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Abstract

The H-strand of vertebrate mitochondrial DNA is left single-stranded for hours during the slow DNA replication. This facilitates C—U
mutations on the H-strand (and consequently G—A mutations on the L-strand) via spontaneous deamination which occurs much more
frequently on single-stranded than on double-stranded DNA. For the 12 coding sequences (CDS) collinear with the L-strand, NNY synonymous
codon families (where N stands for any of the four nucleotides and Y stands for either C or U) end mostly with C, and NNR and NNN codon
families (where R stands for either A or G) end mostly with A. For the lone ND6 gene on the other strand, the codon bias is the opposite, with
NNY codon families ending mostly with U and NNR and NNN codon families ending mostly with G. These patterns are consistent with the
strand-specific mutation bias. The codon usage biased towards C-ending and A-ending in the 12 CDS sequences affects the codon—anticodon
adaptation. The wobble site of the anticodon is always G for NNY codon families dominated by C-ending codons and U for NNR and NNN
codon families dominated by A-ending codons. The only, but consistent, exception is the anticodon of tRNA-Met which consistently has a 5’ -
CAU-3' anticodon base-pairing with the AUG codon (the translation initiation codon) instead of the more frequent AUA. The observed CAU
anticodon (matching AUG) would increase the rate of translation initiation but would reduce the rate of peptide elongation because most
methionine codons are AUA, whereas the unobserved UAU anticodon (matching AUA) would increase the elongation rate at the cost of
translation initiation rate. The consistent CAU anticodon in tRNA-Met suggests the importance of maximizing the rate of translation initiation.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction extent that almost all publications consider mutation as

disruptive to the evolution and maintenance of codon usage

Since the discovery of the correlation between codon
usage and tRNA abundance in Escherichia coli (Ikemura,
1981; Gouy and Gautier, 1982) and Saccharomyces
cerevisiae (Bennetzen and Hall, 1982), much progress has
been made in understanding codon usage and codon—
anticodon adaptation (Bulmer, 1987, 1991) in the context
of maximizing transcription and translation rates (Eyre-
Walker, 1996; Xia, 1996, 1998; Akashi, 2003). However,
the role played by mutation has been neglected to such an

Abbreviations: mtDNA, mitochondrial DNA; CDS, coding sequence;
AA, amino acid; rNTP, ribonucleotides; AC, anticodon.
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bias and the associated codon—anticodon adaptation (Aka-
shi, 1995; Berg and Martelius, 1995; Berg, 1996; Xia, 1996;
Akashi, 1997). In other words, while selection is supposed
to be the main force driving and maintaining the evolution
of synonymous codons towards maximizing the codon that
matches the anticodon of the most abundant tRNA,
mutation is thought to reduce codon usage bias and disrupt
codon—anticodon adaptation and is invoked whenever one
fails to see strong codon usage bias or codon—anticodon
adaptation. The relative abundance of different tRNA
species is often, albeit implicitly, taken as prefixed, and
this tRNA bias then drives codon usage bias. To my
knowledge, in spite of studies on the effect of mutation
spectrum on GC content and amino acid usage (Sueoka,
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1961; Lobry, 2004), there has been no empirical documen-
tation of mutation pressure that maintains codon usage bias,
neither is there any report demonstrating that codon usage
bias drives tRNA bias.

In this paper, I will show that, in vertebrate mitochondria,
the codon usage bias is largely maintained by the strand-
specific mutation pressure and the codon usage bias drives
the evolution of tRNA anticodon. I will first review the
conceptual framework underlying these two findings and
then present empirical evidence substantiating these two
findings.

Mammalian mitochondrial genome has two strands of
different buoyant densities and consequently named the H-
strand and the L-strand. The H-strand is the sense strand for
1 protein-coding gene (ND6) and 8 tRNA genes and the L-
strand is the sense strand for 12 protein-coding genes, 2
rRNA genes, and 14 tRNA genes. The two strands have
different nucleotide frequencies, with the H-strand rich in G
and T and the L-strand rich in A and C (Jermiin et al., 1995;
Perna and Kocher, 1995). This asymmetrical distribution of
nucleotides has been explained as follows (Tanaka and
Ozawa, 1994; Reyes et al., 1998), based on the strand-
displacement model of mitochondrial DNA (mtDNA)
replication (Clayton, 1982, 2000; Shadel and Clayton,
1997; Bogenhagen and Clayton, 2003).

