J Mol Evol (1 986) 24:39-44

Journal of
Molecular Evolution

(©) Springer-Verlag New York Inc. 1986

Silent Nucleotide Substitutions and G + C Content of Some

Mitochondrial and Bacterial Genes

Thomas H. Jukes and Vikas Bhushan

Space Sciences Laboratory, University of California, Berkeley, California 94720, USA

Sl.lmmaW- The G + C content of DNA varies
Widely in different organisms, especially microor-
ganisms. This variation is accompanied by changes
1 the nucleotide composition of silent positions in
Codons. (Silent positions are defined and explained
N the text.) These changes are mostly neutral or
near neutral, and appear to result from mutation
bressure in the direction of increasing either A + T
T bressure) or G + C(GC pressure) content. Vari-
th‘:n? I G + C content are also accompanied by
Ubstitutions at replacement positions in codons.
}}ese substitutions praduce changes in the amino
acid Content of homologous proteins. The examples
Studied were genes for 13 mitochondrial proteins in
Bve Species, and A and B genes for bacterial tryp-
tophan Synthase in four species.
i In Microorganisms, varying AT and GC r_nutg-
1onal pressures, presumably resulting from shifts in
the DNA polymerase system, exert strong effects on
Molecular evolution by changing the G + C content
Of DNA. These effects may be greater than those of
l‘ando'm drift. The effects of GC pressure on silent
filgl)stltutions in the systems examined are several

ICS as great as the effects on replacement substi-
tutions,

GC pressure is exerted on noncoding as well as
;;Odmg Tegions in mitochondrial DNA. This is shown
oz the close correlation (correlation coefficient, 0.99)

the G + C content of the noncoding D loop of

———
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mitochondria with the G + C content of silent po-
sitions in the corresponding mitochondrial genes.

Key words: G + C content of DNA — Codon
usage — Mitochondrial genes — Tryptophan syn-
thase — Neutral theory — Silent changes — D loop

There is a wide range in G + C content of DNA
among various organisms, especially microorgan-
isms. Sueoka (1961) presented evidence that this
content affected the amino acid content of bacterial
proteins through the genetic code, which at the time
was undeciphered.

Sueaka (1962) proposed that the GC content of
a bactenal genome will be determined by the effec-
tive base conversion rates u {(from GC to AT, AT
pressure) and v (from AT to GC, GC pressure). The
equilibrium GC content is v/(u + v). When u/v is
3, the GC content is 25%. He pointed out that when
the GC contents of DNA in two organisms differ
appreciably, enzymes of identical function may have
similar active sites, “but the dispensable parts of the
molecule will be quite different,” and that there is
little variation in mean GC content among “inver-
tebrates, vertebrates, and plants.” Freese (1962)
reached similar conclusions. He stated that portions
of proteins “can be partially altered without any
functional change” as a result of changes in the base
ratio, that “most base pairs in DNA can undergo
changes that have no or only an insignificant selec-
tive effect,” and that “for each DNA species, one
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kind of base pair, e.g., GC, has been altered more
frequently than the other one, resulting in a shift of
the base ratio.” When the code became known, Jukes
(1965) proposed that microorganisms high in G +
C had probably “evolved towards the use of coding
triplets ending in G or C” and those low in G + C
had “evolved towards the use of coding triplets end-
ing in A or U.” Cox and Yanofsky (1967) showed
that the base ratio changed in the direction of in-
creased G + C when the Treffers mutator gene,
which favors the substitution of A*T by C-G, was
introduced into Escherichia coli, and that the or-
ganism could flourish despite this change. King and
Jukes (1969) adduced this finding in support of the
neutral theory. Freese had concluded that random
drift was not responsible for “the difference in the
DNA base ratios of different species,” but in pre-
senting the neutral theory, Kimura (1968), in con-
trast to Freese, emphasized the role of genetic drift.

