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Analysis of Synonymous Codon Usage Biasin Chlamydia
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Abstract Chlamydiae are obligate intracellular bacterial pathogens that cause ocular and sexually
transmitted diseases, and are associated with cardiovascular diseases. The analysis of codon usage may
improve our understanding of the evolution and pathogenesis of Chlamydia and allow reengineering of target
genes to improve their expression for gene therapy. Here, we analyzed the codon usage of C. muridarum, C.
trachomatis (here indicating biovar trachoma and LGV), C. pneumoniae, and C. psittaci using the codon
usage database and the CUSP (Create a codon usage table) program of EMBOSS (The European Molecular
Biology Open Software Suite). The results show that the four genomes have similar codon usage patterns,
with a strong bias towards the codons with A and T at the third codon position. Compared with Homo
sapiens, the four chlamydial species show discordant seven or eight preferred codons. The ENC (effective
number of codons used in a gene)-plot reveals that the genetic heterogeneity in Chlamydia is constrained by
the G+C content, while trandational selection and gene length exert relatively weaker influences. Moreover,
mutational pressure appears to be the major determinant of the codon usage variation among the chlamydial
genes. In addition, we compared the codon preferences of C. trachomatis with those of E. coli, yeast,
adenovirus and Homo sapiens. There are 23 codons showing distinct usage differences between C. trachomatis
and E. coli, 24 between C. trachomatis and adenovirus, 21 between C. trachomatis and Homo sapiens, but
only six codons between C. trachomatis and yeast. Therefore, the yeast system may be more suitable for the
expression of chlamydial genes. Finally, we compared the codon preferences of C. trachomatis with those of
six eukaryotes, eight prokaryotes and 23 viruses. There is a strong positive correlation between the differ-
ences in coding GC content and the variations in codon bias (r=0.905, P<0.001). We conclude that the
variation of codon bias between C. trachomatis and other organisms is much lessinfluenced by phylogenetic
lineage and primarily determined by the extent of disparitiesin GC content.
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Genetic codes are sets of three nucleotides (codons) in
an mMRNA molecule that are translated into amino acidsin
the course of protein synthesis. There are a total of 64
codons, with 61 of them coding 20 different amino acids
and other three serving as stop codons. The genetic code
is degenerate, meaning that each amino acid may be coded
by two or more codons (synonymous codons). Syno-
nymous codons are not used at equal frequencies both
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within and between organisms [1-3]; the patterns of codon
usage vary considerably among organisms, and also
among genes from the same genome [4]. Analysis of codon
usage patterns can provide a basis for understanding the
relevant mechanism for biased usage of synonymous
codons and for selecting appropriate host expression
systems to improve the expression of target genesin vivo
and in vitro.

Chlamydiae are Gram-negative obligate intracellular
bacterial pathogens, which are classified into four species:
Chlamydia trachomatis, C. psittaci, C. pneumoniae and
C. pecorum. C. trachomatis and C. pneumoniae are mainly
human pathogens, while C. psittaci and C. pecorum are
usually pathogens of birds and mammals. C. trachomatis
(Ct) can be divided into three biological variants: biovar
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trachoma, biovar lymphogranulomavenereum (LGV) and
biovar mouse pneumonitis (C. muridarum, MoPn).
C. trachomatis is the causativeagent of trachoma, which
leadsto preventable blindnessworldwide, and it also causes
several sexually transmitted diseases, such as urethritis,
cervicitis and salpingitis [5,6]. C. pneumoniae, which
causes pneumonia, sinusitis and bronchitis, has attracted
great scientific attention because it has a so been found to
be associated with atherosclerosis, acute myocardial
infarction and chronic neurological diseases|[7].

Romero et al. [8] have reported that four factors
(strand-specific mutational biases, replicational -transcrip-
tional selection, the hydropathy of each encoded protein
and the degree of amino acid conservation) areinvolvedin
the codon usage biasin C. trachomatis. However, it is not
clear whether genetic and environmental factors affect
codon usage in Chlamydia.

In this study, we have analyzed the codon usage data of
MoPn, Ct (here indicating biovar trachomaand LGV), C.
pneumoniae and C. psittaci and examined how other fac-
tors may affect codon usage variation in Chlamydia. We
have also compared the codon preferences of Ct with those
of Escherichia coli, Saccharomyces cerevisiae, adenovi-
rus and Homo sapiens. Knowledge of the codon usage
pattern in Chlamydia and a comparison of codon prefer-
ence between Chlamydia and other species may therefore
assist in the development of nucleic acid vaccines and
improve the understanding of factors shaping codon
usage patterns.

Materialsand M ethods

Overall codon usage patternsin Chlamydia

Complete genomic sequences of MoPn, Ct, C.
pneumoniae and C. psittaci were obtained from GenBank
(Bethesda, Maryland, USA; http://www.ncbi.nlm.nih.
gov/). Codon usage data were analyzed using the codon
usage database (Chiba, Japan; http://www.kazusa.or.jp/
codon/) and the CUSP program of EMBOSS (The Euro-
pean Molecular Biology Open Software Suite, Cambridge,
UK; http://bioinfo.pbi.nrc.ca:8090/EMBOSY).

Codon usage variation among Chlamydia genes

The protein-coding sequences (*.ffn files) of complete
genomes were downloaded from the GenBank FTP site
(ftp://ftp.nchi.nih.gov/). Because there is a negative cor-
relation between codon usage bias and gene length—that
is, codon usage is restricted in short coding sequences—

genes having sequences of less than 100 codons were
excluded from the analysis.