During mtDNA replication, the L-strand is first used as a
template to replicate the daughter H-strand, while the
parental H-strand was left single-stranded for an extended
period because the complete replication of mtDNA takes
nearly 2 h (Clayton, 1982, 2000; Shadel and Clayton, 1997).
Spontaneous deamination of both A and C (Sancar and
Sancar, 1988; Lindahl, 1993) occurs frequently in human
mitochondrial DNA (Tanaka and Ozawa, 1994). Deamina-
tion of A leads to hypoxanthine that forms stronger base pair
with C than with T, generating an A.T—G.C mutation.
Deamination of C leads to U, generating C.G—U.A
mutations. Among these two types of spontaneous deami-
nation, the C—U mutation occurs more frequently than the
A—G mutation (Lindahl, 1993). In particular, the C—U
mutation mediated by the spontaneous deamination occurs
in single-stranded DNA more than 100 times as frequent as
double-stranded DNA (Frederico et al., 1990). Note that
these C—U mutants will immediately be used as a template
to replicate the daughter L-strand, leading to a G—A
mutation in the L-strand after one round of DNA
duplication. Therefore, the H-strand, left single-stranded
for an extended period during DNA replication, tends to
accumulate A—G and C—U mutations and become rich in
G and T while the L-strand will become rich in A and C.

When C—U, and the associated G—A, mutations
happen at the first or the second codon positions, they are
mostly nonsynonymous. Such nonsynonymous mutations
are typically purged off by purifying selection. However, if
such mutations happen at the third codon position, then they
are synonymous and tend to accumulate under the biased
mutation pressure. This would also lead to an increased

frequency of A-ending codons. Similarly, if an N—C
mutation happens at the third codon position in the L-
strand, it tends to stay because the L-strand is not left single-
stranded during DNA replication. So the net effect of this
strand-specific mutation should lead to (1) most codons in
the 12 CDS sequences (that are collinear with the L-strand)
ending with A or C, (2) the codon bias in the ND6 gene on
the opposite strand should be the opposite, and (3) the 8
tRNA sequences collinear with the H-strand should be
richer in G and T than the 14 tRNA sequences collinear with
the L-strand. While the first two predictions are expected
from research on eubacterial genomes (Lobry, 1996;
Mclnerney, 1998; Lobry and Sueoka, 2002), the last has
not been tested. Our first objective is to test these three
predictions of the vertebrate mitochondrial codon usage.

The main objective of this paper is to study the evolution
of tRNA anticodon in response to (1) the strand-specific
mutation bias itself and (2) the overall codon usage bias
maintained by the strand-specific mutation bias. If the
strand-specific mutation bias dominates the evolution of
tRNA anticodons, then we should expect the wobble site of
the anticodon, as well as other nonessential sites, in the 14
tRNA sequences collinear with the L-strand to evolve
towards A or C but the anticodon wobble site in the eight
tRNA sequences on the other strand should evolve towards
U or G. On the other hand, given that 12 out of 13 CDSs
are expected to have codons mostly ending with A or C due
to the strand-specific mutation bias, we expect selection to
favor anticodons to evolve its wobble site towards U or G
to match the A-ending and C-ending codons. Such
anticodon evolution would increase the translation effi-
ciency for 12 protein-coding genes collinear with the L-
strand but reduce the translation efficiency for the lone
ND6 gene collinear with the H-strand. If the selection for
translation efficiency is strong, then the 12 protein-coding
genes would “outvote” the lone ND6 gene and the wobble
site of the anticodon should evolve towards U and G. Our
main objective is to evaluate the relative importance of the
envisioned mutation and selection pressure on the evolution
of tRNA anticodons.

