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Summary.  Synonymous  and nonsynonymous  
substitution rates at the loci encoding glyceralde- 
hyde-3-phosphate dehydrogenase (gap) and outer 
membrane protein 3A (ompA) were examined in 12 
species of  enteric bacteria. By examining homolo- 
gous sequences in species of varying degrees of  re- 
latedness and of  known phylogenetic relationships, 
we analyzed the patterns of synonymous and non- 
synonymous substitutions within and among these 
genes. Although both loci accumulate synonymous 
substitutions at reduced rates due to codon usage 
bias, portions of  the gap and ompA reading frames 
show significant deviation in synonymous substi- 
tution rates not attributable to local codon bias. A 
paucity of  synonymous substitutions in portions of 
the ompA gene may reflect selection for a novel 
mRNA secondary structure. In addition, these stud- 
ies allow comparisons of  homologous protein-cod- 
ing sequences (gap) in plants, animals, and bacteria, 
revealing differences in evolutionary constraints on 
this glycolytic enzyme in these lineages. 

Key words: Enteric bacteria -- Codon usage bias 
-- Synonymous substitution -- Glyceraldehyde-3- 
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Introduction 

For the past 30 years, much of the research in mo- 
lecular evolution has focused upon the comparisons 
of homologous genes across diverse taxa (Zucker- 
kandl and Pauling 1962; Wilson et al. 1977; Woese 
et al. 1990; Li and Graur 1991). In addition to pro- 
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viding a wealth of information on the arrangement, 
interaction, and regulation of genes, these studies 
have provided insights into the phylogenetic rela- 
tionships among organisms and the patterns of  
change in the molecules themselves. 

Nucleotide substitutions within protein-coding 
regions are generally divided into two classes: non- 
synonymous substitutions, whereby changes in the 
nucleotide sequence alter the amino acid sequence, 
and synonymous substitutions, which do not alter 
the amino acid sequence. Nonsynonymous substi- 
tution rates vary among genes due to functional con- 
straints. Proteins under little selective pressure 
evolve at higher rates relative to proteins under in- 
tense structural or functional constraint. Similarly, 
different domains of  proteins may experience vari- 
able selective pressures. Regions coding for signal 
peptides evolve rapidly whereas enzyme active sites, 
ligand binding regions, and other structurally im- 
portant domains evolve relatively slowly (Fitch 
1976; DuBose and Hartl 1990). 

Although synonymous substitutions in coding 
regions do not alter the amino acid sequence and 
are often considered selectively neutral, or nearly 
so, many synonymous sites do not evolve as quickly 
as noncoding DNA and pseudogenes (Li et al. 1985), 
implying the existence of selective constraints on 
changes at these sites (Ikemura 1985; Li et al. 1985). 
In bacteria, several factors may affect the evolution 
of synonymous sites, including codon usage bias and 
position on the chromosome. In the case of  codon 
usage bias, highly expressed genes utilize a set of  
preferred codons (Gouy and Gautier 1982; Ikemura 
1985), and selection on codon choice reduces the 
overall rate of synonylI'jOUS site evolution among 
these genes (Sharp and Li 1987a). Sharp et al. (1989) 
have also demonstrated that the distance of a gene 
from the bacterial origin of  replication is correlated 
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with its synonymous substitution rate. However, 
not all of  the variation in the rate of synonymous 
site evolution can be correlated with codon usage 
bias and map position, as selection on nucleotide 
sequences may involve other factors (Bossi 1983; 
LiljenstrSm and yon Heijne 1987; Bulmer 1988; 
Lawrence and Hartl 1991). 

Taxa-specific factors may also influence evolu- 
tionary rates. Due to variation in population sizes, 
generation times, spontaneous mutation rates, and 
overall genetic organization, selective and stochastic 
processes may act differentially across taxa and in- 
fluence their long-term rates of  evolution. There is 
evidence that genes evolve more quickly in rodents 
that in primate lineages, a phenomenon ascribed to 
the number of  cell division cycles (Wu and Li 1985; 
Li and Tanimura 1987; Li et al. 1990). In addition, 
Ochman and Wilson (1987a,b) observed that ratios 
in the accumulation of  synonymous and nonsynon- 
ymous substitutions varied between bacteria and 
mammals. Mammalian lineages have, on average, 
fourfold fewer changes at nonsynonymous sites than 
bacterial lineages, and this disparity between bac- 
terial and mammalian genes was attributed to sev- 
eral sources: (1) Selection on haploid genomes may 
be more intense as mutations cannot be maintained 
through overdominance. (2) Bacterial populations 
are large and, therefore, less sensitive to the fixation 
of mildly deleterious alleles by genetic drift. (3) Ob- 
served differences could arise from factors not di- 
rectly related to the biology of the organisms, that 
is, the class of  loci examined in bacteria is not ho- 
mologous to those analyzed in mammals. 

