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Abstract: The tapeworm Taenia solium is an important human zoonotic parasite that causes great economic loss and
also endangers public health. At present, an effective vaccine that will prevent infection and chemotherapy without any
side effect remains to be developed. In this study, codon usage patterns in the T. solium genome were examined through
8,484 protein-coding genes. Neutrality analysis showed that T. solium had a narrow GC distribution, and a significant cor-
relation was observed between GC12 and GC3. Examination of an NC (ENC vs GC3s)-plot showed a few genes on or
close to the expected curve, but the majority of points with low-ENC (the effective number of codons) values were de-
tected below the expected curve, suggesting that mutational bias plays a major role in shaping codon usage. The Parity
Rule 2 plot (PR2) analysis showed that GC and AT were not used proportionally. We also identified 26 optimal codons in
the T. solium genome, all of which ended with either a G or C residue. These optimal codons in the T. solium genome are
likely consistent with tRNAs that are highly expressed in the cell, suggesting that mutational and translational selection
forces are probably driving factors of codon usage bias in the T. solium genome.
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INTRODUCTION

It is well known that 64 different codons (61 codons encod-
ing for amino acids plus 3 stop codons) encode 20 standard
amino acids. Many amino acids are coded by more than 1 co-
don, and the different codons that code the same amino acid
are called ‘synonymous codons’. Numerous studies have
shown that the synonymous codons are used with unequal
frequency, and some codons are used preferentially, a feature
known as codon usage bias (CUB) [1,2]. Various hypotheses
have been proposed to explain the origin of codon usage bias.
Among these are the neutral theory [3] and the selection-mu-
tation-drift balance model [4]. According to the neutral theory,
mutations at degenerate coding positions should be selectively
neutral, resulting in random synonymous codon choice and
loss of natural selection power. In the selection-mutation-drift
model, codon bias is thought to be a process mediated by a
balance between mutation pressure, genetic drift, and weak se-
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lection. In other words, if a gene experiences high selective
pressure, such as elevated expression, it may be inclined to re-
sult in stronger codon usage bias.

However, in recent years, with the completion of genome
projects of many organisms, the 2 hypotheses are no longer
sufficient to explain observed codon usage biases. Many im-
portant factors have been reported to influence this phenome-
non, including gene length [5], GC-content [6], recombina-
tion rate [7], gene expression level [5], intron length [8], the
hydrophobicity and the aromaticity of the encoded proteins
[9], and so on.

Investigations of codon usage patterns have contributed to
an understanding of the basic features of molecular organiza-
tion of a genome, heterologous gene expression [10], and the
prediction of gene expression levels [11], gene function [12],
and gene position on chromosomes [13], and have also re-
vealed information about the molecular evolution of individ-
ual genes. However, most of the studies on codon usage pat-
terns focus on some model organisms and pathogenic agents,
such as Caenorhabditis, Drosophila, Arabidopsis [5], yeast [14],
Giardia lamblia [15), and Borrelia burgdorferi [16)].

Taenia solium is one of the most important zoonotic para-
sites transmitted by consumption of the pork. T solium can
cause significant health problems and even death of their in-
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termediate host (= pigs), causing considerable losses to the
world economy [17]. Until now, a systematic examination of
the codon usage for T. solium genome has not been performed.
Here, we carried out a whole genome analysis of codon usage
bias of the T. solium genome by using the multivariate analysis
technique [18]. This information will contribute to a better
understanding of the parasite biology and provide a new re-
source to help with the development of urgently needed anti-
parasite drugs and vaccines.

MATERIALS AND METHODS

Sequence data

The protein-coding sequences (CDS) from the T. solium ge-
nome were downloaded from http://www.genedb.org/
Homepage. To minimize sampling error, we selected sequenc-
es that were longer than 300 bp and had the initiation and ter-
mination codons annotated. After removing redundant and
incomplete DNA sequences, a total of 8,484 genes were select-
ed for analysis.