2. Materials and methods

I retrieved all 382 vertebrate genomes by using NCBI
Entrez. The codon usage pattern and tRNA anticodons are
very similar among all 382 vertebrate species and I will only
present data from two teleost fish, Erpetoichthys calabar-
icus (GenBank accession: NC_005251) and Masturus
lanceolatus (NC_005837) and two mammalian species,
Mus musculus (NC_005089) and Bos taurus (NC_001567).
There is no particular reason for choosing these species
except for an effort to capture the rather limited diversity of
vertebrate mitochondrial genomes.

The tRNA and CDS sequences were extracted and
analyzed by using DAMBE (Xia, 2001; Xia and Xie,
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2001). The anticodon in almost all tRNA sequences from all
species share the regular feature of being flanked by two
nucleotides on either side to form a loop that is held together
by a stem. For example, the anticodon loop (AC loop) of
tRNA-Ala in M. musculus is 24AUUGAUUUGCAUU-
CAAU40 where the starting and ending numbers indicate
the position of the AC loop in the tRNA sequence
(numbered from 1), with the anticodon (5’ -UGC-3")
flanked by two nucleotides on either side (in bold) to form
a loop that is held together by a stem made of the first and
the last four nucleotides. Such a regular AC loop and its
anticodon can be easily identified by dynamic program-
ming. A few tRNA sequences have an anticodon flanked by
three nucleotides, e.g., tRNA-Val in E. calabaricus and
tRNA-Serl in the blue whale, Balaenoptera musculus.
Some tRNA sequences have a suspicious AC loop. For
example, the AC loop of tRNA-Trp is 26GAGCCUU-
CAAAGCCC42 with a stem that has a mismatch. For such
tRNA sequences with an irregular AC loop, DAMBE will
flag them out and the AC loop is identified by aligning the
tRNA sequences against other isoaccepting tRNA sequen-
ces with a regular AC loop.

In all analyses, the two groups of Leu codons (CUN and
UUR) were treated as two separate synonymous codon
families, so are the two groups of Ser codons (AGY and
UCN). In a separate paper, | will demonstrate differential
selection on CUN and UUR Leu codons, on AGY and UCN
Ser codons, and on their corresponding tRNA anticodons.

3. Results and discussion

3.1. Codon usage bias maintained by strand-asymmetrical
mutation bias

I have previously mentioned that the strand-specific
mutation bias favors A and C on the L-strand. The codon
usage of the 12 CDS sequences collinear with the L-strand
(Table 1) is consistent from this mutation bias, with the third
codon position of the most frequent codon in each synon-
ymous codon family (refereed to simply as codon family
hereafter) being either A or C. In particular, NNY codon
families are dominated by the C-ending codons, and NNR
and NNN codon families are dominated by the A-ending
codons. There is little variation in codon usage among the
four species, or between the two fish species and the two
mammalian species (N in Table 1). The remarkable consis-
tency in this pattern from teleost fish to mammals demon-
strates the power of the AC-biased mutation on the L-strand.

The observation that NNN codon families are dominated
by NNA codons, instead by both NNA and NNC codons,
might have adaptive significance (Xia, 1996), based on the
observation that cellular concentration of ATP is much
higher than that of the other three rNTPs (Colby and Edlin,
1970). For example, in the exponentially proliferating chick
embryo fibroblasts in culture, the concentration of ATP,

CTP, GTP, and UTP, in the unit of (molx10~'? per 10°
cells), is 1890, 53, 190, and 130, respectively, in 2-h culture,
and 2390, 73, 220, and 180, respectively, in 12-h culture.
The transcription hypothesis of codon usage (Xia, 1996)
states that, with the high availability of A and relatively low
availability of the other three rNTPs, the transcription
efficiency can be increased by maximizing the use of A in
the third codon position of protein-coding genes.

In contrast to the L-strand with mutations favoring A and
C, the H-strand is expected to accumulate mutations in the
opposite direction, i.e., favoring G and T. Consequently, we
should predict that the third codon position of the ND6
gene, which is the only 1 of the 13 protein-coding
sequences collinear with the H-strand, should be either G
or U. This prediction is also borne out by the empirical
evidence (Table 2). In particular, NNY codon families are
dominated by the U-ending codons, and NNR and NNN
codon families are dominated by the G-ending codons.

