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Abstract

We compared genetic variations in the VP1 gene of 
foot-and-mouth disease viruses (FMDVs) isolated 
since 2000 from various region of the world. We ana-
lyzed relative synonymous codon usage (RSCU) and 
phylogenetic relationship between geographical re-
gions, and calculated the genetic substitution patterns 
between Korean isolate and those from other 
countries. We calculated the ratios of synonymously 
substituted codons (SSC) to all observed sub-
stitutions and developed a new analytical parameter, 
EMC (the ratio of exact matching codons within each 
synonymous substitution group) to investigate more 
detailed substitution patterns within each synon-
ymous codon group. We observed that FMDVs showed 
distinct RSCU patterns according to phylogenetic rela-
tionships in the same serotype (serotype O). Moreover, 
while the SSC and EMC values of FMDVs decreased ac-

cording to phylogenetic distance, G + C composition 
at the third codon position was strictly conserved. 
Although there was little variation among the SSC val-
ues of 18 amino acids, more dynamic differences were 
observed in EMC values. The EMC values of 4- and 
6-fold degenerate amino acids showed significantly 
lower values while most 2-fold degenerate amino acids 
showed no significant difference. Our findings sug-
gest that different EMC patterns among the 18 amino 
acids might be an important factor in determining the 
direction of evolution in FMDV.

Keywords: amino acid substitution; codon; Fas East; 
foot-and-mouth disease virus; genetic variation 

Introduction

Korea had been free of the foot-and-mouth dis-
ease virus (FMDV) since 1934 until an outbreak in 
2000. The isolate was found to be closely related 
to a FMDV (serotype O) that was isolated from 
Taiwan in 1999 and known to be included in the 
Pan Asian clade (Joo et al., 2002; Shin et al., 
2003; Oem et al., 2004). The Korean isolate in 
2000 was thought to have originated in the Indian 
subcontinent in the early 1990s, but the reason 
why FMD had re-emerged after 66 yr was not clear 
(Kanno et al., 2002). Additionally, there was a fur-
ther FMD outbreak on January 8 2010, identified 
as a serotype A (FAO World Reference Laboratory, 
2010). Since April 2010, however, most of the FMD 
cases in Korea have changed from serotype A to O 
(FAO World Reference Laboratory, 2011), and over 
3.5 million animals have been slaughtered. 
    FMD is an acute systemic disease of cloven- 
hoofed animal species caused by the RNA virus, 
FMDV. FMDV is a single-stranded, positive-sense 
RNA virus of the family Picornaviridae. Seven sero-
types of FMDV have been identified: A, O, C, Asia 1, 
and South African Territories 1, 2, and 3. Outbreaks 
have occurred in every livestock-containing region 
of the world except New Zealand, and the disease 
is currently enzootic in all continents except 
Australia and North America, which have not had 
an outbreak since 1870 and 1952, respectively 
(Samuel and Knowles, 2001; Domingo et al., 2002; 
Grubaman and Baxt, 2004). FMDV comprises four 
capsid proteins: VP1, VP2, VP3, and VP4. 
VP1-VP3 genes encode proteins exposed on the 
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Figure 1. Phylogenetic tree based on the VP1 genes of FMDVs (serotype O) isolated from 34 countries. Branch lengths are drawn to scale, with the bar 
indicating 0.1 nucleotide replacements per site, and bootstrap values (%) based on the Neighbor-Joining method of 1,000 re-sampled datasets that are 
not 100% are shown in each node. VP1 sequences which were selected for the visualization of the codon substitution patterns in Figure 3 are marked in 
bold italic.
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Figure 2. Scatter plots of the correspondence analysis using relative 
synonymous codon usage (RSCU) values of the VP1 genes of FMDVs. 
Dim1 and Dim2 represent the values of the first- and second-dimensional 
factors of each sequence. The percentage in each parenthesis indicates 
the percent inertia of that axis given by correspondence analysis. 