GC3 indicates the G+C content at the third position of
synonymously degenerate codons. The effective number
of codons of a gene (ENC) was used to quantify how far
the codon usage of a gene departs from equal usage of
synonymous codons [9]. ENC can take values from 20
(when only one codon is used per amino acid) to 61 (when
al synonyms are used in equal frequencies). ENC appears
to be agood measure of the extent of codon preference in
agene. Therefore, the GC3, ENC and gene length of each
gene were calculated using the program | Nteractive Codon
Analysis 1.0 (Division of Biology, Faculty of Science,
Zagreb, Croatia; http://www.bioinfo-hr.org/inca). The
codon usage pattern across genes was examined by the
ENC-plot, which isaplot of ENC versus GC3.

Comparison of codon preferences between Ct and
other organisms

We compared the codon preferences among Ct, six
eukaryotes, eight prokaryotes and 23 viruses. The genomic
sequences were retrieved from GenBank (ftp:/ftp.nchi.
nih.gov/), including those of Staphylococcus aureus, Can-
dida albicans, Lactobacillus acidophilus, Haemophilus
influenzae, Saccharomyces cerevisiae, Schizosaccharomyces
pombe, Vibrio cholerae, Salmonella typhi, Escherichia
coli, Homo sapiens, Eremothecium gossypii, Neurospora
crassa, Bifidobacterium adolescentis, Mycobacterium
tuberculosis, eliothis armigera entomopoxvirus, human
rotavirus, human respiratory syncytia virus, vacciniavirus,
human papillomavirus, human coronavirus, SARS
coronavirus, human metapneumovirus, mice minute virus,
human immunodeficiency virus, human endogenous
retrovirus, human echovirus, human enterovirus, hepati-
tis B virus, human adenovirus, human T-cell lymphotropic
virus, avian sarcoma virus, groundnut rosette virus, hepa-
titis C virus, Abelson murine leukemia virus, frog virus,
avian retrovirus and human herpesvirus. The codon usage
analysis of these species was carried out using the codon
usage database and the CUSP program of EMBOSS.

Statistical methods

The correlation between codon usage variation among
Chlamydia genes and two parameters (G+C content at
synonymous sites and gene length) was analyzed using
the linear regression analysis model from microsoft excel
with significance-of-difference levels of P<0.05 or
P<0.01. A similar method was used to analyze the rela-
tionship between interspecific codon usage variation and
coding GC content.
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Results

Overall codon usage patterns and codon usage data in
MoPn, Ct, C. pneumoniae and C. psittaci are listed in
Table 1. C. pecorum was not analyzed because sufficient
data were not available. In the four genomes that were
analyzed, the amino acidsArg, Leu, Gly and Val have dif-
ferent codon usage biases because they have six-fold and
four-fold coding degeneracy, while the preferred codons
of amino acids that have two-fold or three-fold coding
degeneracy are uniform.

The amino acidsArg, Leu and Ser have six-fold coding
degeneracy. For MoPn and C. pneumoniae, Arg uses CGT
most frequently, while AGA is most commonly used for
Ct and C. psittaci. Although the most and the least com-
monly used codons of Arg are different, al four genomes
prefer to use the codons with A and T ending, not with G
and C ending. Codonswith A and T ending are used 1.37
times more often than codons with G and C ending for
MoPn, 1.7 times more often for Ct, 1.16 times more often
for C. pneumoniae and 2 times more often for C. psittaci.
AGA and CGA are the two codons with A ending among
the six codons coding for Arg. The four chlamydial spe-
cies prefer to use AGA rather than CGA. Leu is encoded
by six codons with two having A at the third position: TTA
and CTA. TTA isused 1.55 + 0.65 times more often than
CTA. Leu uses TTA the most and CTG/CTC the least.
TTA isused 3.21 times more often than codon with the
lowest frequency for MoPn, 2.68 times for Ct, 2.52 times
for C. pneumoniae and 7.31 times for C. psittaci. As a
result, Leu uses codons with A and T ending 0.88 times
more often than codons with G and C ending for MoPn,
0.76 times more often for Ct, 0.79 times more often for
C. pneumoniae, and 1.06 times more often for C. psittaci.
For Ser, TCT is most commonly used, and TCG is used
with the lowest frequency. Codons with A and T ending
are used 1.07 times more than codons with G and C end-
ing for MoPn, 0.93 times more often for Ct, 1.07 times
more often for C. pneumoniae, and 0.98 times more often
for C. psittaci. In aword, Arg, Leu and Ser prefer to use
the codons with A and T ending and the usage bias of C.
psittaci is more evident than others.

The amino acidsAla, Gly, Pro, Thr and Val have four-
fold coding degeneracy (XYA, XYC, XYG and XYT). For
Alaand Pro, XYT is used most frequently while XYG is
used theleast. For Gly, C. psittaci uses XY T the most and
XY G the least, while the other species show a different
bias; that is, they use XYA the most and XY C the |east.
For Thr, the usage of XYA is approximately the same as

that of XY T, XYA/XYT isthe most often used synony-
mous codon and XY G is the least commonly used syn-
onymous codon. Val uses XY T most often and XY C the
least, except for C. pneumoniae, for which XY G is used
least often by Val. The usage of codons with A and T
ending is 2.46 + 1.05 times higher than codons with G
and C ending for Ala, 0.90 + 0.19 times higher for Gly, 2.
99 + 1.49 times higher for Pro, 1.30 + 0.34 times higher
for Thr and 1.26 + 0.68 times higher for Val.