The strand-specific mutation bias is also visible in tRNA
sequences (Table 3), with the ecight tRNA sequences
collinear with the H-strand being rich in (G+T) and the 14
tRNA sequences collinear with the L-strand being rich in
(A+C). This pattern is consistent from the teleost fish to
mammalian species (Table 3).

3.2. Anticodon evolves to adapt to codon usage bias

Given the strand-specific mutation bias in vertebrate
mitochondrial genomes, what can we predict about the
anticodon evolution of the tRNA sequences? There are only
22 tRNA genes in vertebrate mitochondrial genome and
each tRNA anticodon essentially has to wobble to recognize
two or four synonymous codons. This suggests that the
wobble position may not be strongly constrained and may
be shaped by the strand-specific mutation bias. We can
make a specific prediction if the strand-specific mutation
pressure is the dominant force in shaping anticodon
evolution. For the 14 tRNA sequences collinear with the
L-strand, the wobble position of the anticodon should be
either C or A. Similarly, for the 8 tRNA sequences collinear
with the H-strand, the wobble position of the anticodon
should be either G or U. This will be referred to hereafter as
the mutation hypothesis of anticodon evolution.

In contrast to the prediction above assuming a dominant
role for mutation, we can also make inferences of anticodons
if selection plays a significant role in shaping codon—
anticodon adaptation. Given the codon usage bias in 12 of
the 13 CDS sequences maintained by the strand-specific
mutation pressure, it is easy to see from Tables 1 and 2 that
the overall codon usage bias at the genomic level is (1) C-
ending codons most frequent in NNY codon families and (2)
A-ending codons most frequent in NNR and NNN codon
families. Such a codon usage may drive the wobble sites of
the anticodon towards either G or U, regardless of which
strand the tRNA gene is on. This will be referred to hereafter
as the selection hypothesis of anticodon adaptation.
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Table 1

Observed codon frequencies (N) and relative synonymous codon usage
(RSCU; which is scaled to have an expectation of 1 when a codon is not
over-used or under-used, see Sharp et al., 1986) for the 12 protein-coding
genes collinear with the L-strand of the mitochondrial genomes from two
teleost species, Erpetoichthys calabaricus (E. c.) and Masturus lanceolatus
(M. 1.) and two mammalian species, Bos taurus (B. t.) Mus musculus (M.

Table 1 (continued)

m.), sorted by the one-letter representation of amino acids (AA)

