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Abstract Two alternative hypotheses aim to predict the

wobble nucleotide of tRNA anticodons in mitochondrion.

The codon-anticodon adaptation hypothesis predicts that

the wobble nucleotide of tRNA anticodon should evolve

toward maximizing the Watson-Crick base pairing with the

most frequently used codon within each synonymous

codon family. In contrast, the wobble versatility hypothesis

argues that the nucleotide at the wobble site should be

occupied by a nucleotide most versatile in wobble pairing,

i.e., the wobble site of the tRNA anticodon should be G for

NNY codon families and U for NNR and NNN codon

families (where Y stands for C or U, R for A or G, and N

for any nucleotide). We examined codon usage and anti-

codon wobble sites in 36 fungal genomes to evaluate these

two alternative hypotheses and identify exceptional cases

that deserve new explanations. While the wobble versatility

hypothesis is generally supported, there are interesting

exceptions involving tRNAArg translating the CGN codon

family, tRNATrp translating the UGR codon family, and

tRNAMet translating the AUR codon family. Our results

suggest that the potential to suppress stop codons, the

historical inertia, and the conflict between translation ini-

tiation and elongation can all contribute to determining the

wobble nucleotide of tRNA anticodons.

Keywords tRNA � Anticodon � Fungi � Mitochondrion �
Translation � Codon usage

Introduction

Two Hypotheses on the Wobble Nucleotide of tRNA

Anticodons in Mitochondrial Genomes

Two factors have been hypothesized to determine the

nucleotide at the wobble site of tRNA anticodons in mito-

chondrial genomes (Xia 2005). The conventional wobble

versatility hypothesis (WVH) (Agris 2004; Bonitz et al.

1980; Heckman et al. 1980; Martin et al. 1990; Tong and

Wong 2004; Xia 2005) states that the wobble site of tRNA

anticodons should have G for NNY codons, because G can

pair with both C and U in RNA, and should have U for NNR

to pair with both A and G. For NNN codon families, the

wobble site should be U because U is known to be the most

versatile in wobble-pairing (Andachi et al. 1987; Barrell

et al. 1980; Inagaki et al. 1995; Sibler et al. 1986; Yokobori

et al. 2001; Yokoyama and Nishimura 1995).

The alternative hypothesis, hereafter referred to as the

codon-anticodon adaptation hypothesis (CAAH), invokes

the codon usage bias as a determining factor, i.e., the

wobble site of tRNA anticodons should coevolve with

codon usage so that the nucleotide in the wobble site of

tRNA anticodons should match the most abundant codon in

a synonymous codon family (Bulmer 1987, 1991; Xia

2005). Since the discovery of the correlation between

codon usage and tRNA abundance in Escherichia coli

(Gouy and Gautier 1982; Ikemura 1981) and Saccharo-

myces cerevisiae (Bennetzen and Hall 1982), much

progress has been made in understanding codon usage and

codon-anticodon coevolution in the context of maximizing
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transcription and translation rates (Akashi 2003; Eyre-

Walker 1996; Xia 1996, 1998). However, the relative

abundance of different tRNA species is often, albeit

implicitly, taken as prefixed, and this tRNA bias then

drives codon usage bias (Akashi 1995, 1997; Berg 1996;

Berg and Martelius 1995; Xia 1998). There has been little

evidence demonstrating the adaptation of tRNA anticodons

to codon usage bias maintained by biased mutation (Xia

2005, 2007, pp. 148–172).

A Previous Study Failed to Resolve the Two

Hypotheses

One study attempting to evaluate these two alternative

hypotheses used vertebrate mitochondrial genomes (Xia

2005). A vertebrate mitochondrial genome has two strands

of different buoyant densities named the H-strand and the

L-strand. The H-strand is the sense strand for one 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 (Reyes et al. 1998; Tanaka

and Ozawa 1994) in terms of the strand-displacement

model of mitochondrial DNA (mtDNA) replication (Bo-

genhagen and Clayton 2003; Clayton 1982, 2000; Shadel

and Clayton 1997).

