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ABSTRACT. The mechanism of alternative AUG usage in foot-
and-mouth disease virus is not completely understood. Using simple 
computational approaches, we evaluated the contributions of overall 
codon bias, quantitative codon bias, and %GC of the region between 
the two alternative AUGs, Region-La, as well as the nucleotide 
bias of the sequence context flanking each AUG with respect to 
translation initiation efficiency. For all serotypes of this virus, we 
found that only a small component of the effect of RNA secondary 
structure on ribosome scanning was due to the low %GC of Region-
La. In addition, we found that the nucleotide bias of the context from 
position -4 to +6 flanking the AUG2nd had a negative correlation with 
the overall codon bias, and that a strong purine bias existed in this 
AUG2nd context. However, the quantitative codon bias of Region-
La was seen to be significantly lower than that of Region-Lb (the 
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sequence following AUG2nd) in all serotypes except SAT 1-3. Taken 
together, our results suggest that the low codon bias of Region-La 
might impair the translation initiation efficiency at the AUG1st in all 
serotypes except SAT 1-3, and the specific AUG2nd context might be 
used as a strong signal to initiate translation from the AUG2nd in all 
serotypes.
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INTRODUCTION

Foot-and-mouth disease virus (FMDV) is a member of the Picornaviridae family. 
The virus exists as seven serotypes: O, A, C, SAT 1-3, and Asia l. The virus has a sense 
RNA genome that functions as an mRNA and encodes a polyprotein (Knowles and Samuel, 
2003). The L gene encodes the first component of the polyprotein, is located at the 5' termi-
nus of the whole coding sequence, and possesses two potential in-frame initiation codons 
which generate the Lab and Lb isoforms (Clarke et al., 1985). The two isoforms possess 
indistinguishable activities as they both contain the active site residues in the Lb isoform 
and are involved in the shut-off of host protein synthesis (Devaney et al., 1988). Eukary-
otic ribosomes scan mRNA from the 5' to 3' ends and usually initiate translation from 
the first recognized start codon (Kozak, 1983, 1986); however, some reports indicate that 
ribosomes can “pass over” the first start codon and utilize the second to trigger translation 
initiation (Kozak, 1989, 1991). High translation initiation efficiency from the 11th AUG 
in the encephalomyocarditis virus has also been reported (Kaminski et al., 1994). Despite 
the potential for ribosomes to translate viral proteins from the first start codon, most tend 
to choose the second AUG as the authentic initiation codon for FMDV, but the reason for 
this is not completely understood (Cao et al., 1995). Modification of the region between 
the two FMDV AUGs was not found to enhance the efficiency of translation initiation from 
the first AUG, and the modified region had no apparent effect on the efficiency of transla-
tion initiation from the second (Lopez de Quinto and Martinez-Salas, 1999). These results 
together suggest that the region flanked by the two AUGs appears to be surplus for FMDV; 
on the other hand, Piccone et al. (1995) found that this region plays an important role in 
achieving the translation of viral proteins (Piccone et al., 1995). By analyzing the codon 
usage pattern of the region between the two AUGs, Zhou et al. (2010, 2013) found that the 
existence of non-preferred codons in this region might have a negative effect on the selec-
tion of the first AUG (AUG1st) and contribute to translation initiation at the second AUG 
(AUG2nd) (Zhou et al., 2010, 2013). However, a systematic analysis of factors potentially 
important in influencing the efficiency of translation initiation at the two AUGs, such as 
quantitative codon bias, nucleotide bias, and %GC, has not yet been applied to FMDV. 
Here, we employed such analytic methods targeting 96 FMDV isolates and found that the 
low codon bias of the region between the two AUGs, Region-La, might impair the transla-
tion initiation from AUG1st in all serotypes except SAT 1-3, and that the specific AUG2nd 
context (from position -18 through +6) can be used as a strong signal to initiate translation 
from AUG2nd in all serotypes.
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MATERIAL AND METHODS

Sequence data

The complete RNA sequences of 96 FMDV isolates were downloaded from the Na-
tional Center for Biotechnology Information (NCBI) database, (http://www.ncbi.nlm.nih.gov/
Genbank/), including 17 Asia 1, 27 A, 11 C, 26 O, 5 SAT 1, 6 SAT 2, and 4 SAT 3 serotype 
genomes (Table S1).