Codon AA E.c. M. L B. t. M. m.
N RSCU N RSCU N RSCU N RSCU

AGA % 1 040 0 0.00 1 044 0 0.00
AGG * 1 040 0 0.00 0 0.00 0 0.00
UAA  * 6 240 5 333 7 3.11 7 3.11
UAG  * 2 0.80 1 067 1 044 2 0.89
GCA A 104 1.48 86 1.05 102 1.69 94 1.67
GCC A 92 1.31 160 1.95 90 1.49 83 148
GCG A 4 0.06 14 0.17 1 0.02 5 0.09
GCU A 82 1.16 68 0.83 48 0.80 43 0.76
uGgc ¢ 16 133 21 191 16 1.52 18 1.50
uGu C 8 0.67 1 0.09 5 048 6 0.50
GAC D 31 0.89 50 1.39 46 1.44 43 1.27
GAU D 39 1.11 22 0.61 18 0.56 25 0.74
GAA E 76 1.75 71 1.50 73 1.70 77 1.86
GAG E 11 025 24 0.51 13 0.30 6 0.15
UuC F 88 0.82 139 1.22 130 1.16 133 1.15
uuu F 126 1.18 89 0.78 95 0.84 98 0.85
GGA G 85 1.68 72 1.32 93 1.93 101 2.17
GGC G 57 1.13 90 1.65 60 1.24 39 0.84
GGG G 24 048 31 0.57 19 0.39 20 0.43
GGU G 36 0.71 25 046 21 044 26 0.56
CAC H 49 1.00 74 1.40 63 1.36 63 1.30
CAU H 49 1.00 32 0.60 30 0.65 34 0.70
AUC 1 89 0.52 117 091 160 1.03 138 0.77
AUU 1 255 1.48 139 1.09 151 0.97 221 1.23
AAA K 72 1.76 53 1.45 88 1.81 101 1.98
AAG K 10 0.24 20 0.55 9 0.19 1 0.02
CUA L 152 1.61 153 143 283 2.94 266 2.84
CuC L 44 047 189 1.77 95 0.99 64 0.68
CUG L 28 0.30 49 046 29 030 27 0.29
CUU L 130 1.37 138 1.29 61 0.63 84 0.90
UUA L 191 2.02 95 0.89 100 1.04 114 1.22
UuG L 23 024 18 0.17 10 0.10 7 0.08
AUA M 175 1.8 77 1.09 214 1.71 213 1.81
AUG M 46 0.42 64 091 37 0.30 23 0.20
AAC N 55 0.76 88 1.44 102 1.29 107 1.31
AAU N 89 1.24 34 0.56 56 0.71 56 0.69
CCA P 112 219 54 1.00 85 1.79 129 2.67
ccc op 20 0.39 91 1.69 63 1.33 34 071
CcCG P 19 037 16 0.30 3 0.06 2 0.04
CCu P 54 1.05 55 1.02 39 0.82 28 0.58
CAA Q 81 1.78 76 1.58 79 1.84 78 1.93
CAG Q 10 0.22 20 042 7 0.16 3 0.07
CGA R 41 234 33 1.81 42 271 34 2.16
CGC R 22 1.26 20 1.10 11 0.71 18 1.14
CGG R 0 0.00 11 0.60 3 0.19 3 019
CGU R 7 0.40 9 0.49 6 0.39 8 0.51
AGC S 25 0.61 40 1.08 42 0.96 35 0.75
AGU S 13 032 5 0.14 9 0.21 11 0.24
UCA S 89 2.17 60 1.61 98 2.23 145 3.10
ucc S 53 1.29 77 2.07 64 1.46 47 1.00
ucG S 6 0.15 8 0.22 4 0.09 3 0.06
ucu S 60 1.46 33 0.89 47 1.07 40 0.85
ACA T 123 1.78 87 1.15 150 2.00 157 2.08
ACC T 66 0.95 129 1.70 95 1.27 86 1.14
ACG T 5 0.07 25 033 14 0.19 5 0.07

Codon AA E.c. M. L B. t. M. m.
N RSCU N RSCU N RSCU N RSCU

ACU T 83 1.20 63 0.83 41 0.55 54 0.72
GUA V 83 2.08 52 1.06 82 1.96 69 1.87
GuCc VvV 18 045 77 1.57 46 1.10 33 0.89
GUG V 10 0.25 22 0.45 9 0.22 8§ 0.22
GUU V 49 1.23 45 0.92 30 0.72 38 1.03
UGA W 108 1.93 86 1.50 91 1.82 93 1.90
UGG W 4 0.07 29 0.50 9 0.18 5 0.10
UAC Y 44 0.77 69 1.35 72 1.13 60 1.03
UAU Y 70 1.23 33 0.65 56 0.88 56 097

Our empirical data (Table 4) strongly support the
selection hypothesis of anticodon adaptation. There are
two points worth highlighting in Table 4. First, for each
tRNA, the anticodon is the same in all vertebrates from
teleost fish to mammals. This implies that the selection at
the wobble site must be very strong. Second, for tRNAs
recognizing NNY codon families, the wobble site is always
G to match the most frequently used C-ending codon. For
tRNAs recognizing NNR and NNN codon families, the
wobble site is always U to match the most frequently used

Table 2

Codon frequencies for the two teleost species combined (Teleost) and the
two mammalian species combined (Mammal) for the ND6 gene collinear
with the H-strand in the mitochondrial genome

