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Abstract. In the plant chloroplast genome the codon
usage of the highly expressed psbA gene is unique and is
adapted to the tRNA population, probably due to selec-
tion for translation efficiency. In this study the role of
selection on codon usage in each of the fully sequenced
chloroplast genomes, in addition to Chlamydomonas re-
inhardtii, is investigated by measuring adaptation to this
pattern of codon usage. A method is developed which
tests selection on each gene individually by constructing
sequences with the same amino acid composition as the
gene and randomly assigning codons based on the
nucleotide composition of noncoding regions of that ge-
nome. The codon bias of the actual gene is then com-
pared to a distribution of random sequences. The data
indicate that within the algae selection is strong in Cy-
anophora paradoxa, affecting a majority of genes, of
intermediate intensity in Odontella sinensis, and weaker
in Porphyra purpurea and Euglena gracilis. In the
plants, selection is found to be quite weak in Pinus thun-
bergii and the angiosperms but there is evidence that an
intermediate level of selection exists in the liverwort
Marchantia polymorpha. The role of selection is then
further investigated in two comparative studies. It is
shown that average relative codon bias is correlated with
expression level and that, despite saturation levels of
substitution, there is a strong correlation among the algae
genomes in the degree of codon bias of homologous
genes. All of these data indicate that selection for trans-
lation efficiency plays a significant role in determining
the codon bias of chloroplast genes but that it acts with
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different intensities in different lineages. In general it is
stronger in the algae than the higher plants, but within the
algae Euglena is found to have several unusual features
which are noted. The factors that might be responsible
for this variation in intensity among the various genomes
are discussed.

Key words: Chloroplast DNA — Codon usage —
Natural selection

Introduction

Two underlying factors, with different relative impor-
tances in different species, contribute to codon bias. The
first is the genome composition bias which generates a
bias in degenerate positions of coding sequences (Ber-
nardi and Bernardi 1986) and the second is selection on
coding sequences for specific codons, most likely to in-
crease translation efficiency (Ikemura 1985; Sharp and
Li 1987a). Evidence for this type of selection comes
predominantly from Escherichia coli where codon usage
is adapted to the tRNA population in the cell (Ikemura
1985) and the degree of codon bias varies among genes,
correlated with expression level (Sharp and Li 1987a).
In the chloroplast genome of plants, composition bias
appears to be the predominant factor influencing codon
bias. Degenerate positions are strongly biased toward a
high A+T content, which matches the composition bias
of noncoding regions (Morton 1993). The exception that
has been noted is the psbA gene, which has a high C
content at the third position of specific synonymous
groups (Morton 1996). The psbA codon usage more
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closely matches the tRNA population of the chloroplast,
an observation which, together with the fact that psbA is
the most highly translated chloroplast gene, suggests that
selection for translational efficiency is responsible (Mor-
ton 1993, 1996). The pattern of codon usage of the plant
psbA is also observed in the chloroplast genes of the
green alga Chlamydomonas reinhardtii, suggesting that
selection is much more prevalent in this organism (Mor-
ton 1996). Therefore, among chloroplast genes studied to
date, two basic patterns of codon usage have been ob-
served which will be referred to here as the composition
pattern and the selection pattern.

Although most plant chloroplast genes appear to have
a composition pattern of codon usage, there is some evi-
dence for weak selection. The codon usages of the highly
expressed photosynthetic genes, most noticeably rbcL,
are more similar to psbA than are other chloroplast genes,
particularly in Marchantia polymorpha. Although degen-
erate positions in the highly expressed genes have a very
high A+T content, there is actually a gradient in similar-
ity to the selection pattern, an observation which is con-
sistent with the model of selection based on translation
efficiency (Morton 1994). This suggests that even though
composition bias is predominant, selection on codon us-
age might not be completely absent. Therefore, selection
is thought to act strongly on the codon usage of psbA
such that it has a noticeably unique codon usage pattern,
and at a very weak intensity on the codon usage of some
other highly expressed genes of the plant chloroplast
genome (Morton 1994).

Recent observations have forced a reconsideration of
this model. Within the flowering plants, a significantly
increased rate of silent substitution is observed at the
psbA locus specifically in those synonymous groups in
which it has an atypical codon usage, an observation that
is not consistent with constraining selection (Morton
1997). This has raised the possibility that the unusual
codon usage of the flowering plant psbA gene may ac-
tually be the remnant of an ancestral bias that is currently
being degraded as a result of a recent loss in selective
constraints. This new model is supported by a compara-
tive analysis of codon usage (Morton and Levin 1997),
and if it is correct, the codon bias gradient observed
among plant chloroplast genes would be an even fainter
remnant. What this model implies is a recent change in
selective pressure on codon usage of plant chloroplast
genes, raising general questions about how and why se-
lection on codon usage has changed during the evolution
of chloroplast DNA.