Indices of codon usage

Codon usage in the selected genes was assessed using the
program CodonW (version 1.4.2, http://codonw.sourceforge.
net). Relative synonymous codon usage (RSCU) is the ob-
served frequency of a codon divided by the expected frequency
if all synonyms for that amino acid are used equally. Thus,
RSCU values close to 1.0 indicate lack of bias, whereas the val-
ues more than 1 indicate that the codons are used more fre-
quently than expected; conversely when the RSCU values are
less than 1, the codon is used less frequently than expected.
The codon adaptation index (CAI) is a simple and effective
way to measure the extent of bias toward codons that were
known to be preferred in highly expressed genes. A CAI value
ranges from 0 to 1.0, and a higher value means a likely stron-
ger codon usage bias and a potential higher expression level
[19]. A codon usage reference table (data not shown) was con-
structed with a reference set of highly expressed genes for the
calculation of CAI (of the 196 genes used in the reference set,
86 encode ribosomal proteins, 6 transcription elongation fac-
tor genes, 5 pyruvate kinase genes, 1 phosphoglycerate kinase
gene, 3 glyceraldehyde-3-phosphate dehydrogenase genes, 4
enolase genes, 46 actin genes, and 45 tubulin genes). GC con-
tent of the entire gene, the first, second, and third codon posi-
tions (GCall, GC1, GC2, and GC3, respectively), and effective

number of codons (ENC) were calculated. GC12 values (the
average of GC1 and GC2) were calculated and used for neu-
trality plot analyses.

Correspondence analysis

Correspondence analysis (CA) has been widely used to ex-
plore the variation in synonymous codon usage among genes
[20]. CA is a sophisticated multivariate statistical technique in
which codon usage data (59 codons excluding Met, Trp, and
stop codons) was plotted in a multidimensional space of 59
axes. The plot was then used to identify the axes that represent
the most prominent factors contributing to variation among
genes.

tRNA abundance and intron number

tRNA genes in the T. solium genome were searched using the
tRNAscan-SE program with the eukaryote-specific parameters
[21]. tRNAscan-SE was used to predict 161 tRNA genes and 22
pseudogenes in the genome sequence (data not shown). In
the present study, the pseudogenes have been removed. We
used tRNA gene copy numbers as an estimate of cellular tRNA
abundance. The intron/exon number of the T. solium genes
was obtained from the CDS annotation (ftp://bioinformatica.
biomedicas.unam.mx/TsM1_13.12.11/).

Determination of optimal codons

We selected 5% of the total genes with extremely high and
low CAI values which were regarded as the high and low ex-
pression gene datasets, respectively. Codon usage was com-
pared using chi-squared contingency test of the 2 groups, and
codons whose frequency of usage were significantly higher
(P<0.01) in highly expressed genes than in genes with low
level of expression would be defined as the optimal codons
[22].

Statistical analysis
Correlation analysis was carried out using the Spearman’s
rank correlation analysis method in SPSS version 19.0.

RESULTS

Nucleotide content of T. solium genes

The nucleotide content of T. solium coding sequences (ex-
pressed as % GC) is summarized in Fig. 1. This figure shows
that there is a distinctly unimodal distribution of GC content



among the 8,484 T solium genes, which is similar to T. pisifor-
mis |23]. The GC contents of T. solium genes vary from 20.8%
to 72.6% with a SD of 3.88. To understand the nucleotide dis-
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Fig. 1. The distribution of GC contents in T. solium genes. The
GC content of the 8,484 T. solium genes (shown in blug) is uni-
modal.

Table 1. Codon usage table in T. solium
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tribution in 3 positions of codons, we investigated G+C con-
tent in all codons. The results showed that the G+C contents at
3 positions of codon were obviously different. GC3 was higher
than the first and second positions, and GC1 was the lowest in
all 3 positions of codon. The average GC content of all codons
was 50.4%.

Codon usage in T. solium

The overall codon usage of 8,484 genes from T. solium was
calculated, with each codon, with the exception of stop codons,
represented at least 29,081 times (Table 1). The genome of T. so-
lium had a GC content of 43.7%. Although the genome ap-
peared to be (at least slightly) A+T-rich, overall codon usage was
biased toward C- and G-ending codons. Thirty-one of the 59 co-
dons were found to be the preferred codons, and 54.8% (17/31)
of the preferred codons were either G-ending or C-ending,

AA Codon N RSCU AA Codon N RSCU
Phe uuu 73863 0.96 Ser ucy 66945 1.09
uuc 80528 1.04 uce 74835 1.22
Leu UUA 29081 0.45 UCA 62935 e
UG = 110 ucG 54145 0.88
cuu 79963 1.23 Pro ccu 64730 1.10
cuc 91326 1.41 cce 61128 1.04
CUA 40023 0.62 CCA 68271 1.16
cuG 77936 1.20 CCG 42041 0.71
lle AUU 81264 1.29 Thr ACU 67286 112
AUC 73474 1.16 ACC 69492 116
Met AUG 85450 1.00 ACG 43999 0.73
Vel GUU 70073 1.09 Ala GCU 89508 1.19
GUC 65525 1.02 GCC 84269 1.12
GUA 34933 0.54 GCA 71732 0.96
GUG 86210 1.34 GCG 54139 072
r Bﬁg g?g‘;’g ?'28 Cys UGU 42340 0.98
: uGC 44305 1.02

