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Abstract. Functionally linked genes generally
evolve at similar rates and the knowledge of this
particular feature of genomic evolution has been used
as the basis for the phylogenetic profiling method. We
illustrate here an exception to this rule in the evolu-
tion of the cytochrome bd complex. This is a two-
component oxidase complex, with the subunits I and
II known to be widely present in bacteria. The su-
bunits within the cytochrome bd complex are under
the same evolutionary pressure and most likely be-
have in the same evolutionary manner. However, the
sequence similarity of genes encoding subunit II
varies considerably across species. Genes encoding
subunit II evolve 1.2 times faster on most of the
branches of their phylogeny than subunit I genes.
Furthermore, the genes encoding subunit II in
Oceanobacillus iheyensis, Bacillus halodurans, and
Staphylococcus species do not have detectable ho-
mologues within E. coli due to their large divergence.
Together, the two subunits of cytochrome bd reveal
an interesting example of an asymmetric pattern of
evolutionary change.
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Introduction

Cytochrome bd is a terminal oxidase in the branched
electron transport chain (Dassa et al. 1991). The en-
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zyme complex consists of two distinct subunits; sub-
unit I and subunit II. In E. coli K12, subunits I and II
are encoded by the appCB operon or the cydA4B op-
eron. The gene appC encodes 514 amino acid residues
and shares 61% sequence identity with c¢ydA4, which
encodes 523 amino acid residues. Similarly, appB
encodes 378 amino acid residues and shares 57% se-
quence identity with cydB, which encodes 377 amino
acids (Blattner et al. 1997). These two operons might
be functionally equivalent in E. coli (Trumpower and
Gennis 1994; Sturr et al. 1996). Cytochrome bd
complexes are widely known to be present in bacteria
(Junemann 1997).

Subunit I has been predicted to contain nine
transmembrane helices, while subunit II is predicted
to have eight transmembrane helices (Osborne and
Gennis 1999). In subunit I, there is a predicted loop
near the outer (periplasmic) surface of the membrane
connecting the eighth and ninth transmembrane
helices called the Q-loop. Bacterial species can be
classified into two groups according to the Q-loop
region. One group contains the C-terminal half of the
Q-loop while the other group is deleted for this re-
gion. The former group includes most of the y-pro-
teobacteria, while the latter group includes all of the
Gram-positive bacteria, the cyanobacterium, and the
v-proteobacterium Pseudomonas aeruginosa (Osborne
and Gennis 1999; Sakamoto et al. 1999). It has been
demonstrated that the Q-loop is adjacent to loop I-I1
in subunit II (Ghaim et al. 1995). Furthermore, the
Q-loop is known to be involved in quinol binding
(Ghaim et al. 1995). The cytochrome bd complex
contains three prosthetic groups: heme bssg, heme
bsos, and heme d. Heme bssg and heme bsqs5 are pro-
toporphyrin, while heme d is a chlorin (Timkovich



et al. 1985). All three of the heme prosthetic groups
are located on the periplasmic side of the membrane.
Heme bssg is known to be located entirely within
subunit I (Green et al. 1984). The Q-loop in subunit I
has been suggested to participate in the binding of
heme d and subunit II is necessary to bind heme 5595
and heme d in E. coli (Green et al. 1984, 1986).

The two cytochrome bd subunits function as a
whole, thus the association between the two subunits
should be considered strong. It has been suggested
that functionally linked proteins evolve in a corre-
lated fashion (Pellegrini et al. 1999; Marcotte et al.
2000). Similarly, genes that are coexpressed show a
similar rate of evolution (Jordan et al. 2004). This
feature of molecular evolution is now being widely
used as an aid in the annotation of genomes (Zheng
et al. 2002; Gutierrez et al. 2004; Mikkelsen et al.
2005). The subunits of a metabolic enzyme are often
under the same evolutionary pressure, and therefore,
they generally behave in the same manner (Ciccarese
et al. 1997). Since the subunits of the two-component
complex cytochrome bd are most likely involved in
similar evolutionary processes, they are expected to
evolve at similar rates.

In contrast, lateral gene transfer (LGT) is known
to cause apparent abrupt changes of evolutionary
rate (Jain et al. 1999; Gogarten et al. 2002). Several
recent studies have suggested that lateral gene trans-
fer of a whole enzyme complex might have occurred
(Lawrence and Ochman 1998; Osborne and Gennis
1999; Iyer et al. 2004). A possible example of this in
the cytochrome bd complex genes is the phylogenetic
clustering of the y-proteobacterium P. aeruginosa
gene complex with the a-proteobacteria gene complex
(Osborne and Gennis 1999; Sakamoto et al. 1999).
But the lateral transfer of a single subunit of a large
macromolecular complex is comparatively rare due to
the coevolution of these subunits and their interac-
tions with other subunits. In part, this type of
observation prompted Jain et al. (1999)’s suggestion
of the ‘“‘complexity hypothesis” of lateral gene
transfer where the greater the number of interactions
a gene has, the less likely it is to be involved in
transfers.