Codon AA Teleost Mammal Codon AA Teleost Mammal

AGA  * 1 0 AUA M 12 8
AGG  * 0 0 AUG M 10 14
UAA % 0 2 AAC N 1 1
UAG  * 1 0 AAU N 3 8
GCA A 9 3 CCA P 2 1
GCC A 2 1 CCC P 2 0
GCG A 5 3 CCG P 2 0
GCU A 16 8 cCCu P 3 5
uGC C 0 0 CAA Q 0 0
uGu C 4 5 CAG Q 1 1
GAC D 1 0 CGA R 1 1
GAU D 3 10 CGC R 0 0
GAA E 2 8 CGG R 6 0
GAG E 10 9 CGU R 3 1
uuc F 4 3 AGC S 1 1
uuu F 19 23 AGU S 4 6
GGA G 9 12 UCA S 2 3
GGC G 3 2 ucc S 0 1
GGG G 18 21 ucG S 2 2
GGU G 14 17 UCuU S 16 6
CAC H 0 ACA T 0 3
CAU H 0 0 ACC T 0 1
AUC I 0 1 ACG T 3 2
AUU 1 12 27 ACU T 4 8
AAA K 0 2 GUA V 6 10
AAG K 0 3 GUC \% 2 2
CUA L 4 2 GUG V 17 9
CucC L 0 0 GUU V 24 22
CUG L 4 0 UGA W 4 4
CUU L 8 4 UGG w 4 5
UUA L 26 25 UAC Y 4 2
UuG L 14 14 UAU Y 13 17

The most frequently used codons are in bold for large N.
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Table 3

Frequency of (A+C) for the four vertebrate species

tRNA Bos Erpetoichthys Masturus Mus
Pro 0.379 0.429 0.414 0.373
Gln 0.347 0.380 0.437 0.380
Glu 0.406 0.420 0.377 0.377
Ala 0.377 0.391 0.420 0.449
Serl 0.394 0.394 0.437 0.435
Asn 0.397 0.466 0.397 0.437
Cys 0.463 0.470 0.448 0.455
Tyr 0.500 0.451 0.423 0.522
Ile 0.522 0.493 0.514 0.493
Arg 0.507 0.486 0.551 0.485
Asp 0.507 0.536 0.507 0.557
Thr 0.565 0.521 0.514 0.507
Leul 0.547 0.533 0.541 0.533
Met 0.522 0.529 0.536 0.551
Gly 0.507 0.557 0.521 0.574
Leu2 0.521 0.548 0.548 0.563
His 0.571 0.493 0.536 0.612
Ser2 0.500 0.591 0.529 0.525
Lys 0.522 0.562 0.573 0.538
Val 0.582 0.549 0.556 0.580
Trp 0.582 0.571 0.583 0.582
Phe 0.612 0.620 0.603 0.574

The first eight tRNA sequences are collinear with H-strand and tend to be
AC-poor.

A-ending codons (with only one exception). This is
consistent regardless of which strand the tRNA sequence
is on. Thus, the selection is sufficiently strong to eliminate
the effect of strand-specific mutation bias.

The only, but stubbornly consistent, exception is the
anticodon of tRNA-Met which has a 5 -CAU-3' anticodon
base-pairing with the AUG codon (the translation initiation
codon) instead of the more frequent AUA codon. The rate of
protein synthesis depends on both the rate of translation
initiation (Liljenstrom and von Heijne, 1987; Bulmer, 1991)
and the rate of peptide elongation (Varenne et al., 1984;
Bulmer, 1987; Xia, 1998). While the observed CAU
anticodon in tRNA-Met would increase the initiation rate,
it is expected to reduce the elongation rate because most
methionine codons are AUA. In contrast, the unobserved
UAU anticodon for tRNA-Met would have increased the
elongation rate but would decrease the initiation rate. The
observation that the anticodon of the tRNA-Met gene is
universally CAU suggests that increasing initiation rate is
far more important than increasing the elongation rate.

The interpretation above assumes no nucleotide mod-
ification at the anticodon site. However, it is known that the
C in anticodon CAU may be modified to 5-formylcytidine
which may allow it to pair with both A and G (Moriya et al.,
1994; Matsuyama et al., 1998). Whether such a modifica-
tion would increase both the initiation rate and elongation
rate (by efficiently pairing with both AUG and AUA
codons) has not been elucidated by experimental studies.

