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Abstract. Previous investigations indicated that syn- from zero (in the genes for histones 3 and 4) to 3.06 x
onymous and nonsynonymous substitution rates are coft0 ° substitutions per site per year (in the gene for in-
related in mammalian genes. In the present work, thigerferon gamma).
correlation has been studied at the intragenic level using The average for the small set of genes taken into
a dataset of 48 orthologous genes from species belongingpnsideration by Li (1997) is 0.74 (£0.67) x T0sub-
to at least four different mammalian orders. The resultsstitutions per site per year. The more than 300-fold range
obtained show that the intragenic variability in synony-in nonsynonymous substitution rates found in different
mous rates is correlated with that of nonsynonymougyenes (neglecting those showing no substitution) may be
rates. Moreover, the variation in GC level (and especiallyascribed to differences in the rate of mutation and/or to
of C level) of silent positions along each gene is corre-the intensity of selection. As for the first possibility, the
lated with the variation in synonymous rate. These re-difference in mutation rate is not nearly large enough to
sults reinforce the previous conclusions that synonymousaccount by itself for the phenomenon under consider-
and nonsynonymous rates as well as GC levels of silersition. This conclusion can be drawn from the fact that
positions are to some extent under common selectiveynonymous mutation rates for mammalian genes cover
constraints. a range which is much smaller than that of nonsynony-

mous substitutions (see below). The most important fac-
Key words: Intragenic correlations — Mammalian tor in determining the rate of nonsynonymous substitu-
genes — Substitutions tion appears, therefore, to be the selection intensity (Li
and Graur 1991). The higher the deleterious effects of
amino acid replacement, the higher the chances of the
mutation being eliminated by negative selection (advan-
It is well known that the rate of nonsynonymous substi-tageous mutations being very rare compared to deleteri-
tutions is extremely variable among genes, as revealed @us mutations, they are neglected here). Indeed, negative
long time ago by investigation of the rates of amino acidselection is indicated by the actual amino acid changes
substitution (Dickerson 1971; Dayhoff 1972). Indeed,observed, functionally crucial amino acids never being
rates range, in a human/murid comparison (Li 1997)replaced and conservative substitutions being predomi-

nant over nonconservative ones.

As far as the rate of synonymous substitutions is con-

- i . cerned, the average value of 3.51 (+1.01) x°Ifier site
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guay (Li 1997) is misleading in that it conveys the idea of an
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pseudogenes, thus reinforcing the idea (see Wolfe et ahttp:/genetica.edu.uy/moévol/mammalsaln

1989) that the synonymous substitution rate is close tdP://genetica.edu.uy/mammalsin

the mutation rate. In fact, a larger set of over 300 human/

murid genes has shown a 20-fold range of synonymous The variations in substitution rates along the coding sequences were
rates (Bernardi et al. 1993; Wolfe and Sharp 1993). Thigletermined by using a inQing window. Pairvyise synonymous and non-
immediately raises a question: If the fastest rate 0bserveﬁynonymous nucleotide distances were estimated by Nei and Gojobo-

. . . r's method (1986). Two profiles were thus obtained, representing syn-
is equal to the mutation rate, what is the cause for the,, 1ous and nonsynonymous divergence, respectively, where each