To fully evaluate the evolutionary forces acting 
within and among genes, we have compared ho- 
mologous genes among species of varying degrees 
of  relatedness. Comparisons involving multiple taxa 
allow the detailed investigation of evolutionary 
events at numerous timepoints and show the pat- 
terns of  substitutions through time. We have ex- 
amined nucleotide sequence variation at the gap 
locus, encoding glyceraldehyde-3-phosphate dehy- 
drogenase (GAPDH), and the ompA locus, encoding 
outer membrane protein 3A (OmpA), in 12 species 
of  enteric bacteria. Rates of  synonymous and non- 
synonymous substitutions at these loci were utilized 
to investigate variation of  selective constraint at 
synonymous and nonsynonymous sites at each lo- 
cus. Analysis of  the conserved glycolytic enzyme 
GAPDH within plants, vertebrates, and bacteria also 
allows comparisons of  evolutionary rates and mech- 
anisms in these disparate lineages. 

Mater ia l s  and M e t h o d s  

locus encodes OmpA and is located at 21.8 min on the linkage 
map (Bachmann 1990). Portions of  gap (nucleotides 45-927 of 
the E. coli sequence) and ompA (nucleotides 298-1011 of the E. 
coli sequence) from isolates of Eseherichia blattae, E. coli, Esch- 
erichia fergusoniL Escherichia hermanniL Escherichia vulneris, 
Salmonella typhimurium, Citrobacter freundii, Klebsiella pneu- 
monia, gnterobacter aerogenes, Serratia marcescens, and Ser- 
ratia odorifera were amplified by the polymerase chain reaction 
(Saikie t  al. 1985, 1988) and the nueleotide sequences of both 
strands of each template were determined. Gene phylogenies based 
on these data (Lawrence el al. 1991) were constructed by max- 
imum parsimony utilizing the PAUP software package (version 
2.4.1, D. Swofford) and tested using the method of  Felsenstein 
(1985). 

Sequence Divergence. Each pairwise sequence divergence was 
calculated and corrected by the method of Perler et al. (1980) 
using the GCG program package (Devereux et al. 1984). Nucle- 
otide sequences from multiple taxa were then used to define 
composite sequence divergences for each gene in the following 
m a n n e r "  

1) The numbers of potential synonymous and nonsynonymous 
changes were tabulated for each codon position within each 
gene; potential changes for codon positions comprising more 
than one codon class were calculated as a weighted average 
of potential changes for each class. For example, while the 
proline-encoding CCC codon allows three potentially syn- 
onymous changes at the third position, the histidine-encoding 
CAC codon allows a single synonymous change. Therefore, 
codon positions within the gap or ompA loci that have ex- 
perienced a CCC to CAC substitution are scored, on average, 
as allowing two synonymous changes. 

2) The numbers of  synonymous and nonsynonymous substitu- 
tions were tabulated for each codon position in a cladistic 
manner, utilizing the known phylogenetic relationships among 
the species. When multiple taxa share a polymorphism, it is 
scored as a single substitution i f  the change is identical by 
descent. Conversely, it is scored as multiple substitutions i f  
the changes are convergent, i.e., identical only in state. 

3) Composite divergences were defined as the total number  of  
substitutions within six-codon windows divided by the total 
number  of potential changes for that  region. Six-codon win- 
dows were selected because they comprised the min imum set 
of  codons containing at least one synonymous substitution in 
each window of  the ompA gene. In this manner,  a set of  
composite divergences for overlapping six-codon windows 
spanning the length of the sequenced region for each gene was 
generated. 

Splines. To define those regions of a gene containing aberrant 
patterns of nucleotide substitutions, cubic splines were fit to the 
composite nucleotide divergences for overlapping six-eodon win- 
dows o f each gene utilizing the algorithm of Schluter (1988). This 
analysis provides an estimator of  the data as a series of  cubic 
polynomials, allowing the elucidation of  relationships not  dis- 
cernible by conventional linear regression analyses. In addition, 
splines are of utility to data sets that  are autocorrelated (the data 
are not  independent), as is the case with overlapping six-codon 
windows. The complexity of  the estimator is controlled by the 
smoothing parameter, whose value was chosen as that which 
maximized the increase in predictability of  the spline, as mea- 
sured by the square of  the correlation coefficient, relative to its 
increase in complexity. Cubic splines were fit to 1000 boot- 
strapped data sets to establish 95% confidence limits for each 
composite divergence. 

Loci. The gap locus encodes G A P D H  and is located at 39.3 min  Additional Calculations. Values for the codon adaptation in- 
on the Escherichia coli linkage map (Bachmann 1990). The ompA dex (CAI)--a measure of  codon usage bias--were calculated over 
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Table 1. Pairwise nucleotide divergences at synonymous  (lower diagonal) and nonsynonymous  (upper diagonal) sites at the gap locus 