The amino acidsAsn, Asp, Cys, His, Phe and Tyr have
two-fold codon degeneracy (XYC and XYT). They pre-
fer to use XYT (10.1 to 36.2 per 1000 codons) rather
than XY C (4.54 to 20.8 per 1000 codons). XY T is used
0.91 + 0.32 times more often than XY C for Asn, 1.91 £
0.41 times more often for Asp, 0.59 £ 0.29 times more
often for Cys, 1.35 + 0.37 times more often for His, 0.77
+ 0.27 times more often for Phe and 0.88 + 0.55 times
more often for Tyr.

For the amino acids GIn, Glu and Lys, whose two-fold
degeneracy isof theform XYA or XYG, XYG (8.12t0 23.6
per 1000 codons) is used less often than XYA (26.2 to
51.5 per 1000 codons). XYA isused 1.44 + 0.74 times
more than XY G for GIn, 1.07 £ 0.35 times more for Glu
and 1.69 + 0.59 times more for Lys.

Ileisthe only amino acid that has three-fold codon de-
generacy (XYA, XYC and XYT). XYT is used most fre-
guently (0.78 + 0.31 times more than XYC and 1.66 +
0.52 times more than XYA). Compared with all the other
amino acids where codons with G or C at the third posi-
tion are used the least, Ile uses XYA with the least
frequency. However, for Ile, codons with A and T ending
(XYA and XYT) are used 1.46 + 0.35 times more often
than codons with G and C ending (XY C).

Asawhole, all chlamydial species or biovars analyzed
show significant preference for one postulate codon for
each amino acid. They show a high bias of codon usage
toward the codons with T and/or A ending rather than C
and/or G ending for all degenerate codons (1.16-5.96
times). At the same time, there are some differencesin
codon usage patterns among various chlamydial species
or biovars. C. psittaci shows the greatest bias towards
optimal codons. For example, the codon used for Arg with
the highest frequency (18 per 1000 codons) was used
15 times more than the codon with the lowest frequency
(1.12 per 1000 codons) in C. psittaci, but only 2.7 times
morein MoPn, 6.5 timesmorein Ct and 3.3 timesmorein
C. pneumoniae.

Generally, codons used more than twice as frequently
as host consensus codons are regarded as preferred
codons of heterologous genes. Compared with Homo
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Table 1 Codon usage datain MoPn, Ct, C. pneumoniae and C. psittaci

Amino MoPn Ct C. pneumoniae C. psittaci Human
acid

Codon Fract 1/1000 Codon Fract 1/1000 Codon Fract 1/1000 Codon Fract 1/1000 1/1000

Arg CGC 015 691
007 3.36
AGA 024 1130
CGG 008  4.03

0.17 7.79 CGC 015 6.83 CGC 015 6.29 10.68
0.04 207 AGG 010 4.49 AGG 007 2.84 11.71
030 13.80 AGA 024 10.90 AGA 044 18.00 11.72
0.06 2.73 0.07 3.08 0.03 112 11.65

CGA 021 9.78 0.19 8.65 CGA 015 6.72 CGA  0.08 3.25 6.24
CGT 026 1220 024 11.20 CGT 030 1350 CGT 023 9.34 4.63
Leu TTG 018 20.50 0.18 18.10 TTG 014 1590 TTG 018 16.30 12.75
TTA 030 34.00 029 29.30 TTA 0.27 31.00 TTA 040 3540 743
CTG 007 8.06 0.11 10.70 CTG 0.08 8.81 CTG 0.5 4.26 40.13
CTA 012 1340 0.13 13.00 CTA 0.14 15.80 CTA 0.12 10.30 7.04

CTT 023 2560 022 2250 CTT 023 2590 CTT 016 14.10 13.01
CTC 009 10.20 CTC|] 008 7.96 CTC 014 1590 CTC 009 842 19.67
Ser TCT 042 3480 TCT 043 3430 TCT 038 3060 TCT 032 2490 14.89
AGT 013 1030 AGT 011 893 AGT 015 1180 AGT 011 893 12.05
AGC 010 821 AGC 013 10.10 AGC 011 876 AGC 014 10.60 19.45
007 6.09 007 589 008 6.33 009 6.70 447
TCA 012 1020 TCA 012 972 TCA 014 11.60 TCA 023 1810 12.00
TCC 015 1240 TCC 014 1140 TCC 014 11.00 TCC 011 893 17.63
Ala GCT 048 3450 GCT 047 39.70 GCT 044 30.40 GCT 053 47.90 1857
012 827 GCG] 0.11 966 012 821 004 39 7.55

99932838538
4>®>04>®goo

GCA 026 1890 GCA 031 2580 GCA 028 19.60 GCA 031 27.80 16.00
GCC 014 10.00 GCC| 011 9.45 GCC 016 11.20 GCC 012 1140 28.28
Gly GGG 025 1570 GGG 019 1220 GGG 020 1230 GGG 013 8.73 16.48
GGT 018 11.00 GGT 020 1310 GGT 022 1390 GGT 036 2340 10.80

013 7091 GGC| 015 958 015 947 GGC 019 1260 22.56
GGA 045 2810 GGA 047 3040 GGA 043 2650 GGA 032 2120 16.42

Pro ccc 017 747 CCC 010 428 ccC 021 92 CCC 009 376 20.03
CCT 052 2220 CCT 055 2270 CCT 052 2330 CCT 050 2030 17.42