Given the possible recent shift in the role of selection
on plant chloroplast genes, we are interested in under-
standing the evolutionary dynamics of codon usage in
chloroplast genes across a wide taxonomic range. In the
current study, this is examined using the fully sequenced
chloroplast genomes: C. paradoxa (Stirewalt et al. 1995),
the red alga P. purpurea (Reith and Munholland 1995),

the diatom O. sinensis (Kowallik et al. 1995), the green
alga E. gracilis (Hallick et al. 1993), and the gymno-
sperm P. thunbergii (Wakasugi et al. 1994), in addition
to the plants used in previous analyses (Morton 1994).
Because of its close relationship to rice, which is used in
this study, the Zea mays genome was excluded. Chloro-
plast genes from C. reinhardtii were also added because
of previous work on this species (Morton 1996). Ignoring
secondary endosymbiotic events, evidence supports a
monophyletic origin for all of these plastid genomes
(Reith 1995). Most importantly, the tRNA gene content
is essentially identical in each of these genomes and
every genome has a high A+T content. Therefore, com-
position bias is very similar and adaptation to the tRNA
population should result in similar codon biases among
all of the genomes.

The patterns of codon usage, as well as the degree of
bias that exist in the different lineages, are examined to
test whether or not there is evidence for selection and to
compare relative intensities. The results indicate that se-
lection favors the same pattern of codon usage in each
lineage and appears to have at least some role in all
chloroplasts, but that the intensity varies widely. In gen-
eral, it appears to be strongest in Chlamydomonas as well
as in the cyanelle of Cyanophora, of intermediate
strength in Odontella, Porphyra, and Marchatia but very
weak in the flowering plants and Pinus, essentially being
limited in these species to psbA and rbcL. The last ob-
servation is consistent with a recent loss of selection that
has been proposed (Morton 1997) since the tests used
here cannot exclude remnants of an ancestral bias. The
other species examined, Euglena, is found to be a very
interesting case as there is evidence for selection on at
least some genes from all tests. However, there are no
genes encoded in its genome that have a codon usage
with an apparent selection pattern. The case of Euglena,
as well as factors that could affect selection intensity,
such as effective population size, genome copy number,
and reliance on photosynthesis, are discussed with regard
to the evolution of codon bias across chloroplast lin-
eages.

Materials and Methods

All complete chloroplast genome sequences and the cyanelle genome
of Cyanophora were used in this study and are listed in Table 1. To
avoid constant reiteration, all references to chloroplast genomes from
here on will include the Cyanophora cyanelle. Using the information in
the GenBank file, all protein coding, ORF, and ycf (conserved open
reading frames, Hallick and Bairoch 1994) sequences greater than 350
nucleotides in length were extracted directly from the genome se-
quence. All available genes greater than 350 nucleotides in length from
the chloroplast of Chlamydomonas were extracted directly from Gen-
Bank. The codon usage patterns of the pshA genes from each genome
and the rbcL genes from higher plants were compared by a UPGMA
cluster analysis using distances calculated by the method of Long and
Gillespie (1991). This compares genes solely on the basis of similarity
in codon usage.



Table 1. Complete genome sequences used in this study
GenBank A+ T

Organism Classification accession  content”
Cyanophora paradoxa  Glaucocystophyceae  U30821 80.9
Odontella sinensis Chromophyte 767753 80.7
Porphyra purpurea Rhodophyte U38804 71.9
Euglena gracilis Chlorophyte X70810 82.4
Marchantia

polymorpha Bryophyte X04465 84.3
Pinus thunbergii Gymnosperm D17510 66.2
Nicotiana tabacum Angiosperm 200044 69.6
Oryza sativa Angiosperm X15901 67.8

“A + T content of noncoding regions

To compare codon bias, the Codon Adaptation Index (CAI, Sharp
and Li 1987b) was used. The CAI is a measure of adaptation to a
specified pattern of codon bias, and in this case we are interested in
adaptation to the selection pattern. Therefore, two rounds of calculation
were performed to ensure that all genes were measured against the
same reference and that this reference was strongly biased to the se-
lection pattern. Initially, since psbA is known to be the primary trans-
lation product of the chloroplast (Mullet and Klein 1987), the CAI
value for every gene was calculated relative to the psbA gene of the
same genome. The codon usages of genes that had a CAI value of 0.75
or greater were then combined. This cumulative codon usage was then
used as a reference to calculate a new CAI for every gene. This second
set of CAI values was used in all subsequent work.

A simulation approach was used to test selection on individual
genes. For every species the noncoding regions were combined and
then used to calculate nucleotide frequencies. Following this, for each
gene within the genome 100 random codon usage tables were gener-
ated. Each table was generated by setting the number of occurrences of
each twofold, threefold, and fourfold synonymous group (with sixfold
degenerate amino acids divided into a twofold and a fourfold degen-
erate group) equal to the number observed in the coding sequence. For
each occurrence, one of the synonymous codons was assigned at ran-
dom based on the relative frequencies of the alternative nucleotides at
the third position of that synonymous group. Once all codons were
assigned, the CAI value of that codon usage table was calculated,
generating a distribution of expected CAI from the 100 replicates for
that gene. Significant deviation from the expectation could then be
determined by comparing the CAI value of the actual gene to the
random distribution. Given the observations of the influence of a ge-
nomic signature on codon choice (Karlin and Mrazek 1996) the pro-
cedure was repeated using dinucleotide compositions from noncoding
regions and then assigning codons randomly as a function of the com-
position of the second codon position.

