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Abstract
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Prokaryotic stop codon usage has been shown to be influenced by GC content and release factor abundance. However, it is unlikely 
that GC content and release factors are the only factors influencing stop codon usage as nucleotide compositions and peptide proper-
ties have also been shown to influence codon usage biasness; of which, stop codon usage is a specific instance of codon usage bias. 
Here, the stop codon usage frequencies, nucleotide compositions, and peptide properties in six strains of E. coli (MG1655, W3110, 
BL21, O25b:H4, O157:H7 and 58-3) were examined. Our results suggest that the stop codon usage frequencies of pathogenic strains 
O157:H7 and O25b:H4 are significantly different to other strains (Chi-Square ≥ 7.241, p-value ≤ 2.7E-02), suggesting different evolu-
tionary paths between pathogenic and non-pathogenic strains of E. coli. The average lengths, nucleotide compositions, and peptide 
instability between the stop codons are significantly different in all cases (F ≥ 3.07, p-value ≤ 4.7E-02) except for average thymine 
composition in E. coli 58-3. This suggests a relationship between stop codon usage and nucleotide compositions, other than GC con-
tent and/or peptide properties.

Introduction
Codon usage bias is an important feature of evolution [1-4] and has been shown to be explained by tRNA abundance in Drosophila [5]. 

Stop codon usage bias is a specific instance of codon usage bias focusing on stop codons, with Sharp and Bulmer [6] performing the first 
stop codon usage analysis using 323 genes across three species. In DNA, the three common stop codons are TAA, TAG, TGA; and their usage 
may be related to GC content in prokaryotes [7] but not in eukaryotes [8]. Release factors abundance have also been shown to influence 
stop codon usages [9] as prokaryotes encodes for three release factors; namely, RF1, RF2 and RF3. RF1 recognizes UAA and UAG stop 
codons whereas RF2 recognizes UAA and UGA [10]. RF3 increases the dissociation of RF1 and RF2 from the ribosome after the release of 
the peptide [11].

It is unlikely that GC content and release factors are the only factors influencing stop codon usage as several studies show that nucleo-
tide compositions and peptide properties, such as isoelectric point and aromaticity, have an impact on codon usage biasness in eukaryotes 
[12], prokaryotes [13] and viruses [14]. Hence, it is conceivable that nucleotide compositions and peptide properties may also influence 
stop codon usage as stop codon usage bias is a specific instance of codon usage bias. There are several studies [9,15,16] on nucleotide 
compositions and peptide properties on stop codon usages but no studies specifically on Escherichia coli. 
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In this study, we examine the stop codon usage frequencies, nucleotide compositions, and peptide properties in six strains of E. coli; 
namely, MG1655, W3110, BL21, O25b:H4, O157:H7 and 58-3. Our results suggest that the stop codon usage frequencies of pathogenic 
strains O157:H7 and O25b:H4 are significantly different to other strains (Chi-Square ≥ 7.241, p-value ≤ 2.7E-02). The average lengths and 
nucleotide compositions between the stop codons are significantly different in all cases (F ≥ 3.07, p-value ≤ 4.7E-02) except for average 
thymine composition in E. coli 58-3. Of the peptide properties, only instability between the stop codons is significantly different in all 
strains (F ≥ 15.4, p-value ≤ 2.1E-07).

Materials and Methods
Six strains of Escherichia coli were chosen for study: namely: (a) MG1655, Accession number NZ_CP032667.1 [17]; (b) W3110, Ac-

cession number AP009048.1 [18]; (c) BL21, Accession number CP060121.1; (d) O25b:H4, Accession number NZ_CP015085.1 [19]; (e) 
O157:H7, Accession number AE005174.2 [20] and (f) 58-3, Accession number CP050036.1. For each strain, complete set of nucleotide 
coding sequences and its corresponding peptide sequences were obtained. Stop codon usage frequencies between each strain were ana-
lyzed in pairwise manner (A vs B and B vs A) using Chi-Square test where the frequency of one strain was used to determine the expected 
frequency of another strain and the lower statistic with higher probability are taken. Nucleotide compositions (CDS length, GC content, 
adenine content, thymine content, guanine content, and cytosine content) and peptide properties [molecular weight, isoelectric point 
[21,22], aromaticity [23], instability [24], hydropathy [25]] for each coding sequence were determined using Biopython [26] via SeqProp-
erties [27]. For translation of nucleotide sequence to peptide sequence for peptide properties determination, translation table 11 (bacte-
rial, archaeal and plant plastid code) was used. The null hypothesis of no difference in averages between the three stop codons were tested 
using 1-way ANOVA for each of the nucleotide compositions and peptide properties. Comparisons between any two stop codons were 
performed using 2-samples t-test assuming unequal variance. For all statistical tests, a probability value of less than 5% was significant; 
hence, rejecting null hypothesis and accepting alternate hypothesis.