Codon bias detection

To investigate the codon bias of the coding sequences led by the different AUGs, the 
formula of the codon adaptation index (CAI) was applied to measure the synonymous codon 
usage bias (Sharp and Li, 1987). CAI was originally proposed to provide a normalized esti-
mate for codon bias, which can be used across the whole coding sequence. The CAI range is 
from 0 to 1; namely, a higher value reflects a stronger synonymous codon bias. In this study, 
the CAI data for the whole coding sequences led by the two AUGs were termed CAILab-AUG and 
CAILb-AUG, respectively.

Determination of the GC content and the extent of codon bias in the target regions

Two regions were targeted for calculation of the GC content (%GC) and the extent of 
codon bias (ECB): Region-La and Region-Lb, the latter of which consisted of the sequence 
downstream of the second AUG. To observe the effects of the %GC on RNA secondary struc-
ture, the %GCs of Regions-La and -Lb were calculated. 

A simple ECB formula was developed to analyze the quantitative codon bias of Re-
gions-La and -Lb as well. Because the relative synonymous codon usage (RSCU) is a basic 
method used to estimate the ratio of the observed to the expected codon frequency given that 
all synonymous codons for the same amino acids are used equally and that the index is never 
affected by amino acid usage or the abundance ratio of synonymous codon usage, the RSCU 
value was used to calculate the CUBj value using the formula below, in accordance with a 
previous report (Sharp and Li, 1986).

1−= RSCUjCUBj

where CUBij is an absolute value for the jth codons, which belonged to the 59 standard co-
dons excluding ATG, TGG, and the three stop codons at the ith position of Regions-La or 
-Lb. The value i-1 reflects that the start codon (AUG) at the first position in the two target 
regions was removed. ECB can be used as a simple and effective measure for the overall 
codon bias of an open reading frame in the whole coding sequence. It needs to be noted 
that the values of CUBAUG and CUBUGG were assigned to zero (CUBAUG = 0 and CUBUGG 
= 0); therefore, when the non-authentic start codon (AUG) and UGG for Trp exist in the 
two regions, it can lead to a problem in calculating ECB. Thus, for calculations, a value 
of 0.001 is provisionally given to the CUB values of AUG and UGG at these positions to 
resolve this issue.

http://www.geneticsmr.com/year2015/vol14-4/pdf/gmr5431_supplementary.pdf
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Nucleotide preference calculation of contexts flanking the different start codons

The relative adaptiveness of a nucleotide (wij) is defined as the usage frequency of 
the nucleotide at the i-th position, compared to the frequency of the optimal nucleotide at the 
corresponding position. With these wij values, the AUG context adaptation index (AUGCAI) of 
the corresponding start codon contexts (from position -18 through +6) was used to identify the 
respective nucleotide usage biases. The formula of the AUGCAI is similar to that of the CAI for 
codon bias and is calculated as a geometric mean of the wij values (Miyasaka, 1999). The AUG 
contexts flanking AUG1st and AUG2nd were, respectively, compiled with manual editing, and 
the relative adaptiveness of the nucleotide (wij; I = -18 through +6, j = A, U, C, or G) at each 
position was used to estimate the nucleotide usage bias of the two contexts.

Comparison and correlation analyses

To investigate the effect of the codon bias of the two target regions on the translation 
initiation efficiency of the corresponding coding sequences, the ECBRegion-La and ECBRegion-Lb data 
were compared using one-way ANOVA. For testing the effect of the folding energy caused by 
the %GC of the two regions on alternative AUG usage, the %GCRegion-La and %GCRegion-Lb data 
were also compared by one-way ANOVA. To detect the effect of the context at positions -18 to 
+6 flanking each of the two start codons on the translation initiation efficiency, the AUGCAIRegion-La 
and AUGCAIRegion-Lb data were compared by one-way ANOVA.

To examine the relationship between the factors of the nucleotides flanking the AUGs 
and the overall codon bias of the whole coding sequence, correlation analyses between the 
AUGCAIs for the serial deletion of positions (from -18 to +6, -17 to +6, etc. through -4 to +6) of 
the two start codon contexts and the corresponding CAIs were implemented using Pearson’s 
rank method.

RESULTS

The CAILab-AUG and CAILb-AUG measures calculated in this study, which ranged from 
0.212 to 0.240 with an average of 0.226 and standard deviation (SD) of 0.006, indicated that 
low codon bias existed in the FMDV virus (Table S2). No significant difference in codon 
bias was identified between the whole coding sequence led by either AUG1st or AUG2nd (P = 
0.77), suggesting that the overall codon bias had no effect on alternative AUG usage. It has 
been generally accepted that FMDV populations consist of distributions of related but varied 
genomes due to high mutation rates (Domingo et al., 2003). Such high mutation rates might be 
the reason why the overall codon bias is weak in FMDV. The characteristic of low codon bias 
might not aid viruses to efficiently replicate in susceptible host cells, but might help the virus 
adapt to potentially distinct codon preferences of the host cell.

