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ABSTRACT Extensive variation in synonymous and non-
synonymous rates of substitution was observed among 50
sequences of the gene coding for the large subunit of ribulose-
1,5-bisphosphate carboxylase (rbcL) representing bryophyte,
conifer, dicot, and monocot taxa. Relative rate tests revealed
rate differences of up to 138% for nonsynonymous substitu-
tions and up to 85% for synonymous ones. Within an-
giosperms, the annual forms evolved more rapidly, on average,
than perennial forms. This rate heterogeneity was more ex-
tensive at nonsynonymous sites than synonymous ones, and it
resulted primarily from a recent acceleration of substitution
rate in many groups of angiosperms. :

Using the principle of the molecular clock (1), there have
been a number of attempts to estimate divergence times of
major plant taxa from chloroplast (2) and nuclear DNA
sequences (2-4). An implicit assumption of the molecular
clock, however, is an approximate constancy of evolutionary
rate over time (5). Several recent studies have reported
heterogeneity of substitution rates among plants in chloro-
plast DNA. Such heterogeneity has been observed for several
chloroplast genes between lineages leading to pea and to-
bacco and spinach (6, 7), among cereals (8, 9), and among
lineages leading to maize, tobacco, and liverwort (2). In a
recent study involving rbcL (gene coding for the large subunit
of ribulose-1,5-bisphosphate carboxylase) sequences, the
rate of evolution appeared faster in annual angiosperms than
in Marchantia, Chlamydomonas, and Euglena (10). For this
gene, overall rates of substitution were also found heterog-
enous within the family Betulaceae (11) and within the
Poaceae (12). When comparing overall rates of evolution of
rbcL within the monocot family Arecaceae to those estimated
in the Poaceae, an extensive slowdown was observed in the
Arecaceae, the palm family (13). In the Saxifragaceae sensu
lato, however, no significant heterogeneity was detected
among rbcL sequences determined (14).

In this paper, we present evidence that greatly expands
upon previous observations of rate heterogeneity for chlo-
roplast genes. We report extensive variation in substitution
rates among 50 rbcL gene sequences from Marchantia and
from 18 families of seed plants representing the gymno-
sperms, the dicots, and the monocots. The observed patterns
of variation were related to life-history factors, and rate
variation was more extensive for nonsynonymous than syn-
onymous rates of substitution. 1

MATERIALS AND METHODS

A total of 43 rbcL sequences was drawn from the literature
(see Fig. 1, citations available from the authors upon request)
and the complete rbcL nucleotide sequences were deter-
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mined for eight additional taxa representing woody perenni-
als: Magnolia Soulangeana, Populus tremuloides, Pinus
edulis, Pinus griffithii, Pinus longaeva, Pinus pinea, Pinus
radiata, and Podocarpus gracilior. Total genomic DNA was
obtained from leaves (15) or from needles (16). Oligonucle-
otide primers for amplification and sequencing were kindly
supplied by G. Zurawski, and additional primers were de-
signed by identifying homologous regions among sequences
already published (monocots, dicots, and Marchantia). The
amplification of rbcL was conducted using the polymerase
chain reaction with primers homologous to the beginning and
the end of the coding region in conjunction with primers
annealing to conserved regions of the flanking ORF512 and
the gene atpB (17). Prior to amplification, one primer of each
pair was phosphorylated while keeping the other unphos-
phorylated; by subsequently digesting the phosphorylated
strand of amplified DNA with A exonuclease (18), we ob-
tained single-stranded DNA suitable for sequencing. This
process was repeated for the alternate strand for each pair of
primers. Amplification, DNA purification, and sequencing
followed previously described procedures (11).

