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Abstract. Nucleotide sequence from a region of the
chloroplast genome is presented for 12 species spanning
four subfamilies of the grass family. The region contains
the coding sequence for the rbcL gene and the intergenic
spacer between the gene coding the large subunit of rib-
ulose-1,5-bisphosphate carboxylase/oxygenase (rbcL)
and the photosystem I gene psal. This intergenic spacer
contains a pseudogene for rp/23 as well as two noncod-
ing segments with different A+T contents. Using the se-
quence of rbcL a chloroplast phylogeny of this family
was constructed by parsimony. Variable sites of the two
noncoding segments were traced onto the phylogeny to
study the dynamics of base substitution. This was also
performed for the fourfold-degenerate sites of the rbcl.
gene. A wide variation in transversion/transition is ob-
served between the two noncoding segments and be-
tween the noncoding DNA and the fourfold-degenerate
sites of rbcL. This variation is correlated with regional
A+T content. As regional A+T content decreases, the
ratio of transversions to transitions also decreases. Sub-
stitutions were then scored in relation to neighboring
base composition. The composition of the two bases im-
mediately flanking each substitution is highly correlated
with the transversion/transition bias. When both the 5’
and 3’ flanking bases are an A or a T, transversions are
observed 2.2 times as frequently as transitions. When
either or both neighbors are a C or a G, the opposite trend
is found; transitions are observed 1.5 times more fre-
quently than transversions.
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Introduction

The process of nucleotide substitution is one of the most
fundamental features of molecular evolution. Under-
standing the process and pattern of substitution underlies
the methods for estimating the number of substitutional
events occurring along lineages, and it is fundamental to
some methods for reconstructing phylogenies based on
molecular data.

Substitutions often occur with unequal probability
such that the pattern of substitution is biased. The pattern
of nucleotide substitution can be affected at the level of
spontaneous mutation or at the level of fixation by nat-
ural selection. At the mutational level, biases can arise by
several means, such as thermodynamic stability of the
mispaired intermediate (Topal and Fresco 1976) and in-
teraction with neighboring bases (Topal et al. 1980; Rad-
man and Wagner 1986; Jones et al. 1987; Mendelman et
al. 1989). Efficiency of the proofreading mechanism of
the replication apparatus and of mismatch repair can also
affect the mutational pattern. Mutations in Escherichia
coli that affect the repair mechanism have been observed
to alter the frequency of occurrence of certain types of
nucleotide substitutions (Nghiem et al. 1998; Cabrera et
al. 1988; Michaels et al. 1990) or to be involved in the
repair of specific mismatches (Kramer et al. 1984; Ak-
iyama et al. 1989). Similar loci have been found in eu-
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karyotic systems (Jiricny et al. 1988; Stephenson and
Karran 1989).

The pattern of substitution between closely related
sequences has been well studied, particularly in mam-
mals (Brown et al. 1982; Gojobori et al. 1982; Li et al.
1984; Blake et al. 1992) and the mitochondrial genome
of Drosophila (Wolstenholme and Clary 1985; Clary and
Wolstenholme 1987; DeSalle et al. 1987; Satta et al.
1987; Nigro et al. 1991; Tamura 1992). Since the sub-
stitutions observed in gene-coding sequences have been
““filtered”” by natural selection, they do not necessary
reflect the spontaneous mutational process. To more di-
rectly address the question of mutation dynamics some
studies have focused on apparently neutral substitutions
such as those observed in pseudogenes (Gojobori et al.
1982; Li et al. 1984; Blake et al. 1992) or at the third-
position substitutions in fourfold-degenerate amino acids
(Tamura 1992).

The studies on mammalian DNA, both mitochondrial
DNA (mtDNA) and nuclear genome pseudogenes, re-
vealed an excess of transitional substitutions as well as
an increased rate of substitution in mtDNA relative to
nuclear DNA (Brown et al. 1982; Li et al. 1984). This
bias toward transition substitutions has had important
implications for estimations of genetic divergence (Nei
1987) and is employed widely in weighting character-
state changes in phylogenetic analyses (Swofford and
Olsen 1990).