For each gene a composition statistic, the C content at the third
position of the synonymous groups AAY, CAY, GAY, TAY, and TTY,
was also calculated. This statistic is based on the atypical codon bias of
the plant psbA gene and the Chlamydomonas chloroplast genes. In
these genes, the NNY synonymous groups, those listed above, have a
very high C content at the third codon position despite a strong bias
toward A and T in noncoding regions and in other synonymous groups
(Morton 1993).

Results and Discussion

Codon Usage Patterns in the Different
Chloroplast Genomes

Among flowering plant chloroplast genes, two basic pat-
terns of codon usage are observed. One of these is unique
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to the psbA gene and is the pattern that is thought to
result from selection (Morton 1993, 1996). The most
distinctive difference between the two patterns of codon
usage is that selection favors C at the third position of
NNY synonymous groups while the composition bias is
toward T. A second, less noticeable, difference between
the two patterns is that selection favors T at the third
position of fourfold degenerate groups so that, even
though the composition bias results in a high T content,
it is increased further by selection (Morton 1996). Both
of these features appear to be an adaptation to match the
31 tRNA genes of the chloroplast that are available for
translation (Morton 1996).

In order to study selection over a broader taxonomic
range we have to determine if the same selection pattern
exists in the chloroplast genomes of other species. The
composition bias and the tRNA content of the different
chloroplast genomes in the current study are both quite
consistent. All genomes have a high A+T content in
noncoding regions, although in the algae it tends to be
slightly greater (see Table 1). The same 31 tRNA genes
are encoded by each of the genomes except Nicotiana,
which is lacking two tRNAs, complementary to the CCC
and CGG codons, that are present in the other genomes.
This similar composition bias and tRNA content leads to
the expectation that selection on codon usage should fa-
vor the same set of codons in each genome, but this has
to be established. Since psbA is the prominent translation
product of the chloroplast genome, if there is any selec-
tion at all for translation efficiency, the codon usage of
psbA will show the pattern favored by selection in each
genome. Therefore, we want to determine if the psbA
genes from the different genomes have the same pattern
of codon usage.

A comparison shows that the selection pattern from
flowering plants is observed in the psbA gene of all other
genomes except Euglena. When the C content of the
NNY groups is calculated, it is found to be very high
except in Euglena (Table 2). In contrast, the C content at
the third codon position of fourfold degenerate groups is
extremely low; these codon groups have a strong bias
toward T. The rbcL genes from plants, which are ex-
amples of genes which have a codon usage dominated by
composition bias, have a low C content in all synony-
mous groups (Table 2). In general, for each synonymous
group the favored codon or codons are the same in all
psbA genes, excluding psbA from Euglena (data not
shown). In Euglena, all codons with A or T at the third
position are predominant. A cluster analysis of the genes
in Table 2 also shows the similarity of all psbA genes,
except Euglena, in terms of codon usage (Fig. 1). The
existence of the same selection pattern in each genome
means that we can compare adaptation to a specific
codon usage pattern in all of the different lineages. The
exception of Euglena psbA suggests that selection is very
weak or completely absent from this genome. The codon
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Table 2. Third position composition of psbA and plant rbcL genes

Four fold Four fold
Organism and gene %C* %C° NNY %C°®
All psbA genes
Cyanophora psbA 1.6 22 73.4
Chlamydomonas psbA 0.9 1.3 93.8
Odontella psbA 1.6 24 87.7
Porphyra psbA 39 6.2 69.7
Marchantia psbA 2.4 3.0 66.2
Pinus psbA 17.4 233 64.9
Nicotiana psbA 10.7 14.9 62.3
Oryza psbA 9.1 12.5 57.1
Euglena psbA 0 0 18.8
Plant rbcL genes
Marchantia rbcL 1.2 1.8 25.0
Pinus rbcL 10.9 17.6 30.5
Nicotiana rbcL 10.1 17.0 337
Oryza rbcL 11.4 19.8 333

? Percent C at third position of four fold degenerate codon groups

® CHC + T) at the third position of four fold degenerate groups

¢ Percent C at the third positionof the CAY, GAY, TAY, TTY, and
AAY synonymous groups

usage of all genes from Euglena is dominated by a very
strong bias toward A and T at degenerate positions, in-
dicative of a simple composition bias.

Testing Selection on Codon Bias by Random
Gene Construction

As a first step, selection on each individual gene was
tested by generating an expected distribution of CAI
based on the genome nucleotide composition and the
amino acid composition of that gene as described in Ma-
terials and Methods. A CAI value for the actual gene that
is 2 or more standard deviations above the mean of the
distribution indicates that the codon bias is significantly
greater than expected based on composition bias alone
and, therefore, is considered evidence for selection. The
advantage of this method is that it tests significant de-
viation toward the selection pattern described above, not
simply significant deviation from random codon usage.

Representative results of the stimulation are given in
Table 3. A number of the genes that are coded by most
of the genomes are listed and those that have a CAI that
is at least 2 standard deviations above the mean of the
randomly generated distribution are indicated. A sum-
mary for each genome is shown in Table 4. The simu-
lation which took into account dinucleotide frequencies
from noncoding regions gave essentially identical results
in terms of Table 4 (data not shown).