20-fold slower rate exhibited by other genes? point corresponds to the average of all pairwise distances for each
An answer to this question has come from investiga-window. Both nonoverlapping windows and overlapping windows
tions on the frequency and the compositional patterns ofshifting by one cod_or_] at at time) were used. The latter were not used
Synonymous substitutions in orthologous genes fron{or any of the statistical calculation pecause they are not mutually
. N independent, but were used for graphical purposes, because they pro-
four mammalian orders (Cacost al. 1995; Zoubak etal. e smoother profiles.
1995). These studies showed (1) that the frequencies of since relatively short (20 to 30 codons) segments of coding se-
conserved, intermediate, and variable positions (defineduences are used in the window analyses, distance estimations are
as the positions showing no change, one change, or mogaibject to large ;tochastic errors. For this reason, th_e window size
than one change, respectively) of quartet and duet (fourgannot_be excessively small (less than 20 codqns). Yet it cannot be tpo
. . .. large either, because, since only nonoverlapping windows are consid-
fold and twofold degenerate) codons are different in dlf'ered, the numbers of points to be compared is then too small, especially
ferent genes; (2) that the frequencies of the three class@$short genes. Moreover, when the distance is too large the estimation
are significantly different (especially for GC-rich genes) is inaccurate or even incalculable (Nei 1987). Indeed, in genes having
from expectations based on a random substitution proan average synonymc_)us_d_istance_ of one substitution per synonymous
cess in the majority of genes for quartet codons, and in %lte (or more), some |nd|V|d_uaI Wlndows could reach values ‘th‘at are
. . eyond the limits of the estimation method. The degree of similarity
minority of genes for duet codons; and (3) that the fre'between the synonymous and nonsynonymous profiles was determined
quencies of the three classes of positions of quartefsing Pearson’s correlation coefficient.
codons are correlated with those of duet codons, the con-
served positions of quartet and duet codons being, in
addition, correlated with the degree of amino acid con-Resits and Discussion
servation. Moreover, in the majority of GC-rich genes,
the three classes of positions (but especially the con-
served positions) exhibited significantly different baseCorrelations Between Synonymous and
compositions compared to expectations based on a “ranNonsynonymous Distances
dom” substitution process from the “ancestral” (con-
sensus) sequence to the present-day (actual) sequencéable 1 lists the coding sequences used in this work and
whereas significant differences were rare in GC-poortheir sizes, Gg levels (in the human genes), and the
genes. correlation between synonymous and nonsynonymous
In the present work we have reinvestigated, at thedistance profiles of these sequences. The great majority
intragene level, two problems, concerning the correla-of coding sequences, 73%, showed a positive correlation
tions of synonymous substitutions with nonsynonymouscoefficient. Only a minority of coding sequences, 27%,
substitutions and with the base composition of synony-exhibited a negative correlation, but in no case was the
mous positions, respectively. The solution of these twanegative correlation statistically significant. Figure 1
problems is of crucial importance for our understandingshows that the distribution is highly biased toward posi-
of the compositional conservation of synonymous codortive values. Among the genes displaying positive corre-
positions during mammalian evolution and for the lations, some were so high that they were obvious even
broader issue of the role played by selection on synonyby visual inspection. Figure 2A to D shows synonymous
mous positions. and nonsynonymous distance profiles for four of the
highly correlated coding sequences. They indicate that
the regions that have little divergence at the amino acid
level are also more conserved at the synonymous level,
whereas the regions that are less conserved at the amino
. _ __acid level are more divergent at the synonymous level.
The analysis was performed on 48 orthologot_Js mammgllan cod|r_19 Concerning the statistical significance of the correla-
sequences, a subset of the 69 sequences previously studied (Caccio et .
al. 1995) from which short genes (less than 180 codons) and extremel{iONS observed, it should be stressed that 16 out of 48
conserved sequences (more than 98% conservation at the amino adgenes (33%) displayed significantvalues. As already
level) were excluded. In most cases each alignment comprised foumentioned, in all cases these correspond to positive val-

different mammalian orders (primates, artiodactyls, lagomorphs, anches_ In four genes the correlations were significant at the
rodents), but in several cases alignments comprised sequences fro,

0 i 0 in ei
five orders. In no case was more than one sequence belonging to Q'lb level, in four genes at the 1% level, and in eight

species of the same order included in the analysis. The alignments us&d€nes at the 5% level.
are available via the Internet: It should be noted that when several cases are con-
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Table 1. Coding sequences investigated, their sizes; B&els, and
correlations between synonymous and nonsynonymous %ates