Neighboring bases may also influence the pattern of
nucleotide substitution. Evidence for such an influence
has been observed in both E. coli (Jones et al. 1987;
Mendelman et al. 1989) and in mammalian systems
(Blake et al. 1992). Studies on mismatch repair in E. coli
have shown that the transitional mismatches G:T and
A:C are repaired most efficiently (Radman and Wagner
1986). The efficiency of this repair increases as the G+C
content of the neighboring four to ten bases on both sides
increases, suggesting that the repair is more efficient in
increasingly stable double helixes, particularly for tran-
sition intermediates (Radman and Wagner 1986). The
result is that the local conformation of the helix can
affect the pattern of substitution through repair effi-
ciency. The pattern observed has led Radman and Wag-
ner (1986) to refer to mismatches leading to a transver-
sion, particularly G:A and C:T, in A+T-rich regions as
nonrepairable mismatches in E. coli.

Although the chloroplast genome is widely used as a
marker for phylogenetic studies (Clegg 1993), the dy-
namics of substitution have not been studied in great
detail. Examination of the rbcL. coding sequence and the
upstream noncoding region showed that there was a bias
toward transitions in the coding sequence but an equal
frequency of transitions and transversions in the inter-
genic spacer (Zurawski et al. 1984). The current study
focuses on a small region of the chloroplast genome in
members of the grass family. Sequence data have been
obtained over a wide representation of the family from

the first base of the gene rbcL to the first base of the gene
psal. The two genes are separated by a spacer region
ranging in size from about 900 bases to 1,700 bases and
containing a pseudogene, yrpl23 (Morton and Clegg
1993). Using rbcl, a phylogeny of the chloroplast ge-
nome in this family was constructed and then used as a
basis for studying nucleotide substitutions in various
noncoding segments and the rbcL gene. The transver-
sion/transition ratio varies widely among the various
DNA segments and between noncoding DNA and four-
fold-degenerate sites of rbcL. This variation is well cor-
related with the difference in A+T content of the seg-
ments and appears to be the result of an influence on
mutational dynamics of the composition of the nucle-
otides flanking each substitution.

Materials and Methods

Genomic DNA was prepared by the method of Doyle and Doyle (1987)
and the region from the first base of rbcL to psal amplified by the PCR
method and sequenced directly as described previously with primers
Psal (Morton and Clegg 1993) and Z1 (Doebly et al. 1990). The species
sequenced are listed in Table 1. The amplification products from Bam-
busa multiplex and Erioneuron nealegis were cloned into the TA clon-
ing vector from InvitroGen (San Diego, CA) following the protocol
supplied. Positive clones were PCR amplified with Z1 and Psal primers
and sequenced directly. Sequence alignment was done using the BestFit
program of the GCG package (Devereaux et al. 1984) for pairwise
comparisons between a new sequence and the closest relative in the
alignment previously presented (Morton and Clegg 1993). Each se-
quence was added to the multiple alignment in this manner. For all
sequencing, one strand of the PCR product was sequenced twice; the
second strand was sequenced at least once.

Phylogenetic analyses were done using PAUP 3.0s (Swofford
1991). The rbcL analysis was performed on bases 1 to 1428 of the
coding sequence. Sequence of rbcL is available from several species
for which noncoding sequence was not obtained (Table 1). These extra
sequences were used in the phylogeny construction.

Equal weighting was used for all character-state changes. Searches
performed were heuristic with a random input order. Ten repetitions of
each search were performed. Bootstrapping on the rbcL data set was
performed for 100 replicates, each replicate consisting of three repeti-
tions of random-order-input heuristic searches.

To examine substitutions the most parsimonious tree from the
PAUP analysis on rbcL. was input into MacClade (Maddison and Mad-
dison 1992) along with the data set from each noncoding region of
interest and the Character Trace function was performed on each vari-
able site. Most substitutions could be scored unambiguously in this
manner. Substitutions ambiguous in terms of direction were excluded
from the substitutional matrix. These substitutions were, however,
scored for calculation of transversion-to-transition ratio. In rbcl, four
sites (279, 282, 1095, and 1425) were completely ambiguous and were
not scored. Two indel mutations in the noncoding region scored were
ambiguous in terms of the end point in that two different substitution
events could be observed depending on how gaps were introduced. In
each of the cases the substitutions were excluded. Substitutions within
the rpl23 pseudogene were excluded from the analysis due to the ob-
servation that gene conversion between yrp/23 and the functional gene
has occurred at least twice during the divergence of the grasses (Morton
and Clegg 1993).