In the simulation study, 75% of all Cyanophora genes
were found to have a significant CAI value, and the
deviations from expectation tend to be very large (Table
3). Therefore, it appears that selection is a significant
factor affecting codon usage in this genome. In Odon-
tella and Porphyra, there is evidence for selection on a

number of genes, suggesting that it is an important factor
but weaker in general than in Cyanophora. Conversely,
few genes in Euglena have a CAl significantly higher
than the expectation, and those that do tend to be much
closer to the mean than in the other algae. Therefore,
selection on codon usage appears to be much weaker in
Euglena than the other algae, which is consistent with the
observation made previously based on the third position
composition (Table 2). However, it is interesting that a
few genes from Euglena do show evidence for selection
despite the strong A+T bias at the third position.

The data from plant genes in Table 3 indicate a lower
intensity of selection in general. In Pinus and the angio-
sperm, very few genes show a significantly higher CAI
than expected under the given compositions and those
that do tend to be barely significant unlike in the algae.
Half of all Marchantia genes, however, have significant
CAI values (Table 4), suggesting that selection is more
important in Marchantia than other higher plant ge-
nomes.

Although this method gives strong evidence for se-
lection on specific genes, a drawback is that it cannot
give absolute answers concerning relative selective pres-
sure in different lineages. A significant result for a gene
in one genome, but a nonsignificant result for the ho-
mologous gene in another genome, does not necessarily
indicate a difference in selection intensity. Even if selec-
tive requirements are the same, a different composition
bias in the two genomes could mean that an adequate
level codon bias is generated by composition bias alone
in one genome but not the other. This is likely to be a
minor problem in our analysis, since composition bias is
so similar in the different genomes, but it does mean that
we have to test variation in selection intensity more rig-
orously.

Levels of Codon Bias in the Different
Chloroplast Genomes

Variation in the degree to which different genomes are
adapted to the selection pattern provides evidence con-
cerning relative selection intensity in the different spe-
cies. In this case we cannot generate direct evidence for
selection, as in the first analysis, but relative CAI values
can be used to examine variation in intensity across lin-
eages more thoroughly than in the simulation analysis.
The CAI values for various genes from each species,
including rbcL and psbA from Chlamydomonas, are
given in Table 5. In general, the algae have a greater bias
in codon usage than do the plants, indicating stronger
selection, which supports what the simulation analysis
indicated. Within the algae, Cyanophora, Chlamydomo-
nas, and Odontella tend to have a stronger codon bias
than either Porphyra or Euglena. In addition, variation
within both Cyanophora and Odontella is greater and
they have numerous genes with a CAI value greater than
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0.5, a value exceeded in Euglena and the higher plants
only by the psbA and rbcL genes of Marchantia.

The results in Table 5, supported by Tables 3 and 4,
suggest a basic ranking by selection intensity within the
algae of Cyanophora followed by Odontella, Porphyra,
and then Euglena. Based on the high CAI values from
available genes (Table 7), Chlamydomonas appears to be
under strong selection, similar to Cyanophora. Within
the higher plants, which in general have lower selection
intensity, Marchantia has the strongest selection, fol-
lowed by Pinus and then the flowering plants. This rank-
ing of genomes by codon bias and the greater CAI values
for algae is not changed if we use only the plant psbA
genes as the basis for CAI calculation (data not shown),
demonstrating that algae genes are in general more
strongly adapted to the selection pattern.

The variation in adaptation to the selection pattern is
also apparent from a comparison of C content at the third
position of the NNY synonymous groups in different
genes and species (Table 6). Despite the strong A+T bias
in noncoding regions of each genome (Table 1), certain
genes have a strong bias to C in the NNY groups. In
particular, psbA and rbcL tend to have high C content
relative to other genes in the same genome. Also, the
exception of Euglena in terms of this wide variation in C
content is noticeable. This wide variation in C content is
very strong evidence for selection on codon usage since
we otherwise have to invoke a locus-specific mutation
bias that is limited to specific codon groups (Morton
1996).

Codon Bias and Gene Expression

The simulation analysis provides very strong evidence,
supported by the relative codon biases of different ge-
nomes, that selection acts on the codon bias of many
chloroplast genes. One of the fundamental observations
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Distance

Euglena psbA
Porphyra rbel
Marchantia rbel
Euglena rbel

Pinus rbel

Nicotiana rbeL

Oryza rbel
Chlamydomonas rbel
Chlamydomonas psbA
Odontella psbA
Odontella rbcL
Cyanophora rbel
Marchantia psbA
Nicotiana psbA

Oryza psbA

Pinus psbA

Porphyra psbA
Cyanophora psbA

Fig. 1. Cluster of genes based on similarity
of codon usage as measured by the method of
Long and Gillespie (1991). The two major
groups are those genes with the composition
pattern (top) and those with the selection
pattern (bottom).

concerning selection on codon usage in E. coli is that
codon bias is correlated with expression level (Sharp and
Li 1987a). Since the selection pattern of codon usage in
chloroplast genes is an adaptation to the tRNA popula-
tion and is thought to be based on translation efficiency,
we should observe a gradient among chloroplast genes in
terms of degree of bias toward this pattern, and this
should be correlated with expression level.