Results and Discussion
Codon frequencies, nucleotide compositions, and peptide properties across six E. coli strains were examined in this study.

Stop codon frequency: To ascertain the presence of stop codon usage biasness, the stop codon usage [28] frequencies of each strain was 
evaluated under the null hypothesis of uniform frequency. Our results suggest that stop codon usages are not uniform (Table 1; Chi-Square 
≥ 1794.1, p-value < 1.0E-240), which is consistent with that of other prokaryotic species [15], with more than 59% of the peptides using 
TAA and less than 8.5% of the peptides using TAG as stop codons.

Strain Accession Number Stop Codon Count Chi-Square Statistic p-value
TAA TAG TGA

MG1655 NZ_CP032667.1 2750 315 1247 2100.4 <1E-240
W3110 AP009048.1 2756 330 1266 2063.8 <1E-240

BL21 CP060121.1 2711 303 1210 2100.9 <1E-240
O25b:H4 NZ_CP015085.1 3109 368 1560 2250.0 <1E-240
O157:H7 AE005174.2 2716 378 1481 1794.1 <1E-240

58-3 CP050036.1 2720 347 1242 1999.7 <1E-240

Table 1: Stop codon usage frequencies against uniform distribution.
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However, stop codon frequencies are not consistent across the six E. coli strains (Figure 1). Our results suggest that E. coli O157:H7 
and O25b:H4 strains have significantly different stop codon usage frequencies compared to the other four strains (Chi-Square ≥ 7.241, 
p-value < 2.7E-02) and between each other (Chi-Square = 12.744, p-value = 1.7E-03). This is supported by a study by Lukjancenko., et al. 
[29] showing that the pan-genome of BL21 sub-strains cluster with that of K-12 derived sub-strains, which includes MG1655 and W3110; 
but BL21/K-12 sub-strains cluster separately from that of O157:H7 sub-strains, which is also supported by Bachmann., et al. [30] showing 
that E. coli O157:H7 sub-strains are phylogenetically closer to Shigella dysenteriae than to E. coli MG1655 and W3110. In addition, another 
study also suggests that O25b:H4 belongs to a different phylogenetic group compared to MG1655 [31]. As E. coli O157:H7 [32,33] and 
O25b:H4 [28,34] are both pathogenic strains, this may suggests different evolutionary paths between pathogenic and non-pathogenic 
strains of E. coli.

Figure 1: Statistical comparison of stop codon usage frequencies between six strains of Escherichia coli. Values in the lower triangle are the 
Chi-Square statistics while values in the upper triangle are the corresponding p-values. Not significance is highlighted in green.

CDS lengths and nucleotide compositions: Our results show unequal average CDS length between the stop codons (Table 2; F ≥ 3.07, 
p-value ≤ 4.7E-02) across the six strains with long CDSes preferring TAA, followed by TGA and short CDSes preferring TAG. This trend is 
consistent in all six strains. Although this may be surprising, this is consistent to that reported by Duret and Mouchiroud [35] showing 
gene length affects stop codon usage in eukaryotes. 

Strain Average Length Average %GC
Average

%A

Average

%T

Average

%G

Average

%C
MG1655 F = 4.97

(7.0E-03)

F = 6.47 (1.6E-03) F = 8.40 (2.3E-04) F = 3.75 (2.4E-02) F = 6.25 (1.9E-03) F = 6.26 (1.9E-03)

W3110 F = 5.99

(2.5E-03)

F = 10.4 (3.1E-05) F = 9.88 (5.3E-05) F = 6.56 (1.4E-02) F = 6.85 (1.1E-03) F = 11.3 (1.2E-05)

BL21 F = 7.97

(3.5E-04)

F = 13.9 (9.6E-07) F = 14.5 (5.1E-07) F = 6.54 (1.5E-03) F = 11.7 (8.7E-06) F = 10.6 (2.5E-05)

O25b:H4 F = 5.74

(3.2E-3)

F = 39.3 (<1E-240) F = 27.2 (1.8E-12) F = 12.3 (4.6E-06) F = 32.0 (1.5E-14) F = 23.9 (4.6E-11)

O157:H7 F = 11.0

(1.7E-05)

F = 34.8 (1.0E-15) F = 15.4 (2.1E-7) F = 22.2 (2.5E-10) F = 32.4 (1.1E-14) F = 25.3 (1.2E-11)

58-3 F = 3.07

(4.7E-02)

F = 7.40 (6.2E-04) F = 11.3 (1.2E-05) F = 0.254 (7.8E-
01)

F = 10.6 (2.6E-05) F = 4.37 (1.3E-02)