Composition of the flanking bases in the lineage in which a sub-
stitution occurred was also recorded. In the few cases where two sub-
stitutions occurred along a single branch at neighboring sites, the
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Species

rbcL.

Noncoding region

Aegilops crassa
Avena sativa
Bambusa multiplex
Cenchrus setigerus
Eragrostis japonica
Erioneuron nealegis
Hordeum vulgare
Joinvillea plicata
Muhlenbergia setarioides
Neurachne tenuifolia
Oryza sativa
Pennisetum glaucum
Puccinella distans
Sorghum bicolor
Tripsacum dactyloides
Triticum aestivum
Zea mays

Zizania texana

Terachi et al. 1987
L15300%

Duvall et al. (1993a)
Doebley et al. (1990)
This study

This study

Zurawski et al. (1984)
Duvall et al. (1993a)
This study

Hudson et al. (1990)
Hiratsuka et al. (1989)
Doebley et al. (1990)
Doebley et al. (1990)
Doebley et al. (1990)
This study

Terachi et al. (1987)
Gaut et al. (1992)
Duvall et al. (1993b)

Ogihara et al. (1988)

This study
This study
This study
Morton and Clegg (1993)

This study
Hiratsuka et al. (1989)
Morton and Clegg (1993)

Morton and Clegg (1993)
Morton and Clegg (1993)
Morton and Clegg (1993)
This study

# Unpublished sequence. The GenBank accession number is given

rbcl —V/W yrpl23 l

Region A

iy, v IS

Y22 Noncoding regions

Fig. 1. Diagram of the region from rbcL to psal in the large single-copy region of the chloroplast genome showing region A and the rpi23
pseudogene. The noncoding regions combined in this study are indicated by harzching. Three short noncoding regions excluded from the analysis
are indicated by shading. (See text.) Inverted repeat regions discussed in Morton and Clegg (1993) are indicated by a hairpin.

substitution was excluded from the neighboring bases analysis.
Composition of the flanking bases was done by recording the A+T
content of the two nucleotides flanking the substitution (zero, one, or
two bases A or T).

Results and Discussion

The region of the chloroplast genome examined in this
study is diagrammed in Fig. 1. The region contains a
pseudogene for rp/23 as well as two inverted repeats and
a large deletion in the members of the Panicoideae sub-
family, which included P. glaucum and Zeu mays, span-
ning the region called region A in Fig. 1 (Morton and
Clegg 1993). This deletion, beginning within yrpl23 26
bases from the end of yrpi23 and rpl23 homology, is
also found in this study to be present in the subfamily
Chloridoideae represented by Muhlenbergia setarioides,
Eragrostis japonica, and Erioneuron nealegis. Region A
is defined in this study as the deleted region minus the 26
bases at the 3" end of yrpl23. The complete noncoding
region is about 1.6 kb in length in Oryza sativa and about
0.95 kb in Z. mays. Polarity is defined in this study by the
rbcL. gene. The noncoding region diagrammed is 3" to
rbcL.

Phylogenetic Analysis

The phylogenetic analysis of the grass species using
rbcL sequence data yielded a single most parsimonious
tree which is shown in Fig. 2. The deletion event of
region A discussed earlier is indicated on the phylogeny.
Given that the phylogeny is employed in an examination
of substitutions, the character-change weighting scheme
used in tree construction call influence the substitutions
inferred from the tree topology. Since an a priori dis-
tribution is required, the uniform distribution (equal
weighting) was used, as it makes the smallest number of
assumptions regarding substitution dynamics. However,
the substitution data for the rbcL gene reveal a large
number of transitions relative to transversions. There-
fore, tree construction was repeated using a weighting
scheme under which transitions are twice as likely as
transversions. The same topology is obtained for this
weighting scheme as with equal weighting. The boot-
strap results for both weighting schemes are shown in
Fig. 2.

