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ABSTRACT. As there is a lack of error correction mechanisms during 
RNA replication, foot-and-mouth disease virus (FMDV) has a very 
high mismatch rate, which leads to a high mutation rate, in the range 
of 10-3 to 10-5 per nucleotide site per genome replication. We examined 
the nucleotide mismatch of FMDV during replication, based on the 
whole genomes of the 7 serotypes retrieved from NCBI. With the Mega 
bio-software, SPSS, and Microsoft Excel, we studied the nucleotide 
differences compared to the sequence in the RefSeq database, and 
developed two probable mutation models, i.e., once mutation model 
and complication mutation model. Further analysis on the nucleotide 
mismatch during replication was made. We found that FMDV share 
similar difference rates between nucleotide and reverse differences, 
for example the mutation U→C and C→U. We also found that each 
nucleotide has its domain mismatch, and the virus kept a constant 
nucleotide composition during mutations.
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INTRODUCTION

Foot-and-mouth disease is one of the most contagious viral diseases of cloven-hoofed 
livestock including cattle, swine, sheep, goats, and over 70 species of wild animals. The dis-
ease results in high morbidity, lost productivity, high mortality in young animals, and low mor-
tality in adult animals. Foot-and-mouth disease virus (FMDV), the first demonstrated filter-
able agent causing disease in animals, belongs to the Aphthovirus genus of the Picornaviridae 
family and contains a single-stranded positive-sense RNA genome of about 8500 nucleotides. 
FMDV lacks an error correction mechanism for RNA replication, and thus has a very high 
mismatch rate, which leads to mutation rates of 10-3 to 10-5 per nucleotide site per genome 
(Drake and Holland, 1999; Grubman and Baxt, 2004). This high mutation rate has produced 7 
serotypes, multiple subtypes, and variants.

To understand the nucleotide mismatching that occurs during replication, we retrieved 
the genomes of the 7 FMDV serotypes from NCBI. We statistically analyzed the nucleotide 
differences between these sequences and the reference sequence in the RefSeq database, and 
generated 2 probable mutation models. Further analysis of nucleotide mismatch during repli-
cation revealed that the FMDV nucleotide and reverse difference rates are similar. In addition, 
each nucleotide has its domain mismatch, and the virus maintains a nucleotide composition 
similar to that of the mother virus during evolution.

MATERIAL AND METHODS

Retrieval of whole genome sequences and the processing of raw statistics

The whole genome sequences of FMDV were retrieved from NCBI. Analysis was 
conducted in 7 separate groups based on serotype. The genome sequences retrieved from 
NCBI were multiply aligned with Muscle in Mega. Then, directional nucleotide pair frequen-
cies in Mega were used to analyze nucleotide differences between each sequence and the 
standard sequence in the RefSeq database, and the results were exported to Excel. Then, the 
mutation numbers were counted. As random mutation can only be defined after sufficient 
mutations have occurred, the cut-off number of nucleotide differences was set as 500. The 
directional difference frequency rate of each genome sequence was calculated and represented 
as a decimal. All statistical processing was conducted in SPSS 17.0 (Kerr et al., 2002).

Construction of possible nucleotide mutation models

Construction of mutation models was based on the FMDV replication cycle and nu-
cleotide base pair. FMDV replication proceeds from sense chain to antisense chain, then from 
antisense to sense (Belsham, 2005). Thus, mismatches may occur in either of 2 steps during a 
single-replication cycle.

RESULTS

The rates of nucleotide difference by serotype

At last, 103 items of serotype O, 66 items of serotype A, 4 items of serotype C, 35 
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items of serotype Asia 1, 8 items of SAT 1, 3 items of SAT 2, and 3 items of SAT 3 met the 
requirements. Selected sequences within each serotype were analyzed in a group. The 95% 
error nucleotide difference rate bars in each serotype are shown in Figure 1.

Figure 1. Nucleotide difference rates of the 7 serotypes. The 95% error nucleotide difference rate bars of the 7 
serotypes are shown. The horizontal axis is the nucleotide difference, and the vertical axis is the difference rate of a 
nucleotide difference in all the nucleotide differences. For example, the U→G means the U is in standard sequence 
while G is in the same position of the compared sequence. The mean rate of U→G is 0.0311 in serotype O.

Furthermore, to confirm the nucleotide difference rates, the sequences were compared 
against a different reference sequence. Two random comparisons from each serotype were 
chosen, and their nucleotide difference rates were compared to the difference rates obtained 
from the RefSeq database (Beard and Mason, 2000; Carrillo et al., 2005). All P values were 
>0.01 (Morgan, 2007), indicating no significant difference in nucleotide difference rates in 
comparison to a non-reference standard.
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A possible nucleotide mutation model

Nucleotide differences between 2 different strains were caused by poor fidelity dur-
ing RNA replication. FMDV replication proceeds from sense chain to antisense chain, then 
from antisense to sense. Numerous copies of complete viral genomes were synthesized by this 
process. Three nucleotide mutation models may account for the nucleotide differences caused 
by mutation.