Gene name L GE  SY-NSY
Creatin kinase B 381 0.90 0.29
Apolipoprotein E 305 0.88 0.27

Al adenosine receptor 326 0.87 0.78 **
Apolipoprotein A1 257 0.84 -0.27

Na-H exchange protein 810 0.83 0.64 ***
Serine pyruvate aa transferase 392 0.83 0.38
CD8 alpha chain 227 0.83 0.04
GMP-phosphodiesterase alpha 852 0.82 0.02
Dipeptidase 411 0.82 0.39
Prostaglandin E receptor 335 0.81 0.15
Glutathione peroxidase 197 0.80 -0.33
Retinol binding protein 199 0.80 0.00
Creatin kinase M 382 0.79 0.65 **
H,K ATPase beta subunit 290 0.78 -0.17
TNFalpha 231 0.78 0.69
Glucose Glut3 492 0.78 -0.14
Growth hormone 214 0.75 0.71 *
Prolyl-4-hydroxylase beta 502 0.74 -0.16

TNF beta 193 0.71 -0.33
Polymeric Ig receptor 740 0.70 0.66 ***
Erythropoietin 185 0.70 -0.30

Na Glucose transporter 602 0.68 0.68 ***
CD4 antigen 444 0.68 0.59 *
p-amino acid oxidase 346 0.64 0.17
tRNA ligase 470 0.63 0.35
Endothelin 201 0.62 0.79 *
Interleukin 1B 259 0.60 0.68 *
Interleukin 6 receptor 203 0.58 0.46
Interleukin 2 receptor 265 0.56 0.78 *
Phagocytic glycoprotein | 353 0.54 0.26
Urate oxidase 299 0.53 0.36
Prolactin receptor 554 0.52 0.64 **
Na-K ATPase beta-1 subunit 303 0.51 0.83 **
CD3 epsilon antigen 187 0.51 0.78 *
Tissue factor 282 0.51 0.47
Selectin 412 0.49 0.12
Interleukin 1A 263 0.49 0.40
Flavin—containing monooxygenase 532 0.49 -0.11

Link protein 354 0.48 -0.48
Osteopontin 253 0.41 0.22
Pancreatic triglyceride lipase 460 0.41 -0.01
Serum albumin 607 0.40 0.68 ***
Stem cell factoiit ligand 273 0.39 0.47

HSP 108 802 0.37 0.47 *
Macrophage scavenger 449 0.37 -0.43
Apolipoprotein H 345 0.36 -0.17
Calpastatin 593 0.34 -0.10
Ca-ATPase 1176 0.29 0.33 *

2L: gene lengthiin codong; SY-NSY: correlation between intragenic

rates of synonymous and nonsynonymous substitutions

* significant at the 5% level
** at the 1% level
*** at the 0.1% level
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Fig. 1. Distribution of correlation coefficients between synonymous

and nonsynonymous profiles.

level. Based on the probabilities for each level of sig-
nificance and using the multinomial distribution [0.04,
0.009, 0.001, 0.95%8], the probability of obtaining
Table 1 and all less likely tables by chance can be cal-
culated, giving the value 6.97 x 1%, the probability
dropping to 2.06 x 10 if it is taken into account that all
significant coefficients are positive. Therefore, even
though only one-third of the genes display significant
correlations, the extremely low probability that such a
proportion could have been the result of random effects
indicates that synonymous and nonsynonymous diver-
gences are indeed related. It is noteworthy that there are
several examples of coding sequences showing correla-
tions at the limit of significance (e.g., TNF-alpha). The
fact that these coding sequences are in general relatively
short suggests that, in several cases, the lack of signifi-
cance is due to the small number of codons. This sug-
gestion is further supported by the fact that if one con-
siders subsets of the coding sequences of progressively
increasing size, the proportion of coding sequences with
significant correlations increases, reaching a value of
64% (7/11) in the subset of coding sequences that have at
least 500 codons in length (Table 2). The association
between the size of the coding sequences and the signifi-
cance of the correlations is statistically significant (2 x 2
chi-square contingency table,< 0.05).