Pairwise synonymous (K,) and nonsynonymous (K,) num-
bers of substitutions corrected for multiple hits were calcu-
lated (19). Overall numbers of substitution (K,) were calcu-
lated as weighted averages of K; and K,. The distance
matrices obtained were analyzed with the neighbor-joining
method of phylogenetic tree construction (20). Kimura’s
two-parameter method (21) was also used to estimate overall
rates of substitution where rates of transitions and transver-
sions are modeled separately. To assess the reliability of the
topologies obtained from the neighbor-joining method, stan-
dard parsimony as well as various weighted parsimony strat-
egies were conducted using PAUP (phylogenetic analysis
using parsimony; ref. 22): (i) transitions and transversions
received weights (1 vs. 2, respectively) proportional to the
reciprocal of their frequency; (i) first, second, and third
codon positions received weights (4 vs. 7 vs. 1, respectively)
proportional to the reciprocal of substitution frequency at
each position; (iii) a combination of the two last weighting
schemes. Bootstrap confidence intervals were estimated
under the assumption of character independence from 100
replicates for standard parsimony.

Relying solely on the tree obtained from the neighbor-
joining analysis of overall substitution rates (Fig. 1), a set of

Abbreviations: K,, nonsynonymous rate of substitution; K;, synon-
ymous rate of substitution; K,, overall rate of substitution; rbcL,
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taxa representative of the major clades observed was chosen
to conduct a series of relative rate tests (23) for K and K.
When a clade was composed of more than two taxa, such as
for the Pinaceae or the Poaceae, a representative taxon was
selected that had roughly an average distance from the root
of the tree for the clade. The reference taxa for comparison
purposes were chosen in remote sister groups to avoid
illegitimate choices based on local topological errors (details
given in Table 2). The relative rate tests rely on pairwise rates
of substitution and are therefore independent of the topology
used to select the taxa to be compared. Rate differences
between pairs of taxa relative to their common reference
taxon are expressed as their pairwise differentiation: [(K;3 —
K23)/Kj2] X 100, where K is the fraction of nucleotides
substituted among taxa, 1 and 2 are the taxa being compared,
and 3 is the reference taxon.

Wilcoxon’s signed-rank tests (24) were used to assess
heterogeneity patterns observed among groups of taxa dif-
fering in life-history traits (e.g., annuals vs. perennials). The
tests were conducted separately for K, and K,. Pairwise rate
differences among all possible combinations of members of
two contrasted life-history categories that were defined a
priori were used for analysis. For instance, when testing
synonymous rate differences between annuals (Spinacea,
Neurachne, Nicotiana, Gossypium, Pisum, Flaveria, Table
2) and perennials (Pinus, Penthorum, Quercus, Magnolia,
Serenoa, Itea, Carpentaria, Francoa, Table 2), we used the
rates given in the lower left side of Table 2 (6 X 8 matrix).

RESULTS

Estimated Phylogenies. At higher levels of organization, the
topology of the tree estimated from the neighbor-joining
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analysis of K, (Fig. 1) was congruent with those obtained
from the neighbor-joining analysis of K, and from parsimony
analysis using a simultaneous weighting of transition/
transversion and first/second/third codon positions (not
shown). This topology is also in general agreement with
traditional views regarding the phylogeny of seed plants at
higher levels of organization (25): conifers as members of the
gymnosperms would have diverged first, followed by the
diversification of angiosperms in their two basal classes, the
monocots and the dicots, which formed two monophyletic
groups. The topology of the Coniferales is also in agreement
with existing views, with the Pinaceae forming a natural
group distinct from Podocarpus, and the genus Pinus forming
a distinct group split into the subgenera Haploxylon and
Diploxylon. Notably, the neighbor-joining analysis of K and
standard parsimony appeared unreliable as they grouped the
Arecaceae with the dicots away from the Poaceae. The
diversification of the dicots into their six subclasses (25)
appears rapid from all the analyses: besides the constant
earlier divergence of the Magnolidae here represented by the
Magnoliaceae, the remaining five subclasses did not form
natural groups; several of these subclasses appeared poly-
phyletic and showed topological variation from one method
to the next, notably for the subclasses Hamamelidae, Ros-
idae, and Dilleniidae. In these cases, bootstrap estimates
were generally lower than 50% for standard Wagner parsi-
mony. Such inconsistent topologies, presumably a conse-
quence of rapid radiation of the subclasses of the dicots, were
also obtained from the analysis of sequences of the nuclear
gene encoding glyceraldehyde-3-phosphate dehydrogenase
(3), from partial sequences of 18S and 26S rRNAs (26-28),
and from smaller subsets of dicot rbcL sequences (14, 28, 29).
Flaveria pringlei (A)

Flaveria bidentis (A)*
Carpentaria californica (P)*

Nicotiana tabacum (A)
Nicotiana otophora (A)*
Nicotiana acuminata (A)
Petunia hybrida (A)

Amaranthus hypochondriacus (A)

|
Spinacia oleracea (A)*
'-I:__l— Atriplex rosea (A)
Atriplex patula (A)
Medicago sativa (A)
P‘gum sativum (A)*
Penthorum sedoides (P.