Given the observed pattern of tRNA anticodons (Table 4),
it is quite clear that the ND6 gene (the only one collinear
with the H-strand) exhibits little codon—anticodon adapta-

tion. The tRNA bias in vertebrate mitochondria is far
stronger than any other translation system, either in
prokaryotes or in the nucleus of eukaryotes. For example,
in E. coli, there are six tRNA-Gly genes, with four (glyW,
glyV, glyX, and glyY) having the GCC anticodon to form
Watson—Crick pairing with the GGC codon, one (glyU) with
the CCC anticodon to pair with GGG and one (glyT) with
the TCC anticodon to pair with GGA. So the selection
against the use of GGG and GGA are not strong because
there are perfect tRNA-Gly adaptors, albeit a bit rarer, for
them. In vertebrate mitochondrial genome, there is only one
tRNA-Gly gene with the TCC anticodon to pair with GGA
and there is no perfect tRNA-Gly adaptor for any other Gly
codons. Thus, the selection against the other three Gly
codons should be very strong. Yet the supposedly strong
selection is entirely powerless in shaping the codon usage of
the ND6 gene collinear with the H-strand. It is reasonable to
suggest that, at least in vertebrate mitochondria, codon usage
does not evolve as a response to tRNA bias. Instead, it is the
tRNA anticodon that evolves as a response to mutation-
maintained codon usage bias.

3.3. An alternative hypothesis of selection on anticodon
versatility

P. Higgs and R.W. DeBry (personal communication)
independently suggested an alternative selection hypothesis
on the evolution of the anticodon wobble site which I will

Table 4
Anticodon (AC) of the 22 tRNA genes from the four species (Table 1) and
their associated synonymous codon families (SCF)

tRNA Strand SCF AC
Ala C GCN uGC
Arg CGN UCG
Gly GGN ucc
Leu CUN UAG
Pro C CCN UGG
Ser C UCN UGA
Thr ACN uGuU?*
Val GUN UAC
Ser AGY GCU
His CAY GUG
Tle AUY GAU
Asn C AAY GUU
Asp GAY GUC
Cys C UGY GCA
Phe uuy GAA
Tyr C UAY GUA
Gln C CAR UuG
Glu C GAR uuc
Leu UUR UAA
Lys AAR Uuu
Met AUR CAU
Trp UGR UCA

“C” stands for “complementary strand”, i.e., not on the same strand as the
12 protein-coding genes. Note that the first nucleotide of the anticodon
(AC) is the wobble site.

* GGU in Mus musculus, which might be due to sequencing error
because the anticodon loop is irregular.
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term the selection hypothesis of anticodon versatility. The
hypothesis has been implicitly presented before (e.g., Agris,
2004). Given that each synonymous codon family is
translated by a single tRNA species in vertebrate mitochon-
dria, the versatility of this single tRNA in translating two or
four synonymous codons are important for the translation
machinery. For two-fold degenerate codons ending with C or
U, then the obvious anticodon wobble site should be G
because G can pair with both C and U. This is consistent with
our findings. For two-fold degenerate codons ending with A
or G, then the obvious anticodon wobble site should be U.
For four-fold degenerate codon families, a wobble U might
confer the anticodon greater versatility than other nucleo-
tides [ Yokoyama and Nishimura, 1995 #12903; Sibler et al.,
1986 #12902; Inagaki et al., 1995 #12864; Yokobori et al.,
2001 #13596; Andachi et al., 1989 #13419; Barrell et al.,
1980 #13384]. According to this hypothesis, the use of U
and G at the wobble site of the tRNA anticodon can be
predicted with no reference to codon usage, although codon—
anticodon adaptation can then evolve as secondary adapta-
tion given that wobble U and G are strictly maintained by
selection. This selection hypothesis of anticodon versatility,
which was also implicitly mentioned in (Tong and Wong,
2004), is perfectly consistent with our data of codon usage
and tRNA anticodons in vertebrate mitochondrial genomes.