During mtDNA replication, the L-strand is first used as a

template to replicate the daughter H-strand, while the

parental H-strand is left single-stranded for an extended

period because the complete replication of vertebrate

mtDNA takes nearly 2 h (Clayton 1982, 2000; Shadel and

Clayton 1997). C?U mutations, mediated by spontaneous

deamination (Lindahl 1993; Sancar and Sancar 1988),

which occurs more than 100 times as frequently in single-

stranded as in double-stranded DNA (Frederico et al. 1990),

accumulate in the H-strand (Tanaka and Ozawa 1994),

resulting in a GT-rich H-strand and an AC-rich L-strand.

The strand-biased mutation results in biased codon

usage. In vertebrate mitochondrial genomes, most codons

in the 12 CDS sequences (that are collinear with the

L-strand) end with A or C. Specifically, NNY codon

families are dominated by C-ending codons, NNR codon

families by A-ending codons, and NNN codons by

A-ending and C-ending codons. In contrast, the codon bias

in the ND6 gene on the opposite strands exhibit the opposite

codon usage bias, with codons ending more frequently with

G and U than A and C. In addition, the 8 tRNA sequences

collinear with the H-strand are richer in G and T than the 14

tRNA sequences collinear with the L-strand. The strand bias

is also observed in prokaryotic genomes (Lobry 1996; Lobry

and Sueoka 2002; McInerney 1998), where the bias results

from the different mutation spectrum associated with lead-

ing and lagging strands.

Will the biased codon usage mediated by the strand-

biased mutation affect the wobble nucleotide of tRNA

anticodons? Given that NNY codons end mostly with C,

and NNR and NNN codons end mostly in A in vertebrate

mitochondrial genomes, one may expect tRNA translating

NNY codons to have G at its wobble site, and tRNA

translating NNR and NNN codons to have U at its wobble

site, to maximize the Watson-Crick base pairing between

codon and anticodon. Such an expectation was confirmed

in vertebrate mitochondrial genomes (Xia 2005). However,

this pattern is also consistent with WVH, which states that

tRNAs translating NNY codons should have a wobble G in

their anticodons because G can pair with both C and U, and

tRNAs translating NNR and NNN codons should have a

wobble U in their anticodons because U not only can pair

with A and G, but also is the most versatile in wobble-

pairing (Andachi et al. 1987; Barrell et al. 1980; Inagaki

et al. 1995; Sibler et al. 1986; Yokobori et al. 2001;

Yokoyama and Nishimura 1995).

In this paper we evaluate the relative importance of

these two hypotheses by using 36 complete fungal gen-

omes. The rationale of evaluating the two alternative

hypotheses is as follows. Suppose a lysine (Lys) codon

family has 20 AAA and 60 AAG codons. WVH would

ignore the codon usage bias and predict a wobble U in the

tRNALys anticodon because U can pair with both A and G,

whereas CAAH would predict a wobble C in the tRNALys

anticodon to maximize the Watson-Crick match with the

more frequent G-ending codons. If the tRNALys anticodon

is found to have a wobble U, then WVH is supported; if a

wobble C is found, then CAAH is supported. If we have 60

AAA codons and 20 AAG codons and if tRNALys antico-

don has a wobble U, then both hypotheses are supported. If

the Lys codon has 40 AAA and 40 AAG codons, then

WVH would still predict a wobble U but CAAH has no

prediction concerning the wobble nucleotide because there

is no selection pressure favoring either. In the other

extreme case, if we have no AAA codon but 80 AAG

codon, then a U at the first position of tRNALys anticodon

would imply wobble-translation of all Lys codons, whereas

a C at the first position of tRNALys would allow perfect

Watson-Crick base pairing between codon and anticodon

for all Lys codons. In this case, we would expect CAAH,

which predicts a C, to be supported.

Materials and Methods

We retrieved 36 fungal mitochondrial genomes (Table 1)

using NCBI Entrez. The tRNA and CDS sequences were
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extracted and analyzed by using DAMBE (Xia 2001; Xia

and Xie 2001). The CDS-derived codon usage is also

computed with DAMBE. 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 the tRNAArg genes translating

