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Summary. The rate of synonymous nucleotide
substitution in nuclear genes of higher plants has
been estimated. The rate varies among genes by a
factor of up to two, in a manner that is not imme-
diately explicable in terms of base composition or
codon usage bias, The average rate, in both mono-
cots and dicots, is about four times higher than that
in chloroplast genes. This leads to an estimated ab-
solute silent substitution rate of 6 x 10~° substi-
tutions per site per year that falls within the range
of average rates (2-8 X 10~%) seen in different mam-
malian nuclear genomes.

Key words: Plant molecular evolution — Molec-
ular clock — Chloroplast DNA

The rate of nucleotide substitution at silent codon
positions in genes is of general interest in elucidating
mechanisms of DNA evolution and of particular
relevance to the molecular clock hypothesis. Thus,
it is desirable to know this rate in as many diverse
genomes as possible. Unfortunately, the nucleotide
sequence data from which these rates can be cal-
culated are still limited to a rather small subset of
organisms: approximate estimates of substitution
rates are known only for various mammalian orders,
Drosophila, enterobacteria, influenza virus, retro-
viruses, and some organelle genomes. Recently, we
have provided evidence for large differences in the
rates of evolution among higher plant nuclear, mi-
tochondrial, and chloroplast genomes (Wolfe et al.
1987) but were unable to obtain a reliable estimate
of the rate in plant nuclear genes because very few
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single-copy genes had been sequenced in more than
one species. Since that study was completed, many
plant nuclear sequences have been published and
we are now able to quantify their substitution rates.
We first calculate the ratio between the substitution
rates in plant nuclear and chloroplast genes, before
applying fossil data to estimate absolute rates.

Most nuclear genes are saturated with synony-
mous substitutions when compared between mono-
cots and dicots; so instead, we compare genes be-
tween different species within the two classes of
angiosperms. We present the results in terms of the
estimated numbers of substitutions per site, both at
synonymous sites (K) and at nonsynonymous sites
(K4). These estimated numbers are calculated from
the observed differences between species, using the
multiple-hits correction method of Li et al. (1985).
Table 1 gives the results for 12 chloroplast and 6
nuclear genes compared between two monocots:
maize and wheat (or its close relatives barley and
rye). The synonymous substitution rate (K) in the
nuclear data set varies considerably (by up to two-
fold) from gene to gene, whereas the chloroplast
genes are more homogeneous with respect to K (the
coeflicient of variation among the nuclear genes is
23%, compared to 12% among the chloroplast genes,
excluding the five short genes). The mean K seen
in the nuclear genes is about four times that in the
chloroplast genes.

Similar within-genome variation in synonymous
substitution rate has been found in several other
organisms and has been attributed either to selection
among synonymous codons or to mutation rate
variation. For example, in both enterobacteria and
Drosophila the silent substitution rate in a gene is
inversely related to its degree of codon usage bias
(Sharp and Li 1987, 1989). This has been explained
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Table 1. Comparison between maize and wheat or barley genes

Gene K L K,» Lb G+C

Chloroplast genes:
psbB 0.15 + 0.02 343 0.01 = 0.00 1178 28
atpA 0.15 = 0.02 342 0.01 = 0.00 1167 32
Five genes? 0.17 £ 0.03 242 0.01 = 0.00 769 26
atpR 0.17 £ 0.02 343 0.02 = 0.00 1148 30
atpE 0.19 = 0.05 88 0.01 = 0.01 321 35
psbCe 0.19 = 0.04 153 0.01 + 0.00 499 33
psbD 0.20 = 0.03 240 0.01 + 0.00 819 28
rbeL 0.20 = 0.03 317 0.03 £ 0.01 1102 26

Totalf 0.17 £ 0.01 2068 0.01 = 0.00 7001 29

Nuclear genes:
waxy 0.54 = 0.06 354 0.07 = 0.01 1233 90
adh2,3s 0.61 = 0.05 251 0.07 = 0.01 875 80
adhl 0.66 £ 0.05 253 0.03 = 0.00 881 61
shrunken-1¢ 0.74 + 0.12 130 0.04 £ 0.01 488 61
Chalcone synthase 0.86 = 0.16 287 0.06 = 0.01 907 95
gapC® 0.98 = 0.15 201 0.09 + 0.01 714 56