TER UAA 2562 0.91
UAG 2429 0.86 TER UGA 3493 1.24
His CAU 47676 0.94 T ueG 44634 100
CAC 53846 108 Arg CGU 55022 1.30
Gin CAA 77299 0.96 835\5 g?‘:’gi 1 ‘ ;?
CAG 83180 1.04 oGa e e

Asn AAU 83583 1.06
AAC 74133 0.94 Ser AGU 58100 0.95
Lys AAA 84273 091 AGC 50685 0.83
AAG 99955 1.09 Arg AGA 34529 0.82
Asp GAU 108334 1.09 AGG 31888 0.75
GAC 90233 0.91 Gly GGU 78723 1.35
Glu GAA 113616 0.91 GGC 63945 1.10
GAG 137061 1.09 GGA 58560 1.00
GGG 31858 0.55

Relative synonymous codon usage (RSCU) values were calculated by summing over all the genes. A total of 8,484 genes comprising 4,001,735 co-
dons were analyzed. N is the number of codons, AA is the amino acid. Preferentially used codons are displayed in bold.
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Fig. 2. Correspondence analysis of relative synonymous codon
usage (RSCU) for all 8,484 T. solium genes. (A) This panel shows
the distribution of genes on the primary and secondary axes (ac-
counting for 16.7% and 14.1% of the total variation, respectively).
The 2 classes of genes (High GC and Low GC) are color coded;
the high GC genes are shown in red and the low GC genes are
shown in blue. (B) This panel shows the underlying distribution of
codons on the same 2 axes. Codons ending with G or C are
shown in red, and codons ending with A or U are shown in green.

Correspondence analysis

To investigate the synonymous codon usage variation
among T. solium genes, correspondence analysis was employed
to explore it in RSCU. The result revealed a single major trend
in codon usage, namely, that the first axis accounted for 16.7%
of the total variation, while the next 3 axes accounted for
14.1%, 8.5%, and 7.2%, respectively, confirming that the pri-
mary axis is the main factor explaining codon usage in these
genes. The plot of the first and second axis of each gene is
shown in Fig. 2A. The distance between genes on the plot is a
reflection of their diversity in RSCU, with respect to the first 2
axes. To investigate the effect of GC content of genes on codon
usage bias, different GC contents of genes are color-coded. The
genes, GC content of which was more than or equal to 60%,
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Fig. 3. GC12 or ENC vs GC83s plot for 8,484 genes of T. solium.
(A)GC12 vs GC3plot (Neutrality plot analyses). The regression line
is y=0.5513x+0.2196, R2=0.7309, OP =0.4894. The range of
the GC8 values was 12.0%-93.4%. The cross point of the re-
gression line and the diagonal line is defined as the optimum
point (OP). (B) ENC versus GC3s plot(NC plot), the solid red line
indicates the expected ENC. The ENC values of different genes
ranged 21.5 to 61.0; values of GC3s ranged 10.8 to 93.3.

plotted in red, and less than 45% plotted in blue. Green dots
indicate genes in which the GC content is between 45% and
60%. In Fig. 2A, the high and low GC content of genes sepa-
rated along the primary axis is shown.

The corresponding distribution of synonymous codons (see
Fig. 2B) showed the separation of C/G-ending codons and A/
U-ending codons along this same axis, indicating that the vari-
ations in synonymous codon usage among the T. solium genes
were based on the nucleotide content of the genes. The separa-
tion of genes on the second axis appeared to be largely due to
frequency differences in C-ending and G-ending codons
among the GC rich genes (see right side of Fig. 2B).

Although the color-coding in Fig. 2A suggests a general rela-
tionship between the nucleotide content of genes and their
position on the first axis of the correspondence analysis, it
does not give us any statistical measure of this relationship. To
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Fig. 4. Parity rule (PR2)-bias plot. The red open circle indicates
the average position x=0.4340+0.0887 and y=0.4458 + 0.0927.

do this, we calculated the correlation between the GC content
of individual T solium genes and their location on the primary
axis of the Correspondence Analysis. The results were highly
significant (r=0.6563, P<0.001), indicating that the variations
in codon usage are strongly correlated with the nucleotide
content (i.e., GC content) of the genes.