We found that the %GC of Region-La was significantly lower than that of Region-Lb 
(P = 3.22 x 10-23) (Table S3), implying that the degree of stability of Region-La RNA second-
ary structure was weaker than that of Region-Lb, and that the folding structure of Region-La 
might have little effect on impairing ribosomes scanning along this region, since ribosomes 
can scan along Region-Lb smoothly. According to an analysis of the translation efficiency 
of green fluorescent protein (GFP) protein in Escherichia coli, the %GC near the start codon 

http://www.geneticsmr.com/year2015/vol14-4/pdf/gmr5431_supplementary.pdf
http://www.geneticsmr.com/year2015/vol14-4/pdf/gmr5431_supplementary.pdf
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was strongly correlated with the expression level; this effect was likely mediated by mRNA 
secondary structure caused by the GC level (Kudla et al., 2009). A stable hairpin structure in 
Region-La might enhance translation initiation efficiency at the second AUG of FMDV (Hin-
ton et al., 2000), whereas the translation initiation efficiency of the second start codon would 
likely be impaired if ribosomes were blocked in Region-La (Pöyry et al., 2001). It implies 
that ribosomes need to scan Region-La to trigger translation initiation from AUG2nd. Since, as 
determined in this study, the %GC of Region-La is lower than that of Region-Lb, the mRNA 
secondary structure caused by the %GC of Region-La is likely less stable than is that of Re-
gion-Lb. We suggest that the RNA secondary structure of Region-La therefore never serves to 
block ribosomal scanning across this region, and that this is another potential factor for regu-
lating translation initiation by preferential ribosomal recognition of the second start codon.

The CUB values of 59 standard codons in the FMDV open reading frame (ORF) are 
listed in Table S4 and were used to calculate the ECB data (Table S3), which were in turn 
used to evaluate the quantitative codon biases of Regions-La and -Lb of the seven FMDV 
serotypes. For each of the Asia 1, A, C, and O serotypes, the codon bias of Region-La was 
significantly lower than that of Region-Lb (Figure 1). For each of the serotypes SAT 1-3, there 
were no significant differences in codon bias between Regions (Figure 1). 

These results indicated that the influence of codon bias in Region-La on the use of 
alternative start codons in serotypes SAT 1-3 is different than that in serotypes Asia 1, A, C, 
and O. This difference might be due to the fact that serotypes Asia 1, A, C, and O are clearly 
distinct from serotypes SAT 1-3 in their evolutionary characteristics (Lewis-Rogers et al., 
2008). Researchers introduced two additional AUGs into FMDV Region-La, and found that 
the ribosomes never registered the additional AUGs and still had a tendency to initiate trans-
lation from the original second AUG (Belsham, 1992). This indicated that Region-La cannot 
provide an optimal environment for ribosomes scanning, due to its low codon bias. According 
to the view of “selection and mutation-drift” for codon bias (Sharp and Li, 1986), codon bias 
can reflect the balance between selection favoring preferred codons and mutation-drift causing 
persistence of non-preferred codons: translation selection is a main factor in highly expressed 
genes, whereas mutation-drift dominates codon bias in poorly expressed genes. A previous 
report on the comparative genomics of FMDV indicated that the mutation rate of Region-La 
was higher than that of Region-Lb (Carrillo et al., 2005). To date, the different efficiencies of 
translation initiation at the two start codons has only been studied for the FMDV serotypes O 
and A. The lack of difference in codon biases between Regions-La and -Lb in serotypes SAT 
1-3 might be due to the apparent distinction of their evolutionary characteristics from those of 
the other four serotypes. The low codon bias of Region-La in the Asia 1, A, C, and O serotypes 
might be a factor for impairing initiation translation from the first AUG in these serotypes, and 
for assisting ribosomes in recognizing AUG2nd to initiate translation.