CGN codons in E. floccosum is 28CGUGUUACGGCC

ACG42, where the starting and ending numbers indicate

the position of the AC loop in the tRNA sequence, with the

anticodon 5’-ACG-3’ (matching codon CGU) flanked by

two nucleotides on either side (in boldface) to form a loop

that is held together by a stem made of the first and the last

four nucleotides. Similarly, the other tRNAArg translating

AGR codons is 25AAAAUACUUCUAAUAUUUU43,

with the AC loop held together by a six-base stem. How-

ever, some tRNA sequences have a suspicious AC loop and

DAMBE will flag them out. The AC loop is then identified

by aligning the tRNA sequences against other isoaccepting

tRNA sequences with a regular AC loop (Xia 2005). Some

tRNA anticodon loop has the anticodon flanked by three

instead of two nucleotides. For example, the anticodon

loop in tRNALeu in the mitochondrial genome of Kluy-

veromyces thermotolerans is GAUACUCUUAAGAUGU

Table 1 Number of codon

families unambiguously

supporting the codon-anticodon

adaptation hypothesis (NCAAH)

and the wobble versatility

hypothesis (NWVH) in each

fungal species

Species GenBank accession no. Genetic code NCAAH NWVH

Allomyces macrogynus NC_001715 4 1 13

Ashbya gossypii ATCC 10895 NC_005789 3 0 10

Aspergillus niger NC_007445 4 0 12

Aspergillus tubingensis NC_007597 4 0 12

Candida albicans SC5314 NC_002653 4 1 11

Candida glabrata NC_004691 3 0 12

Candida metapsilosis NC_006971 4 1 15

Candida orthopsilosis NC_006972 4 1 15

Candida parapsilosis NC_005253 4 1 15

Candida stellata NC_005972 4 1 13

Moniliophthora perniciosa NC_005927 4 0 13

Epidermophyton floccosum NC_007394 4 2 12

Harpochytrium sp. JEL94 NC_004760 4 1 3

Harpochytrium sp. JEL105 NC_004623 4 1 4

Hyaloraphidium curvatum NC_003048 4 1 4

Hypocrea jecorina NC_003388 4 1 13

Kluyveromyces lactis NC_006077 4 0 13

Kluyveromyces thermotolerans NC_006626 3 0 11

Lecanicillium muscarium NC_004514 4 0 10

Monoblepharella sp. JEL15 NC_004624 4 0 15

Mortierella verticillate NC_006838 4 1 13

Penicillium marneffei NC_005256 4 1 12

Pichia canadensis NC_001762 4 2 12

Podospora anserine NC_001329 4 0 13

Rhizophydium sp.136 NC_003053 16 0 2

Rhizopus oryzae NC_006836 4 1 14

Saccharomyces cerevisiae NC_001224 3 1 12

Saccharomyces castellii NC_003920 3 0 14

Saccharomyces servazzii NC_004918 3 0 9

Schizophyllum commune NC_003049 4 1 13

Schizosaccharomyces japonicus NC_004332 4 1 16

Schizosaccharomyces octosporus NC_004312 4 1 14

Schizosaccharomyces pombe NC_001326 4 1 14

Smittium culisetae NC_006837 4 1 15

Spizellomyces punctatus 1 NC_003052 16 0 4

Yarrowia lipolytica NC_002659 3 0 11

Total 23 414
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AUU, with the anticodon UAA flanked by three nucleo-

tides (in boldface) on both sides. There are a few tRNA

sequences in which the anticodon loop cannot be identified.

Some mitochondrial genomes in GenBank are annotated

incorrectly. For example, tRNAPro in the mitochondrial

genome of Ashbya gossypii ATCC 10895 has an anticodon

of UGG matching codon CCA (the most frequently used

proline codon), but the GenBank file (NC_005789) anno-

tated the anticodon to match codon CCU.

A few fungal mitochondrial genomes do not have a

complete set of tRNA genes. For example, the mitochon-

drial genomes of Hyaloraphidium curvatum and

Harpochytrium sp. JEL94 have seven and eight tRNA

genes, respectively, and consequently will need tRNA

import from the nuclear genome. These species uses

genetic code 4, which differs from the standard code only

in the Trp codon. That is, UGA codes for a stop codon in

the standard code but Trp in genetic code 4. Mitochondria

in these fungal species therefore could potentially import

nuclear tRNAs. We assume that imported tRNAs will not

be isoaccepting as those already in the mitochondrial

genome, i.e., if a tRNAMet or tRNATrp is present in the

mitochondrial genome, we assume that there will be no

import of nucleus-encoded tRNAMet or tRNATrp into

mitochondrion. However, removing mitochondrial gen-

omes with a partial set of tRNAs does not alter the

conclusions reached in this paper.