Gossypium hirsutum (A)*

Francoa sonchifolia (P)%*
Astilbe taquetil (P)
Heuchera micrantha (P)
Itea virginica (P)*
Liquidambar styraciflua (P)

Parnassia fimbriata (P)

Brexia madagascariensis (P)
Quercus rubra (P)*
Betula papyrifera (P)
Populus tremuloides (P)

Persea americana (P.

)
_'ELmodendron tulipifera (P)

Magnolia Soulangeana (P)*
Magnolia macrophylla (P)

____Lierenoa repens (P)*
Calamus usitatus (P)

Puccinellia distans (A)
I_:_Trltlcum aestivum (A)
Hordeum vulgare (A)

Marchantia A

0.177

L Oryza sativa (A)
_E-Neurachne tenuifolia (A)
Neurachne munroi (A)*
Pennisetum americanum (A)
Cenchrus setigerus (A)
Sorghum bicolor (A)
Zea mays (A)

Podocarpus gracilior(P)
=== Pseudotsuga menziesii (P)
Pinus edulis (P)

FiG. 1.

Pinus longaeva (P)
Pinus grifrithii (P)
Pinus thunbergli (P)

Pinus pinea (P)

Pinus radiata (P)*

Phylogenetic tree of 49 seed plant taxa based on neighbor-joining analysis of overall pairwise substitution rates (Ko,) of rbcL

sequences. P, perennials; A, annuals. Taxa followed by an asterisk were used in relative rate tests (Table 2).
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Table 1. Comparisons of substitution rates per site among selected contrasting angiosperm taxa relative to P. menziesii
No. of Observed Kimura’s
nucleotides no. of Transitions Transversions tn/tv two-parameter
Taxon compared substitutions (tn) (tv) ratio rate Ka Ks Ko

Z. mays 1422 232 142 90 1.6 0.186 0.053 0.848 0.233
T. aestivum 1425 227 133 94 1.4 0.181 0.040 0.752 0.201
S. repens 985 122 84 38 2.2 0.137 0.023 0.675 0.167
M. macrophylia 1425 165 122 43 2.8 0.128 0.027 0.580 0.152
S. oleracea 1425 214 147 67 2.2 0.171 0.042 0.786 0.212
Q. rubra 1425 173 121 52 23 0.134 0.028 0.615 0.161
1. virginica 1407 166 123 43 29 0.129 0.021 0.631 0.154
P. hybrida 1425 209 144 65 22 0.166 0.043 0.740 0.202

Heterogeneity of Substitution Rates. There are striking
differences in apparent rates of evolution (Fig. 1). Compar-
isons of substitution rates among a sample of diverse an-
giosperm taxa showed that this heterogeneity is made up of
several components (Table 1). In some taxa such as Magnolia
and Itea, the observed transition/transversion ratio is highly
skewed and nearly double that of Zea and Triticum. K, were
roughly 20-fold lower in magnitude than K, but appeared to
vary substantially more; for example, Zea and Itea varied
2.5-fold at K, but only 1.3-fold at K,. Consequently, relative
differences in branch length such as those observed on the
neighbor-joining tree based on K, (Fig. 1) appeared substan-
tially larger when K, were analyzed or when weighted
parsimony strategies were used (not shown).