Intragenic Correlation Between Synonymous
Substitution Rates and GC Levels in
Synonymous Positions

In order to investigate the intragenic correlation between
variation in GG (excluding Met and Trp codons) and

sidered at the same time, some correlation coefficientsariation in substitution rate, GQevels were measured
are expected to be significant just by chance. In fact, foralong the coding sequences using a sliding window. For
48 genes we expect 2.4 coefficients (positive and negaeach alignment, we calculated the correlation coefficient
tive) to be significant at or below the 5% level, 1.92 of between the substitution rate profiles with the mean,GC
these coefficients to be significant only at the 5% level,profile (GC; averaged over all species for each window).
0.43 coefficients at the 1% level, and 0.05 at the 0.1%Table 3 summarizes the results of these analyses as well
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Fig. 2. Four examples of genes displaying correlations between synonymous and nonsynonymafisikiadenosineB Interleukin 2 receptor,
C Na-glucose transporteD Polymeryc Ig receptor.

Table 2. Subsets of genes of progressively increasing size, and th¢elationship between the correlation coefficients of syn-

proportion exhibiting significant intragenic correlations between syn-onymous rate and Ggand the profiles of GCis evident
onymous and nonsynonymous rates

in Fig. 3A. (The inclusion of mouse genes in the sample

studied detracts from the quality of the correlation be-
cause mouse GC-rich and GC-poor genes are remarkably

Genes  Number of Number of genes showing

size genes significant correlations Percentage
>180 48 16 33%

>300 30 11 37%

>400 18 8 44%

>500 11 7 64%

less GC-rich and GC-poor, respectively, than those of the

other mammals investigated; Mouchiroud et al. 1988.)
There are two possible, not mutually exclusive, inter-

pretations for this inverse relation. The first one is that in

GC;-rich coding sequences most synonymous substitu-
tions would be expected to be from G or Cto A or T.
Therefore those regions of the coding sequence that un-

as the behavior of Cand G; taken separately and shows derwent higher synonymous divergence are at the same
that almost all GGrich coding sequences exhibit nega- time the regions that should have suffered a higher re-

tive correlations between the profiles of G&nd those of

duction in their GG level. By contrast, in G&poor

synonymous rates, these correlations being significant itoding sequences, most synonymous substitutions are
several cases.

Conversely, for the genes with lower G(60%), the

expected to be from A or T to G or C, so in these coding
sequences a higher synonymous divergence would be

proportion of negative correlations drastically decreasesaccompanied by a higher increase in their ;dével.

In addition, near the GEpoor end of the distribution,

Therefore, according to this interpretation, this inverse

there are two examples of significant positive correla-relation is just the somewhat predictable result of the
tions. The number of genes displaying significant corre-divergence process. The second interpretation is that in
lations is much higher than random expectation (multi-GCs-rich genes the segments with high Glévels, and

nomial distribution,P = 1.9 x 10°). This inverse

in the GG;-poor genes the GEpoor segments, tend to be
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Table 3. Intragenic correlations between synonymous base compositions and the profiles of synonymous and nonsynonymous rates