008 341 008 327 007 3.8 005 213 7.04

CCA 023 10.00 CCA 026 10.70 CCA 020 874 CCA 036 1480 16.84

Thr ACC 017 883 ACC 014 848 ACC 019 10.30 ACC 016 1120 19.09
015 7.38 013 749 014 761 013 883 6.15

ACA 033 16.80 ACA 038 2250 ACA 033 17.30 ACA 036 2420 14.91

ACT 035 17.70 ACT 036 2120 ACT 033 1750 ACT 035 2360 13.01

vd GTT 042 27.10 GTT 041 2920 GTT 033 2040 GTT 041 2440 10.98
GTG 0.18 11.80 GTG 018 12.70 019 11.60 GTG 014 863 28.56

GTA 025 16.00 GTA 030 2120 GTA 027 1640 GTA 035 2100 7.06

GTC 014 916 GTC 012 884 GTC 021 12.80 GTC 010 579 14.63

Asn  AAT 070 2580 AAT 065 2560 AAT 067 2540 AAT 059 30.10 16.72
GAT

GAC

TGT

TGC

0.30 11.00 0.35 13.60 0.33 12.80 041 20.80 19.17
Asp GAT 078 3520 074 36.20 GAT 074 3310 GAT 071 3430 21.98
GAC 022 1010 026 1250 GAC 026 11.80 GAC 029 13.80 25.50
Cys TGT 063 10.20 063 1210 TGT 064 10.30 TGT 054 1340 10.31
TGC| 037 589 037 718 TGC| 036 572 TGC| 046 11.60 12.55
His CAC] 028 6.23 CAC| 027 454 CAC| 032 756 CAC] 034 518 15.03
CAT 072 16.10 CAT 073 1240 CAT 068 16.20 CAT 066 10.10 10.69
Phe TTT 067 3270 TTT 063 27.30 TTT 066 31.20 TTT 059 2520 17.16
033 1590 037 16.30 034 16.30 041 1750 20.39
Tyr TAT 070 21.40 TAT 062 17.00 TAT 070 22.70 TAT 055 1470 12.09
TAC] 030 914 TAC| 038 1040 TAC| 030 980 TAC] 045 1210 15.41
Gln CAG 0.33 1380 CAG| 030 1170 CAG] 035 1390 CAG| 022 812 34.39
CAA 067 27.80 CAA 070 27.30 CAA 065 2620 CAA 078 2850 12.03
Glu GAG 034 2240 GAG 034 20.60 GAG 036 23.60 GAG 028 14.10 39.98
GAA 0.66 42.80 GAA 066 40.60 GAA 064 4230 GAA 072 3640 28.92
Lys 029 17.20 024 15.20 034 21.00 024 16.20 32.22
AAA 071 43.00 AAA 076 48.00 AAA 066 40.70 AAA 076 5150 24.04
lle 018 12.30 017 10.20 020 13.70 024 15.30 7.28
ATT 057 3810 ATT 051 3120 ATT 050 34.70 ATT 047 3020 15.79
ATC 025 17.00 ATC 032 19.20 ATC 030 20.60 ATC 030 19.30 21.07

Fract refersto the proportion of al synonymous codons encoding the same amino acid. The frequency of each codon that appearsin the coding sequence of theindividual
geneis 1/1000. Shaded codons are the preferred codonsin Chlamydia. Tripletsin bold face indicate a high frequency in coding the amino acid. Rimmed codons appear
during low-frequency coding of the amino acid. Ct denotes biovar trachomaand LGV.

Ol nstitute of Biochemistry and Cell Biology, SIBS, CAS



Jan., 2005

Hui LU et al.: Analysis of Synonymous Codon Usage Biasin Chlamydia 5

sapiens, seven preferred codons were found in MoPn, Ct
or C. pneumoniae and eight preferred codonsin C. psittaci.
Four codons—CGT coding for Arg, TTA coding for Leu,
GTA coding for Val and CAA coding for Gln—are mutu-
ally preferred in four genomes. Except C. psittaci, the other
three species prefer to use TCT encoding Ser. Three
genomes, except C. pneumoniae, use GTT encoding Val
at least twice as often as Homo sapiens. In addition, ATT
coding for Ile is the preferred codon in MoPn and C.
pneumoniae, while GCT encoding Alais preferred in Ct
and C. psittaci. CTA coding for Leuis preferred only in C.
pneumoniae, while ATA coding for lle, GGT for Gly and
AAA for Lys are exclusively preferred in C. psittaci. In
conclusion, there are distinct differencesin codon usage
patterns between Chlamydia and Homo sapiens. Four

MoPn ENC - GC3

Ct ENC - GC3

chlamydia genomesdo not havethe same preferred codons
as Homo sapiens. Therefore, athough four genomes show
similar codon usage patterns, the preference of specific
codons among the chlamydial species or biovars must be
specified when human consensus codons are used to
modify targeted chlamydial genesfor optimal expression.