Neutrality plot and NC plot analyses

Mutation bias and translation selection are considered to be
the main factors that contribute to codon usage bias in different
organisms [24,25]. To identify the main factors that shape co-
don usage bias in T solium, neutrality plots (GC12 vs GC3)
were used to analyze the influences of mutation bias and trans-
lation selection on codon usage [26]. When the correlation be-
tween GC12 and GC3 is statistically significant and the slope of
the regression line is close to 1, mutation bias is assumed to be
the main force shaping codon usage. Conversely, if selection is
the dominant factor, then the slope of the regression line is
close to 0. The results revealed significant correlations between
GC12 and GC3 (Fig. 3A). The slope of the regression line in T.
solium was 0.55. This significantly positive correlation in the
neutrality plots indicated that mutation pressure and selection
both contribute to the codon bias in T. solium.

A plot of ENC versus GC3s (NC plot) has been used to ex-
plore the codon usage variation among genes in different or-
ganisms [27]. It is argued that if the codon choice of a gene is
constrained only by a G/C mutation bias, the gene would lie
either on or just below the expected curve. As shown in Fig.
3B, it is clear that although a few of the genes lie on the ex-
pected curve, the majority with a low ENC fall below the ex-
pected curve. This suggests that not only mutation but also
other factors, such as translational selection, are likely to be in-
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Fig. 5. Plot of ENC versus hydropathicity index and aromaticity
score for T solium genes.

volved in determining the variation of codon usage.

PR2-bias plot

If only mutation pressure determined codon usage bias in a
gene, G and C (A and T) should be used proportionally
among the 4-fold degenerate codon families. Natural selec-
tion, however, would not necessarily cause proportional use of
G and C (A and T) [28]. Here, we analyzed the associations
between the purine (A and G) and the pyrimidine (C and T)
content in the 4-fold degenerate codon families using the type
2 parity rule (PR2) bias plot (Fig. 4). Our results showed that
C and T are used more frequently than G and A in these de-
generate codons, suggesting that together with mutation pres-
sure, other factors (such as selection) may influence the codon
usage bias.

Relationship between CUB and the gene expression level

To explore the correlation between CUB and expression lev-
els, we calculated the correlation coefficient between ENC and
CAI to measure of the expression level of selected genes. The
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Fig. 6. Plot of ENC versus protein length for T. solium.

results show CUB is weakly and negatively correlated with the
gene expression levels (r=-0.1804, P<0.001), suggesting that
the genes with higher expression levels tend to have a higher
codon usage bias (such as those encoding actin genes and ri-
bosomal proteins tend to have lower ENC values) (Fig. 5).

Relationship between codon bias and hydropathicity
index and aromaticity score

Numerous studies have shown that the hydropathicity and
aromaticity of encoded protein play important roles in shap-
ing codon usage of some species [29]. In order to investigate if
the same thing happens to T solium, we conducted a correla-
tion analysis between codon usage bias and hydropathicity in-
dex (Gravy) and aromaticity score (Aromo) values. The corre-
lation coefficients for the Gravy and Aromo scores (r=-0.0468,
P<0.001; r=0.055, P<0.001, respectively) indicated that the
hydropathicity and aromaticity of the encoded proteins were
associated with the codon usage bias.

Relationship between CUB and protein length

In general, codon usage bias might be affected by the gene
length. Here, we conducted a correlation analysis between co-
don bias and protein length. Our data demonstrated that ENC
values are significantly and positively correlated with protein
length, as expected (r=0.1138, P<0.001) (Fig. 6). The results
indicated that protein length shaped codon usage in T. solium
and the longer genes had a lower degree of codon bias.

Relationship between CUB and intron number

Evidence has been assembled to suggest that CUB has a close
relationship with intron number [8,30]. However, the relation-
ship between CUB and intron number is at present unclear.
Here, we performed a correlation analysis to evaluate whether

ENC

0 20 40 60 80 100 120
Intron number

0 1 1

Fig. 7. Plot of ENC versus intron number for T. solium.

ENC values were related to intron number. From this analysis,
results showed that ENC values are significantly and positively
correlated with the intron number (r=0.1324, P<0.001) in T.
solium (Fig. 7). The analysis results suggested that the intron
number was associated with codon usage variation.

Optimal codons and tRNA abundance in T. solium

The average RSCU values of high/low expressed gene sample
group are listed in Table 2. Twenty-six codons were deter-
mined to be the optimal codons, which were significantly
more frequent among the highly expressed genes (P<0.01) ac-
cording to the chi-square test. Almost all of optimal codons
(except GGU and CGU) ended with G or C.