The recent availability of much new information
on the nucleotide sequences of genes enables a more
detailed examination to be made of the effects of
differences in G + C content of homologous genes
among various organisms. In this letter, we present
comparisons among the members of a group con-
sisting of 13 major mitochondrial genes and of A
and B genes for bacterial tryptophan synthase. We
have restricted our comparisons to G + C contents
of silent sites and replacement sites in genes for
homologous proteins in different species. The term
“homologous” 1s used to mean “‘having a common
evolutionary origin as evidenced by function and
primary structure of the protein.” Silent sites can
undergo transitions, and in some cases transver-
sions, without the amino acid specified by the codon
changing. All other sites are replacement sites. We
have used total silent sites rather than only third-
codon-position sites because silent sites occur in the
first positions of leucine and arginine codons. The
third positions of methionine and tryptophan co-
dons are not silent in the universal code.

Nucleotide sites subject to silent changes (“silent
sites”) are calculated as follows for the universal
code [ N=A C,G,orTU;R=AorG;Y=Cor
T(W)]: A, third positions of all codons, plus A in
first positions of AGR codons; C, third positions of
all codons, plus C in first positions of CTR and CGR
codons; G, third positions of all codons, minus G
in third positions of ATG and TGG codons; T, third
positions of all codons, plus T in first positions of
TTR codons.

For the vertebrate and Drosophila mitochondrial
codes, ATR and UGR are codons for methionine
and tryptophan, respectively. AGR codons are chain
terminators in the vertebrate mitochondrial code,
while AGA is a serine codon in Drosophila mito-
chondria. Thus, the calculation of silent sites for

mitochondrial codes is simpler: A, third positions;
C, third positions, plus C in first positions of CTR
codons; G, third positions; T, third positions, plus
T in third positions of TTR codons.

Stop codons are excluded from all calculations.

The comparison is summarized in Tables I and
2. Most of the “adjustment” to base-ratio pressure
takes place in the silent sites. This was noted for
third codon positions in Drosophila yakuba mito-
chondrial genes by Clary and Wolstenholme (1985),
in Pseudomonas aeruginosa trp G + A + B genes
by Crawford (personal communication and manu-
script in preparation), and in Thermius thermaophilus
by Kagawa et al. (1984).

Table 1 shows trends in amino acid composition
by comparing percentages of codons with A and T
in the first two positions with those of codons with
G and C in the first two positions. TTR leucine
codons are not included in the calculations because
T in the first position is silent, and CGR arginine
codons are not included in the calculations for trp
genes for the same reason. The trends indicate the
“evolutionary strategy” for adjusting to marked dis-
parities in G + C content; the adjustments extend
beyond use of substitutions in silent positions.

In mitochondrial genes of D. yakuba as compared
with those of vertebrates, low G + C (23.4%) is
accompanied by increasing phenylalanine, aspara-
gine, and tyrosine, but not by increasing isoleucine,
lysine, or methionine. Simultaneously, there are de-
creases in alanine and proline, but not in glycine or
arginine. In the case of trp genes in bacteria, high
G + C(68.1%) is accompanied by decreases in ami-
no acids coded for by codons with A and T in the
first two positions, especially lysine, and by simul-
taneous increases in codons with G and C in the
first two positions, especially alanine, arginine (CGN
codons), and glycine. The “responses” in mito-
chondria are different from those in trp genes, prob-
ably reflecting differences in protein structure and
function.

The differences in Table 1 for specific, homolo-
gous proteins are very similar to the original obser-
vations by Sueoka (1961) that high A + T content
of DNA in bacteria was correlated with increases in
isoleucine, lysine, phenylalanine, and tyrosine in to-
tal proteins, and high G + C content with increases
in alanine, arginine, and glycine.