Codon usage variation in chlamydial genes

The codon usage pattern also varies between genesin
the same chlamydia genome. Plotting ENC values against
GC3 is one effective way to explore this heterogeneity
[9]. The ENC value of each chlamydial gene is plotted
against its corresponding GC3in Fig. 1(A). Dueto limited
data, C. psittaci was not included in the analysis. The curve
shows the expected position of genes whose codon usage

C. pneumonia ENC — GC3
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Fig. 1 Relationship between ENC, GC3 and gene length

(A) Plots of ENC versus GC3 for al chlamydial genes. ENC denotes the effective number of codons of each gene, and GC3 denotes the G+C content at the third
synonymous codon position of each gene. The solid curve shows the expected position of genes whose codon usage is only determined by the variation in GC3. (B) Plots

of ENC versus gene length. (C) Plots of GC3 versus gene length (bp).
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isonly determined by variation in GC3 content. If a par-
ticular geneis subject to G+C compositional constraints,
it will lie on or just below the expected curve. If ageneis
subject to selection for trandationally optimal codons, it
will lie considerably below the expected curve. Among
most chlamydial genes, the GC3 values vary from 0.08 to
0.44, while the ENC values vary from 40 to 56. If the
genes have low codon usage bias, the trandational selec-
tion factor does not appear to be important for gene
expression. Geneswith lower GC3 values also have lower
ENC vaues, indicating astronger codon bias. A large num-
ber of pointslie near the solid curve on the left side of this
distribution, suggesting that these genes are subject to GC
compositional constraints. Statistically, the relationship
between ENC and GC3 issignificantly positive (P<0.001),
suggesting that mutational bias may be the major determi-
nant of codon usage variation among chlamydial genes.
The genetic heterogeneity correlates positively with the
A+T content at the third position, which is consistent with
the preference for codons with T and/or A ending as dis-
cussed above.

The relationship between gene length and synonymous
codon usage bias has been reported for Drosophila
melanogaster, Escherichia coli, Saccharomyces cerevisiae,
Pseudomonas aeruginosaand Yersinia pestis[10-12]. Here,
the plot of gene length against ENC or against GC3 [Fig. 1
(B,C)] appears to assume the shape of a normal
distribution. Shorter genes have a much wider variancein
ENC values, vice versa for longer genes. We have ana-
lyzed the relationship between ENC vaue and gene length,
and the relationship between GC3 and gene length in
chlamydial genes. None of the correlations were statisti-
caly significant. Evidently, genelength affectscodon usage
of Chlamydia only in a minor way. Similar results were
aso found in S. pneumoniaee, P. aeruginosa and SARS
coronavirus [12-14].

Comparison of codon preferences between Ct and E.
coli, yeast, adenovirus and Homo sapiens

As mentioned above, MoPn, Ct, C. pneumoniae and
C. psittaci adopt similar codon usage patterns. Thus,
the codon preferences of Ct, as a representative of
Chlamydiae, were compared with those of E. cali, yeast,
adenovirus and Homo sapiens to see which will be the
suitable host for the optimal expression of Chlamydiagenes.

From Table 2, there are 23 codons showing a Ct-to-E.
coli ratio higher than 2 or lower than 0.50, 24 codons
showing a Ct-to-adenovirus ratio higher than 2 or lower
than 0.50 and 21 codons showing a Ct-to-human ratio
higher than 2 or lower than 0.50, but only 6 codons show-

ing a Ct-to-yeast ratio higher than 2 or lower than 0.50,
suggesting that codon usage of Ct genes more closely re-
sembles that of yeast genes than that of E. coli, adenovi-
rus and human genes. Thus, to express chlamydia genes
efficiently in E. coli or human cell systems, codon optimi-
zation of the chlamydial genes may be required. At the
same time, we can speculate that the Chlamydia genes
may be more efficiently expressed in the yeast system.

Comparison of codon preferences among different
species

On the basis of the above observations, we compared
the codon usage of several other eukaryotes and proka-
ryotes with that of Chlamydia (Table 3).

To examine whether different species comply with the
same codon usage rule, we compared Ct not only with six
eukaryotes and eight prokaryotes, but also with 23 viruses,
taking into account that both Chlamydia and viruses
belong to obligate intracellular microorganisms whose
codon usage may be restricted by their hosts (Table 3).

From Table 3, it is clear that Ct presents similar codon
preferences to Vibrio cholerae, Saccharomyces cerevisiae
and Schizosaccharomyces pombe because less than 10
codons show Ct-to-species ratios either higher than 2 or
lower than 0.5 irrespective of their phylogenetic lineages.
However, there are 23 codons with a Ct-to-E. coli ratio
either higher than 2 or lower than 0.5, 40 codons with
aCt-to-Mycobacteriumtubercul osisratio either higher than
2 or lower than 0.5, 47 codons with a Ct-to-
Bifidobacterium adolescentis ratio either higher than 2 or
lower than 0.5, 21 codons with a Ct-to-human ratio either
higher than 2 or lower than 0.5, 28 codons with a Ct-to-
Eremothecium goss ratio either higher than 2 or lower than
0.5 and 31 codons with a Ct-to-Neurospora crassa ratio
either higher than 2 or lower than 0.5, indicating that the
codon preferences are significantly different between them.
If codon usage isamajor determinant of gene expression,
Ct genes may be expressed more efficiently in species
such as Vibrio cholerae, Saccharomyces cerevisia and
Schi zosaccharomyces pombe.

From Table 3, it can also be seen that the codon pre-
ference of Ct ismost similar to the vacciniavirus, followed
by the human coronavirus and human immunodeficiency
virus, but is least similar to the human adenovirus and
human herpesvirus. Thus, it can be speculated that Ct genes
can probably express well in the vaccinia virus system.
This hypothesis remains to be tested.