Some reports have shown that the specific nucleotide context flanking the authentic start 
codon of a gene can act as a strong signal of translation initiation to achieve protein synthesis, 
and that the efficiency of translation initiation at the original start codon decreases when the 
particular context is modified (Deana et al., 1998; Sato et al., 2001). To evaluate the correlation 
between the nucleotide bias of the context flanking each AUG and the expression level of the 
FMDV RNA, both AUGCAI AUG

1st and AUGCAI AUG
2nd values were calculated and plotted against 

CAILab-AUG and CAILb-AUG values, respectively. We identified a positive correlation between 
CAILab-AUG and the specific AUG1st context (from position -16 to +6) [simple linear correlation 

http://www.geneticsmr.com/year2015/vol14-4/pdf/gmr5431_supplementary.pdf
http://www.geneticsmr.com/year2015/vol14-4/pdf/gmr5431_supplementary.pdf
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coefficient r = 0.34, P = 0.001 (r2 = 0.12)] (Figure 2). However, a negative correlation was ob-
served between CAILb-AUG and the specific AUG2nd context (from position -4 to +6) [simple linear 
correlation coefficient r = -0.21, P = 0.043 (r2 = 0.09)] (Figure 3). As the specific AUG2nd context 
had a negative correlation with the overall codon bias and the latter was low, the specific AUG2nd 
context might be predicted to enhance the translation initiation efficiency at AUG2nd.

Figure 1. The difference of quantitative codon bias between the Region-La and the Region-Lb of FMDV. No. 1, 3, 
5, 7, 9, 11, 13 show ECBthe Region-La data for serotypes Asia 1, A, C, O, SAT 1, SAT 2, SAT 3 of FMDV. No. 2, 4, 6, 8, 
10, 12, 14 show ECBthe Region-Lb data for corresponding serotypes above. The asterisk (*) means P < 0.05, ***means 
P < 10-8, ****means P < 10-11. NS show P > 0.05.

Figure 2. Correlation between the nucleotide bias of the AUG1st specific context and the overall codon bias of 
coding sequence led by the AUG1st of FMDV.
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By analyzing the six positions (from -3 to -1 and from +4 to +6) flanking each AUG, 
we determined that a strong bias existed for particular nucleotides flanking both AUGs. 
For the AUG1st context, the nucleotide U was preferentially chosen in positions -3, -2, and 
-1, and the nucleotide A was preferentially used in positions +4 and +5 (Table 1). For the 
AUG2nd context, the nucleotides A or G were preferentially chosen in positions -3 and -2, 
and nucleotide G in position +4 and nucleotide A in the positions +5 and +6 showed the 
strongest bias (Table 2). In addition, the nucleotides in position -1 flanking AUG2nd were 
exclusively purines (G: 95/96 and A: 1/96) (Table 2). These results suggested that the posi-
tions flanking AUG2nd play important roles in its recognition by eukaryotic ribosomes as an 
authentic start codon. Translation initiation at the start codon in the whole coding sequence 
of FMDV requires recognition of the context of the AUG as an important signal to trigger 
translation initiation. The sequence contexts flanking start codons have a significant cor-
relation with the efficiency of translation initiation across various organisms (Hamilton et 
al., 1987; Cavener and Ray, 1991; Ikeda and Miyasaka, 1998; Miyasaka, 1999, 2002), in 
agreement with our findings. Compared with the strong bias of usage of nucleotide U in 
positions -2 and -3 flanking the AUG1st, we found that the corresponding positions flanking 
the AUG2nd preferentially incorporated purine nucleotides. Furthermore, a strong bias for 
incorporation of the A nucleotide existed in both positions +4 and +5 in the AUG1st context 
(Table 1), whereas a strong bias for incorporation of G existed in position +4 and a strong 
bias for incorporation of A existed in position +5 of AUG2nd (Table 2). This finding im-
plies that under translation selection, purine nucleotides in positions -2, -3, and +4 flanking 
AUG2nd, when it is acting as a translation initiation signal, can assist eukaryotic ribosomes 
in its recognition. Similar nucleotide biases at positions -2, -3, and +4, which result in high 
translation initiation efficiency at the start codon in various organisms, have also been re-
ported (Kozak, 1986, 1997, 1999; Kochetov, 2005; Pisarev et al., 2006; Nakagawa et al., 

Figure 3. Correlation between the nucleotide bias of the AUG2nd specific context and the overall codon bias of 
coding sequence led by the AUG2nd of FMDV.
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2008). This is the first report that such nucleotide bias at these important positions flanking 
the AUG also exists in viruses. With respect to the specific AUG2nd context in FMDV, this 
characteristic can be explained by the supposition that the viral genome forms similar AUG 
contexts as does the host cell, to adapt to the translation initiation model, under translation 
selection. Our study indicates that purines in positions -2 and -3 and a G in position +4 in 
the AUG2nd context can serve as an important signal which assists eukaryotic ribosomes in 
recognizing the second initiation codon of FMDV.