The ranking in Table 5, in which the highly expressed
psbA and rbcL genes consistently have high CAI values,
is suggestive that such a correlation exists, but a better
test is required. To accomplish this, the 85 genes that are
coded by at least two genomes were ranked by average
relative CAL The coding sequences from each genome
were ranked by CAI from greatest to smallest, and the
placement for each gene was then calculated by dividing
the ranking by the number of protein coding genes in that
genome. The overall ranking of each gene was then
found by determining the average placement in the ge-
nomes which encode that gene (Table 8) with a low
average ranking indicating that a gene tends to have a
high relative CAIL All of the genomes were included in
this study despite the evidence that selection does not act
with equal intensity. The assumption is that any ranking
arising from selection will not be masked by any random
placement of the genes from genomes under weak selec-
tion. When this was tested by excluding the flowering
plants, the ranking remained essentially identical.

When the average ranking by CAI is compared to
what we know about expression level of chloroplast
genes, the expected relationship is apparent. Various
studies of chloroplast proteins have all indicated the
same general relative protein levels, which are likely to
reflect to a large degree the relative translation levels.
The major photosynthetic proteins are present in the larg-
est amounts in the chloroplast and are found in much
higher concentrations than other proteins. The psbA gene
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Table 3. Results of CAI simulation analysis®

Organism®

Gene Cpa  Osi Ppu Egr Mpo Pth Nta Osa

psbA 161 257 178 58 179 90 109 106
—B 11.9 8.2 39 37 3.8 31 R kEE

—C 14.4 9.7 49 44 58 23 Eex kkx

—D 9.5 8.4 49  xxx 50 38 22 ek

tbeL 221 215 94 74 9.9 45 49 4.5
—S 4.7 9.2 3.5

tufA 12.7 6.4 48  *xx

psaA  13.6 9.2 63 27 63 3.0  *¥¥x 2.0
—B 16.3 9.4 4.4 Fxx 48 23 *Ex Hokk

atpA  14.0 83 3.6 kX 8.9  wwk ek ok

—B 9.5 8.9 5.6  xx* 36 27 R 2.0
-D sk Kk 20

—E 39 40 22 Bk ek ok
petA 72 37 e 27w ek e
—B 49 34 43 = 26 wer e
—D 68 33 33 HRE ek
rpOA 24 *kk kkk %ok k% Fkk ok
—B 57 * ¥k 2.3 Hkk 2.3 kst kkk sk
rpS2 43 LS 23 2'0 koksk 2'4 KKk ook ook
—4 37 *kk kK * %k * ko skskok kksk *kk
—9 34 24 23 e

—5 5.1 *okk ST EETS

—16 33 *ok sk sk sk ok sokok sokok

# Number of standard deviations above the mean of the random distri-
bution is given for the CAI value of each gene. Those genes that are
less than 2 are designated by ***. If a gene is not coded by a particular
genome it is left blank

® Organisms are abbreviated by first letter of genus and first two letters
of species (see Table 1)

product is known to be the most prominent translation
product due to a rapid turnover resulting from oxidative
damage (Mullet and Klein 1987). Other prominent pro-
teins in plants are coded by the rbcL, psaA and psaB,
atpA and atpB genes. Additionally, the PSII proteins be-
sides the psbA product, which are coded by psbB, psbC,
and psbD, are also highly expressed (Klein and Mullet
1986; Mullet and Klein 1987). All of these genes rank
very highly in terms of codon bias. Another high-ranking
gene is rbcS, coded only in some algae, and this ranking
is consistent with the proposed correlation since this
gene codes for the small subunit of Rubisco, the most
abundant chloroplast protein. Genes that code for sub-
units of the cytochrome b6/f complex (designated per)
are also highly ranked and, again, these are prominent
chloroplast proteins (Klein and Mullet 1986). The rufA
gene, which codes for the protein translation elongation

factor EFTu, also has a high ranking. This is notable
since the homolog in E. coli has the third highest CAI
value in that genome (Lobry and Gautier 1994). Finally,
the genes coding for the prominent allophycocyanin
(apc) and phycocyanin (cpc) proteins of Cyanophora and
Porphyra are also very highly ranked.

At the opposite end of the ranking is a variety of
genes, primarily ribosomal protein genes, subunits of the
chloroplast RNA polymerase, and conserved open read-
ing frames (ycf) of unknown function. None of these
low-ranking genes codes for a protein that is known to be
present in large amounts in the chloroplast (Klein and
Mullet 1986; Mullet and Klein 1987). Therefore, the
ranking clearly shows that the highly expressed photo-
synthetic genes generally have larger CAI values. Fur-
ther, in the algae and Marchantia, the difference in CAI
values between high and low expression genes is quite
pronounced (Table 5).