capsid surface. VP1 contains the major antigenic 
determinants for infection, resulting in seven dis-
tinct genetic lineages that correlate with serotype 
(Fox et al., 1989; Samuel and Knowles, 2001). 
    Many analytical parameters such as effective 
number of codons (ENC) and relative synonymous 
codon usage (RSCU) have been used for examin-
ing codon-usage bias (Sharp and Li, 1986; Levin 
and Whittome, 2000; Jenkins and Holmes, 2003; Gu 
et al., 2004; Basak and Ghosh, 2006; Roychoudhury 
and Mukherjee, 2010; Zhou et al., 2010b). ENC is 
a codon-usage parameter that can take values 
from 20, in the case of extreme bias where one co-
don is exclusively used for each amino acid, to 61 
where the use of alternative synonymous codons 
is equally likely (Wright, 1990). An ENC value can 
be calculated for each target nucleotide sequence, 
showing the average pattern of codon-usage bias 
regardless of the characteristics of each amino 
acid group. RSCU is the observed frequency of a 
codon in a target sequence divided by the fre-
quency expected, minimizing the bias from amino 
acid composition. In this study, we analyzed RSCU 
values and phylogenetic relationships between re-
gional isolates, and calculated genetic substitution 
patterns between those from Korea and those iso-
lated from other countries. We also developed a 
new analytical parameter to compare the codon 
substitution patterns in more depth.

Results

Phylogenetic relationships between isolates of 
FMDVs from Korea and those from other countries

To compare overall genetic variation, we created a 
Neighbor-Joining tree, bootstrapping re-sampling 
was performed 1,000 times with a total of 68 VP1 

sequences of FMDVs isolated from 34 countries 
(Figure 1). All taxa were classified according to 
their regions of isolation; Asia, Middle East, Africa, 
Europe, and South America. The Korean isolate 
(AF428246) in Group 1-1 showed few distinctive 
correlations to other nearby Asian countries, such 
as Hong Kong and the Philippines in Group 3-2, 
but was correlated with Group 5 and Group 1-2 
viruses. Group 5 consists of European countries, 
including Ireland and the United Kingdom, while 
Group 1-2 included many Middle Eastern and 
Southeast Asian countries, including Israel, Saudi 
Arabia, Turkey, Indonesia, and Laos. Groups 2-1 
and 2-2 were composed of many Asian countries 
adjacent to India (Pakistan, Afghanistan, Bhutan 
and Nepal), and nearby Arab countries (Iran and 
United Arab Emirates, Bahrain and Oman). Isolates 
from South American countries, such as Argentina, 
Brazil, and Paraguay (Group 3-1) showed the larg-
est variation compared to those from Korea. 
Viruses from African countries (Ethiopia and Kenya) 
fell into Group 4-1.

Comparison of the RSCU patterns among 
geographical regions

To determine synonymous codon usage variation 
among FMDVs worldwide, we calculated RSCU 
values in 68 VP1 genes (using the same as the 
taxa sequences in Figure 1). In Figure 2, a scatter 
plot of the correspondence analysis using RSCU 
values of target sequences is shown. The coun-
tries of FMDV isolation were grouped into 5 geo-
graphical regions; Asia, Europe, Middle East, Africa, 
and South America. 
    On the basis of the DIM1, the Korean isolate 
showed RSCU pattern similar to most of the Arab 
countries in the Middle East and also many Asian 
countries. Isolates from the United Kingdom also 
resided in Group 1. Among Asian FMDV isolates, 
those from Vietnam (DQ165031) showed a similar 
RSCU pattern to the Korean isolate. Groups 2-5 
revealed opposite RSCU patterns to those of Group 
1 along DIM1. Group 3, including viruses isolated 
from the Philippines, Hong Kong, and Vietnam 
showed the pattern most distinct from Group 1, 
with an average distance 2.7 times longer than that 
between Groups 1 and 2, which also clustered into 
Group 3 in the phylogenetic tree (Figure 1). FMDVs 
isolated from the South American region (Group 5) 
revealed opposite RSCU patterns from Group 1 in 
both DIM1 and DIM2, and African isolates were lo-
cated between Groups 2 and 5.
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Amino acid       SSC (%)
ASN   95.5 ± 5.99 abc