Correlation between

Correlation between

synonymous profile nonsynonymous
and profile and

Gene name GG C, G; GG,
Creatin kinase B -0.57 * -0.25 -0.07 0.10
Apolipoprotein E -0.38 -0.33 0.20 -0.31
Al adenosine receptor -0.81 ** -0.35 -0.10 -0.35
Apolipoprotein A1 -0.24 -0.33 0.04 0.48
Na-H exchange protein -0.67 **x -0.58 ** 0.02 -0.66 ***
Serine pyruvate aa transferase -0.24 -0.40 0.29 -0.35
CD8 alpha chain -0.34 -0.13 -0.11 081 *
GMP-phosphodiesterase alpha -0.54 ** -0.30 -0.16 0.02
Dipeptidase -0.30 -0.61 * 0.57 * -0.26
Prostaglandin E receptor 0.30 0.44 -0.10 0.06
Glutathione peroxidase -0.54 0.10 -0.26 085 *
Retinol binding protein -0.18 0.17 -0.25 0.20
Creatin kinase M -0.60 ** 0.05 -0.46 * -0.15
H,K ATPase beta subunit -0.72 * -0.33 -0.10 -0.10
TNFalpha -0.61 -0.82 * 0.37 -0.80 *
Glucose Glut3 -0.73  ** -0.08 -0.61 * 0.38
Growth hormone -0.47 -0.59 0.12 -0.32
Prolyl-4-hydroxylase beta -0.85 -0.61 ** -0.32 0.35
TNF beta 0.27 0.68 -0.55 -0.87 *
Polymeric Ig receptor -0.42 * -043 * 0.13 -0.45 *
Erythropoietin 0.21 -0.27 0.25 -0.24
Na Glucose transporter -0.40 -0.22 -0.10 -0.27
CD4 antigen -0.11 0.04 -0.12 -0.27
D-amino acid oxidase 0.21 -0.04 0.31 -0.42
tRNA ligase -0.55 * -0.35 -0.25 -0.54 *
Endothelin -0.11 -0.03 -0.13 -0.04
Interleukin 1B -0.12 -0.17 0.07 -0.08
Interleukin 6 receptor 0.00 -0.45 0.43 0.12
Interleukin 2 receptor -0.74 * -0.44 -0.54 -0.71 *
Phagocytic glycoprotein | 0.00 0.37 -0.32 -0.35
Urate oxidase -0.59 -0.46 -0.64 * -0.14
Prolactin receptor 0.36 -0.08 0.56 * -0.04
Na-K ATPase beta-1 subunit -0.32 -0.15 -0.36 -0.32
CD3 epsilon antigen -0.45 -0.47 -0.32 -0.79 *
Tissue factor 0.34 0.13 0.52 0.93
Selectin -0.01 -0.18 0.26 -0.52
Interleukin 1A -0.18 -0.06 -0.20 -0.21
Flavin-containing monooxygenase -0.28 -0.23 -0.14 -0.54 *
Link protein 0.48 0.33 0.37 -0.51
Osteopontin -0.08 0.73 * -0.49 0.36
Pancreatic trigyceride lipase -0.01 0.24 -0.26 0.33
Serum albumin 0.36 0.44 0.02 0.00
Stem cell factor/Kit ligand -0.13 -0.51 0.61 0.26
HSP 108 -0.01 -0.02 0.01 -0.02
Macrophage scavenger 0.66 ** 0.70 ** 0.38 -0.33
Apolipoprotein H 0.21 0.15 0.21 -0.25
Calpastatin 0.41 0.40 0.06 0.04
Ca-ATPase 0.41 ** 031 * 0.23 0.05

*xx xxx gignificances as in Table 1

more conserved at the synonymous level, reflecting somenous profile and Gg¢profile was significant, we com-
functional constraints that act toward maintaining SC pared the profile of synonymous divergence in a pair of
richness in the GErich segments of GErich genes and  species vs the GCprofile of a third species. Since all

GGC; poorness in the Ggpoor segments of GEpoor

genes.

species belong to different orders and since a star phy-

logeny among the mammalian orders investigated can be
In order to investigate further this relation for all cod- assumed for the present purpose, no correlation would be
ing sequences in which the correlation between synonyexpected between these profiles if the first interpretation



1 L1111 1| above for GG (Fig. 3B), the behavior of Gappears to
{r=-061 p<0.0001 | be less strongly related (Fig. 3C). In addition, the number
of genes displaying significant correlations between G
profiles and synonymous rate profiles is not significantly
higher than random expectation (binomial distributien,

= 0.22). In contrast with this, the number of significant
correlations observed betweer &hd synonymous pro-
files is higher than random expectation (multinomial dis-
tribution, P = 5.3 x 103). This results leads to the
conclusion that the relation described above between
GC; and synonymous rate depends mostly upon C-
ending codons.