Eco Ere Sty Cfr Ehe Ev7 Eae Kpn Ev6 Ebl Sma Sod 

Eco --  0.8 1.2 2.0 3.4 3.6 4.7 3.3 3.1 4.1 5.8 8.1 
Efe 19.6 -- 0.9 2.3 2.8 3.1 4.1 2.7 2.6 4.4 4.9 7.1 
Sty 24.9 27.1 -- 2.5 3.0 3.2 4.4 3.0 2.6 4.9 5.4 7.5 
Cfr 29.3 28.8 29.2 --  3.1 2.0 3.7 2.5 2.2 3.5 5.0 7.9 
Ehe 37.5 30.8 35.3 30.7 -- 3.0 3.3 2.8 2.6 5.6 4.5 7.1 
Ev7 42.6 36.7 39.9 34.1 27.5 --  3.0 3.0 2.8 5.0 4.8 6.9 
Eae 49.0 48.3 52.3 46.3 42.7 36.9 -- 2.0 1.9 4.9 4.5 7.0 
Kpn 29.2 33.0 32.6 29.2 30.0 28.0 40.3 --  0.2 3.3 4.2 7.1 
Ev6 30.6 33.1 31.9 26.3 29.1 27.3 39.6 9.0 --  3.2 4.2 6.8 
Ebl 26.8 36.0 39.7 31.1 35.6 30.1 46.0 19.2 22.2 --  4.9 8.1 
Sma 59.8 67.1 62.0 56.4 49.2 52.2 54.6 38.3 42.3 44.0 -- 6.2 
Sod 62.4 57.3 63.8 55.5 47.8 51.5 56.4 46.0 49.3 45.4 42.4 -- 

Eco--Escherichia coli K12, Efe--E. fergusonii ATCC 35469, Ev6--E.  vulneris ATCC 29943, Ev7--E.  vulneris ATCC 33821, Ebl-- 
E. blattaeATCC 29907, Ehe--E.  hermannii ATCC 33650, Sty--Salmonella typhimurium LT2, Cfr--Citrobacterfreundii 0860, Eae--  
Enterobacter aerogenes E482, Kpn-- Klebsiella pneumonia, Sma--Serratia marcescens ATCC 13880, Sod--S. odorifera ATCC 3307. 
Pairwise divergences calculated and corrected for multiple substitutions by the method of Perler et al. (1980) 

Table 2. Pairwise nucleotide divergences at synonymous (lower diagonal) and nonsynonymous  (upper diagonal) sites at the ompA 
locus 

Eco Efe Sty Cfr Ehe Ev7 Eae Kpn Ev6 Ebl Sma Sod 

Eco --  0.8 3.8 4.5 5.0 4.9 7.9 7.9 9.8 7.4 16.4 18.7 
Ere 14.4 --  3.8 4.5 4.2 7.4 7.8 7.7 9.4 7.8 16.9 19.4 
Sty 35.4 34.7 -- 2.7 3.2 5.7 6.4 8.0 9.1 7.4 16.6 20.0 
Cfr 37.1 35.6 36.5 -- 2.8 5.0 6.3 7.7 8.8 8.7 16.4 20.4 
Ehe 35.6 37.9 42.0 37.0 -- 4.2 5.3 6.1 8.1 8.0 16.2 20.3 
Ev7 37.9 40.4 43.4 45.5 37.0 --  5.6 6.7 7.0 9.0 17.5 21.2 
Eae 35.8 41.0 41.9 30.9 39.4 45.2 -- 6.8 6.4 8.9 16.8 20.0 
Kpn 38.6 44.8 43.4 37.2 40.6 47.5 47.8 -- 4.7 7.8 13.5 16.8 
Ev6 35.2 49.0 49.4 50.0 44.4 47.2 36.9 36.7 --  9.9 14.8 18.6 
Ebl 51.4 41.9 60.1 60.3 48.4 55.4 56.2 52.7 51.7 -- 15.1 17.7 
Sma 49.7 55.5 71.5 59.6 60.8 62.1 51.4 71.0 64.5 69.7 -- 7.0 
Sod 69.9 70.3 81.5 79.9 78.3 75.6 68.0 84.5 83.8 89.6 41.3 --  

Taxa designated as in Table 1. Pairwise divergences calculated and corrected for multiple substitutions by the method of  Perler et al. 
(1980) 

the six-codon windows using the method of  Sharp and Li (1987b). 
Folding energy of  RNA secondary structures was computed by 
the method of Zuker and Stiegler (1981), utilizing the GCG pro- 
gram package (Devereux et al. 1984). 

Results  and Discuss ion  

Sequence Evolution in High Codon Bias Genes 

The nucleotide sequences of  the gap and ompA loci, 
encoding the glycolytic enzyme GAPDH and OmpA; 
have been determined for 12 species of  enteric bac- 
teria. Maximum parsimony analysis of  these genes 
produced congruent and robust phylogenetic trees 
(Lawrence et al. 1991). The relationships among the 
taxa are consistent with those inferred from geno- 
typic and phenotypic data (Brenner and Falkow 
1971; Cocks and Wilson 1972; Ochman and Wilson 
1987b). Because the phylogenies constructed from 
DNA sequences from these two genes were congru- 

ent, they are taken to represent the actual relation- 
ships among the taxa (Lawrence et al. 1991). Pair- 
wise divergences for both genes at synonymous and 
nonsynonymous sites are presented in Tables 1 and 
2. When compared to other loci sequenced in enteric 
bacteria (Ochman and Wilson 1987a; Sharp and Li 
1987a), it is apparent that gap and ompA are evolv- 
ing slowly at nonsynonymous sites, reflecting selec- 
tive constraints on the encoded protein, and at syn- 
onymous sites, produced in part by selection on 
codon choice. 