ASP   95.9 ± 6.12 abc

CYS   96.4 ± 12.51 abc

GLN   96.1 ± 5.34 abc

GLU   94.4 ± 6.37 abcd

HIS   98.6 ± 3.74 ab

LYS   99.3 ± 1.63 ab

PHE 100.0 ± 0.00 a
TYR   99.7 ± 1.77 a
ILE   94.6 ± 9.40 abcd

ALA   93.6 ± 8.25 bcd

GLY   91.4 ± 3.05 cd

PRO   96.5 ± 3.48 abc

THR   91.7 ± 7.87 cd

VAL   95.0 ± 6.56 abcd

ARG   99.0 ± 2.19 ab

LEU   97.4 ± 4.82 ab

SER   89.7 ± 11.75 d

Mean values (± standard deviation) followed by different lowercase let-
ters in columns differ statistically by Tukey’s studentized range test (P ＜
0.05).

Table 1. The ratio of synonymously substituted codons (SSC) to 
all the observed substitutions from the VP1 gene of Korean 
isolate in each amino acid encoding group

Figure 3. 2D plots of the codon transition matrices (CTMs) of VP1 genes 
differed from FMDVs isolated from Korea versus four other countries. 
Each row in Y-axis represents the seed codon isolated in Korea, and that 
of X-axis represents the substituted codon in the four target FMDVs iso-
lated from (A) Israel, (B) Malaysia, (C) Ethiopia, and (D) Brazil, repre-
senting the Middle East, Asia, Africa and South America, respectively. All 
the codon names in each axis are shown in Table S2. 

Comparison of the codon transition probability 
matrices (CTMs) of 4 different regions

Figure 3 presents 4 samples of CTMs to visualize 
substitution patterns between Korea and four other 
countries; Israel, Malaysia, Ethiopia, and Brazil. 
These 4 countries represent the four geographical 
regions of the Middle East, South Eastern Asia, 
Africa, and South America, respectively. Each row 
in the Y-axis represents a codon of the VP1 gene 
from a Korean isolate, and each column in X-axis 
is a codon of this gene in the virus from the target 
country. Codon names with their encoded amino 
acids for each cell in the X- and Y-axes are shown 
in Supplemental Data Table S2. 
    In accordance with the phylogenetic result in 
Figure 1, substitutions between Korea and Israeli 
isolates showed a relatively simple pattern, result-
ing in a clear diagonal line (Figure 3A). As the phy-
logenetic distance increased, however, the sub-
stitutions became more and more complex. In the 
case of FMDVs originating from Malaysia and 
Ethiopia (Figure 3B and 3C), primarily included in 
Groups 4-2 and 4-1 in the phylogenetic tree (Figure 
1), respectively, mosaic-like substitution patterns in 
each synonymous codon group were observed, 

especially in 4-fold degenerate amino acids 
(alanine, glycine, proline, threonine, and valine). 
Between FMDV isolates from Korea and Brazil, co-
don substitution showed a more dispersed pattern 
to other comparisons, suggesting that non-synon-
ymous codon substitutions were increased be-
tween these two countries. 