Position	 A	 U	 C	 G	 WA	 WU	 WC	 WG

-18	   0	 84	 12	   0	 0	 1.000	 0.143	 0
-17	   5	 86	   5	   0	 0.058	 1.000	 0.058	 0
-16	 26	 65	   1	   4	 0.400	 1.000	 0.015	 0.062
-15	 73	   7	 16	   0	 1.000	 0.096	 0.219	 0
-14	 28	 25	 42	   1	 0.667	 0.595	 1.000	 0.024
-13	 46	 25	 24	   1	 1.000	 0.543	 0.522	 0.022
-12	 53	 14	 28	   1	 1.000	 0.264	 0.528	 0.019
-11	 34	 24	 38	   0	 0.895	 0.632	 1.000	 0
-10	 34	 28	 32	   2	 1.000	 0.824	 0.941	 0.059
-9	 61	   6	 29	   0	 1.000	 0.098	 0.475	 0
-8	 15	 30	 51	   0	 0.294	 0.588	 1.000	 0
-7	 17	 65	 12	   2	 0.262	 1.000	 0.185	 0.031
-6	 18	 15	 19	 44	 0.409	 0.341	 0.432	 1.000
-5	 59	 31	   3	   3	 1.000	 0.525	 0.051	 0.051
-4	 18	 44	 34	   0	 0.410	 1.000	 0.773	 0
-3	   8	 75	 13	   0	 0.107	 1.000	 0.173	 0
-2	 11	 62	 21	   2	 0.177	 1.000	 0.339	 0.032
-1	 27	 46	 23	   0	 0.587	 1.000	 0.500	 0
AUG	 -	 -	 -	 -	 -	 -	 -	 -
+4	 88	   0	   0	   8	 1.000	 0	 0	 0.091
+5	 79	   0	   0	 17	 1.000	 0	 0	 0.215
+6	   1	 31	 52	 12	 0.019	 0.596	 1.000	 0.231

Table 1. Frequencies and relative adaptiveness (w) of the nucleotide surrounding the first start codon.

Position	 A	 U	 C	 G	 WA	 WU	 WC	 WG

-18	 10	 61	 21	   4	 0.164	 1.000	 0.344	 0.066
-17	   1	 18	 77	   0	 0.013	 0.234	 1.000	 0
-16	 75	   3	 12	   6	 1.000	 0.040	 0.160	 0.080
-15	 17	   0	 77	   0	 0.247	 0	 1.000	 0
-14	 21	   0	   0	 75	 0.280	 0	 0	 1.000
-13	 50	   1	   3	 42	 1.000	 0.020	 0.060	 0.840
-12	 52	   1	 14	 29	 1.000	 0.019	 0.269	 0.558
-11	 13	   5	 73	   5	 0.178	 0.068	 1.000	 0.068
-10	 50	 15	 24	   7	 1.000	 0.300	 0.480	 0.140
-9	 38	   0	 43	 15	 0.884	 0	 1.000	 0.349
-8	 57	   3	 33	   3	 1.000	 0.053	 0.579	 0.053
-7	 77	   3	 11	   5	 1.000	 0.039	 0.143	 0.065
-6	 16	   0	   6	 74	 0.216	 0	 0.081	 1.000
-5	   7	   0	   0	 89	 0.079	 0	 0	 1.000
-4	 70	   2	   2	 22	 1.000	 0.029	 0.029	 0.314
-3	 93	   0	   0	   3	 1.000	 0	 0	 0.032
-2	 83	   0	   3	 10	 1.000	 0	 0.036	 0.120
-1	 39	   0	   0	 57	 0.684	 0	 0	 1.000
AUG	 -	 -	 -	 -	 -	 -	 -	 -
+4	   1	   0	   0	 95	 0.011	 0	 0	 1.000
+5	 95	   0	   0	   1	 1.000	 0	 0	 0.011
+6	 75	   0	   0	 21	 1.000	 0	 0	 0.280

Table 2. Frequencies and relative adaptiveness (w) of the nucleotide surrounding the second start codon.
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DISCUSSION

Our results suggest that the characteristics of the specific context flanking the AUG2nd 
of FMDV lead to the high efficiency of translation initiation at AUG2nd. Although FMDV pos-
sesses a high mutation rate, the specific nucleotide usage pattern flanking AUG2nd is generated 
under translation selection to adapt to the eukaryotic translation mechanism of host cells.
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