Some fungal species exhibit extreme avoidance of cer-

tain codon families. For example, Ashbya gossypii ATCC

10895 codes Arg with only AGR codons without using any

CGN codons. In contrast, Hyaloraphidium curvatum codes

Arg with only CGN codons without using any AGR

codons. Such avoidance of certain codon families would

facilitate the evolutionary loss of the associated tRNA

(Higgs et al. 2003; Sengupta and Higgs 2005; Sengupta

et al. 2007), although it is not always clear whether the

avoidance is the cause or the consequence of the loss of the

associated tRNA. Our analysis did not include unused

codon families or codon families without associated

mitochondrial tRNAs.

We computed relative synonymous codon usage

(RSCU; Sharp et al. 1986) as a measure of codon usage

bias within a codon family by using DAMBE (Xia 2001;

Xia and Xie 2001). Some coding sequences are incomplete.

For example, the cox1 CDS in Aspergillus niger is anno-

tated as ‘‘join(\19768..20614,21640..22495)’’. The first

two nucleotides (i.e., at positions 19768 and 19769) rep-

resent a partial codon and are discarded in computing

codon frequencies.

RSCU has a maximum value of 2 for two-codon fami-

lies and 4 for four-codon families. Thus, for a four-codon

family such as the glycine codon family (coded by GGN,

where N is any nucleotide), if its RSCU for GGU is close to

4 and if glycine is used often, then we expect strong

selection to maximize the Watson-Crick match between the

tRNAGly anticodon and the GGU codon and would predict

a wobble A at the tRNAGly anticodon, i.e., we expect

CAAH to be supported in this case. One problem with

RSCU is that, if only a single codon is used in a fourfold

codon family (e.g., one GGA codon and no GGC, GGG,

and GGU codon for glycine), then this single GGA codon

will have an RSCU value of 4 and the rest of the GGN

codons will have an RSCU value of 0. Such an RSCU

value of 4 for GGA is of little meaning, and it would be

silly for one to think that there should be strong selection

pressure for tRNAGly anticodon to be UCC. For this reason,

we have included only codon families with a total number

of codons greater than 10 for statistical analysis.

Results and Discussion

WVH is Generally Supported

Nearly all codon families (94.7%) from fungal genomes

support WVH (Table 1). Take the yeast (S. cerevisiae)

mitochondrial genome, for example. The genome contains

23 tRNA genes. Ten tRNA genes do not explicitly support

either hypothesis. For eight tRNA genes translating the

GAR, AAR, UUR, CAR, AGR, UCN, GUN, and UGR

codon families, respectively, both CAAH and WVH share

the same prediction of a wobble nucleotide U and are both

supported. For the AUR (methionine) codon family, the

AUA codon is used more frequently than AUG, and both

CAAH and WVH would have predicted a UAU anticodon,

but the observed anticodon in two tRNAMet genes (one for

initiation and one for elongation) is CAU instead of the

predicted UAU. Only tRNAArg translating the CGN codon

family has an anticodon supporting CAAH, and the other

12 yeast tRNAs all support WVH. The most dramatic

example is the tRNASer translating the AGY codon family

in Ashbya gossypii ATCC 10895. The genome contains 31

AGU codons and no AGC codon. CAAH would have

predicted an ACU anticodon, but the observed anticodon is

GCU consistent with WVH.

This is somewhat surprising because fungal species in

general and the yeast in particular exhibit relatively rapid

cell replication among eukaryotes and, consequently,

should exhibit high codon-anticodon adaptation. Highly

expressed nuclear genes exhibit strong codon adaptation

toward relative tRNA abundance (Xia 1998). One would

have expected that, if CAAH is to be supported in

eukaryotic mitochondria, it should receive relatively more

support in fungal species than in other eukaryotic species.

The result that even yeast mitochondrial genes support

WVH much more strongly than CAAH suggests that
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CAAH may have poor predictive power not only in fungal

mitochondrial tRNA, but also in nonfungal mitochondrial

tRNA. For mitochondrial genomes where each tRNA

species typically has to translate the entire codon family,

wobble versatility is clearly very important.