Detailed codon substitution patterns of VP1 genes in 
each amino acid

To analyze the substitution patterns more intensively, 
we calculated two parameters: the ratio of synony-
mously substituted codons (SSC) to all observed 
substitutions and the proportion of exact matching 
codons (EMC) within synonymously substituted co-
dons between isolates from Korea and 33 other 
countries. Table 1 shows the SSC values in 18 
amino acids, excluding methionine and tryptophan, 
which are each encoded by a sole codon. SSC val-
ues ranged from 89.7% (serine) to 100.0% 
(phenylalanine), suggesting that most codon sub-
stitutions of FMDVs occurred within the synon-
ymous codon groups. To examine statistical differ-
ences in the SSCs among the 18 synonymous co-
don groups, we performed one-way ANOVA test 
using Tukey’s studentized range test method. 
Using the SSC value of phenylalanine (SSC =
100.0%) as a baseline, alanine, glycine, threonine, 
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Figure 4. Bar graphs of the exactly matched codon % (EMC) in (A) each 
synonymous codon group, and in (B) each geographical regions of iso-
lation, such as Europe, Middle East, Asia, Africa, and South America, are 
shown. All the regional information is presented in Table S1. Each bar 
represents the % mean, and the error bar indicates the standard 
deviation. The asterisk means that the value was significantly differed 
from the value of (A) HIS, or (B) Europe when using Tukey’s studentized 
range test (P ＜ 0.05).

and serine revealed significant differences (P ＜
0.05). Considering the 4-fold degenerate amino 
acids, three-fifths showed significantly lower SSC 
values, and of the 6-fold degenerate amino acids, 
only serine revealed a significantly lower SSC 
(89.7%). 
    In Figure 4, we present EMC patterns according 
to both the amino acids and isolated regions 
(Europe, Middle East Asia, Africa, and South 
America). In comparison with the SSC patterns, 
EMC can detect more detailed substitutions within 
synonymous codon groups before this changes the 
phenotype of viral genes. In fact, EMC values in 
synonymous codon groups showed more dramatic 
differences than those of SSC patterns. On the ba-
sis of the amino acid groups, three 2-fold degener-
ate amino acids, asparagine, cysteine, and gluta-
mine, and all 4-fold and 6-fold degenerate amino 
acids showed significantly lower EMC values when 
compared with histidine (EMC = 96.3%), which had 
the highest EMC value (P ＜ 0.05). The cysteine 
codon group showed the lowest EMC value 
(55.4%) followed by alanine (65.0%). Additionally, 
we also analyzed EMC patterns between FMDVs 
isolated from Korea and other countries according 
to their geographical regions (Figure 4B). This 
showed that as the phylogenetic distance in-
creased, EMC values were gradually decreased, 
and with countries located in South America dem-
onstrating the lowest EMC values (P ＜ 0.05).

Discussion

In the initial step of our study, we estimated the 
phylogeny of the VP1 genes among 34 countries 
by the Neighbor-Joining method with a 1,000 times 
bootstrapping process. Here, the phylogenetic re-
sult indicated that the Korean isolate from 2000 
was distinct from isolates from Hong Kong and the 
Philippines, but closely related to isolates from the 
United Kingdom and Ireland. South American and 
East African isolates indicated relatively long phy-
logenetic distances from the Korean isolate (Figure 
1), consistent with other published results (Oem et 
al., 2004; Yoon et al., 2011). Regarding the origin 
of FMDVs in Korea, Joo et al. hypothesized that 
yellow dust spreading from China, and the illegal 
introduction of traditional Chinese medicines, in-
cluding deer antlers and other crude materials may 
have been possible origin of Korean FMD outbreak 
(Brownlie, 2001; Joo et al., 2002). However, this 
would not explain the close relationships between 
the isolates from Korea and the United Kingdom. 
    In 2010, Zhou et al. analyzed RSCU and codon 
usage bias (CUB) values using 85 samples of sev-