Relative rate tests (Table 2) indicated a large number of
statistically significant (P < 0.05) instances of rate hetero-
geneity. The number (65 of 196) far exceeds that expected due
to chance alone (about 10), given the number of tests con-
ducted. The perennial seed plants tested, whether herba-
ceous or woody, appeared to evolve more slowly than the
annual herbaceous plants. Wilcoxon’s signed-rank tests be-
tween perennial and annual seed plant taxa showed that
annuals are evolving significantly faster than perennials for
K; and K, (Wilcoxon’s T values of 98.5 and 12, respectively,
both with n = 48 and significant at P < 0.01). Furthermore,
the degree of heterogeneity for K, substantially exceeded
that for K: by comparing the 48 synonymous rate differences
estimated among annuals and perennials tested to the 48
nonsynonymous rate differences, annuals were found to have
evolved an average 25% (+26%) more rapidly than perennial

Table 2. Relative rate tests among 15 selected taxa

seed plants for synonymous substitutions and 46% (+32%)
more rapidly for nonsynonymous ones. This difference be-
tween synonymous and nonsynonymous substitutions was
highly significant (parametric Student’s ¢ value of 3.51 and
non-parametric Wilcoxon-derived Student’s 7 value of 3.31,
P < 0.01). When testing herbaceous perennials vs. woody
taxa (Penthorum and Francoa vs. the six other woody
perennials), no significant rate differences were observed for
synonymous or nonsynonymous substitutions (both Wilcox-
on’s T values of 29 with n = 12, P > 0.05).

Variable Molecular Clock. The heterogeneity of substitu-
tion rates we observed could be the result of either a
slowdown of evolutionary rate in the slower lineages or an
acceleration of evolutionary rate in the faster lineages, or
both. To analyze this problem, and because of the observed
heterogeneity of substitution rates, a variable molecular
clock strategy was developed where absolute rates of sub-
stitution per year were determined separately for each lineage
(local clocks). Using Chlamydomonas as the outgroup, we
determined the average branch lengths of a tree with six
terminal groups (Fig. 2) that appear to be natural from our
distance-matrix analyses of K, and K,, from our weighted
parsimony analyses, and from current views on plant evolu-
tion. Only nonsynonymous rates of evolution could be used
to construct this tree because of saturation in the overall and
synonymous rates involving Chlamydomonas. Average non-
synonymous rates were calculated between groups, and with
the topology fixed, terminal and internal branch lengths were
estimated using a procedure that does not assume homoge-
neity of substitution rates (30). The tree obtained (Fig. 2)

Taxa Spin Neur Nico Goss Pisu Flav Pinu Pent Quer Magn Sere Itea Carp Fran Marchantia
S. oleracea (Spin) — 3 8§ -2 9 37* 34+ 38* 33+ 43+ 53t sgt 79t g6t a4t
N. munroi (Neur) -6 — 0 -5 12 20 17 2 4 46t 9+ Mt sst 46t 27¢
N. otophora (Nico) -19 -6 — -10 2 26 31 25 22 35 61t 61t 72t et 37+
G. hirsutum (Goss) =21 0 -7 — 12 36* 26 31+ 3 5 98t 49t 59t 138t 36*
P. sativum (Pisu) 5 -1 19 28+ —  40* -3 32 36 15 s9t 6ot 79t 125F 18
F. bidentis (Flav) -16 -14 4 10 -18 — -3 -6 -10 28 48 22 38 8ot 7
P. radiata (Pinu) 10 0 20 3 25 -6 —_ 20 13 -4 24 29 2+ 61t 4
P. sedoides (Pent) -3t -33t -26 -16 —43t -28* -25 —_ -4 4 29 34 52+ g1t 7
Q. rubra (Quer) -18 -18 -2 6 -22 5 1 22 — -30 33 et  65* 105t 24
M. Soulangeana (Magn) -85t -25 -—-77t —66t —67F -73t 12 -62t 587 14 20 6 23 18
S. repens (Sere) -18 21 -7 -15 -1 4 29 21 13 32 — 7 -17 -14 17
I virginica (Itea) —587 -17 —43t 37t 82t —471t -27 -2 —40t 62t -1 — 23 57+ 8
C. californica (Carp) -55t -19 48t -27* -s55t —s0f -18 0 -34F 75t -13 6 — 52 4
F. sonchifolia (Fran) -30* -13 -15 -9 =3t -20 7 13 -15 9* -5 4+ 32 — -9