The ranking of genes by relative codon bias has two
interesting features worth noting. First, as apparent from
Table 8, is the general rule that ribosomal protein genes
are not highly ranked. In E. coli these genes tend to have
the high rankings (Lobry and Gautier 1994), probably
due to their role in translation. In the chloroplast, though,
they are not as highly expressed as the major photosyn-
thetic genes (Klein and Mullet 1986), so the lower rank-
ing is expected. However, the rpl/2 gene, which codes
the ribosomal protein L12, is a noticeable exception to
this rule. This gene is coded only in Euglena, Odontella,
and Porphyra and in each case has a very high relative
CALI value (data not shown). If the ranking seen in Table
8 is in fact indicative of variation in selection on codon
usage as a function of translation rate, then rpl//2 should
be highly expressed. This remains to be tested, but it is
interesting that L12 is one of two proteins of the large
subunit that is known to be present in multiple copies in
the functional E. coli ribosome (Lake 1985)—the other
being L7, which is not coded by any of the sequenced
chloroplast genomes. Therefore, L12 is potentially a
highly expressed gene. The second point concerns the

Table 4. Summary of the simulation analysis

CAI > 2 SD over mean®

Total number Number of Proportion of
Organism of genes® genes total
C. paradoxa 93 70 0.75
O. sinensis 75 36 0.48
P. purpurea 136 50 0.37
E. gracilis 36 6 0.17
M. polymorpha 42 21 0.50
P. thunbergii 42 10 0.24
N. tabacum 37 4 0.11
0. sativa 48 4 0.08

* Mean is taken from the random gene distribution (see text)
5 Number of protein coding and ycf genes more than 350 nucleotides in
length
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Organism”

Gene(s)® Cpa Cre Osi Ppu Egr Mpo Pth Nta Osa
psbA 0.729 0.782 0.830 0.611 0.436 0.634 0.407 0.455 0.443
rbel 0.704 0.754 0.739 0.478 0.484 0.514 0.334 0.363 0.356
rbcS 0.613 n/a® 0.643 0.437 n/a n/a n/a n/a n/a
tufA 0.609 n/a 0.517 0.432 0.338 n/a n/a n/a n/a
psaA/B 0.537 n/a 0.451 0.360 0.356 0.403 0.281 0.264 0.269
psbB/C/D 0.564 n/a 0.498 0.363 0.390 0.420 0.296 0.285 0.267
atp 0.509 n/a 0.443 0.380 0.361 n/a 0.268 0.273 0.259
petA/B/D 0.544 n/a 0.453 0.392 n/a 0.424 0.291 0.275 0.276
ps 0.437 n/a 0.375 0.329 0.275 0.377 0.269 0.268 0.286
rpl 0.442 n/a 0.385 0.355 0.372 0.326 0.210 0.247 0.236
rpo 0.419 n/a 0.363 0.339 0.324 0.380 0.261 0.260 0.262

* Organisms are designated by first letter of genus and first two letters of species

® When multiple genes are designated, such as psaA/B, the average of CAl of the genes is given. In cases where subunits are not designated, such
as atp, the average CAI of all genes with the same three letter designation is given

¢ Gene, or more than half of that group, is not coded in the chloroplast of this organism or is not available for Chlamydomonas (Cre)

open reading frame ORF180 in Cyanophora, which has
a CAI of 0.664, one of the highest of all chloroplast
genes (Table 5), and much greater than any other ORF;
all other Cyanophora ORFs are within the range 0.328 to
0.402. The model proposed here predicts that if this ORF
codes a functional product, it should be relatively highly
expressed.

Testing Selection by the Conservation of Codon Bias
Across Lineages

If, as the data strongly suggest, selection is maintaining
codon bias as a function of expression level and genes
are expressed at roughly the same relative levels in each
species, we would expect the relative codon bias of ho-
mologous genes to be conserved across lineages. Given

Table 6. C content of NNY synonymous groups for selected genes

the fairly consistent gene content of ail chloroplast ge-
nomes, it is reasonable to expect that relative expression
levels are roughly equal, at least to the degree that the
major photosynthetic genes are the most highly ex-
pressed in each genome. Therefore, it is possible to test
selection by comparing CAI across lineages.

Since Cyanophora tends to have the strongest codon
bias (Table 5) of all species with a complete genome
sequence available, indicating that it is under the strong-
est selection, it was selected as the basis for the com-
parison. For the other species, the CAI value of each
gene was compared to the CAI of the homologous gene
from Cyanophora, and in each case a correlation is ob-
served (Fig. 2). Testing the correlations by both Fisher’s
z transformation and the Kendall Rank test (Sokal and
Rohlf 1981) yields the same result, which is that all
correlations with the exception of the comparison with

Organism”