Previous phylogenetic analysis of this family using
rbeL yielded ambiguous results (Doebley et al. 1990).
With the addition of the members of the Chloridoideae in
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Fig. 2. Most parsimonious tree of the grass family using rbcl.. The
deletion of noncoding region A (see Fig. 1) is indicated by a bar.
Branch lengths are shown to scale based on the number of substitutions
along that edge. Results of 100 bootstrap replicates are indicated for all
clades. The bootstrap results for equal weighting are indicated above
the branches; those for the weighting scheme favoring transitions (see
text) are indicated below. The scale bar represents ten substitution
events without accounting for possible multiple substitutions at a site.

this study a single most parsimonious tree is obtained
which agrees very well with traditional grass systematics
(Clayton and Renvoize 1986), suggesting that rbcL
might be a useful systematic tool for this family.

Patterns of Nucleotide Substitution

The noncoding region downstream of rbcL was se-
quenced for only 12 of the 18 species in Fig. 2 (see Table
1) but substitutions can still be investigated by examin-
ing the variable sites in light of this phylogeny. The
substitutional matrix for the noncoding regions, exclud-
ing region A, is shown in Table 2. The data are from the
combination of the noncoding regions indicated by
hatching in Fig. 1. These are the noncoding regions that
can be aligned with enough certainty to examine nucle-
otide substitutions. The three sections excluded are a
short hypervariable region immediately following the
rbcl. gene, an 18-base loop from a stem-loop structure
approximately 150 bases downstream of rbcL, and an
inverted repeat which is evolving by complex rearrange-
ments (Morton and Clegg 1993). Substitutions within
region A are shown separately in Table 3.

The substitutional matrix for the fourfold-degenerate
sites of rbcL sequence are shown in Table 4. All species
in the phylogeny presented in Fig. 2 were used in this
analysis. One consistent feature of substitutions in the

Table 2. Substitutions in the noncoding region 3’ of rbcL

G* A T C
From-to (0.13) (0.42) (0.35) 0.12) Total
G 9 13 8 30
A 14 16 15 45
T 6 5 16 27
C 3 18 12 33
Total 23b 32 41 39 135

0.15) 0.23) 0.32) (0.30)

# Average composition by base is given in parentheses
® Proportion of total substitutions given in parentheses

Table 3. Substitutions in the noncoding region A
G* A T C
From—to (0.22) (0.32) (0.30) ©.17) Total
G — 10 8 3 21
A 23 — 4 4 31
T 7 4 — 21 32
C 2 8 7 — 17
Total 320 22 19 28 101
(0.29) (0.22) (0.20) 0.29)

# Average composition by base is given in parentheses
® Proportion of total substitutions given in parentheses

Table 4. Substitution matrix for rbcL. fourfold-degenerate sites
G* A T C
From-to 0.10) (0.30) (0.48) (0.12) Total
G — 15 3 4 22
A 20 — 6 5 31
T 2 4 — 24 30
C 2 1 18 — 21
Total 24> 20 27 33 104
0.22) 0.18) (0.26) (0.33)

* Composition of O. safiva is given in parentheses
® Proportion of total substitutions given in parentheses

Table 5. Base composition and transversion/transition ratio for seg-
ments of chloroplast DNA

Region Tv/Ts* A + T content
Noncoding® 1.43 76.0
Region A 0.61 61.6
rbeL. 4-fold® 0.32 56.5

# Transversion/transition ratio

® Noncoding regions 3’ of rbcL except region A as discussed in text
¢ Substitutions are from the fourfold-degenerate sites. A + T content is
given for the entire gene

chloroplast can be seen in Tables 2, 3, and 4 by com-
paring the compositional frequency to the frequency at
which each base is replaced. This demonstrates that C
and G are replaced at a rate that is higher than the com-
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Table 6. Composition of nucleotides flanking substitutions in noncoding DNA

Noncoding?® Region A Cumulative
A + T Content® Tv® Ts Tv/Ts Ty Ts Tv/Ts Tv Ts Tv/Ts
0 5 4 1.3 11 20 0.55 16 24 0.67
1 24 34 0.71 24 41 0.59 43 75 0.64
2 63 22 2.86 24 17 1.41 87 39 223

* Noncoding region with the exclusion of region A

® Number of the two nucleotides flanking the substitution which are either A or T
¢ Number of transversions (Tv) or transitions (Ts) observed with the given flanking A + T content

positional frequency while A and T are replaced at a
lower rate. The equilibrium frequencies for G, A, T, and
C are calculated from this matrix by the method given in
Tajima and Nei (1982) are 0.29, 0.38, 0.20, and 0.13.