Previous empirical evidence suggests that altering tRNA

anticodons (including the wobble nucleotide) often results

in decreased efficiency and specificity of aminoacylation of

altered tRNA (Li et al. 1993; Pallanck et al. 1992; Pallanck

and Schulman 1991; Schulman 1991). This implies that

tRNA anticodons may not be flexible to adapt to codon

usage bias and, consequently, raises difficulties for CAAH.

Thus, unless a codon family exhibits extreme codon usage

bias and unless the codon family codes for a frequently

used amino acid, the selection pressure may not be strong

enough for tRNA anticodons to adapt to codon usage bias.

An alternative explanation is that the selection on indi-

vidual codons may be very weak (Bulmer 1991; Hartl et al.

1994).

Exceptional Cases Supporting CAAH

There are a few exceptions in which CAAH is supported

(Table 1). In particular, 9 genomes have the CGN codon

family (coding for arginine) and 10 genomes have the UGR

codon family (coding for tryptophan) with their associated

tRNA anticodons supporting CAAH (Tables 2 and 3).

CGN Codon Family

In the nine genomes with the CGN codon family sup-

porting CAAH, the CGU codon is the most frequent and

CAAH predicts an A in the wobble site whereas WVH

predicts a U for increased wobble versatility. The antico-

don wobble nucleotide is invariably A in these nine

genomes supporting CAAH (Table 3).

There is a simple explanation for why tRNAArg antico-

don wobble nucleotide in those nine CGN codon families is

an A instead of a U. If U was used, then the anticodon

would be UCG, which could suppress the stop codon UGA

through a U/G base pair (Baum and Beier 1998). Given this

cost associated with anticodon UCG, anticodon ACG,

which maximizes the Watson-Crick base pair with the most

frequently used CGU codon, would become much more

preferable.

One might ask, given the cost of having a tRNAArg with

a UCG anticodon, why there are still 10 genomes with

CGN-translating tRNAArg having a UCG anticodon. One

possibility is that, if the CGU codon is not heavily used

against other synonymous codons, the selection in favor of

an ACG anticodon would be weak even given the cost of a

UCG anticodon. This leads to the prediction that the 9

genomes with tRNAArg having an ACG anticodon should

have codon usage more biased toward using CGU than the

11 genomes with tRNAArg having a UCG anticodon. In

other words, the former should have RSCU for the CGU

codon greater than the latter. This prediction is supported

by a simple two-sample t-test. The mean RSCU for GCU is

3.372 for the 9 genomes with an ACG anticodon and 2.786

for the 11 genomes with a UCG anticodon. The difference

is significant (t = 2.199, p = 0.0206, one-tailed test). A

phylogeny-based comparison (Felsenstein 1985, 1988),

based on a phylogenetic tree of small subunit rRNA

sequences (Fig. 1), produces a similar result, with

p = 0.0271. The tree is produced in a rather tedious way

because high sequence divergence rendered it very difficult

to perform multiple sequence alignment for this set of

species. We instead performed pairwise sequence align-

ment by dynamic programming implemented in DAMBE

(Xia 2001, 2007, chap. 2; Xia and Xie 2001), computed

pairwise genetic distances using the TN93 model (Tamura

and Nei 1993), and built the tree using the neighbor-joining

method (Saitou and Nei 1987) implemented in DAMBE.

Because the genomes are highly divergent, the phyloge-

netic control contributes little to the difference between the

Table 2 Number of fungal mitochondrial genomes supporting the

codon-anticodon adaptation hypothesis (NCAAH) and the wobble

versatility hypothesis (NWVH) in each codon family

Amino acid Codon NCAAH NWVH

Ala GCN 0 29

Cys UGY 0 23

Asp GAY 0 33

Glu GAR 0 0

Phe UUY 0 30

Gly GGN 1 26

His CAY 0 31

Ile AUY 0 32

Lys AAR 0 0

Leu UUR 0 0

Leu CUN 1 25

Met AUR 0 2

Asn AAY 1 28

Pro CCN 0 34

Gln CAR 0 0

Arg CGN 9 12

Ser AGY 1 26

Arg AGY 0 0

Ser UCN 0 17

Val GUN 0 10

Trp UGR 10 1

Tyr UAY 0 33

Thr ACN 0 22

Total 23 414
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two groups. In a previous study (Xia 2005), the anticodon

in the CGN family also supports CAAH in Caenorhabditis

elegans (nematode) and Marchantia polymorpha (plant).