The G + C content of silent nucleotide sites is
compared with the total G + C content in two sets
of homologous genes in Table 2. The G + C content
of silent sites of all genes examined varies over a
much wider range (5.8-92.2%) than that of replace-
ment sites (34.5-55.0%), reflecting the fact that ami-
no acid replacements, because of constraints, take
place less frequently than substitutions at silent sites.
This is evident in Tables 1 and 2 and in Fig. 1.
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Table 1. Percentages of “AT™ and “GC” codons for certain amino acids

trp A and B genes
Mitochondrial genes (13) (percentage of amino acids)

(percentage of amino acids)

. Ps.
Amino acids D. yak. X. laev. Mouse Bovine Human B. sub. E. coli S. typh. aerug.
Number of

codons

eXamined (3735) (3751) (3819) (3798) (3789) (664) (677 667) (668)
“AT"

Phe 8.8 6.1 6.3 6.3 5.8 4.1 3.7 38 34

lle 9.6 9.0 9.8 8.6 8.5 6.5 6.2 6.3 5.5

Met 5.7 5.2 6.5 6.6 5.7 2.2 3.1 3.0 2.7

Tyr 46 3.1 3.2 3.6 3.6 39 2.8 2.8 2.5

Asn 5.5 4.0 4.4 43 43 3.6 3.4 3.3 2.7

Lys 23 2.6 2.7 27 25 6.8 46 40 33
@) Total 365 - 301 32.9 32,1 30.4 27.1 23.8 233 20.2
“GCn

Pro 35 5.4 5.4 5.1 58 44 5.5 5.3 45

Ala 46 6.3 6.1 6.5 6.7 36 13.4 12.5 11.8

Arg (CG) 1.6 1.8 1.7 1.7 1.7 1.4 3.6 43 4.9

Gly 5.9 5.9 5.6 5.8 5.6 3.1 9.2 9.5 10.5
(®) Total 15.6 19.4 18.8 19.0 19.8 22.4 31.7 315 317
®)ta) 0.43 0.64 0.57 0.59 0.62 0.83 1.30 1.36 1.57

fn)' » gk_, Drosophila yakuba; X. laev., Xenopus laevis; B. sub., Bacillus subtilis, E. coli, Escherichia coli; S. typh., Salmonella typhi-
R”r tum; Ps. aerug., Pseudomonas aeruginosa. Data for mitochondrial genes from Anderson et al. (1981, 1982), Bibb et al. (1981),
O et al. (1985), and Clary and Wolstenholme (1985); data for irp genes from Crawford et al. (1980}, Hadero and Crawford (1986),

f
(see text)

In comparing the nucleotide compositions of si-
Nt and nonsilent sites and the codon contents of
8enes, we used two homologous sets. We did not
COmpare nonhomologous genes from different or-
ganisms. We included both animal mitochondrial
Benes and bacterial trp genes so as to cover a wide
fange of G + C contents. Our comparisons are lim-
1ted to bacteria and mitochondria, both of which

ave relatively small amounts of noncoding DNA
COmpared with eukaryotes.

As a working hypothesis, let us consider that
Changes in base ratio result from changes in the

NA polymerase system, as in the example of the
Treffers mutator gene, The wobble rules of codon~
anlicodon pairing provide a simple mechanism for
shifts in the T/ C (U/C) ratio of third-codon-position
Mucleotides, because G in the first anticodon posi-
Uon can pair with either U or C.

Clary and Wolstenholme (1985) noted that D.
Yakuba mitochondrial DNA contained 92.8% A +
T(7.2% G + C) in a noncoding section, the D loop.

¢ compared this D loop with the corresponding
S¢Ctions of DNA in four vertebrate mitochondria.
he rgsults show close correspondence (high statis-
t}f:d significance) between the G + C content in

.. oS¢ noncoding sections and the G + C content in
silent positions in the 13 coding genes (Table 2 and

le

ti

and Henner et al. (1984). “AT” and “GC” refer to codons with AA, AT, TA, and TT, or GG, GC, CG, and CC, respectively, in the
TSt two nucleotide positions. “Arg (CG)” percentages are for CGN codons in mitochondrial genes and for CGY codons in trp genes

Fig. 2). If we assume that nucleotide substitutions
in D loops resulting from GC pressure (presumably
imposed by the DNA polymerase system) are neu-
tral or near neutral, then it would follow that such
nucleotide substitutions in silent sites are also neu-
tral or near neutral. The G + C content of the D
loop, which is not translated, is not influenced by
codon selection, but in spite of this it has almost
the same G + C content as do the silent sites in the
coding regions.