Totalf 0.71 + 0.04 1475 0.06 + 0.00 5098 77

Rye sequences are used in place of wheat or barley for psbB and orf43. References to the original publications of the chloroplast DNA
sequences are given in our recent compilation (Wolfe 1989). The nuclear sequences are from GenBank (release 58), Chojecki (1986),
Brinkmann et al. (1987), Niesbach-Kldsgen et al. (1987), Good et al. (1988), Maraia et al. (1988), Rohde et al. (1988), and Trick et
al. (1988)

® Ks and K, are the number of substitutions per synonymous and per nonsynonymous site, respectively (calculated by the method of

Li et al. 1985)

® Ls and L, are the numbers of synonymous and nonsynonympus sites compared

¢ Mean G+C content (%) at synonymous codon positions

¢ Sum of five genes of <100 codons: atpH, psaC, psbH, orf43, orf62

¢ Partial sequence

"The mean K and K, values are weighted by the numbers of sites in each gene; the standard errors are theoretical values (on the
assumption that all genes approximate the same substitution rate), calculated as in Wolfe et al. (1987)

® Mean of comparisons of maize adh2 vs barley adh2 and adh3

in terms of natural selection favoring certain trans-
lationally optimal codons; the intensity of selection
is determined by the level of expression of the gene.
On the other hand, although the synonymous sub-
stitution rate is also known to vary among mam-
malian nuclear genes (Li et al. 1987), there is no
clear evidence of codon selection in mammals (Wolfe
etal. 1989). Recently, a relationship has been found
between the synonymous substitution rate in mam-
malian genes and their G+C content, and it may
be possible to explain the rate variation in terms of
differences in local mutation processes (Filipski 1988;
Wolfe et al. 1989). Codon usage bias in plant nuclear
genes has yet to be examined in detail, though large
differences have been noted between monocots and
dicots (Brinkmann et al. 1987; Salinas et al. 1988).
The monocot nuclear genes in Table 1 vary consid-
erably in G+C content, but this does not appear to
be related to their synonymous substitution rates.
Thus, the synonymous rate variation among plant
nuclear genes remains to be explained.

We also have compared sequences between the
dicot families Solanaceae and Brassicaceae (Table
2). As with the monocot nuclear data, Ky varies
considerably from gene to gene (and is saturated for

two genes), though the G+ C contents of the dicot
genes are uniform. Only four chloroplast genes can
be compared between these two families, and their
K values are rather variable (Table 2). Their mean
is again about one-quarter of the mean nuclear Kjg,
though the nuclear genes are rather too close to sat-
uration for the ratio to be estimated confidently. In
our previous study (Wolfe et al. 1987), we suggested
that the nuclear gene for plastocyanin had a very
high rate of synonymous substitution. This was based
on a comparison between spinach and Silene (white
campion) sequences,' using a divergence date of 20~
40 million years (Myr). However, we can now also
compare a chloroplast gene (rpoB) across the same
taxonomic distance [spinach vs Saponaria (soap-
wort)], and we find that the nuclear : chloroplast K
ratio is still approximately 4 (1.19/0.28). Although
it is possible that the molecular clock for both nu-
clear and chloroplast DNA has run more quickly in
these species (order Caryophyllales) than in other
angiosperms, it seems more likely that the diver-

! Minor corrections have been made to the Silene plastocyanin
sequence since our previous analysis (Smeekens, personal com-
munication)
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Table 2. Comparison between genes from two dicot families: Solanaceae and Brassicaceae