To investigate whether the changes in coding GC con-
tent among various species are associated with the ob-
served variations in codon bias, the absolute values of the

Ol nstitute of Biochemistry and Cell Biology, SIBS, CAS



Jan., 2005 Hui LU et al.: Analysis of Synonymous Codon Usage Biasin Chlamydia 7

Table 2 Comparison of codon preferences between Ct and E. coli, yeast, adenovirus (ad), and Homo sapiens (human)

Amino Codon 1/1000 cv
add Ct E. coli yeast ad human E. coli yeast ad human
Ala GCT 39.66 15.37 21.13 17.95 18.57 2.58 1.88 221 2.136
GCG 9.66 33.57 6.17 12.85 7.55 0.29 157 075 1.279
GCA 25.79 20.31 16.20 11.13 16.00 127 1.59 2.32 1.612
GCC 9.45 25.49 12,57 31.68 28.28 0.37 0.75 030 0334
Arg CGC 7.79 21.96 259 20.99 10.68 0.35 3.01 0.37 0.729
AGG 2.07 124 9.25 6.96 11.71 1.67 0.22 0.30 0.177
AGA 13.82 2.08 21.28 9.76 11.72 6.64 0.65 142 1.179
CGG 273 5.40 1.74 5.49 11.65 0.51 157 0.50 0.234
CGA 8.65 3.56 3.01 3.19 6.24 243 2.87 271 1.386
CGT 11.22 20.96 6.48 535 4.63 0.54 1.73 210 2423
Asn AAT 25.56 17.70 35.90 2271 16.72 144 0.71 113 1.529
AAC 13.64 21.71 24.89 40.02 19.17 0.63 0.55 0.34 0.712
Asp GAT 36.22 32.24 37.74 21.28 21.98 112 0.96 1.70 1.648
GAC 12.48 19.04 20.28 32.07 25.50 0.66 0.62 039 0489
Cys TGT 12.10 5.19 7.98 4.95 10.31 2.33 152 244 1174
TGC 7.18 6.44 4.72 7.70 1255 111 152 0.93 0.572
GIn CAG 11.66 28.81 12.17 2281 34.39 0.40 0.96 0.51 0.339
CAA 27.32 15.44 2741 17.26 12.03 177 1.00 1.58 2271
Glu GAG 20.57 17.74 19.19 25.01 39.98 116 1.07 0.82 0.515
GAA 40.63 39.50 45.84 27.66 28.92 1.03 0.89 147 1405
Gly GGG 12.23 11.01 6.01 9.86 16.48 111 2.03 1.24 0.742
GGT 13.09 24.88 23.88 14.42 10.80 0.53 0.55 091 1212
GGC 9.58 2941 9.76 2413 22.56 0.33 0.98 0.40 0.425
GGA 30.44 7.94 10.91 17.46 16.42 3.83 2.79 1.74 1.854
His CAC 454 9.70 7.75 14.27 15.03 0.47 0.59 0.32 0.302
CAT 12.43 12.89 13.72 4.86 10.69 0.96 0.91 2.56 1.163
lle ATA 10.23 4.33 17.81 10.64 7.28 2.36 0.57 0.96 1.405
ATT 3121 30.35 30.14 19.96 15.79 1.03 1.04 1.56 1977
ATC 19.22 24.98 17.05 11.03 21.07 0.77 113 1.74 0.912
Leu TTG 18.11 13.73 27.06 14.96 12.75 132 0.67 121 1.420
TTA 29.30 13.91 26.24 2.26 7.43 211 112 13.00 3.943
CTG 10.73 52.65 10.45 23.39 40.13 0.20 1.03 0.46 0.267
CTA 13.01 3.86 13.35 18.64 7.04 3.37 0.97 070 1.848
CTT 22.49 11.04 12.22 21.53 13.01 2.04 184 1.04 1.729
CTC 7.96 11.02 5.45 12.65 19.67 0.72 1.46 063  0.405
Lys AAG 15.19 10.20 30.82 21.14 32.22 1.49 0.49 0.72 0471
AAA 48.02 33.64 42.11 20.79 24.04 143 114 231 1.998
Met ATG 18.31 27.75 20.94 26.39 22.18 0.66 0.87 0.69 0.826
Phe TTT 27.29 22.38 26.10 26.04 17.16 122 1.05 1.05 1.590
TTC 16.29 16.59 18.30 14.57 20.39 0.98 0.89 112 0.799
Pro CccC 4.28 554 6.78 23.84 20.03 0.77 0.63 018 0214
CCT 22.72 7.05 13.54 18.98 17.42 3.22 1.68 1.20 1.304
CCG 3.27 2321 5.26 10.94 7.04 0.14 0.62 0.30 0.464
CCA 10.73 8.53 18.19 14.66 16.84 1.26 0.59 0.73 0.637
Ser TCT 34.33 8.51 23.46 14.08 14.89 4.03 1.46 244 2.306
AGT 8.93 8.76 14.22 8.83 12.05 1.02 0.63 1.01 0.741
AGC 10.12 16.07 9.69 14.96 19.45 0.63 1.04 0.68 0520
TCG 5.89 8.94 8.55 5.89 4.47 0.66 0.69 1.00 1.318
TCA 9.72 7.16 18.70 1211 12.00 1.36 0.52 0.80 0.810
TCC 11.37 8.61 14.21 15.69 17.63 132 0.80 0.72 0.645
Thr ACC 8.48 23.39 12.60 29.72 19.09 0.36 0.67 029 0444
ACG 7.49 14.38 7.94 6.82 6.15 0.52 0.94 1.10 1.218
ACA 22.48 7.07 17.77 1751 1491 3.18 127 1.28 1.508
ACT 21.21 8.95 20.29 19.91 13.01 2.37 1.05 1.07 1.630
Trp TGG 8.65 1531 10.34 11.82 13.05 0.56 0.84 0.73 0.663
Tyr TAT 17.01 16.33 18.77 11.38 12.09 1.04 0.91 1.49 1.407
TAC 10.38 12.27 14.72 26.92 1541 0.85 0.71 0.39 0.674
vd GTT 29.17 18.39 21.99 14.08 10.98 1.59 133 207 2657
GTG 12.67 26.24 10.72 24.47 28.56 0.48 1.18 0.52 0.444
GTA 21.21 10.89 11.80 10.25 7.06 1.95 1.80 2.07 3.004
GTC 8.84 15.22 11.64 9.07 14.63 0.58 0.76 0.97 0.604