The tRNAArg anticodon being ACG in S. cerevisiae has

been observed before (Bonitz et al. 1980), and the excep-

tion was interpreted implicitly by an incorrect observation

that no CGN codon was used in the S. cerevisiae mito-

chondrial genome (CGN codons are in fact used often in

the S. cerevisiae mitochondrial genome, although they are

not used in the mitochondrial genomes of S. castellii and

S. servazzi, which also lack tRNAArg translating CGN

codons, but code Arg exclusively by AGR codons). Our

interpretation is more reasonable.

It is not known whether the observed wobble nucleotide

A in tRNAArg anticodon ACG is converted to inosine. In

wheat germ, the major species of tRNAArg has an ICG

anticodon recognizing CGU, CGC, and CGA codons

(Barciszewska et al. 1986; Hatfield and Rice 1978).

However, even without modification, an A at the wobble

site of the anticodon appeared to exhibit high wobble

versatility when nucleotide A was substituted into the

wobble position in tRNAGly (Boren et al. 1993; Chen et al.

2002). Thus, our result involving the CGN codon translated

Table 3 Details of codon families that support the codon-anticodon

adaptation hypothesis (CAAH)

Species Codon Na ECAAH
b EWVH

c ACd RSCUe

Candida albicans
SC5314

CGU 40 A U ACG 3.64

CGG 1 0.09

CGC 0 0.00

CGA 3 0.27

Candida metapsilosis CGU 43 A U ACG 3.74

CGG 0 0.00

CGC 0 0.00

CGA 3 0.26

Candida orthopsilosis CGU 37 A U ACG 3.70

CGG 0 0.00

CGC 0 0.00

CGA 3 0.30

Candida parapsilosis CGU 48 A U ACG 3.20

CGG 4 0.27

CGC 1 0.07

CGA 7 0.47

Candida stellata CGU 28 A U ACG 2.95

CGG 7 0.74

CGC 1 0.11

CGA 2 0.21

Epidermophyton
floccosum

CGU 15 A U ACG 2.61

CGG 1 0.17

CGC 1 0.17

CGA 6 1.04

Hypocrea jecorina CGU 23 A U ACG 3.29

CGG 3 0.43

CGC 1 0.14

CGA 1 0.14

Pichia Canadensis CGU 19 A U ACG 3.80

CGG 0 0.00

CGC 1 0.20

CGA 0 0.00

Saccharomyces
cerevisiae

CGU 18 A U ACG 3.43

CGG 1 0.19

CGC 2 0.38

CGA 0 0.00

Allomyces macrogynus CUU 252 A U AAG 3.13

CUG 12 0.15

CUC 48 0.60

CUA 10 0.12

Epidermophyton
floccosum

GGU 318 A U ACC 3.10

GGG 8 0.08

GGC 1 0.01

GGA 83 0.81

Penicillium marneffei AAU 473 A G AUU 1.84

AAC 41 0.16

Pichia Canadensis AGU 120 A G ACU 1.98

AGC 1 0.02

Table 3 continued

Species Codon Na ECAAH
b EWVH

c ACd RSCUe

Harpochytrium sp.

JEL94

UGG 77 C U CCA 2.00

UGA 0 0.00

Harpochytrium sp.

JEL105

UGG 77 C U CCA 2

UGA 0 0

Hyaloraphidium
curvatum

UGG 109 C U CCA 2.00

UGA 0 0.00

Mortierella verticillate UGG 84 C U CCA 1.95

UGA 2 0.05

Rhizopus oryzae UGG 107 C U CCA 2.00

UGA 0 0.00

Schizophyllum
commune

UGG 56 C U CCA 1.38

UGA 25 0.62

Schizosaccharomyces
japonicus

UGG 41 C U CCA 1.78

UGA 5 0.22

Schizosaccharomyces
octosporus

UGG 76 C U CCA 1.90

UGA 4 0.10

Schizosaccharomyces
pombe

UGG 44 C U CCA 1.76

UGA 6 0.24

Smittium culisetae UGG 96 C U CCA 1.96

UGA 2 0.04

a Number of observed codons
b Predicted wobble nucleotide from CAAH
c Predicted wobble nucleotide from WVH
d Observed tRNA anticodon
e Relative synonymous codon usage
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by tRNAArg cannot completely exclude WVH. In other

words, given that anticodon UCG would suffer from sup-

pressing the stop codon UGA, the best choice for an

anticodon with good wobble versatility is perhaps ACG.