There are eight GNN anticodons in the vertebrate
and Drosophila mitochondrial codes (Anderson
1982; Clary and Wolstenholme 1985). Each of these
pairs with codons from a corresponding two-codon
NNY set. These are for Phe, Ile, Tyr, His, Asn, Asp,
Cys, and Ser (AGY codons). Four-codon sets for
single amino acids have one UNN anticodon per
set, so that U can pair with either U or C in third
codon positions. This shift from NNC to NNT co-
dons appears to occur readily in mitochondrial genes,
as mentioned by Roe and coworkers (1985). In D.
yakuba, the C/T ratio in third-position sites is 1:15,
and in the corresponding genes in human mito-
chondria, the ratio is 1:0.40. For all amino acids
with NNY codons, the difference between U and C
usage in third codon positions in D. yakuba is 48.4 —
3.3 = 45.1% and in human it is 16.5 — 414 =
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Table 2. Comparison of base compositions and silent nucleotide sites in mitochondrial (M) and trp A + B (TS) genes

Nucleotide Percent-
age

Species and gene A C G T Total G+C
Drosophila yakuba M

Total 3,617 1,259 1,372 4,978 11,226 234

Silent sites 1,696 145 107 2,375 4,323 5.8

Replacement sites 1,921 1,114 1,265 2,603 6,503 34.5
Xenopus laevis M

Total 3,483 2,626 1,484 3,660 11,253 36.5

Silent sites 1,623 957 186 1,373 4,139 27.6

Replacement sites 1,860 1,669 1,298 2,287 7,114 41.7
Mouse M

Total 3,734 2,373 1,406 3,444 11,457 37.4

Silent sites 1,743 1,291 157 1,067 4,258 34,0

Replacement sites 1,991 1,582 1,249 2,377 7,199 39.3
Bovine M

Total 3,589 3,046 1,495 3,264 11,394 39.8

Silent sites 1,625 1,483 211 919 4,012 40.0

Replacement sites 1,965 1,583 1,284 2,345 7,382 40.0
Human M

Total 3,277 3,635 1,485 2,970 11,367 45.0

Silent sites 1,353 1,890 241 715 4,199 50.8

Replacement sites 1,924 1,745 1,245 2,255 7,168 41,7
Bacillus subtilis TS

Total 578 395 499 520 1,992 44.9

Silent sites 184 151 133 234 702 40.5

Replacement sites 394 244 366 286 1,290 47.3
Escherichia coli TS

Total 467 553 564 447 2,031 55.0

Silent sites 115 255 170 179 719 59.1

Replacement sites 352 298 394 268 1,312 52.7
Salmonella typhimurium TS

Total 435 576 561 435 2,007 56.6

Silent sites 97 276 169 159 701 63.5

Replacement sites 338 390 392 276 1,306 53.0
Pseudomonas aeruginosa TS

Total 364 730 635 275 2,004 68.1

Silent sites 33 445 205 22 705 92.2

Replacement sites 331 285 430 253 1,299 55.0

~—24.9%, for a net difference between the species of
70%. The ratio is further widened by the switch from
UUR to CUR as leucine codons. Simultaneously,
there is little or no change in usage of A and G in
silent (in this case third) codon positions (Table 2).
G is used only seldom in third codon positions in
any of the mitochondrial examples (range, 2.5-5.8%),
so there is little possibility for change in the G con-
tent of third codon positions. The change in base
ratio in mitochondrial genes evidently results from
replacement of C by T progressively from human
to Drosophila, especially in silent sites, as shown in
Table 2.