en serotypes of FMDV (Zhou et al., 2010a). CUB is 
the absolute deviation between calculated and un-
biased RSCU values. Using CUB values, they 
compared absolute deviation patterns of RSCU 
values among the seven serotypes of FMDVs; se-
rotype SAT3 had the highest bias while serotype C 
had the lowest. Serotype O gave intermediate val-
ues between serotype A and SAT3 along with other 
serotypes (Asia 1, A, SAT1). The authors sug-
gested that these results might indicate that differ-
ences in evolutionary bias may exist among the 
seven serotypes, and be primarily determined by 
codon usage bias in each serotype. In the present 
study, we computed the RSCU values of 204 VP1 
genes of serotype O FMDVs according to the 
countries from which they were isolated, and ob-
served that FMDVs isolated in each geographical 
region also had their own RSCU patterns within se-
rotype O (Figure 2). FMDVs were separated into 5 
different groups, and these corresponded to the 
phylogenetic groups in Figure 1. Our findings also 
indicate that FMDVs in each geographical region 
have evolved by maintaining their synonymous co-
don usage patterns. In 2000, Levin and Whittome 
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also reported that there was significant variation in 
codon usage of genes within the same virus ge-
nome, and codon usage bias between viruses was 
closely related phylogenetically in nucleopolyhe-
droviruses (Levin and Whittome, 2000). Our re-
search showed a similar trend in FMDVs. 
    In Figure 3, we show detailed variations of phylo-
genetic distances in codon-basis, presenting both 
synonymous and non-synonymous codon sub-
stitution patterns. Interestingly, the G + C composi-
tion of FMDVs in the third codon position seemed 
to be conserved during substitutions, resulting in 
mosaic-like substitution patterns in each codon 
group.  Regarding the GC-end pattern of codon in 
FMDV, Zhong et al. (2007) investigated mutational 
bias on codon usage in all seven serotypes by 
comparing the G + C content at the first and sec-
ond codon positions with that at the third codon po-
sitions, and concluded that there were correlations 
between them. They suggested that patterns of G
+ C composition may be the result of mutation 
pressure, not natural selection. In our study, we 
showed that those GC-end codon patterns were 
strictly conserved when the degree of codon sub-
stitutions increased according to phylogenetic 
distance. In addition, Zhou et al. (2010a) reported 
that FMDVs preferred to use C- than G-end co-
dons, and hypothesized that these compositional 
constraints might play a key role in contributing to 
the pattern of synonymous codon usage. 
    In 2011, Yoon et al. analyzed phylogenetic rela-
tionships and rates of nucleotide substitutions of 
FMDV using the Bayesian Markov Chain Monte 
Carlo approach, and observed that the ω (dN/dS) 
value of serotype O was 0.0685, indicating that it is 
under strong purifying selection. Lewis-Rogers et 
al. (2008) also analyzed the capsid proteins of 
FMDVs and concluded that most amino acids were 
under purifying selection at the genotypic level as 
their evidence suggested that less than 29% of 
residues were identified as being under either se-
lection category. In our study, we also observed 
that there was less variation among amino acids 
when we calculate SSC values between Korean 
isolate and those from 33 other countries. Using 
the EMC parameter, we investigated substitution 
patterns within each synonymous codon group in 
more details, and found that there were dynamic 
differences among synonymous codon groups as 
well as isolated regions (Figure 4). Our results in-
dicate that 2-fold degenerate amino acids might 
have stricter substitution conditions within the syn-
onymous codon group, versus codons encoding 4- 
and 6-fold degenerate amino acids. Our finding al-
so suggests that different EMC patterns among 
amino acids might be a key factor in determining 