Comparisons of  a number of  homologous genes 
sequenced in both E. coli and S. typhimurium reveal 
that nucleotide divergence at synonymous sites ap- 
proaches saturation for typical chromosomal loci 
(Ochman and Wilson 1987a); that is, each site has 
experienced an average oat at least one substitution. 
Highly expressed genes experience selection at syn- 
onymous sites that is reflected in codon usage bias 
(Gouy and Gautier 1982; Sharp and Li 1987b), and 
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Fig. I. Effect of codon usage bias on the rate of synonymous 
site substitution. See text for explanation of models. 

these genes have a lower rate of  synonymous sub- 
stitution (Sharp and Li 1987a). Among all bacterial 
genes for which comparisons are possible, the in- 
dices of  codon usage bias for gap and ompA for the 
12 enteric taxa were among the highest [CAI (Sharp 
and Li 1987b) ranging from 0.69 to 0.83 for gap 
and from 0.73 to 0.82 for ompA (Lawrence et al. 
1991)], and their synonymous substitution rates were 
among the lowest (Tables 1 and 2). This variability 
in synonymous substitution rates suggests that each 
class of  bacterial gene may have a different molec- 
ular clock. To determine the utility of  these mole- 
cules for evolutionary studies, and to examine the 
manner in which genes with high codon usage bias 
might evolve, we have investigated the accumula- 
tion of  synonymous substitutions in these genes. 

Although bias in codon usage is correlated with 
synonymous substitution rate, it has been noted that 
selection for codon choice may not be uniform, or 
uniformly effective, across coding regions (Liljen- 
strdm and yon Heijne 1987; Bulmer I988; Law- 
rence and Hartl i 991). Therefore, synonymous sub- 
s t i tut ion rates could differ within genes, and 
mutations at different codon positions may be fixed 
at different rates. In this case, certain sites would 
quickly accumulate substitutions, and pairwise 
comparisons of  these genes from distantly related 
taxa would yield the same degree of  sequence dif- 
ference at synonymous sites (model A in Fig. 1). By 
this model, the extent of sequence divergence in low 
and high bias genes would reach a maximum in the 
same period of  time. Alteruatively, all synonymous 
sites may be evolving more slowty in highly ex- 
pressed genes, and local variation in codon usage 
bias may not be reflected in differences in substi- 
tution rates (model B of  Fig. 1). Tso et al. (1985) 
originally proposed that highly expressed genes may 
harbor two classes of  synonymous sites, with one 
fraction accumulating substitutions at a rate com- 
parable to nonsynonymous sites. To distinguish these 
models, it is necessary to make pairwise compari- 

sons of  genes from species of  various degrees of  
relationship. 

Pairwise comparisons of  low (pabA and trpD) 
and high (gap and ompA) bias genes among species 
of  enteric bacteria (Table 3) clearly support model 
B, whereby high-bias genes continue to accumulate 
synonymous substitutions after low-bias genes have 
reached saturation. For high-bias genes, more dis- 
tantly related taxa grow more dissimilar at both syn- 
onymous and nonsynonymous sites. (Low-bias genes 
evolve more rapidly at synonymous sites, and more 
distantly related taxa do not become substantially 
more dissimilar.) Assuming that genes maintain 
similar selection for codon choice in these species, 
which has been demonstrated in S. marcescens 
(Sharp 1990), these results imply that these genes 
do not harbor distinct classes of  synonymous sites. 

lntragenic Variation in Substitution Rates 

Although the analysis of  synonymous site evolution 
does not reveal distinct classes of  sites, it is not clear 
whether the rate of  evolution at these sites is uni- 
form across the coding region. The nucleotide se- 
quences of the gap and ompA loci from 12 species 
of  enteric bacteria allow fine-scale investigation of  
substitution rates at individual regions of  these genes. 
By simultaneously considering the nucleotide se- 
quences from all 12 species, and the phylogenetic 
relationships between the taxa, one can estimate the 
number of substitutions that have occurred at each 
codon over time. Utilizing the evolutionary rela- 
tionships of the species minimizes problems as- 
sociated with multiple substitutions inherent to 
two-taxa comparisons. Composite divergences of  six 
codon windows across the ompA gene are presented 
in Fig. 2B. Not surprisingly, divergences at both 
synonymous and nonsynonymous sites vary with 
respect to position within the gene. Nonsynony- 
mous substitutions are often nonrandomly distrib- 
uted across the gene, as different regions of  the en- 
coded protein experience distinct structural and 
functional constraints (DuBose and Hartl 1990). Al- 
though intragenic variation in the distribution of 
substitutions at nonsynonymous sites can be inter- 
preted as functional or structural constraints on the 
encoded protein, it is difficult to interpret variation 
in synonymous substitution rates in the same terms. 
Although the overall degree of codon usage bias for 
individual genes is associated with its synonymous 
substitution rate, rates of  local synonymous substi- 
tution were not correlated with local codon usage 
bias (r 2 = 0.002; Fig. 2A) and not significantly cor- 
related with local nonsynonymous substitution rates 
(r 2 = 0.28). 