Table 2: Statistical comparison of average length and nucleotide compositions by stop codon usage.  
P-values are in brackets and non-significance is highlighted in green.
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In terms of nucleotide compositions, our results show unequal average %GC between the stop codons (Table 2; F ≥ 6.47, p-value ≤ 
1.6E-03) with high GC content preferring TGA, followed by TAA and low GC content preferring TAA. This is consistent with studies sug-
gesting that stop codon usage is correlated to GC content [7,16]. 23 of the 24 nucleotide compositions across all six strains of E. coli are 
significant (Table 2, F ≥ 3.75, p-value ≤ 2.4E-02) between stop codons except for average thymine composition in E. coli 58-3 (Table 2, 
F = 0.254, p-value = 0.78). Using pairwise t-test as post-hoc test, our results show consistent significant differences (Table 3, p-value ≤ 
2.4E-02) between the average nucleotide compositions of the highest and lowest averages; except for average thymine composition in E. 
coli 58-3 (p-value ≥ 5.3E-01), which is consistent with our findings from 1-way ANOVA in table 2. Examining the trend for stop codon us-
age by nucleotide composition (Table 3), E. coli O157:H7 and O25b:H4 are consistent with each other. Interestingly, the trend of average 
nucleotide composition by stop codon is not consistent between E. coli MG1655 and W3110, which may be accounted for by the genomic 
differences [18] amounting to phenotypic differences [36] between these two K-12 derived strains. Taken together, these results suggest 
substantial stop codon usages between nucleotide compositions, which may suggest evolutionary pressures.

Strain Composition Average Composition Pairwise t-test p-values
TAA TAG TGA TAA vs TAG TAA vs TGA TAG vs TGA

MG1655 %A 24.875% 24.701% 24.299% 5.1E-01 4.2E-05 1.5E-01
%T 24.430% 25.030% 24.469% 1.4E-02 7.5E-01 2.9E-02
%G 26.754% 26.861% 27.144% 6.3E-01 3.9E-04 2.3E-01
%C 23.942% 23.409% 24.088% 5.8E-03 1.7E-01 9.3E-04

W3110 %A 24.820% 24.867% 24.228% 8.6E-01 1.2E-05 2.4E-02
%T 24.247% 24.973% 24.318% 2.0E-02 5.5E-02 7.8E-03
%G 26.882% 26.812% 27.256% 7.6E-02 3.8E-02 6.6E-02
%C 24.052% 23.348% 24.199% 1.6E-02 1.4E-01 1.7E-05

BL21 %A 24.886% 25.007% 24.154% 6.5E-02 2.3E-07 2.5E-03
%T 24.490% 25.302% 24.539% 1.4E-03 7.1E-01 4.4E-03
%G 26.705% 26.501% 27.208% 3.9E-01 7.8E-06 4.5E-03
%C 23.918% 23.190% 24.099% 5.3E-04 9.8E-02 4.7E-05

O25b:H4 %A 25.018% 25.219% 24.160% 4.3E-01 8.5E-13 7.6E-05
%T 24.315% 25.097% 24.062% 4.5E-04 2.3E-02 9.2E-06
%G 26.802% 26.606% 27.534% 3.5E-01 4.5E-14 2.7E-05
%C 23.866% 23.077% 24.245% 4.2E-05 4.1E-05 6.8E-09

O157:H7 %A 25.508% 26.370% 24.992% 2.7E-03 3.5E-04 4.1E-06
%T 24.538% 25.741% 24.255% 1.4E-06 2.3E-02 1.2E-08
%G 26.530% 25.770% 27.271% 1.4E-03 5.7E-10 2.1E-09
%C 23.416% 22.116% 23.468% 1.7E-08 6.4E-01 1.6E-08

58-3 %A 24.907% 24.755% 24.238% 5.2E-01 2.1E-06 4.2E-02
%T 24.429% 24.576% 24.432% 5.3E-01 9.9E-01 5.6E-01
%G 26.757% 27.112% 27.242% 8.6E-02 7.0E-06 5.5E-01
%C 23.907% 23.556% 24.089% 5.2E-02 8.6E-02 5.8E-03
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Peptide properties: Molecular weight of peptides is highly correlated to its CDS length (R-square ≥ 0.9497, F ≥ 82787, p-value ≤ 1E-240). 
As our earlier findings show potential preferential stop codon usage by CDS length, we expect preferential stop codon usage by molecular 
weights of peptide (Table 4), which is supported by Duret and Mouchiroud [35] by proxy due to high correlation between CDS lengths and 
molecular weight of peptides. Our results indicate that four of the six strains (W3110, BL21, O25b:H4, and 58-3) are significant in average 
isoelectric point [21,22] by stop codons (Table 4; F ≥ 3.16, p-value ≤ 4.3E-02). An early work by Boucherie., et al. [37] indicated that basic 
proteins in yeast do not correspond to genes with high codon usage index; thus, suggest a possible link between codon usage and stop 
codon usage by extension to isoelectric point. Interesting, all strains are significant in average instability [24] by stop codons (Table 4; F ≥ 
15.4, p-value ≤ 2.1E-07), which may suggest selective pressures between gene level and peptide level. However, both average aromaticity 
[23] and average hydropathy [25] are not significant in any strains, suggesting the possibility of a non-straightforward selective pressure 
between gene level and peptide level.

