/107/99

KFAR/KELA/LEBANON/83

KIMRON/63
PAK/54

ARGENTINA/65

ARG/77

AYACUCHO/ARG/90

ANG/1/75
ANG/10/74
A/58
BKF/2/92
BKF/1/92
BKF/3/92
BFS46/67
BRESCIA/47
BAR/8/98
BHU/1/98
BUR/2/89
BUR/6/89

AF390691
AF390689
AF390682
AF390690
AF390677
AF392943
AF390695
Y09949
AF392921
AF390676
AF392941
AF390692
AF392932
AF390675
AF392926
AF392901
AF392922
AF392946
AF392945
AF392924
AF390702
AF392900
AJ294931
AYS593797
AY593795
AY593814
AJ308705
AJ308707
AF300811
AF300810
AJ131469
AF274296
AF300804
AF300805
AY593816
AY593826
AJ318825
AJ318826
AJ318824
AJ294905
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BAR/2/97
BFS18/67
BRUGGE/73
BAN/3/96
CHA/4/99
CHUNHWA/188
CAM/12/94
CHA/3/99
CHUNHWA/158
CAMPOS/58
CAM/11/94
CHA/2/99
CHAPALEUFU/ARG/92
CAM/2/98
CAM/1/98
CAM/3/98
CAM/6/99
CASEROS/67
CIV/8/99
CAR/12/88
CAR/17/00
CAM/2/2000
CANEFA/64
CHA/1/99
CAMPOS/94
CAM/4/2000
ETH/16/2001
ETH/3/96
ETH/19/83
ETH/8/94
ETH/1/79
ETH/5/95
ETH/1/95
ETH/3/79
ETH/12/90
ETH/9/92
ETH/3/90
ETH/24/94
ETH/15/2001
ETH/30/94

AJ318824
AY593815
AY593817
AJ303483
AJ318833
AF095883
AJ294907
AJ318832
AF095878
AY593818
AJ294906
AJ318831
AJ308708
AJ294909
AJ294908
AJ294910
AJ318827
AY593821
AJ303485
AY254400
AY254403
AJ318828
AY593820
AJ318830
AY593819
AJ318829
AY283394
AY283392
AY283378
AY283384
AY283376
AY283388
AY283387
AY283377
AY283381
AY283382
AY283379
AY283385
AY283393
AY28338
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ETH/2/93
ERI/2/96
ERI/1/96
ETH/8/90
ETH/22/2001
GHA/6/93
GHA/9/93
GRALCONESA/ARG/94
GHA/5/93
GD/CHINA/86
GHA/7/93
HKN/1/73
HK/93
HSINCHU/0/79
HKN/19/73
HKN/3/75
HKN/33/77
HSINCHU/128
HKN/14/82
HKN/6/83
HKN/7/85
HKN/17/82
HKN/1/99
HKN/10/99
HKN/7/96
HKN/20/96
HSINCHU/189
HKN/12/91
HKN/16/96
IRN/24/99
IRN/9/99
INDIA/62
IRN/15/97
IRAN/66
ISA/9/74
IRQ/30/2000
ISR/3/99
ISA/1/62
IRN/16/2000
ISA/1/74

AY283383
AY283391
AY283390
AY283380
AY283395
AF300807
AF300809
AJ292206
AF300806
AJ131468
AF300808
AJ294912
AJ131470
AF095867
AJ294913
AJ294915
AJ294916
AF095873
AJ294917
AJ294919
AJ294920
AJ294918
AJ294925
AJ318836
AJ294922
AJ294924
AF095884
AJ294921
AJ294923
AJ318839
AJ318838
AY593828
AJ318837
AY593834
AJ303502
AJ303499
AJ318842
AJ303500
AJ318840
AJ303501
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IRQ/26/2000
JAV/5/72
JPN/2000
KAOHSIUNG/190
KEN/2/95
KEN/77/78
KAOHSIUNG/153
KUW/4/97
KEN/83/79
KEN/10/95
LUJAN/ARG/83
LEB/1/98
LAO/2/2000
MOG/2000
MYA/1/98
MAY/2/2000
MANISA/69
M11
MIAOLI/165
NGR/1/88
NGR/2/88
NGR/3/88
N1685/RUS/95
N194
NANTOW/089
N1492
N1451
N738
N1491
N850
N1618
N1427
N1467
N822
O/SKR/2000
POLAND/59

GRAL/PUEYRREDON/ARG/93

PAK/1/97
PIRBRIGHT/65
PHI/7/96

AJ318841
AJ303509
AB050978
AF095885
AJ303514
AF300812
AF095877
AJ318843
AJ303511
AY283389
AJ308706
AJ318845
AJ318844
AJ318847
AJ303521
AJ318846
AY593823
AY593822
AF095879
AF300801
AF300802
AF300803
AJ004680
AJ004677
AF095868
AJ004679
AJ004669
AJ004663
AJ004672
AJ004665
AJ004678
AJO004668
AJ004670
AJ004664
AF377945
AY593830
AJ292209
AJ303526
AY593829
AJ294926
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PHI/5/99
PINGTUNG/060
PENGHU/99
PHILIPPINES/2/58
PHILIPPINES/58
RIVADAVIA/ARG/94
RIVADAVIA/ARG/93
SKR/1/2000
SAR/12/00
SAR/19/2000
SAR/13/00
SAU/38/98
SAR/11/00
SAR/15/00
SKR/2000
SAU/2/97
SRL/2/97
SKR/00
SAR/1/2000
TAIPEI/110
TAOYUAN/113
TAOYUAN/018
TAICHUNG/186
TAICHUNG/0/77
TAW/83/97
TAITUNG/111
TAW/2/99
TAIPEI/109
TIBET/CHA/99
TAN/7/98
TUR/6/98
TAINAN/041
TAW/81/97
TAINAN/168
TUR/1/96
TAINAN/181
TAI/4/99
TAIPEI/150
TAIPEI/145
TAIWAN/97

AJ318849
AF095865
AY593833
AY593812
AY593811
AJ306212
AJ292208
AJ318854
AY009087
AJ539140
AY009088
AJ318852
AF306646
AF306647
AF428246
AJ318851
AJ303531
AY593824
AJ318860
AF095870
AF095872
AF095863
AF095882
AF095866
AJ296322
AF095871
AJ294927
AF095869
AJ539138
AJ296320
AJ318855
AF095864
AJ296321
AF095880
AJ296325
AF095881
AJ303536
AF095876
AF095875
AY593835
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TAW/4/99
UKG/11/2001
UKG/10/2001

UKG/6/2001
UK/2001
URUGUAY/63
UK/FB/2001
UK/ED/2001
UKG/35/2001

UGA/5/96

UAE/7/97
UKG/12/2001

UKG/3/2000
VILLARINO/ARG/03/93
VDI/044/70
VDI/044/62
VILLARINO/ARG/01/93
VALLEE/39
VIT/2/97
VIT/17/99
VIT/3/97
VIT/7/97
VENEZUELA/71
XJ1
YUNLIN/136
1691/ARM/96
1696/GRG/97
1734/RUS/2000

AJ294928
AJ311723
AJ311722
AJ311721
AY593836
AY593837
AY593832
AY593831
AJ539141
AJ296327
AJ318856
AJ311724
AJ311720
AJ292207
AY254402
AY254401
AJ292205
AY593825
AJ294929
AJ318858
AJ294930
AJ296328
AYS593827
AY373583
AF095874
AJ318823
AJ318834
AJ318850

19





5116
File Attachment
EBO-2-Fares(SupplementaryInformation).pdf



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