Because linear regression does not provide ade- 
quate analysis of the data, cubic splines--series of  
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trpD pabA gap ompA 

Species " Time b S ~ R S R S R S R 

Shigella dysenteriae 25 14.1 0.4 . . . . . .  
Escherichiafergusonii 70 . . . .  12.7 0.6 8.6 0.7 
Salmonella typhimurium 140 44.7 2.3 39.6 7.9 17.2 0.8 20.6 3.4 
Klebsiella pneumonia 160 -- -- 45.1 11.5 18.2 2.7 25.3 6.5 
Serratia marcescens 200 48.1 12.2 43.9 15.2 29.5 4.3 32.2 13.1 
Morganella morganii 250 . . . .  39.2 6.0 -- -- 

"Nucleotide sequences obtained from GenBank version 62.0. References: trpD: Nichols et al. (1980); pabA: Kaplan and Nichols 
(1983), Kaplan et al. (1985); gap: Branlant and Branlant (1985), Lawrence et al. (1991), Ochman (unpublished results); ompA: Beck 
and Bremer (1980), Braun and Cole (1984), Freudl and Cole (1983), Lawrence et al. (1991). GenBank accession numbers are as 
follows: trpD: J01714, J01787, J01811, J01792, pabA: K00030, X02603, X02604, X02605; gap: X02662, M63368, M63369, 
M63371, M63369; ompA" J01654, M63353, X02006, M63355, X00618 

b Time since divergence of  each species from Escherichia coil Values for S. dysenteriae, S. typhimurium, and S. marcescens were 
taken from Ochman and Wilson (1987a,b); additional values were interpolated from Fig. 1 in Lawrence et al. (1991) 

c S: Average percent difference at synonymous sites. R: Average percent difference at nonsynonymous sites. Values were calculated 
by the method of Perler et al. (1980) without correction for multiple substitutions, and averaged for multiple taxa (e.g., the S. 
marcescens values for the gap and ompA loci represent averages of the E. coli/S, marcescens, S. typhimurium/S, marcescens, and 
K. pneumonia/S, marcescens comparisons) 

0.95" 

~ 0.75. 

0.55" 

1.2 

0.9 
2 

0.6  

0.3 

0.0 

A 

0.35' 

B 
Synonymous Sites 

1.5 
Nonsynonymous Sites 

A B 

I 

i 

50 100 150 200 250 
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Fig. 2. Molecular evolution at the 
ompA locus. Values for the codon 
adaptation index (CAI, Sharp and 
Li 1987b) and composite synony- 
mous and nonsynonymous site di- 
vergences were determined for six- 
codon windows as described in the 
Materials and Methods section. Co- 
don position 1 corresponds to co- 
don 99 of  the E. coli sequence (Beck 
and Bremer 1980). Subsequent 
numbering follows that designated 
in Lawrence et al. (1991). 'A'  and 
'B' denote the shaded regions of  
Fig. 4. 

p o l y n o m i a l  e s t i m a t o r s  fit  t o  p o r t i o n s  o f  t h e  d a t a  

s e t - - w e r e  fit  t o  t h e s e  c o m p o s i t e  d i v e r g e n c e s .  D e -  

s c r i p t i v e  s t a t i s t i c s  f o r  a f a m i l y  o f  s p l i n e s  a r e  p r e -  

s e n t e d  i n  T a b l e  4. T h e  c o m p l e x i t y  o f  t h e  e s t i m a t o r  

is c o n t r o l l e d  b y  t h e  s m o o t h i n g  p a r a m e t e r ,  a n d  a 

v a l u e  w a s  c h o s e n  ( - 1 . 0 )  t h a t  m a x i m i z e d  t h e  i n -  

c r e a s e  in  p r e d i c t a b i l i t y . ~ f  t h e  sp l i ne ,  a s  m e a s u r e d  

b y  r 2, r e l a t i v e  t o  i t s  i n c r e a s e  i n  c o m p l e x i t y ,  a s  s h o w n  

in  Fig .  3 A .  ( S p l i n e s  o f  g r e a t e r  c o m p l e x i t y  d i d  n o t  

a p p r e c i a b l y  i n c r e a s e  t h e  p r e d i c t a b i l i t y  o f  t h e  m o d e l ,  
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A Table 4. Descriptive statistics for cubic splines of different 
smoothing parameters 
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Fig. 3. A Cubic spline of  composite synonymous substitu- 
t ion rates calculated for six-codon windows over the ompA 
locus. Codon positions correspond to those designated in Fig. 2. 
B Confidence limits of the spline estimator established from splines 
fit to 1000 bootstrapped ompA composite divergence data sets. 
'A" and 'B' denote the shaded regions of Fig. 4. 

whereas splines of  decreasing complexity lost dis- 
proportionate amounts of  predictability.) 