Strain Average Molecular 
Weight

Average Isoelectric 
Point

Average

Aromaticity

Average

Instability

Average

Hydropathy
MG1655 F = 5.77

(3.2E-03)

F = 2.76

(6.3E-02)

F = 0.451

(6.4E-01)

F = 15.8

(1.5E-07)

F = 0.139

(8.7E-01)
W3110 F = 7.25

(7.2E-04)

F = 3.16

(4.3E-02)

F = 1.43

(2.4E-01)

F = 18.3

(1.2E-08)

F = 0.494

(6.1E-01)
BL21 F = 9.56

(7.2E-05)

F = 6.74

(1.2E-03)

F = 1.31

(2.7E-01)

F = 15.4

(2.1E-07)

F = 1.32

(2.7E-01)
O25b:H4 F = 6.83

(1.1E-03)

F = 7.12

(8.2E-04)

F = 1.72

(1.8E-01)

F = 17.6

(2.5E-08)

F = 0.223

(8.0E-01)
O157:H7 F = 10.0

(4.5E-05)

F = 1.97

(1.4E-01)

F = 2.32

(9.9E-02)

F = 28.6

(4.5E-13)

F = 2.51

(8.1E-02)
58-3 F = 4.03

(1.8E-02)

F = 9.50

(7.6E-05)

F = 0.178

(8.4E-01)

F = 22.1

(2.7E-10)

F = 2.28

(1.0E-01)

Table 4: Statistical comparison of peptide properties by stop codon usage.  
P-values are in brackets and non-significance is highlighted in green.

Conclusion
In this study, the stop codon usage frequencies, nucleotide compositions, and peptide properties in six strains of E. coli. Our results 

suggest that the stop codon usage frequencies of pathogenic strains O157:H7 and O25b:H4 are significantly different to other strains 
(Chi-Square ≥ 7.241, p-value ≤ 2.7E-02). The average nucleotide compositions and peptide instability are significantly different (F ≥ 15.4, 
p-value ≤ 2.1E-07) between each stop codons in most cases; suggesting a relationship between stop codon usage and nucleotide composi-
tions, other than GC content, and/or peptide properties.
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Appendix

58-3 BL21 MG1655 O25b:H4 O157:H7 W3110
Number of CDS Count 4385 4312 4353 5061 5349 4337

CDS Length Mean 943.1 930.0 939.7 924.9 905.2 950.7
Sigma 629.13 631.62 634.90 663.48 692.99 640.65

Number of Adenine Mean 227.8 224.2 226.6 224.6 222.1 229.2
Sigma 152.58 153.05 154.32 162.43 169.86 156.52

Number of Thymine Mean 226.7 224.3 226.2 221.7 216.8 228.5
Sigma 146.15 147.63 147.65 153.24 156.68 148.69

Number of Guanine Mean 257.6 253.8 256.6 252.8 247.1 259.8
Sigma 179.07 179.04 180.19 188.22 199.07 181.50

Number of Cytosine Mean 231.0 227.7 230.3 225.8 218.9 233.2
Sigma 164.15 146.10 165.21 172.22 181.66 156.52

Peptide Molecular 
Weight (Daltons)

Mean 34130.2 33694.9 34228.3 33689.9 31098.9 34718.4
Sigma 23128.45 23338.07 23278.89 24305.39 22655.19 23084.62

Isoelectric Point Mean 6.93 6.96 6.92 6.97 6.98 6.93
Sigma 1.874 1.890 1.860 1.885 1.900 1.859

Aromaticity Index Mean 0.0820 0.0827 0.0825 0.0819 0.0825 0.0821
Sigma 0.03296 0.03345 0.03216 0.03244 0.03226 0.03152

Instability Index Mean 37.7 37.7 37.5 37.8 38.4 37.7
Sigma 11.43 11.55 11.40 11.61 11.95 10.84

GRAVY (Hydropathy) Mean -0.0643 -0.0538 -0.0569 -0.0789 -0.1070 -0.0711
Sigma 0.46087 0.46493 0.46832 0.45481 0.44272 0.44105
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