1/1000 represents the frequency of each codon that appearsin the whole coding gene. Ct/E. coli, Ct/yeast, Ct/ad and Ct/human indicate the ratio of codon usage frequency
in Cttothat in E. coli, Saccharomyces cerevisiae, adenovirus and Homo sapiens respectively. A ratio higher than 2 or lower than 0.5 indicates that the codon preference
differsgreatly, and vice versa.
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Table 3 Comparison of codon preference among different species

Species GCcod (%) GCd (%) Number
Ct (prokaryote) 41.35

Saphylococcus aureus (prokaryote) 33.10 8.25 17
Candida albicans (eukaryote) 36.93 4.42 16
Lactobacillus acidophilus (prokaryote) 37.55 3.80 15
Haemophilus influenzae (prokaryote) 38.76 2.59 11
Saccharomyces cerevisiae (eukaryote) 39.73 1.62 6
Schizosacchar omyces pombe (eukaryote) 39.80 155 3
Vibrio cholerae (prokaryote) 44.33 2.98 6
Salmonella typhi (prokaryote) 48.16 6.81 14
Escherichia coli (prokaryote) 51.80 10.45 23
Homo sapiens (eukaryote) 52.54 11.19 21
Eremothecium gossypii (eukaryote) 52.70 11.35 28
Neurospora crassa (eukaryote) 56.13 14.78 31
Bifidobacterium adol escentis (prokaryote) 61.87 20.52 47
Mycobacterium tuberculosis (prokaryote) 65.77 24.42 40
Eliothis armigera entomopoxvirus (dsDNA) 25.81 15.54 26
Human rotavirus (dsRNA) 32.74 8.61 21
Human respiratory syncytial virus (sSRNA) 33.44 7.91 17
Vacciniavirus (dsDNA) 34.20 7.15 8
Human papillomavirus (dAsDNA) 37.89 3.46 19
Human coronavirus (SSRNA) 38.42 293 11
SARS coronavirus (sSRNA) 40.98 0.37 11
Human metapneumovirus (SSRNA) 41.01 0.34 19
Mice minute virus (sSDNA) 43.01 1.66 17
Human immunodeficiency virus (sSRNA) 43.13 1.78 16
Human endogenous retrovirus (SSRNA) 46.69 534 13
Human echovirus (sSRNA) 47.62 6.27 15
Human enterovirus (sSRNA) 47.94 6.59 14
Hepatitis B virus (dsDNA) 49.65 8.30 18
Human adenovirus (dsDNA) 51.02 9.67 24
Human T-cell lymphotropic virus (sSRNA) 54.80 13.45 32
Avian sarcomavirus (ssRNA) 56.78 15.43 33
Groundnut rosette virus (sSRNA) 57.04 15.69 24
Hepatitis C virus (ssRNA) 57.88 16.53 32
Abelson murine leukemiavirus (ssSRNA) 58.46 17.11 36
Frog virus (dsDNA) 58.74 17.39 38
Avian retrovirus (sSRNA) 63.19 21.84 37
Human herpesvirus 66.08 24.73 40

GCcod indicates the G+C content of protein genes. GCd indicates the absolute value of the difference in coding GC content between Ct and other species. Number
indicates the number of codons with great diversitiesin codon bias (ratios higher than 2 or lower than 0.5) between Ct and other organisms.

difference in coding GC content between Ct and other
species were calculated. A linear regression analysis was
then performed to examine the relationship between the
differencesin coding GC content and the corresponding
numbers of codons with obviously different usage
frequency. As aresult, a strong positive correlation be-
tween differencesin coding GC content and variationsin

codon bias (r=0.905, P<0.001, Table 3) was observed,
indicating that the codon usage variation between Ct and
other speciesisstrongly constrained by coding GC content.
In summary, the variation of codon usage bias between
Ct and other organisms appears to be determined by the
extent of disparitiesin coding GC content, and islessin-
fluenced by phylogenetic lineage.
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Discussion

Previous analyses of codon usage have suggested that
both ahugeinterspecific variation and a clear intragenomic
variability exist. Codon usage biasisfound to be related to
different biological factors, such as tRNA abundance,
strand-specific mutationa bias, gene expression level, gene
length, amino acid composition, protein structure, mMRNA
structure and GC composition [15-18]. However, direc-
tional mutation pressure on DNA sequences and natural
selection affecting gene trandation are the two major fac-
tors that have been widely accepted to account for both
i nterspecific codon usage variation and intragenomic codon
usage variability. With regard to the codon usage variation
among genes within the same organism, this phenomenon
has been observed in a wide range of species. In some
unicellular organisms, such as E. coli and Saccharomyces
cerevisiae, highly expressed genes have a strong selective
preference for the codons complementary to the most
abundant tRNA species, whereas lowly expressed genes
display more uniform codon usage patterns largely com-
patible with the mutational bias in the absence of tranda-
tional selection [19,20]. In mammals and birds, the di-
verse patterns of codon usage may arise from composi-
tional constraints of the genomes [21-23].