Numbers indicate rate differences in percent of pairwise substitution rates between taxa on the left and taxa at the top. K, are above diagonal;
K; are below diagonal. For example, K, in S. oleracea is 3% faster than N. munroi with reference to common reference taxon; K, in S. oleracea
is 6% faster than N. munroi. The choice of taxa compared is based on Fig. 1 (taxa followed by an asterisk in Fig. 1) except for Marchantia
(selected based on Fig. 2). The choice of reference taxa is based on Fig. 1 (except for Marchantia, Fig. 2): reference taxon for comparisons
involving dicots excluding M. Soulangeana: M. macrophylla (closest sister taxon); reference taxon for comparisons between Magnolia and other
dicots: S. repens (closest sister taxon); reference taxon for comparisons between monocots and dicots: P. menziesii (closest sister taxon);
reference taxon for comparisons between P. radiata and angiosperms: Marchantia polymorpha; reference for comparisons between M.
polymorpha and seed plants: Chlamydomonas reinhardtii (based on Fig. 2). Bold character values are significant at P < 0.05 (», test values
exceeding 1.96) or P < 0.01 (1, test values exceeding 2.58). , P = 0.06.
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Other dicots (25)
Magnolidae (4)
Arecaceae (2)

Chlamydomonas

Marchantia

shows that the Poaceae are the fastest taxa, and the Are-
caceae and Marchantia are the slowest ones. Using Chla-
mydomonas as the reference taxon, relative rdte tests involv-
ing Marchantia showed its K, to be significantly slower than
several annuals tested; no significant differences, however,
were detected relative to the perennials (Table 2).

We estimated substitution rates separately for several
lineages based on calibrations using 400 million years (Myr)
for the branching date of Marchantia (2) (node A in Fig. 2)
and 200 Myr for the monocot—dicot split (2, 4) (node C in Fig.
2). We could therefore estimate rates per site per year
separately for the branch leading to Marchantia, for the
internal path between nodes A and C, and for each path
emerging from node C. From the length of the branch leading
to Marchantia (0.0178), the K, is estimated at 4.4 x 10~11
substitutions per site per year. From the length of the internal
path between nodes A and C (adding internal branch lengths
AB + BC = 0.00695 + 0.00185) and using 200 Myr as the
difference in time between nodes A and C, the K, on this path
alone is also estimated at 4.4 x 10~ 11 substitutions per site per
year. From the length of each path emerging from node C
(0.0009 + 0.0079 for the Arecaceae, 0.0009 + 0.217 for the
Poaceae, 0.0035 + 0.0111 for the Magnoliaceae, and 0.0035
+ 0.135 for the other dicots), the K, per site per year are 4.4
X 101! for the Arecaceae, 11.3 x 10~11 for the Poaceae, 7.3
x 1011 for the Magnoliaceae, and 8.5 x 10~1! for the other
dicots. Therefore, when using Chlamydomonas as the out-
group, it appears that the nonsynonymous rate of evolution
has been maintained relatively constant on the path linking
Marchantia to the Arecaceae and that acceleration has taken
place in the dicots (2-fold increase on average) and the
Poaceae (close to 3-fold increase on average). However, for
the other dicots, the average rapid rate of substitution masks
a great deal of variability between perennial and annual taxa
(Fig. 1).

DISCUSSION

rbcL evolved more rapidly in several modern lineages and,
particularly, in annual plants. The so-called ‘‘most morphog-
ically advanced forms’’ represented by the Asteridae and the
Poaceae were the groups for which the fastest rates of
substitution were observed. The slowest rates were observed
for Marchantia and the perennial dicots and monocots that
diverged much earlier than the Asteridae and Poaceae (25).
This trend was particularly clear at nonsynonymous sites,
and it was shown that these differences were caused by a rate
acceleration. Rate heterogeneity among annual plants has
also been observed at nonsynonymous sites for other chlo-
roplast genes (2, 7), suggesting that the trend observed in this
study could be representative of the chloroplast genome
generally. No rate heterogeneity was reported among the
same annual plants in the nuclear 18S and 26S rRNA genes
(2) nor for the nuclear gene encoding the small subunit of
ribulose-1,5-bisphosphate carboxylase (rbcS) among several
annual dicots and monocots, one fern, and one pine (4). Thus,
it appears that less rate heterogeneity exists for nuclear
compared to chloroplast genes.