the evolutionary direction in FMDV in the long 
term. In fact, the SSC values of the 4- and 6-fold 
degenerate amino acids were relatively low com-
pared with those of the other amino acids, indicat-
ing that non-synonymous codon substitutions pref-
erentially occurred in those codon groups. Regarding 
nucleotide substitution rates in FMDV, Haydon et al. 
(2001) reported that the rates in capsid genes 
were in the range 0.5-1.5 ×10-2 nucleotide sub-
stitutions per site per year, and the ratio of synon-
ymous to non-synonymous changes was variable 
across data sets, and is sensitive to the interval of 
time. They mentioned that complete sequences of 
capsid genes VP1-VP3 for serotypes O, A, and C 
indicate ratios of synonymous to non-synonymous 
substitutions of approximately 3:1. We observed 
that there were differences in the substitution pat-
terns within each synonymous codon group as well 
as the ratio of synonymous to non-synonymous 
substitutions, and these differences of EMC pattern 
among amino acids might have an important role in 
FMDV evolution.
    In conclusion, we determined phylogenetic rela-
tionships among 204 VP1 genes of FMDVs origi-
nated from 34 countries, and analyzed correlations 
between phylogenetic distance and codon sub-
stitution patterns. Correspondence analysis using 
RSCU values showed that there was unique syn-
onymous codon usage bias in FMDVs isolated in a 
specific region, and this corresponded with the 
phylogenetic distance between them. For more 
in-depth comparisons, we identified codon sub-
stitution patterns by calculating SSC and EMC val-
ues, and generated the CTMs between Korean iso-
late and those from other countries (Figure 3). In 
general, the abundance of nonsynonymous (dN) 
and synonymous (dS) pairwise variability in nucleo-
tide sequence and their ratio (dS/dN) have been 
used to determine the selection power, such as 
mutation pressure or a natural selection (Bonhoeffer 
et al., 1995; Nielsen, 1999). If the dN exceeds the 
natural expectation ratio, this is evidence for pos-
itive selection (Kimura, 1983). In this paper, we in-
troduced a new parameter, EMC, to facilitate the 
comparison of codons within synonymous sub-
stitutions to showed more detailed selection pat-
terns within synonymous codon groups. Here, we 
found that G + C composition of FMDVs in the third 
codon position was strictly conserved while SSC 
and EMC values decreased, and those values in 4- 
and 6-fold degenerate amino acids decreased 
significantly. Moreover, we observed that the EMC 
values were inversely proportional to phylogenetic 
distances, and each amino acid showed a unique 
EMC pattern, indicating that viral evolution caused 
by gradual codon substitution might be influenced 
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by differences of EMC patterns among amino 
acids. It might be possible to develop detailed sub-
stitution rules for synonymous substitutions, and 
the cumulative changes might control final non- 
synonymous substitutions.

Methods

Nucleotide sequences

VP1 genes (over 500 bp) of FMDV serotype O isolated be-
tween 2000 and 2009 (as of January 25, 2010) were ob-
tained from the Taxonomy Browser at the National Center 
for Biotechnology Information. Sequences that contained 
one or more ambiguous nucleotides in the initial source 
data were excluded. The selected sequences were placed 
into categories including accession number, country iso-
lated from, and year by using JAVA codes. In total, 204 nu-
cleotide sequences of VP1 genes originating from 34 coun-
tries were screened and added into a MySQL database to 
facilitate further computational analyses. All the annotation 
information of the target sequences is shown in Supple-
mental Data Table S1.

Phylogenetic analysis

To compare the overall sequence variation in the FMDVs, 
we randomly selected 1 VP1 sequence per each year (if 
available) from each country. In total, 68 nucleotide se-
quences were selected and aligned using ClustalW version 
2.0.12 (Larkin et al., 2007) implemented via the Bioworks 
workflow client (http://bioworks.kisti.re.kr). The annotation 
information, including year of isolation, country, and ac-
cession number, is presented in Figure 1. A phylogram 
was generated by PAUP* version 4.0 (Swofford, 1999) us-
ing the Neighbor-Joining method with 1,000 times boot-
strapping process, and the TreeView program (Page, 2002) 
was used for a graphical representation.

Calculation of relative synonymous codon usage 
(RSCU) values

RSCU values of VP1 genes of the FMDVs were calculated 
using C++ codes and the same sequences used in the phy-
logenetic analysis described above. RSCU is a ratio of the 
observed frequency of a codon to the frequency expected 
if all the synonymous codons are used in an unbiased 
manner. The RSCU values can be calculated as: 

where Xij is the frequency of occurrence of the jth e codon 
for the ith amino acid, and ni is the number of codons for 
the ith synonymous amino acid group (Sharp and Li, 1986). 
All 59 codons, except the three stop codons, and the sole 
codons for methionine (= AUG) and tryptophan (= UGG) 
were analyzed according to the FMDVs’ country of origin.