Romeroet al. have conducted the correspondence analy-
sisfor C. trachomatis genes and found that the most im-
portant source of variations among the genes comes from
whether the sequence is located on the leading or lagging
strand of replication, resulting in an over-representation
of G or C, respectively [8]. In the present study, we used
the ENC-plot to analyze the factors affecting codon usage
variation among genes and extended the analysis to other
chlamydial species. Our analysis has reinforced the above-
mentioned findings. Here, genetic heterogeneity in the
Chlamydia species is observed to be constrained by GC
content, while the gene length has only aminor impact on
the codon choice. In various species of Chlamydia, ge-
netic heterogeneity seemsto be the result of similar factors.
In C. trachomatis, the major trend in codon choices is not
as strong as in other species [8], so it can be postulated
that there may be several major factors which shape
chlamydial gene codon usage. In addition to strand-spe-
cific mutational biases, GC3 may be another important
factor. Certainly, illustrating all the factors which shape
chlamydial codon usage variation is a complex issue.
However, mutational pressure, not the selectiveforces
acting at the trandational level, may play animportant role
in determining the codon usage variation among chlamy-

dial genes. All these findings that hold true for C.
trachomatis as well asfor other tested chlamydial species
support the “mutational bias-translational selection”
hypothesis.

Our studies indicate that the codon usage variation be-
tween Ct and other species (including eukaryotes, prokary-
otes and viruses) is much less influenced by phylogenetic
lineage and primarily determined by the extent of dispari-
tiesin coding GC content. It can be inferred that codon
usage variability among different species may not depend
on their phylogenetic relationships, but on their coding GC
content. Consequently, the coding GC content may be more
useful in predicting the amino acid or nucleotide sequence
rather than the phylogenetic reconstruction. Our conclu-
sion is consistent with previous studies that were mostly
focused on genome GC content and limited to the three
domains of life (Bacteria, Archaea, and Eukarya). For
example, Chen et al. have proposed that only two
parameters, genome GC content and context-dependent
nuclectide bias, effectively differentiate the genome-wide
codon bias of 100eubacterial and archaeal organisms|[24].
Moreover, they found that genome GC content variation
isthe most important parameter differentiating codon bias
between different organisms [24]. It has been reported
that seven GC-rich microbial genomes belonging to dif-
ferent domains of life adopt similar codon usage patterns
regardless of their phylogenetic lineages[25]. In the present
study, we have examined the relationship between the
coding GC content and cross-species disparitiesin codon
usage. Since the whole genome contains coding regions
and non-coding regions, coding GC content may presum-
ably be amore accurate reflection of the codon usage bias
than genome GC content. Most importantly, our analysis
revealed that coding GC content is correlated with cross-
species disparities in codon usage not only in all three do-
mains of life but in non-cellular microbes.

In the present study, a comprehensive analysis of codon
usage and genome base composition in chlamydial spe-
cies has reveded that: (1) MoPn, Ct, C. pneumoniae and
C. psittaci adopt similar codon usage patterns, although
C. psittaci showsthe greatest bias towards optimal codons;
(2) the chlamydial species prefer to use the codons with A
and T at the third codon position; and (3) the gene codon
usage pattern is significantly different between Chlamy-
dia (MoPn, Ct, C. pneumoniae and C psittaci) and human
genomes. Compared with human genomes, the four
chlamydial genomes do not have the same preferred
codons. Furthermore, the biased trend towards A and T
coincides with high A+T content at silent sitesin Chlamy-
dia (the mean value is 70%). Since Chlamydia are AT-rich
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organisms, it is reasonable that A and/or T ending codons
are predominant in their genomes. These findings suggest
that it is still necessary to differentiate various chlamydia
species—even biovars—when designing specific strate-
gies for optimizing chlamydial codons even though there
aresignificant similaritiesin the codon usage pattern among
all tested Chlamydia species.

An assumption made in the present study that chlamy-
dia genesmay express more efficiently in Saccharomyces
cerevisiae and vaccinia virus systems is potentially
important. This may serve as a guide for manipulating the
expression of the targeted genes. Chlamydial genes opti-
mizing with host-preferred codons are likely to improve
the expression levels of the chlamydial genesin a given
host. Our preliminary experiments have proved that the
chlamydial mgjor outer membrane protein (MOMP) gene
optimized with human-preferred codon usage shows a
higher level of expressionin mammalian cellsthan thewild-
type MOMP gene (data not shown). Thus, yeast and vac-
cinia virus expression systems may be better applied to
the production of chlamydid proteins. We plan to use yeast
and vaccinia virus expression systems to test our
hypothesis. In summary, our work has provided a basic
understanding of the evolution and pathogenesis of
Chlamydia, with some new insights into the mechanisms
for codon usage bias and vaccine development to prevent
chlamydial diseases.
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