Finally, the correlation between G(rofiles and
nonsynonymous profiles was also analyzed (Table 3).
Since no correlation would be expected a priori between
these profiles, it is surprising that the number of coding
sequences showing significant correlations is much
higher than random expectation (multinomial distribu-
tion, P = 1.13 x 10°). As in the case concerning syn-
onymous profiles and G the majority of the genes
display negative correlations. In contrast to the correla-
tions between profiles of synonymous distances and
GG, in this case negative correlations are not preferen-
tially associated with G@rich genes. This lack of a
parallel behavior is rather puzzling, considering that the
only link between nonsynonymous profiles and GC
could be the dependence between synonymous and non-
synonymous profiles already described. However, a
closer examination of this discrepancy (Fig. 4) leads to
the observation that the correlation between nonsynony-
mous profile and G¢profile depends both on the cor-
relation of synonymous vs nonsynonymous profiles and
on the correlation between synonymous vs;(p@file.

Fig. 3. Scatterplot of the correlation coefficients between the profiles In fact, in those genes for which synonymous rate is
0f GG (A), C5 (B), G (C) and synonymous distances vs the totakGC  positively correlated with nonsynonymous rate, the cor-
level of the gene. relation between nonsynonymous and Gitofiles is of

the same type as that between synonymous and GC
were correct. Indeed, if the process of synonymous diprofiles, while the opposite is found in genes that show a
vergence were random and spatially homogeneous, themegative covariation between synonymous and nonsyn-
there would be no reason to expect spatial correlatiomnymous profile.
between Gg of the common ancestor, or of the third
species, and the synonymous substitution pattern be-
tween the two other species. The analyses show (TabIE lusi
4), however, that this is not the case, since in all com- onclusions
parisons the correlations were significant and with the
same sign as in Table 3. The only exception was the gen8everal authors have reported that the synonymous and
encoding for glucose Glut3, which exhibited a correla-the nonsynonymous rates for entire genes are correlated
tion at the limit of significance® = 0.06). Therefore, (Li et al. 1985; Ticher and Graur 1989; Wolfe and Sharp
even though the first process may contribute to the cor1993; Mouchiroud et al. 1995; Ohta and Ina 1995). In
relations presented in Table 3, it seems clear that corthis work we have investigated this correlation at the
straints on synonymous sites are needed to explain th@tragenic level. It is worth noting that although the main
results presented in Table 4. problems tackled in this paper were already investigated

An analysis similar to that of GCand synonymous in previous work from our laboratory (Bernardi et al.
rate was carried out independently foy &d G in order  1993; Mouchiroud et al. 1995; Cacca al. 1995; Zou-
to understand the behavior of these bases (Table 3pak et al. 1995), the approach used differs in a very
While the general trend for Qs similar to that described important respect, namely in that here we measured the

r (GC3 vs SYN)

r(C3vs SYN)

r (G5 vs SYN)

GCs, %
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Table 4. Correlation between the profile of synonymous divergence in a pair of species and tha@i@ from a third species

CG; profile

Gene name Divergence between from Correlatioft
Creatin kinase B Human-rabbit Dog -0.68 *
Al-adenosine receptor Human-rat Calf -0.62 *
Na-H exchange protein Pig-rabbit Human -0.47 *
GMP-phosphodiesterase alpha Human-dog Calf -0.57 **
Creatin kinase M Human-rabbit Dog -0.73  wxx
H,K ATPase beta subunit Human-pig Dog -0.68 *
Glucose Glut3 Rat-calf Human -0.47
Prolyl-4-hydroxylase beta Human-rat Calf -0.56 *
Polymeric Ig receptor Calf-rabbit Rat -0.56 **
tRNA ligase Calf-rabbit Human -0.78  xxx
Interleukin 2 receptor Human-cat Mouse -0.76 *
Macrophage scavenger Human-calf Rabbit 0.62 *
Ca-ATPase Human-sheep Rabbit 031 *
®Asterisks refer to significances as in Table 1