Calculation of codon substitutions between isolates 
from Korea and those from other countries

We compared 204 VP1 genes of FMDVs isolated from 
Korea with isolates from other countries. Detailed annota-
tion information for target sequences is shown in Table S1. 
This analysis was performed in three steps.
    The first step was to conduct multiple sequence align-
ments between Korean isolate and those from other coun-
tries using ClustalW (ver. 2.0.12; Larkin et al., 2007) with 
strict alignment conditions (40.0 and 0.8 for gap open and 
gap extension penalties, respectively). After alignment, the 
FASTA-format aligned results were divided into country of 
isolation with their gap information. The second step was 
to count all the possible codon substitutions between 
Korean sequence and those from other countries at each 
codon position along the VP1 gene. This generated 33 co-
don substitution matrices (CSMs) for each pair of countries 
of isolation, where each cell represents each codon in the 
Korean isolate or those from other countries (Table S2). 
Three stop codons, 2 sole codons for methionine and tryp-
tophan, and codons that included one or more gaps in any 
codon position were excluded from this analysis. In the 
third and final step, we computed 2 types of codon sub-
stitution patterns from CSMs using C++ codes. We calcu-
lated the ratio of synonymously substituted codons (SSC) 
to all observed substitutions from each synonymous codon 
group of Korean isolate, and developed a new codon sub-
stitution parameter, “EMC”, the proportion of exact match-
ing codons within each synonymous codon group, to inves-
tigate synonymous codon substitutions in more detail. 
Equations for the two analytical parameters can be defined 
as:

and

Where TSa is the total number of codon substitutions, and 
SSa means the number of codons synonymously sub-
stituted from Korean isolate encoding the amino acid “a”. In 
equation 3, MCa is the number of codons substituted to the 
exact same codon so that from the Korean isolate in “a” 
amino acid encoding group. SSC is a parameter for de-
termining overall substitution patterns, particularly the syn-
onymous substitution from the Korean isolate, and EMC 
provides more detailed information about the substitutions 
within each synonymously substituted codon group. All 
computational work was conducted using the Tachyon 
Supercomputer at KISTI Supercomputing Center (http:// 
www.ksc.re.kr).
    Figure 3 shows four sample CSMs between Korea and 
other four countries; Israel, Malaysia, Ethiopia, and Brazil, 
representing the Middle East, Asia, Africa and South 
America, respectively. To examine codon substitution pat-
terns in each row in more depth, all CSMs were converted 
into the codon transition probability matrices (CTMs) using 
the “transition probability” concept of Markov theory 
(Stewart, 2009). A CTM can be defined as: 
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                            (4)

where C(i, j) is the counted number of codons in each cell 
of the CSM, and Sum(i,  ) is the total codon substitutions in 
each row of the CSM. Thus each P(i, j) had a value be-
tween 0.0 and 1.0, and the sum total of each row should 
be 1.0. 

Statistical analysis

Correspondence analysis was performed to examine cor-
relations between VP1 genes of the FMDVs. This is a type 
of compositional method that is able to analyze associa-
tions between objects and a set of descriptive character-
istics (Hair et al., 1998). We assigned the countries of iso-
lation as objects, and RSCU values for all the amino acid 
groups as descriptive characteristic factors. The graphs re-
sulting from the correspondence analysis include first and 
second dimensional representations of the data, in which 
the distance between two coordinates within the same row 
or column represent the χ2 distance (Johnson et al., 2002; 
Perrière and Thioulouse, 2002). Additionally, we used 
Tukey’s studentized range (HSD) test to investigate which 
FMDVs differed significantly (P＜ 0.05) from VP1 genes 
isolated from Korea by comparing the SSC and EMC val-
ues (Figure 4). All the data were analyzed to ensure they 
met the assumptions for the one-way ANOVA model.

Supplemental data

Supplemental data include two tables and can be found with 
this article online at http://e-emm.or.kr/article/article_files/ 
SP-43-10-06.pdf.
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