Many previous studies of substitutional patterns have
noted a bias toward transitional substitutions. This bias
may be a result cf tliermodynamic stability of interme-
diates (Topal and Fresco 197€¢, Brownp et al. 1982 or a
difference in repair efiicicney (Brown et al. 1982). There
have been few studies of chloroplast mutational dynam-
ics but in this genome a bias toward transitions has also
been observed in coding sequence (e.g., Zurawski et al.
1984). The transversion/transition ratios for the three ma-
trices presented in Tables 2—4 are shown in Table 5. It is
apparent that the ratio varies widely between the non-
coding DNA and the fourfold-degenerate sites of rbcL.
Furthermore, there is a significant difference between
region A and the rest of the noncoding DNA.

An effect of neighboring bases on substitutions has
been observed in other systems (Radman and Wagner
1986; Jones et al. 1987; Mendelman et al. 1989; Blake et
al. 1992), and this could be responsible for the variation
observed within this region. The A+T contents of the
different regions are also given in Table 5. As is appar-
ent, the transversion/transition ratio decreases as the re-
gional A+T content decreases. Therefore, the composi-
tion of neighboring bases may be influencing mutations
in some manner such that transversions are more fre-
quent in A+T-rich areas.

To test this possibility further, the composition of
bases directly flanking each substitution were recorded.
The results are given in Table 6 for substitutions in the
noncoding region 3’ of rbcL excluding region A, and for
substitutions in region A. The cumulative results are also
given.

The transversion/transition ratio is significantly dif-
ferent for substitutions that are flanked on both the 5" and
3’ side by an A and/or a T and substitutions that have a
G or a C at either flanking position. In the first case,
transversions occur more than twice as frequently as
transitions. Conversely, when a G or C flanks the sub-
stitution, transitions are almost twice as frequent as trans-
versions. Testing for the effect of individual bases either
5" or 3’ on substitutions revealed no significant effect
(data not shown).

This difference exists in both of the noncoding re-
gions 3" of rbcL. The difference between region A and
the rest of the noncoding sequence in terms of transver-
sion/transition ratio as noted in Table 5 is only the result
of the frequency with which substitutions are flanked by
either a G or a C. Due to the lower A+T content of region
A, a greater proportion of substitutions are biased toward
transitions as a result of neighboring base composition.

The same analysis was performed on the fourfold-
degenerate sites of the rbcll gene. Due to the structure of
the genetic code, most fourfold-degenerate sites are
flanked by a G or C on the 5" side which is the second
codon position. As a result, almost all substitutions are
flanked by at least one G or C; only two of the 107
substitutions are flanked on both sides by an A and/or T.
Therefore, it is not possible to establish a difference be-
tween the two classes as was done for the noncoding
sequence. It remains a possibility that neighboring base
influences are the same as in the noncoding region and
that the low transversion/transition ratio of the fourfold-
degenerate sites is due to the high G+C content of second
codon position of fourfold-degenerate groups.

The influence of neighboring bases on the mutational
dynamics observed in this region may be due either to an
effect on misincorporation by the polymerase or to an
effect of local stability on the repair of the mispaired
intermediate. Both of these effects could themselves be
influenced in more complex ways than simply neighbor-
ing base. It is possible that the influence of neighboring
bases is itself a complex function of the composition of
a larger number of surrounding nucleotides. Such possi-
ble influences remain to be examined.

Conclusions

Within a small region of the chloroplast genome a wide
range of substitution dynamics, in terms of transversion/
transition ratio, is observed. Fourfold-degenerate sites of
rbecL show a much lower proportion of transversions
than neighboring noncoding regions and variation is ob-
served between two noncoding segments with differing
base compositions. In the noncoding DNA there is a very
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strong correlation between flanking base composition
and transversion/transition bias. This appears to be re-
sponsible for the variation in transversion/transition ratio
throughout this region of the chloroplast genome. The
mechanism by which neighboring base composition in-
fluences substitution bias is unknown. Further, it remains
to be determined whether this is a general feature of
chloroplast DNA and what other factors influence sub-
stitution dynamics throughout the entire genome. One
important point is that, in the absence of selection, the
substitution dynamics at fourfold-degenerate sites of
coding sequences can differ substantially from the dy-
namics of noncoding DNA.
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