1 L between silent and amino acid replacement rates might

6 41=0-53 p<0.00011 be the result of either doublet mutations (Wolfe and

Sharp 1993) or nonhomogeneous mutational rates along
the genome (Wolfe et al. 1989). The first possibility has
been already ruled out by Mouchiroud et al. (1995) by
excluding from the analyses those codons positions that
could have undergone doublet mutations. Concerning the
second possibility, Ohta and Ina (1995) have shown that
the variability in mutation rates cannot by itself explain
the correlation unless mutation rate and selective con-
straint are negatively correlated (Ina 1995). That is, how-
16 -2 2 6 1 ever, an ad hoc hypothesis for which no justification has
Sign r(Sy-NSYN) x r(GC3 vs NSYN) been provided. A serious complication associated with
Fig. 4. Scatterplot of the correlation between the profiles of;@6d thls_hypOt_he_S_IS I‘_'C’ that it implies that not only th? intra-
synonymous rates vs the correlation between the profiles of @~ 9€NiC variability in synonymous rates, but also in non-
nonsynonymous distances multiplied (in each gene) by the sign of th&ynonymous rates, would be the result of different mu-
correlation between nonsynonymous profile and synonymous profile.tational rates; otherwise the correlation could not appear.
According to this view, it is then evident that, contrary to
what is generally accepted, the intragenic spatial pattern
substitution rates along the coding sequences instead of amino acid conservation would reflect the variation in
the average distance for entire genes or the average dimutational rate rather than the effect of negative selec-
tance for all quartet (fourfold degenerate) and duet (two-ion.
fold degenerate) codons taken separately. Moreover, the It is therefore more likely that the intragenic correla-
spatial distribution of substitutions was taken into ac-tions described here rely on common selective con-
count since distances were determined here by using straints acting on synonymous and nonsynonymous di-
sliding window. This approach allowed us to investigatevergence processes. One possible cause of the existence
the intragenic variability in substitution rates and therebyof such correlated constraints between synonymous and
to show that the spatial pattern of synonymous substitunonsynonymous mutations might be that it is related to
tions is not random but related to that of nonsynonymousselection for translational accuracy. Indeed, it has been
substitutions. Considering that the spatial pattern ofshown that irDrosophilagenes the frequency of optimal
amino acid conservation is generally accepted to reflectodons is higher in conserved (and thus putatively func-
the effect of negative selection for maintaining function- tionally important) amino acids than in nonconserved
ally important amino acids (see Kimura 1991), the intra-ones, and this has been attributed to the effect of selec-
genic correlations described here strongly reinforce oution for increasing translational accuracy (Akashi 1994).
previous conclusion that the processes of synonymoughus, the lower synonymous rates described here for
and nonsynonymous divergence are, to some extent, uconserved amino acids could be the result of negative
der common selective constraints. selection for maintaining codon biases in sites conserved
It has been previously suggested that the correlatiomt the amino acid level. This interpretation is further

1(GCg vs SYN)
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supported by the fact that the intragenic variability in Li W-H (1997) Molecular evolution. Sinauer, Sunderland, MA
synonymous rates is correlated with the variability inLi W-H, Graur D (1991) Fundamentals of molecular evolution.
GG, content. As stated above, this correlation in all like- ~ Sinauer, Sunderland, MA

lihood reflects functional constraints that act toward W-H. Wu C-, Luo CC (1985) A new method for estimating syn-

R . . : onymous and nonsynonymous rates of nucleotide substitutions con-
maintaining GG levels (and in particular Clevels) in sidering the relative likelihood of nucletide codon changes. Mol
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