UGR Codon Family

The other codon family with its tRNA anticodon consistent

with CAAH is the UGR codon family coding for trypto-

phan (Table 3). However, this special case may not be

interpreted as supporting CAAH, as it may be equally well

explained by the historical inertia as follows. Primitive

mitochondria should have a genetic code similar to that of

most prokaryotic species, i.e., with UGA as a stop codon

and with tryptophan coded by UGG only with the associ-

ated tRNATrp having a CCA anticodon. Although UGA

was subsequently ‘‘captured’’ (Osawa and Jukes 1989,

1995; Osawa et al. 1992; Yokobori et al. 2001) as a tryp-

tophan codon, the original CCA anticodon has remained

unchanged. As long as the new UGA codon is not used as

often as the original UGG codon, the association between

the original and frequently used UGG codon and the CCA

anticodon would give the impression that CAAH is sup-

ported. If this interpretation is correct, then there is no need

to invoke the evolution of tRNA anticodons in response to

the more frequently used UGG codon.

What would happen if the UGA codon increases to such

an extent that it becomes much more frequent than the

original UGG codon? Will that result in a modification of

the tRNATrp CCA anticodon to a UCA anticodon? In the

mitochondrial genome of Yarrowia lipolytica, the UGA

codon indeed has increased to be much more common than

the UGG codon (128 versus 8). The anticodon of tRNATrp

in the genome is no longer CCA in Y. lipolytica, but

changed to UCA as expected from CAAH. The same pat-

tern concerning the UGR codon and its tRNA anticodon is

observed in several yeast species in the genus Saccharo-

myces and in Kluyveromyces thermotolerans. For example,

S. cerevisiae mitochondrial protein-coding genes feature

124 UGA codons and only 6 UGG codons. The tRNATrp

anticodon is UCA. The mitochondrial genome of K. ther-

motolerans has 60 UGA codons and only 1 UGG codon; its

tRNATrp anticodon is also UCA. The mitochondrial gen-

ome in S. servazzii is even more extreme, with 69 UGA

codons and no UGG codons, and a UCA anticodon in

tRNATrp. These results suggest that the hypothesis of his-

torical inertia mentioned above is insufficient because the

tRNA anticodon may indeed change in response to chan-

ged codon usage. Given that the mitochondrion evolved

from early bacterial species and that all early bacterial

species share genetic code 11 coding tryptophan with a

single UGG translated by tRNATrp with a CCA anticodon,

it is natural to infer that the UCA anticodon in tRNATrp in

these fungal species originated as a response to the capture

(Osawa and Jukes 1989, 1995; Osawa et al. 1992; Yoko-

bori et al. 2001) and subsequent increased use of UGA

codon as a tryptophan codon. These results are consistent

with CAAH.

AtuSSU

AniSSU

PmaSSU

EflSSU

HjeSSU

LmuSSU

CpeSSU

ScoSSU

SjaSSU

CstSSU

CorSSU

CpaSSU

CmeSSU

CalSSU

PcaSSU

KlaSSU

SceSSU

ScuSSU

R136SSU

M15SSUFig. 1 Neighbor-joining tree

for phylogeny-based

comparisons, based on small

subunit RNA sequences. The

OTU name is composed of the

first letter of the genus name and

the first two letters of the

species name (see Table 1),

except for M15

(Monoblepharella sp. JEL15)

and R136 (Rhizophydium
sp.136)
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However, even in this case, one should not jump to the

conclusion that the observation supports CAAH. This is

because the observation is also consistent with WVH. In

other words, while the change of tRNATrp anticodon from

CCA to UCA may be driven by selection pressure to

maximize Watson-Crick matching between codon and

anticodon, the change could also be interpreted as a result

of maximizing wobble versatility because the evolved

wobble nucleotide U can now pair with both A and G at the

third codon position of UGR codons. One should consider

CAAH and WVH as two facets of the same hypothesis to

avoid wobbling cost (Xia 2007, pp. 162–165).