Previous studies suggested that the optimal codons tend to
correspond to highly expressed tRNAs and tRNA gene copy
numbers [31,32]. Here, we conducted an analysis to test wheth-
er this trend also existed in T. solium genome. We used tRNA
gene copy numbers as a substitute for tRNA abundance in the
cell. We found that there is good correspondence between
tRNA abundance and optimal codons, 13 of the 26 optimal
codons corresponded to the most abundant tRNAs (Table 2).

DISCUSSION

Base composition is an important feature of a genome and
is the main force that affects codon usage. GC-rich organisms,
such as bacteria, archea, fungi, Triticum aestivum, Hordium vul-
gare, and Oryza sativa [33,34], tend to use G or C at the third
position. However, AT-rich organisms show a preference for A
or T at third position, such as Onchocerca volvulus, Mycoplasma
capricolum, and Plasmodium falciparum [35]. The genome of T.
solium has a G+C content of 43.7%. Although the genome
would thus appear to be slightly A+T rich, overall codon usage



Table 2. Optimal codons and tRNA abundance in T. solium
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AA Codon tRNA gene High Low AA Codon tRNA gene High Low
Phe uuu AAA (NA)  0.69 (2047) 1.21 (2707) Ser ucu AGA(4)  088(1710) 1.21(2609)
UUC—~  GAA(Q) 1.31(3863) 0.79 (1751) ldgi CTigﬁ gA) é 3529 ggggg ?-% gggg;
Leu UUA TAA() 021492 094 (1719) : - :
UUG  CAANA)  0.87(2000) 1.32(2422) UGG~  CGA([)  1.00(1937) 0.75(1613)
CUU -~ GAMAINA) - 0.99(2362) 1.32(2405) by, CCU  AGG()  097(1976) 1.20(2262)
GOL IR e (iieE) G (s CCA TGG(2)  0.84(1710) 149 (2806)
CUG*  CAG(1) 1.47 (3525) 0.92 (1675) COG  COG(S)  0.79(1607) 060 (114)
lle AUU AAT (3) 1.04 (0444) 1.39 (2828)
AUC*  GAT(NA)  1.61(3779 079(1613)  Thr ACU AGT(1)  0.98(2130) 1.17 (2287)
AUA TAT(4)  035(813 0.82(1668) ACC* GGT(NA)  1.53(3327) 0.84 (1644)
Met AUG CAT(11)  1.00(3403) 1.00 (2759) ACA TGT(@3)  0.73(1593) 1.31(2576)
Val GUU AAC (1) 0.75 (1794)  1.32 (2544) ACG CGT(1)  0.76(1661) 0.68(1341)
GUC* GAC(NA)  1.20(2893) 0.75(1437) Ala GCU AGC (NA)  1.05(3038) 1.32 (2669)
GUA UAC() ~ 0.38(903)  0.81(1557) cloloy GGC (NA)  1.44(4176) 0.79 (1590)
GUG™—  CAC (6) 1.68 (4040) 1.12(2156) GCA TGC(1)  0.70(2031) 1.30(2630)
Tyr UAU ATA(NA)  0.52(1043) 1.10 (1609) GCG*—~ CGC(1)  0.82(2383) 0.59 (1193)
, S Cllil ) 148 (2947) - 0.90 (1306) Cys uGU ACA(NA)  0.82(1326) 1.11(1650)
His CAU ATG(NA)  0.69(1259) 1.19 (1850) Vo GOA()  1.18(1899) 0.80 (1314
CAC'~ GIG () 1.31(2371) 0.81 (1260) o o
Gin CAA TIGE@) 0732009 1143043 '™ - * il LODIEE, D 11EE)
CAG'~ CTG([)  1.27(3511) 086(2285) A9 ggg égg E"L)A) 1-491; g;ggg 8-23 822)7)
Asn AAU ATT(NA)  082(2145)  1.25(3689) CCA TCG(®)  1.05(1569) 1.05(1306)
it et Rt
v s CWE& o 241383 o 53489; Ser AGU ACT(NA)  0.83(1603) 1.04 (2233)
: : AGC~  GCT()  0.99(1915) 0.74 (1581)
Asp GAU ATCINA - 086(2035) 12604249 AGA TCT(10) 0.34(501) 1.70 (2115)
GAC'-  GTC(1)  1.14(3888) 0.74(2502) AGG CCT(0) 0.46(680) 1.17 (1462)
iy Con o NOE) DEZIZEET) 1120055 R GGU*  ACC(NA) 1.38(3213) 1.19 (2098)
GAG—~ CTC (@) 1.38 (5755) 0.88 (4598) et GOCE@ 147 (3428 077 (1857
GGA TCC(6) 067 (1548) 1.39 (2450)
Cee CCC(3)  048(1127) 0.65(1140)

Codon usage was compared using chi-squared contingency test to identify optimal codons. That occur significantly more often
(P<0.01) are indicated with asterisk denote codons that occurred significantly more often (P<0.01). The number of codons in the high
expressed genes was 143953; the number of codons in the low expressed genes was 129698.