To test if  synonymous substitution rate is uni- 
form across the ompA coding region (i.e., if  syn- 
onymous substitutions are distributed at random 
across the coding sequence) cubic splines were fit to 
1000 bootstrapped data sets to establish 95% con- 
fidence intervals (Fig. 3B). It is apparent from these 
confidence intervals that the synonymous substi- 
tution rate along the ompA coding region is not 
uniform and that synonymous substitutions do not 
occur at random over the length of  this molecule. 
In particular, the rates of  synonymous substitution 
are significantly higher in the regions surrounding 
codons 30, 80, and 105, and significantly lower rates 
are detected in the regions surrounding codons 68, 
90, and 145. More specifically, any spline estimating 
the data must pass through maxima and minima at 
these codon positions. Because such maxima and 
minima exist, synonymous substitution rate is not 
uniform across this portion of  the ompA coding 
region. These regions are also significantly variant 
utilizing less complex splines, and it is unlikely that 
this distribution of  synonymous substitutions arose 
by stochastic factors alone. Moreover, sets of  ran- 

~* Complexity b r 2c Ar2/ACO 

1.0 16.7 46.1 0.899 
0.5 18.7 48.1 0.958 
0.0 21.1 50.7 1.087 

-0.5 23.8 53.9 1.215 
-1.0 26.8 57.8 1.280 
- 1.5 30.2 62.1 1.258 
-2.0 34.1 66.6 1.157 
-2.5 38.4 71.0 1.010 
-3.0 43.4 75.2 0.844 

a The natural logarithm of the smoothing parameter, describing 
the complexity of the spline 

b The complexity of the spline, analogous to polynomial order 
c Square of the correlation coefficient of the spline, defined as the 

ratio of the variance of the predicted values to the variance of 
the data 

d The ratio of increase in the square of the correlation coefficient 
to its increase in complexity 

domly distributed codon positions do not reveal 
significant variation (data not shown). 

Changes at synonymous sites do not alter the 
encoded protein; therefore, selection at these sites 
is most likely operating at the level of  nucleic acids. 
For example, autocatalytic genes must maintain 
particular nucleotide sequences to function (Green 
et al. 1986) and some RNA secondary structures 
affect gene expression (Keller and Calvo 1979; Ox- 
ender et al. 1979). To determine if  features of  the 
ompA message include energetically stable second- 
ary structures, overlapping 200-bp regions were ex- 
amined for stem-loop configurations. One such 
structure, shown in Fig. 4, was predicted to form 
along two regions experiencing low substitution rates 
(regions 'A' and 'B' of  Figs. 2 and 3). Its energy of  
folding, - 33 .6  kcal/mol, was significantly lower than 
random sequences of  identical nucleotide compo- 
sition ( -27 .3  kcal/mol, P = 0.04). The homologous 
structures predicted from the 12 species of  enteric 
bacteria were also thermodynamically stable, with 
a mean energy of  folding of  - 3 5 . 8  kcal/mol. The 
encoded amino acid sequence for a portion of  the 
structure (Ala-Pro-Val-Val-Ala-Pro-Ala-Pro-Ala- 
Pro--Ala-Pro) has been described as a "hinge" (Chen 
et al. 1980), analogous to proline-rich hinges in 
mammalian immunoglobulins (Edelman et al. 1969; 
Beale and Feinstein 1976; Liu et al. 1976; Huck et 
al. 1989). 

The ompA protein is rich in/~-sheet secondary 
structure (Nakamura et al. 1974; Nakamura and 
Mizushima 1976), and a t-barrel composed of  eight 
antiparallel /~-sheets was proposed to form in the 
N-terminal portion of  the OmpA protein (Vogel and 
J~ihnig 1986). The proline-rich hinge divides OmpA 
into two regions: the N-terminal B-barrel domain, 
inserted into the outer membrane, and the C-ter- 
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minal domain, residing in the periplasmic space. 
The peptide undergoes at least one conformational 
change following cleavage of  the signal peptide prior 
to insertion in the outer membrane (Freudl et al. 
1986), and an immature tertiary structure, the "mol- 
ten globule" (Kuwajima 1989; Ptitsyn et al. 1990), 
has been implicated in facilitating the translocation 
of proteins across membranes (Bychkova et al. 1988). 
The m R N A  secondary structure predicted from our 
analysis could induce ribosome pausing, similar to 
that detected for translation of  the trp leader peptide 
(Oxender et al. 1979). This pause would allow a 
secondary structure of  the precursor pro-OmpA 
protein, notably the transmembrane E-barrel, to fold 
properly. To test this hypothesis, in vitro mutagen- 
esis could be utilized to create an ompA message 
lacking this secondary structure; however, the func- 
tion of  the OmpA protein is poorly understood and 
mutants have a variety of  phenotypes (Manning et 
al. 1977; Nikaido et al. 1977; Freudl et al. 1985; 
Reid and Henning 1987), so it is unclear what phe- 
notype such a mutant may exhibit. Although this 
particular RNA secondary structure may account 
for two regions of  the DNA sequence displaying low 
rate of  synonymous substitution, we can offer little 
explanation for the remaining portions of  the ompA 
gene showing deviant rates of  synonymous substi- 
tution. Moreover, it remains unclear how such a 
structure may affect translation. Although the role 
of R NA secondary structure in transcription atten- 
uation is well characterized (for a review see Yanof- 
sky 1988), preliminary results suggest that not all 
energetically stable RNA secondary structures in- 
fluence rates of  translation (S~rensen et al. 1989). 
However, such structures could affect translation by 
serving as protein-binding signals (MacDonald  
1990), interfering with ribosome loading (Gross et 
al. 1990; Roy et al. 1990), or interacting directly 
with the ribosome. 