Gene(s) Cpa Cre Osi Ppu Egr Mpo Pth Nta Osa
psbA 0.734 0.938 0.877 0.697 0.188 0.662 0.649 0.623 0.571
rbel 0.638 0.884 0.600 0.327 0.185 0.250 0.305 0337 0.333
rbcS 0.579 n/a‘ 0.581 0.265 n/a n/a n/a n/a n/a
tufA 0.310 n/a 0.303 0.200 0.219 n/a n/a n/a n/a
psaA/B 0.354 n/a 0.300 0.274 0.089 0.113 0.281 0.251 0.297
psbB/C/D 0.375 n/a 0.386 0.320 0.141 0.117 0313 0.293 0.269
atp 0.175 n/a 0.231 0.178 0.139 0.097 0.201 0.253 0.270
petA/B/D 0.223 n/a 0.253 0.318 n/a n/a 0.229 0.198 0.230
rps 0.071 n/a 0.150 0.170 0.235 0.095 0.209 0.241 0.280
rpl 0.093 n/a 0.157 0.142 0.177 0.089 0.267 0.227 0.346
rpo 0.115 n/a 0.139 0.169 0.106 0.098 0.255 0.186 0.240

“Organisms are designated as in Table 5

®When multiple genes are designated, such as psaA/B, the average C content is given. In cases where subunits are not designated, such as atp, the
average C content of all genes with the same three-letter designation is given
Gene, or more than half of that group, is not coded in the chloroplast of this organism or is not available for Chlamydomonas (Cre)
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Table 7. CAI values of Chlamydomonas genes

Gene CAl

psbA 0.782
rbcL 0.754
psbC 0.711
psbD 0.712
psbE 0.678
psbH 0.692
atpA 0.725
atpB 0.723
atpE 0.661
petA 0.725
petB 0.703
petD 0.804
rps7 0.471
rpsi2 0.618
rpli4 0.578
chiB 0.384
yefs 0.410
hbpX 0.385

Oryza are significant at the 5% level (Table 9). These
correlations in codon bias exist despite saturation levels
of divergence at degenerate positions (data not shown).
In addition, within the algae, with the exception of
Fuglena, the relative C content of NNY synonymous
groups from homologous genes is also significantly cor-
related (data not shown)—again, despite saturation levels
of divergence.

When the comparisons to Pinus and the angiosperm
are examined it seems clear that the rbcL and psbA

Table 8. Average ranking of chloroplast genes by CAI*

genes, indicated in Fig. 2, stand apart from the other
genes, and there appears to be little, if any, correlation
among the other genes. Since rbcL and psbA are the two
most highly expressed genes and show highly significant
deviations in all species in the simulation analysis (Table
3), it is possible that any correlations to Pinus and the
angiosperm ate generated primarily by these genes.
Therefore, the analysis was repeated excluding both
genes (Table 9). In this case, for the comparisons to both
Oryza and with Pinus no significant correlation exists,
and in Nicotiana the correlation is just barely significant
at the 5% level. This is consistent with the results from
the simulation analysis, which indicate that selection on
codon bias is limited to just a few genes in Pinus and the
flowering plants. The strong correlations in codon bias
within the algae, except Euglena, and in the comparison
to Marchantia are also consistent with the simulation
results and the relative codon biases (Table 5).

Selection on the Codon Bias in Different Lineages

All of these data can now be considered in an examina-
tion of the role of selection in the different species. The
correlation of CAI with expression level makes it likely
that the selection that was detected by the simulation
analysis is to increase translation efficiency. All of the
evidence indicates that, in general, selection is much
stronger in the algae than in plants. In the algae, selection
acts most strongly in Cyanophora and, based on Table 7,
probably Chlamydomonas, with lower intensity in Odon-
tella and Porphyra and lower still in Euglena.

Genes 1-22 Genes 2344 Genes 45-66 Genes 67-85

Gene Avg. rank Gene Avg. rank Gene Avg. rank Gene Avg. rank
psbA 0.035 psbC 0.306 rps9 0.517 rpoB 0.708
cpcB 0.054 rps2 0.308 yef24 0.522 rps8 0.712
rpli2 0.055 dnak 0.320 yef37 0.547 yef21 0.724
cpcA 0.056 rpll 0.355 rps7 0.553 rpsli 0.729
apcB 0.058 rpll8 0.366 pl3 0.558 rpoA 0.731
rbel 0.063 rpli3 0.368 rpl19 0.566 psaD 0.773
rbeS 0.066 yef3s 0.382 rpl5 0.569 dnaB 0.784
apcA 0.078 rplil 0.390 rps4 0.581 trpG 0.799
tufA 0.098 groEL 0.397 secA 0.581 chiB 0.810
petD 0.105 rpsi2 0.400 atpF 0.584 rpll6 0.814
atpA 0.145 apcE 0.403 pl6 0.596 secY 0.842
atpB 0.157 thiG 0.416 rpsS 0.611 psalL 0.851
apcF 0.198 atpD 0416 rpoC2 0.637 yefs 0.853
psbD 0.236 yef2s 0417 yef23 0.639 rpld 0.876
psbB 0.237 apcD 0.437 rpoCl 0.640 rpll4 0.880
petB 0.266 preA 0.450 rps3 0.641 rpl2 0.899
psbV 0.272 chiN 0.456 yef36 0.650 yef38 0.900
psaA 0.274 clpC 0.463 yef3 0.657 rpsi3 0.958
atpE 0.293 yef39 0474 ycfl6 0.664 yef4 0.968
psaB 0.295 chll 0.483 yef30 0.683

chiL 0.296 atpG 0.486 yef29 0.691

petA 0.297 psaF 0.510 atpl 0.700

“Average ranking by CAI in the genomes coding for each gene as described in the text
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The case of Fuglena is quite interesting and deserves
special mention. Based on both the cluster diagram and
the third position composition (Table 2) there is no evi-
dence at all for a selection pattern of codon usage at any
locus, including psbA, of this species. Despite this, the
highly expressed rbcL and psbA genes show a relatively
high CAI value compared to other genes from Euglena
(Table 5). Further, comparisons to the randomly gener-
ated distributions clearly indicate selection on some of