Figure 1, taken from the data in Table 2, shows
the contrast in slopes between plotting the G + C
content at silent sites and at replacement sites against

thetotal G + C content of genes. The G + C content
in silent sites can probably range between 0% and
100%, with slopes (m) of 2.1 (for mitochondria) and
2.2 (for trp synthase A + B). The mitochondrial
lines intersect at 41% total G + C content of genes,
which represents the point where there is no AT or
GC pressure. The corresponding point for trp syn-
thase is 50% G + C. The observed range in replace-
ment sites is between the narrower limits of 34.5%
and 55.0%, with a slope of 0.33. The amino acid
composition of proteins is necessarily limited by
functional requirements, but evidently the compo-
sition can be changed, within bounds, by AT or GC
pressure (Table 1). Response to this pressure is about
six times as great in silent sites as in replacement
sites, in our examples.



43

100
] m=22
- r=10
IS 80 _
& (o\ 0
—~ 2 ~—
S &
N
- = -
3 52\ 60 —
A - m=.33
S8 r=.94
O 4 —
— ]
c o
2 g 40 — m=.33
S 8 4 r1=.91
(G -
O &
+
Q] 20 —1
— upsynthase A and8 Q O Fig. 1. G + C contents of silent (O) and
{ m=21 13 Mitochondrial Genes O [ replacement (CJ) sites plotted against total
- r=.99 on G + C contents for mitochondrial and trp
0 1 T T T n - synthase genes (see text).
0 20 40 60 80 100
Total G+C Content of Genes (%)
50
S _ 40
&R
s< 7]
(7)) —
23 ]
c ©
L QL 30
=0
- 6 ] X. laevis
o= B Fig. 2. G + C contents of silent sites in
"E 8 - mitochondrial genes plotted against G + C
i) E 20 — contents of D loops (noncoding). Percent-
% o _ age G + C contents are as follows: D. yak-
'S § uba, 5.6 (silent sites) and 7.2 (D loop,
') ﬂ 1099 nucleotides); X. laevis, 27.6 (silent
TR - m=1.1 sites) and 27.3 (D loop, 2134 nucleotides);
U] 10— r=99 mouse, 34.0 (silent sites) and 36.6 (D loop,
- 879 nucleotides); bovine, 40.0 (silent sites)
- and 38.1 (D loop, 910 nucleotides); hu-
- man, 50.8 (silent sites) and 47.1 (D loop,
0 1124 nucleotides)
lIIT—[II |||]|r11||
0 10 20 30 40 50

Bernardi and Bernardi (1985) plotted G + Clevels
third codon positions, rather than total silent po-
no‘OHS,.against G + C levels of corresponding ge-

Mes in many different organisms. They found a

of
sit

general linear relationship, but their comparisons
were made between genes for different proteins. This
procedure scattered their points, because in the case
of nonhomologous genes from different organisms,
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there will be differences in amino acid content among
proteins. There are also marked differences among
organisms in the amounts and availabilities of tRNA
species, and this affects codon choice, as shown by
Ikemura (1982, 1985). Even in the same organism,
there are differences in codon choice between the
genes for abundant protein molecules and the genes
for proteins that are made in only small amounts
(Ikemura 1982, 1985). Ikemura (1985) has pointed
out that codon choices of organisms with unusually
high or low G + C contents ‘‘seem to be determined
by the combined constraints imposed by tRNA con-
tent and by the genomic G + C content.” In the
case of the mitochondrial genes summarized in Ta-
bles ! and 2, there is only one tRNA for each amino
acid, plus one additional tRNA each for leucine and
serine, so that the first of Ikemura’s two variables
is eliminated and the constraints depend solely on
the G + C content. Perhaps this is also true for the
bacterial trp genes summarized in Tables 1 and 2,
since Tkemura (1985) has noted that tRNA popu-
lations of the Enterobacteriaceae “have been well
conserved during evolution.”

Kimura (1983) pointed out that the neutral theory
is not antagonistic to Darwinian selection, but that
it emphasizes “the much greater role of mutation
pressure and random drift at the molecular level.”
In this letter, we have given additional emphasis
and substantiation to the role of mutation pressure
as originally proposed by Sueoka (1961, 1962).
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