Variation in substitution rates was examined 
across the gap gene in a similar manner. Splinal 
analysis of  local composite divergences at synony- 
mous and n o n s y n o n y m o u s  sites revealed two 
regions, those around codon positions 175 and 245, 
which show significant deviation. The region sur- 
rounding codon position 175 immediately precedes 
the S-loop of  G A P D H  (Biesecker et al. 1977) and 
is characterized by an unusually low rate of  syn- 
onymous substitution, comprising 10 codons with 
neither synonymous nor nonsynonymous change. 
Analysis of  GAPDH-encoding sequences also re- 
veals conservation of  the amino acid sequences in 
this region among distantly related taxa (Conway et 
al. 1987). Although too small to be implicated in 
mRNA secondary structure, it is possible that this 
region harbors a DNA sequence important for the 
structure, function, or expression of  this gene. 
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Fig. 4. Potential secondary structure of a region of the ompA 
mRNA. Nucleotides are numbered according to the E. coli DNA 
sequence (Beck and Bremer 1980); corresponding amino acid 
translations are included for the "hinge region." Shaded bases 
correspond to regions 'A'  and 'B'  of  Fig. 2. 

The region surrounding gap codon position 245 
is characterized by significantly higher rates of  both 
synonymous and nonsynonymous substitutions. The 
high rate of  synonymous substitution in this region 
results from the numerous nonsynonymous substi- 
tutions in that region, followed by fixation of  mu- 
tations to preferred codons. This region (Fig. 5) has 
experienced numerous nonconservative substitu- 
tions during the divergence of  the enteric bacteria 
(10 of  23 amino acids conserved) relative to the 
flanking regions (25 of  25 and 19 of  20 amino acids 
conserved). The ability to tolerate numerous non- 
conservative changes, including substitutions in- 
volving proline and various charged residues, im- 
plies that this region is not of  critical structural or 
functional importance. Not  surprisingly, the corre- 
sponding region is also highly variable among 
GAPDH-encoding genes of  other organisms (Con- 
way et al. 1987). 

Patterns and Rates of  Sequence Evolution Across 
Taxa 

G A P D H  catalyzes the oxidative phosphorylation of  
glyceraldehyde-3-phosphate to 1,3-diphosphoglyc- 
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Table 5. Comparison of the numbers and rates of nucleotide substitutions per site for GAPDH from mammals, plants, and bacteria 

Divergence 
times a 
( • 106 years) K~ b Rate (x 10 9) K~ Rate (• 10 -9) KJK~ 

Mammals (Homo-Rattus) 
Plants (Hordeum-Zea) 
Bacteria (Escherichia-Salmonella) 

60--90 0.03 0.16-0.25 0.41 2.3-3.4 13.7 
50-90 0.03 0.16-0.29 0.56 3.1-5.6 18.7 

120-160 0.01 0.03-0.04 0.30 0.9-1.3 30.0 

"Estimates of divergence times after Ochman and Wilson (1987a) and Wolfe et al. (1989) 
b K~ and K, are the numbers of  nonsynonymous and synonymous substitutions, respectively, as calculated by the method of  Li et al. 

(1985). Rates are the numbers of  substitutions per site per year and based on the range of  divergence times shown 
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Fig. 5. Molecular evolution of 
a highly variable region in the 
bacterial gap locus. Values for 
composite synonymous and non- 
synonymous site divergence were 
determined for six-codon win- 
dows as described in the Materi- 
als and Methods section. The 
amino acid sequence for the E. 
coli GAPDH is shown as well as 
amino acid substitutions among 
12 species of  enteric bacteria 
(Lawrence et al. 1991). Codon 
position 220 corresponds to co- 
don 235 of  the E. coil sequence 
(Branlant and Branlant 1985). 