*denotes the codons that occurred significantly more often in the high expressed genes (P<0.01); they are the codons that were designated as ‘opti-
mal’ codons. Thirteen (indicated by arrows) of the 26 optimal codons corresponded to the most abundant tRNAs in the T. solium genome.

was biased toward C- and G-ending codons (Table 2), this
phenomenon is also found in G. lamblia [17].

Neutrality analysis found that there was a significant correla-
tion between GC12 and GC3, which suggests that mutations
may play a more important role in codon usage bias in T. soli-
um. Meanwhile, ENC-plot analysis revealed that a majority of
the points with low-ENC values lay below the expected curve,
with only a few genes observed to lie on the expected curve, an
indication that besides mutation bias, selection was also in-
volved in determining the codon bias of some genes. However,
because NC plot analysis cannot distinguish between muta-
tion bias and selection within a species, Wright [27] suggested
2 ways to distinguish between selection and mutation bias. If
mutation bias is the cause of codon bias, GC or AT should be

used proportionally among the degenerate codon groups in a
gene. In contrast, natural selection for codon choice would not
necessarily cause proportional use of G and C (A and T). How-
ever, the PR2 plot showed that the CDS in the T solium ge-
nome did not use GC and AT equally. The unequally used GC
and AT in the degenerate codon positions in our current analy-
sis further reflects the fact that selection pressure has played an
important role in driving CUB of T. solium. From these find-
ings, we can conclude that both mutation bias and selection
have contributed to the codon bias in the T. solium genome.
Generally, it was thought that codon usage bias was affected
by gene length. In this paper, protein length appeared to play a
significant role in shaping codon bias in T. solium. Thus, we
found that codon bias was negatively correlated with protein
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length. Similar results have been found in many organisms,
such as yeast [36], Caenorhabditis elegans [37], Drosophila mela-
nogaster [6], and Arabidopsis thaliana [5]. An explanation as
been proposed by Moriyama and Powell [38] for this phe-
nomenon; namely, if shorter proteins could perform similar
functions to those of longer ones, longer proteins become en-
ergy-expensive and disadvantageous, thus the selection con-
straint acts to reduce the size of highly expressed genes, domi-
nantly determines the relationship between codon bias and
gene length.

Until now, the role of introns in the codon bias usage of eu-
karyotic genes remains enigmatic. As mentioned above, recent
studies have shown that intron length is closely related to co-
don usage, suggesting that introns may play a role in gene reg-
ulation [30]. However, the relationship between codon bias
and intron number is at present unclear. To explore this rela-
tionship, the sequences of a set of genes containing between 0
and 77 introns was extracted from the published genome se-
quences of T. solium. Our results suggested that CUB was nega-
tively related to intron number; in other words, genes with the
higher codon bias were found to have fewer introns. The loss
of intron is a major feature of eukaryotic evolution [39]. It has
been shown that introns in highly expressed genes are sub-
stantially shorter than those in genes that are expressed at low
levels [40], and that rapidly regulated genes are intron poor
[41]. These reports suggested that introns might play a role in
the negative regulation and expression of these genes. On the
other hand, numerous studies have shown that codon bias is
generally positively correlated with gene expression level
whereas highly expressed genes (such as ribosomal proteins)
usually exhibit higher levels of codon bias [42]. Based on these
studies, we conclude that the negative relationship between
codon bias and intron number may have a role in gene expres-
sion in T. solium.

In this study, we identified 26 codons as the optimal codons
in the T. solium genome. Most importantly, optimal codons in
the T. solium genome were found to end either with G or C.
This is very similar to the pattern observed in other eukaryotic
genomes, such as D. melanogaster [43], C. elegans [44], G. lam-
blia [17], and Schizosaccharomyces pombe [45]. The identifica-
tion of optimal codons in this parasite will impact the design
of degenerate primers, introduction of point mutations, and
investigation of mechanism(s) of evolution of the species at
the molecular level.
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