Gene K Lg K, L, G+C
Chloroplast genes:
psbA 0.24 = 0.04 231 0.00 + 0.00 828 20
psbK 0.39 £ 0.12 38 0.08 + 0.02 145 36
atpE 0.40 = 0.08 88 0.06 + 0.01 308 27
orfK 0.56 + 0.06 305 0.20 = 0.01 1192 27
Total 0.42 = 0.03 662 0.1t = 0.01 2473 25
Nuclear genes:
gapC 1.29 + 0.19 216 0.06 + 0.01 759 41
gapA® 1.37 = 0.20 167 0.06 + 0.01 535 42
EPSPs 1.51 = 0.17 309 0.10 % 0.01 1021 32
Chalcone synthase >2.50 271 0.10 + 0.01 896 46
ALS >2.50 405 0.10 + 0.01 1353 38
Total® 1.91 + 0.12 1368 0.09 + 0.00 4564 39

The column headings are as explained in the footnotes to Table 1. Comparisons are between tobacco and mustard for all genes except:
atpE (tobacco vs Arabidopsis), EPSPs (5-enolpyruvylshikimate-3-phosphate synthase; petunia and tomato vs Arabidopsis), chalcone
synthase (petunia vs Arabidopsis), and ALS [acetolactate synthase; tobacco (2 loci) vs Arabidopsis]. Nuclear sequences are from
GenBank, Klee et al. (1987), Mazur et al. (1987), and Lee et al. (1988). Chloroplast sequences are as compiled by Wolfe (1989), plus
data from Chen et al. {1988) and Neuhaus (1989). orfK is the gene located within the intron of #rnKyuu; gapC and gapA are genes
for cytosolic and plastid isozymes of glyceraldehyde-3-phosphate dehydrogenase, respectively

* Partial sequence

b Calculated by summation over genes before correction for multiple hits

gence date used is too recent, leading to an artificially
high estimate of the rate.

Tables 1 and 2 show that the average synonymous
substitution rate in plant nuclear genes is about four
times that in chloroplast genes. In turn, we have
shown previously that the synonymous rate in chlo-
roplast genes is about three times higher than in
plant mitochondrial genes. All the chloroplast genes
used in the above comparisons are located in the
unique regions of the chloroplast genome; there is
evidence that genes located in the inverted repeat
region have a synonymous substitution rate about
four times lower than the rest of the chloroplast
genome (Wolfe et al. 1987, unpublished results).

If we take the divergence time (7") between maize
and wheat to be 50-70 Myr (Stebbins 1981; Chao
et al. 1984), the nuclear data in Table 1 convert to
an average synonymous rate of K¢/27T = 5.1-7.1 x
10-? substitutions per site per year. This is similar
to the absolute rates of synonymous substitution
seen in mammalian genes: it falls between the rates
calculated for primates and for rodents (2 x 10-°
and 8 x 10~*, respectively; Liet al. 1987). Although
the fossil data supporting the date of 50-70 Myr
used above are rather limited, we have found using
a molecular clock for chloroplast genes that this date
is consistent with other fossil dates such as the di-
vergence between angiosperms and bryophytes. The
dicot data in Table 2 cannot be calibrated because
there is no fossil record of the Solanaceae-Brassi-
caceae divergence. The ratio between mean K val-
ues for nuclear and chloroplast genes is the same in
monocots and dicots, which suggests that the ab-
solute rates may also be equal, though we cannot

rule out the possibility that parallel rate changes
have occurred in the nuclear and chloroplast ge-
nomes in one lineage.

We conclude that the synonymous substitution
rates in plant mitochondrial, chloroplast, and nu-
clear genes are in the approximate ratio 1:3:12 and
that the average absolute rates of synonymous nu-
cleotide substitution in nuclear genes of plants and
mammals are similar. Ochman and Wilson (1987)
have proposed that there is a single rate of synon-
ymous substitution in all cellular genomes (a “silent
molecular clock™). The results from our laboratories
have indicated considerable within-genome substi-
tution rate heterogeneity in plants, enterobacteria,
Drosophila, and mammals (this study; Sharp and Li
1987, 1989; Wolfe et al. 1989), and differences
among mammalian lineages (Li et al. 1987). Never-
theless, it is perhaps remarkable that the mean syn-
onymous substitution rates in each of these nuclear
genomes differ by no more than a factor of 10.
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