erate in glycolysis and is conserved among all lin- 
eages. Analysis of  this gene allows comparisons of 
the rates and patterns of  evolution of  a homologous 
protein-coding region within bacteria, plants, and 
mammals. To provide consistency with the results 
of  other investigators (Li et al. 1985; Martin et al. 
1989), we employed the method outlined by Li et 
al. (1985) to examine the extent of  sequence diver- 
gence of  GAPDH from E. coli and S. typhimurium. 
Substitution rates at synonymous and nonsynony- 
mous sites for GAPDH in mammals, plants, and 
bacteria, along with the estimated divergence times, 
are presented in Table 5. This table includes only 
those comparisons among genes where the extent of 
sequence divergence is certainly not in saturation 
and is limited to relatively closely related taxa. Giv- 
en the range of  divergence times shown in Table 5, 
there is overlap in the nonsynonymous and syn- 
onymous substitution rates of GAPDH in plants 
and mammals (Martin et al. 1989). These eukaryotic 
GAPDHs are evolving much more rapidly--about 
two to three times faster at synonymous sites and 
approximately five times faster at nonsynonymous 
sites--than the corresponding gene from E. coli and 
S. typhimurium. Because GAPDH is constitutively 

expressed at high levels, this lower synonymous sub- 
stitution rate is presumably the result of  constraints 
imposed by codon bias. Most genes in bacteria are 
not homologous to those analyzed from higher eu- 
karyotes, and any incongruencies may be attributed 
to the data set rather than to systematic differences 
between the organisms. Although we have provided 
only a single example, these data suggest that pop- 
ulation or genome-specific parameters contribute to 
the relatively reduced rate of evolution at nonsynon- 
ymous sites in the bacterial gap comparison. 

For gap, the ratio of  synonymous to nonsynon- 
ymous changes in the E. coli to S. typhimurium 
comparison is about twice that calculated for mam- 
mals or plants (Table 5). For both groups, the ratio 
for the GAPDH-encoding locus is much higher than 
that calculated for other genes within the taxa; Ks/ 
K~ averages 5.0 in mammals and 20.0 in bacteria. 
There is a tendency for genes with low nonsynon- 
ymous substitution rates to have low substitution 
rates at synonymous sites (Li et al. 1985), and sub- 
stitution rates for GAPDH at both synonymous and 
nonsynonymous sites are lower than those in most 
other genes within these same taxa (Ochman and 
Wilson 1987b; Sharp and Li 1987a; Martin et al. 
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1989). I n  en te r ic  bac te r ia ,  the  average  d ive rgence  at  
s y n o n y m o u s  sites is ove r  th ree  t imes  tha t  ca lcu la ted  
for the  gap locus.  T h e  ra t io  o f  s y n o n y m o u s  to n o n -  
s y n o n y m o u s  s u b s t i t u t i o n s  in  m o r e  d i s t an t  c o m p a r -  
i sons  o f  en te r ic  bac t e r i a  app roaches  tha t  o b s e r v e d  

in  m a m m a l i a n  a n d  p l a n t  G A P D H - e n c o d i n g  loci. 
N o n s y n o n y m o u s  s u b s t i t u t i o n  rates  for bac te r ia l  gap 

genes increase  a l m o s t  f ivefold in  the  E. coli to S. 
�9 marcescens  c o m p a r i s o n  us ing  the  e s t i m a t e d  d iver -  
gence t i m e s  p re sen t ed  in  T a b l e  3. T h e  dec l ine  in  the 
rat io o f  s y n o n y m o u s  to n o n s y n o n y m o u s  subs t i tu -  
t ions  can  be  a t t r i b u t e d  to m u l t i p l e  s u b s t i t u t i o n s  a t  

s y n o n y m o u s  sites as well  as to an  inc rease  in  c o m -  
pensa to ry  n o n s y n o n y m o u s  s u b s t i t u t i o n s  a m o n g  dis-  

t an t ly  re la ted  taxa.  

I n  conc lus ion ,  by  u t i l i z ing  n u c l e o t i d e  sequences  

of  h o m o l o g o u s  genes  a m o n g  closely re la ted  taxa  o f  
k n o w n  phy logene t i c  r e l a t ionsh ips ,  factors  in f luenc-  
ing the  rate  o f  e v o l u t i o n  o f  bac te r ia l  genes  can  be 
inves t iga ted  in  greater  scope a n d  de ta i l  t h a n  is ava i l -  
able  i n  two- t axa  c o m p a r i s o n s .  W h e n  n o n s y n o n y -  
m o u s  a n d  s y n o n y m o u s  s u b s t i t u t i o n s  are t a b u l a t e d  

cladis t ical ly ,  tha t  is w h e n  e v o l u t i o n a r y  even t s  can  
be d i s t i ngu i shed  as be ing  i den t i ca l  by  descen t  or  
iden t ica l  due  to  convergence ,  v a r i a t i o n  in  evo lu -  
t i ona ry  rates  c an  be de tec ted  w i t h i n  p r o t e i n - c o d i n g  
regions.  Such  ana lys i s  has  r evea led  a n o v e l  m R N A  
secondary  s t ruc ture  i m p l i c a t e d  i n  the  p r o p e r  ex- 
press ion  o f  a n  ou te r  m e m b r a n e  p ro te in .  I n  add i t i on ,  
this m e t h o d  is app l i cab le  to ana lyses  focused u p o n  
nuc leo t ide  sequences  o f  s t ruc tu ra l  or  f u n c t i o n a l  i m -  

por tance .  
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