The Methionine (AUR) Codon Family and its tRNAMet

Anticodon Support Neither of the Two Hypotheses

Methionine is coded by both AUA and AUG in seven

fungal mitochondrial genomes with genetic code 3, with

AUA more frequent than AUG in most cases (Table 4).

Both CAAH and WVH predict a U at the wobble site of

tRNA anticodon. However, the two tRNAMet genes in

each of the seven genomes invariably have a CAU anti-

codon matching AUG. This violation of both CAAH and

WVH has been explained by the translation initiation

and elongation conflict hypothesis (Xia et al. 2007). If

tRNAMet anticodon is CAU, then translation initiation

with the AUG initiation codon is efficient but translation

elongation involving the more frequent AUA codon

would be inefficient, requiring a C/A wobble pair between

the AUA codon and the CAU anticodon. On the other

hand, if the tRNAMet anticodon is UAU, then translation

elongation with the frequently used AUA codon is effi-

cient but translation initiation would be inefficient. The

observation that both tRNAMet genes in each of the

genomes have a CAU anticodon suggests that nature has

chosen to maximize translation initiation at the cost of

translation elongation.

An inevitable consequence of having a CAU antico-

don in tRNAMet is that AUA codons need to be wobbly

translated with a C/A pair between codon AUA and

anticodon CAU. Given the error-prone nature of wobble

translation, C/A wobble between the CAU anticodon in

tRNAMet and codon AUA would select against AUA

usage in the AUR codon family. In contrast, tRNAs

translating all other XYR codon families (UUR for Leu,

GAR for Glu, AAR for Lys, CAR for Gln, AGR for Arg,

and UGR for Trp) have a U at the wobble site of their

anticodons, favoring the usage of A-ending codons. This

observation suggests anticodon-mediated selection

against AUA codons in the AUR codon family, but

anticodon-mediated selection in favor of XYA codons in

other XYR codon families. To test the presence of such

selection, we compiled the RSCU value for XYA and

XYG for each of the XYR codon families, with the

prediction that the RSCU value for AUA is lower than

that for any other XYA. This prediction is strongly

supported (Table 5). Similar observations on anticodon-

mediated selection against AUA codon have also been

reported in vertebrates, urochordates, and bivalves (Xia

et al. 2007).

It remains unknown why both tRNAMet genes in these

seven mitochondrial genomes should have a CAU antico-

don. It would seem to make more sense to have the initiator

tRNAMet to have a CAU anticodon to match the initiation

codon AUG and elongator tRNAMet to have an AUA

anticodon to translate the more frequent AUA codon.

Mitochondrial genomes in several bivalve species also

have two tRNAMet genes, both with a CAU anticodon, but

several urochordate species do have one tRNAMet gene

with a CAU anticodon and the other with AUA anticodon

(Xia et al. 2007).

In summary, the nucleotide at the wobble site of tRNA

anticodon is determined not only by wobble versatility or

codon-anticodon adaptation. Other factors such as possible

suppression of stop codons (in the case of the CGR codon

family), historical inertia (in the case of the UGR codon

family), and the translation initiation and elongation con-

flict (in the case of the AUR codon family) may all

contribute to the determination of the wobble nucleotide in

tRNA anticodons.

Table 4 Methionine codon usage in seven fungal species with

genetic code 3

Species AUA AUG

Ashbya gossypii ATCC 10895 95 34

Candida glabrata 85 78

Kluyveromyces thermotolerans 30 78

Saccharomyces cerevisiae 244 184

Saccharomyces castelli 128 69

Saccharomyces servazzii 181 93

Yarrowia lipolytica 596 232

Table 5 Comparison of RSCU values between AUA and other XYA

codons

Species Met Leu Glu Lys Gln Arg Trp

AUA UUA GAA AAA CAA AGA UGA

A. gossypii 1.473 1.993 1.826 1.852 1.917 2 2

C. glabrata 1.043 1.995 2.000 1.938 1.889 2 2

K. thermotolerans 0.556 1.973 1.910 1.948 1.945 2 1.967

S. cerevisiae 1.140 1.969 1.800 1.883 1.794 1.947 1.908

S. castelli 1.299 1.994 1.891 1.981 1.969 2 1.918

S. servazzii 1.321 1.931 1.702 1.824 1.841 1.959 2

Y. lipolytica 1.440 1.968 1.536 1.859 1.963 1.922 1.882
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