Table 9. Significance of correlations of CAI values from compari-
sons of Cyanophora to other species

To: All genes Excluding psbA and rbcL
Chlamydomonas P <0.0! P <001

Odontella P <0.01 P <0.0]

Porphyra P <0.01 P<0.01

Euglena P <00l P <0.05

Marchantia P <0.04 P <0.01

Pinus P<0.05 N.S.

Nicotiana P <001 P<0.05

Oryzu N.S. N.S.

05 Nicotiana, and Oryza (see text).

the highly expressed genes (Table 3). Therefore, despite
the apparent lack of a selection pattern in any gene, there
is evidence that selection does play a role although it
appears to be much weaker in Euglena than the other
algae.

For the plants, the results for Nicotiana and Oryza
presented here are consistent with previous results which
suggested that selection is essentially absent from the
vast majority of angiosperm chloroplast genes (Morton
1993, 1996). The data indicate that Pinus is very similar
to the flowering plants with regard to selection on codon
usage. Therefore, Pinus and the flowering plants appear
to have very weak selection on codon usage such that
only a few genes, in particular rbcL and psbA, show any
evidence for selection. In the case of Marchantia, the
CAI values tend to be more comparable to the algae
(Table 5), indicating that selection is stronger than in the
other higher plants. There is also evidence from both the
comparisons to Cyanophora and from the gene construc-
tion test that selection plays a significant role in this
species. It is interesting that the three higher plant species
that have weak selection also have lower genome A+T
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contents (Table 1). Whether there is any significance to
this is unclear, but the possibility that selection on codon
bias might be coupled to a form of selection on genome
composition, perhaps for increased transcription rate, is
intriguing.

It should be noted that the findings here are consistent
with the recent evidence which indicates that the selec-
tion pattern of codon usage at the psbA locus of flower-
ing plants is a remnant of an ancestral codon bias
(Morton 1997; Morton and Levin 1997). The simulation
method used in this study that demonstrates selection on
the psbA gene of both Nicotiana and Oryza (Table 3)
cannot distinguish between the codon bias resulting from
current selection or being a remnant, as has been sug-
gested.

It is likely that several factors are responsible for the
variation in selection intensity across the different lin-
eages. One that is likely to be responsible for the some of
the difference observed between higher plants and algae
is population size. Selection on codon bias is expected to
exist only in species with fairly large effective popula-
tion sizes (Li 1987), and it is possible that the generally
larger CAI values in algae are a reflection, in part, of
different effective population sizes.

The weaker selection in Euglena and Porphyra indi-
cates that other factors are also likely to be important. A
potential factor that must be considered is the reliance by
a species on photosynthesis. Euglena, which shows such
an unusual pattern of codon bias, is unique among the
species in this study in that it can survive as a heterotroph
if its chloroplasts are removed (van den Hoek 1995).
This lack of reliance on photosynthesis could mean that
selection on the translation efficiency of the major pho-
tosynthetic genes of the chloroplast is significantly re-
duced. Variation in photosynthetic rate between the
green, red, and brown could contribute to the differences
in selection intensity among the algae in this study.

A third possible factor is genome copy number. In
organisms with large genome copy numbers, transcript
availability could potentially decrease the need for high
translation efficiency of individual transcripts (Morton
1997). This may account for a significant part of the
variation between algae, such as Chlamydomonas, which
has a single chloroplast per cell (ven den Hoek 1995),
and flowering plants, which have large numbers, on the
order of hundreds, of copies of the genome in most cells.
In addition, the difference between Cyanophora or
Chlamydomonas and Euglena may be partially due to the



fact that Euglena has multiple chloroplasts per cell and
multiple genomes (van den Hoek 1995).

Conclusions

It is clear that the evolution of codon bias over all of the
chloroplast lineages is a complex matter. Several factors
are likely to be involved in determining the selective
constraints on codon bias, and recent work has indicated
that it is a dynamic process (Morton and Levin 1997).
The variation in selective constraints among the different
lineages also makes it likely that substitution dynamics
are substantially different in different lineages which
might be related to the debate concerning how compo-
sition bias influences the phylogenetic reconstruction of
chloroplast origins (Lockhart et al. 1992). Even the use
of amino acid data for phylogenetic analysis may be
affected since it is quite possible that if selection on
codon bias is strong, amino acid replacements that are
normally neutral may be influenced by selection if the
codons of the two amino acids have very different fitness
values with regard to translation. Further work should
help us understand the factors that have influenced the
evolution of selective constraints on codon bias during
chloroplast DNA evolution and how this affects the mo-
lecular evolution of chloroplast genes.
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