The vertebrate mitochondrial data are unable to distin-
guish between the selection hypothesis of anticodon
versatility and the selection hypothesis of anticodon
adaptation that I have mentioned before because both
hypotheses have the same predictions for the anticodon
wobble site. However, the codon usage of the four-fold
degenerate arginine codons (CGN) in the mitochondrial
genome of four species: Caenorhabditis elegans (nema-
tode), Marchantia polymorpha (plant), Pichia canadensis
(fungi), and S. cerevisiae (fungi) sheds light on resolving
these two hypotheses (Table 5). In these four mitochondrial
genomes, the four synonymous CGN codons, with CGU
being the most dominant, are translated by a single tRNA
just as in vertebrate mitochondria. The selection hypothesis
for anticodon versatility would have predicted a “versatile”
U in the tRNA anticodon wobble site for these four-fold
degenerate codons. However, this is not true because the
wobble anticodon site is A instead of U in all four
mitochondrial genomes. This means that (1) a wobble U
in the tRNA anticodon may not necessarily confer greater
versatility than a wobble A or other nucleotides or that (2)
the selection for anticodon versatility is weak. On the other
hand, given that the CGU codon is the most dominant of the

Table 5

Codon usage of the four-fold degenerate arginine codons in four species
Species Accession CGA CGC CGG CGU
C. elegans NC_001328 1 0 1 29
M. polymorpha NC_001660 260 165 118 286
P. Canadensis NC_001762 0 1 0 19
S. cerevisiae NC_001224 0 2 1 18

four synonymous arginine codons in all four mitochondrial
genomes (Table 5), the hypothesis of anticodon adaptation
would predict an A at the anticodon wobble site, which is
true for all four species. More detailed study may be needed
to further evaluate the relative significance of these selection
hypotheses on shaping anticodon evolution.

It is important to highlight the fact that none of the
species in Table 5 is a vertebrate. Even if my interpretation
of the result in Table 5 is correct, it is not necessarily
generalizable to vertebrates. Furthermore, 1 should also
emphasize here that my result does not reject the hypothesis
of anticodon versatility, although it does cast some doubts
on its necessity, especially with reference to mitochondrial
codon—anticodon adaptation.

I should mention here that, although the conceptual
framework that leads to the prediction of strand-asymmetry
in mutation spectrum is based on the classical strand-
displacement model of mtDNA replication (Clayton, 1982;
Shadel and Clayton, 1997; Bogenhagen and Clayton, 2003),
the prediction can also be derived from the strand-coupled
model of bidirectional mtDNA replication (Holt et al., 2000;
Yang et al., 2002; Holt and Jacobs, 2003). Many studies
have documented an excess of (G+T) in the leading strand
and an excess of (A+C) in the lagging strand in most
prokaryotic genomes examined (Perriere et al., 1996;
Francino and Ochman, 1997; Freeman et al., 1998;
Grigoriev, 1998; McLean et al., 1998), and spontaneous
deamination has also been invoked as the main factor
contributing to the strand asymmetry (Lobry and Sueoka,
2002). Thus, if the H-strand is the leading strand, and the L-
strand the lagging one, then we would also predict an excess
of (G+T) in the H-strand and of (A+C) in the L-strand, just
as we would expect from the strand-displacement model of
mtDNA replication.

One limitation of this study is that it cannot be
generalized to invertebrate mitochondrial genomes although
they also have about 13 protein-coding genes and 22 tRNA
genes. There are several major differences between verte-
brate and invertebrate mtDNA. First, invertebrate mitochon-
drial genomes are generally extremely AT-rich and the
distribution of the protein-coding genes is less asymmetrical
between the two strands than in vertebrate mitochondrial
genomes. Take the common honey bee mtDNA for
example. 9 of the 13 CDSs are collinear with the L-strand
and 4 are collinear with the H-strand, in contrast to 12 CDSs
collinear with the L-strand and only 1 collinear with the H-
strand in vertebrate mitochondrial genomes.

In summary, I have presented the first case in which (1)
codon usage bias is maintained by strand-specific mutation
bias and (2) the biased codon usage drives the evolution of
tRNA anticodons. At least in vertebrate mitochondria, it is
the codon usage that drives the evolution of tRNA
anticodons. In contrast, almost all current literature on
codon—anticodon adaptation assumes that it is tRNA bias
that drives the evolution of codon usage. This assumption is
probably questionable.
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