Several factors could be invoked to explain the observed
heterogeneity of substitution rates in rbcL. Generation time
(31), taken as the time to reach sexual maturity, is likely to

Conifers (8)

Gramineae (10) FiG. 2. Phylogenetic tree of six groups

of land plants based on Li’s method (30)
using K, of rbcL sequences. Numbers in
parentheses indicate the numbers of taxa.

be rejected because, at least in our limited sample, herba-
ceous and woody perennials had similarly slow rates. More-
over, in perennial plants where ‘‘germ-line’’ mutations can
occur throughout their lifetime, the importance of generation
time as an evolutionary factor may be much less than for
animals. Furthermore, if generation time was the sole factor,
the pattern of heterogeneity observed between perennial and
annual forms would be expected to appear at least equally
obvious at synonymous and nonsynonymous sites. A quite
different pattern was observed, with larger rate differences at
nonsynonymous sites between perennial and annual forms.

More recently, it has been suggested that efficiency of
DNA replication or repair mechanisms (32), and selection
against heterozygosity associated with mismatch-inhibited
repair, could be a major force in shaping genetic variation. It
would cause the rate of selectively neutral molecular evolu-
tion to decrease asymptotically with increasing population
size (33). Although chloroplasts are usually uniparentally
inherited, biparental inheritance (16, 34-36) and putative
chloroplast recombination (37) have been observed. Al-
though rare, these factors could be a significant evolutionary
force when considering long time spans. Thus, assuming
perennials maintain larger effective population sizes than
annuals (38, 39), mismatch-inhibited repair may contribute to
their slower rate of rbcL evolution.

Taxa with small population sizes may speciate more
readily, and if genetic bottlenecks or genomic reorganization
accompanies speciation, it may accelerate fixation of new
variants. Speciation rate has been shown to vary extensively
among seed plants, with long-lived perennial herbs and
woody angiosperm taxa, as well as the gymnosperms, show-
ing a slower rate of speciation (40). Although the genetic
consequences of speciation are poorly understood in plants
(41), annuals appear to more frequently develop strong
postzygotic isolating mechanisms than perennials (42) and
are more likely to undergo ecological shifts and founder
events during speciation (43). In contrast, speciation in
perennials appears to more often occur via long-term isola-
tion of large, allopatric populations, with slow-developing
isolating mechanisms (44) allowing hybridization to com-
monly occur in zones of secondary contact (16, 45, 46).
Genetic bottlenecks would accelerate fixation of neutral
mutations, which presumably comprise the majority of syn-
onymous substitutions. Adaptation to new ecological niches
may require fixation of functionally important mutations,
which presumably comprise nonsynonymous substitutions.
A lower frequency of speciation events in groups of peren-
nials compared to annuals would result in fewer opportunities
for such bottleneck and adaptation events. The net result may
be an acceleration of nonsynonymous over synonymous
rates in annuals, as the former is driven by natural selection
and genetic drift, but the latter is driven only by drift and
periodic selection (47). The effects of reduced population size
would be augmented in organelle genes compared to nuclear
genes because of their haploid nature.

Besides the rate heterogeneity that we observed among
distantly related species, instances of heterogeneity of sub-
stitution rate within families have also been reported for
rbcL. It has been recently shown that Z. mays, a predomi-
nantly outbreeding species, evolves faster than other
Poaceae to which it was compared, although significant
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differences were only found with Puccinellia and Sorghum
(ref. 12; see Fig. 1). In the slow-evolving Betulaceae (see
Betula, Fig. 1), an old family of perennial angiosperms, the
two major clades delineated by the phylogenetic analysis of
rbcL sequences were shown to evolve at distinct speeds, and
this was correlated at the morphological level (11).

The extensive rate heterogeneity we observed indicates
that extreme care must be taken when estimating phylogenies
and branching dates using rbcL sequence data and perhaps
other chloroplast genes. If topological errors are to be
avoided, methods that assume homogeneity of substitution
rates such as the unweighted pair-group method should be
avoided or used with caution. Topologies obtained from
unweighted standard parsimony must also be corroborated
by other methods, as it is also sensitive to rate heterogeneity
(48, 49).
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