Once mutation model

The once mutation model describes the case in which a nucleotide mutation in a 
unique position appears only once during FMDV replication. This model is shown in Figure 2.

Figure 2. Once mutation model. Possible nucleotide difference that is lead by the once nucleotide mismatch during 
replication. “N” in rectangular shadow box represents the original nucleotide in the standard sequence, while “N” 
in square shadow box means the nucleotide in the same position of the newly formed genome. The “N” in the open 
square means the possible mismatch during replication. The dashed line is the mismatch while the solid one is the 
match based on base pair.

In this model, the nucleotide mutation has an equal chance of occurring in the sense-
to-antisense step or the antisense-to-sense step. By this mechanism, the nucleotide may be 
changed in the newly formed virus genome.

Complication mutation model

The complication mutation model describes a case in which the difference between 
2 sequences is the result of accumulated mutations over numerous generations of replication. 
This model is presented in Figure 3.



1026

©FUNPEC-RP www.funpecrp.com.brGenetics and Molecular Research 12 (2): 1022-1027 (2013)

Y.B. Ma et al.

The complication mutation model may yield 2 or more mismatches. When 2 muta-
tions lead to the nucleotide difference, 2 circumstances existed. They were 2 mutations in the 
same cycle and 2 mutations in different cycles. In other cases, more than 2 mutations lead to 
a nucleotide difference.

DISCUSSION

Mismatches during replication generated these differences. However, during replica-
tion of the FMDV genome in cells without reverse transcription, mismatches can occur in 
the sense-to-antisense step or the antisense-to-sense chain step. The 2-mutation models are 
theoretical. However, the once mutation model is likely significant. The FMDV mutation rate 
is 10-3 to 10-5 per nucleotide site per genome replication; thus, the mutation rate of a specific 
nucleotide is at most 10-3. Nucleotide mismatches occurred at random, and was thus an inde-
pendent event from generation to generation. The possibility of 2-random mismatches occur-
ring at a unique position during a single-replication cycle is at most 10-3 (Parzen, 1960). The 
more the generation of nucleotide mismatch needed for the specific nucleotide difference, the 
smaller the possibility. This is nearly impossible even though some mismatches may occur in 
the same position over numerous generations. Based on this analysis, we conclude that the 
once mutation model is the main mechanism for nucleotide differences between sequences.

From the once mutation model, we can conclude that the U→C change from the refer-
ence sequence was caused by mismatches of U→G and A→C. Other relationships between 
nucleotide differences and mutations are described in Table 1.

It is interesting to note that all FMDV share similar difference rates between nucleo-
tide and reverse differences. As the difference rates are similar, we can treat a nucleotide 
difference and its reverse difference as a difference group. It was obvious that FMDV share 
a similar nucleotide difference rate with the exception of serotype SAT. Groups U→C and 
A→G were the two most frequent difference groups; all others were at a similar low level. In 
serotype SAT, especially SAT 1, the 4 low difference groups had dissimilar difference rates. 

Figure 3. Complication mutation model. Over two times mismatch lead to a nucleotide difference. The meaning of 
symbols is shown in the figure.
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Although the 4 low difference groups in serotype SAT significantly differed from the other 
serotypes, the 2 highest difference groups were the same, except in SAT 1. It was interesting 
to note that the nucleotide difference in SAT 1 seemed truly random. Further effort will be re-
quired to determine whether the exception in serotype SAT is due to geographical differences, 
small samples, or some other cause.

Nucleotide mismatch Nucleotide difference

U→G, A→C U→C, A→G
U→U, A→A U→A, A→T
G→A, C→U G→U, C→A
G→U, C→A C→U, G→A
C→C, G→G C→G, G→C
U→C, A→G A→C, U→G

The two different nucleotide mismatches can lead to the same nucleotide difference. These two different nucleotide 
mismatches can lead to different nucleotide difference. For example, the mismatches of U→G, A→C can not only 
lead to the difference of U→C, but also A→G.

Table 1. Corresponding relationships between nucleotide difference and nucleotide mismatch.

Based on the nucleotide differences and Table 1, we can see that the most probable nu-
cleotide mismatches during replication were U→G, A→C, G→U, and C→A. Each nucleotide 
has its domain mismatch nucleotide, and all were different. From the domain mismatch, we 
can also see that pyrimidine→pyrimidine, purine→purine, U→C, A →G, G→A, and C→U 
mismatches were extremely unlikely, leading to a low nucleotide difference rate in the 4 low 
groups.

It is intriguing that this mismatch mechanism allows the virus to maintain a nucleotide 
composition similar to that of the mother virus during its evolution. The above analysis re-
vealed the existence of domain mismatches. Is this a result of poor RNA polymerase fidelity or 
of natural selection on the viral mutation? Further research may help us understand the molecu-
lar evolution of this virus and allow us to predict new strains to control the FMDV epidemics.
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