This study was conducted to determine if the
evolutionary rates between the two oxidase subunits
are different and to explore how such differences
might have contributed to their evolution. We show
that the sequence similarity of subunit II shows an
abrupt discontinuity between some species, while the
sequence similarity of subunit I follows the inferred
phylogenetic history without abrupt changes. An
obvious lateral gene transfer of one subunit is not
present, because the two subunits have similar phy-
logenies. Subunit II genes show an accelerated evo-
lutionary pattern on most branches in comparison to
the subunit I genes. The elevated rate of evolution of
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subunit IT on certain branches is more dramatic than
that on other branches. These genes therefore dem-
onstrate an interesting example of subunit evolution
with asymmetrical rates of evolutionary change.

Methods

The protein sequences of cydA (subunit I) and cydB (subunit 1I)
were extracted from the complete E. coli K12 genome sequence. The
protein sequences of cydA and cydB in E. coli K12 were used as
query sequences to search against 110 other whole bacterial genome
sequences. Complete bacterial genome sequences were downloaded
from NCBI (http://www.ncbi.nlm.nih. gov/). The NCBI numbers of
these genomes are given as supplementary information at http://
life.biology.mcmaster.ca/~weilong/subunit. The similarity of
genomic proteins to the query proteins were measured via the
BLASTP algorithm (Altschul et al. 1997). All hits with an expect
value less than 107> were deemed to be potential homologues.

The best hits to E. coli K12’s cydA/cydB in each species were
extracted to conduct pairwise distance analyses. In general, cyto-
chrome bd subunit genes have been found to exist within the same
operon (Dassa et al. 1991; Trumpower and Gennis 1994; Sturr et
al. 1996). Therefore, to ensure that the hits of cydAB are both
orthologs of cydAB rather than potentially being misled by other
close hits (Koski and Golding 2001), the physical locations of the
hits on each chromosome were individually checked. Only the two
gene homologues that are adjacently located on the chromosome
were used for further pairwise distance analyses.

Multiple alignments of these sequences were constructed using
the program CLUSTALW (Thompson et al. 1994). Pairwise dis-
tances between the genes from different species were measured by
PUZZLE (Strimmer and von Haeseler 1996). The maximum like-
lihood method was employed to construct phylogenies with less
than 20 taxa using the PHYLIP package (Felsenstein 1989) version
3.6 of 2004. Phylogenetic trees with a larger number of taxa were
generated using PUZZLE (Strimmer and von Haeseler 1996) and
using NEIGHBOR (Felsenstein 1989). Then the maximum likeli-
hood method was used to compare the PUZZLE and NEIGHBOR
trees. The tree with the higher likelihood was used for further
consideration.

A broader survey was conducted to extract more potential
homologues. In this case, 19 archaeal genomes were included with
the 110 bacterial genomes (the NCBI numbers of archaeal genomes
are also given at http://life.biology.mcmaster.ca/~weilong/sub-
unit). Each of the significant hits of cydA B in E. coli as found above
were then used as a query sequence in turn. All of the hits including
duplicate subunit pairs in genome from these searches were col-
lected and duplicates from the multiple searches eliminated to
obtain a broad range of potential homologues. Again, all the genes
were checked to determine if the potential homologues to subunits
I and II were physically adjacent to each other in each genome.

A relative rate test was conducted using Tajima’s (1993) method
to test the difference in rates between each subunit. In addition, the
distance-matrix rate test (Syvanen 2002) was employed using dis-
tances measured by PUZZLE and standardized to the number of
replacements per 100 residues by multiplying 100.

Results

Based on sequence similarity to the E. coli K12’s c¢ydA
gene, the database search revealed 76 bacterial ge-
nomes that have c¢yd4 (subunit I) homologues
(shown in Fig. 1). The remaining 34 bacterial ge-
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Fig. 1. Unrooted tree of subunit I genes. The genes shown here
have expect values < 107> with the cydA4 gene from E. coli using the
BLASTP algorithm. While the six boxed species have homologues
to cydA, they do not have cydB homologues. These six are

nomes searched do not have detectable homologues
with any cytochrome bd subunit in E. coli. Of the 76
genomes, six genomes have only cydA homologues
and no cydB (subunit II) homologues with E. coli.
These six genomes are Bacillus halodurans, Staphy-
lococcus aureus N315, S. aureus Mu50, S. aureus
MW?2, Oceanobacillus iheyensis, and S. epidermidis.
The boxed region in Fig. 1 highlights these six spe-
cies. However, subunit II genes have been found
physically adjacent to subunit I genes in these six
genomes according to the KEGG (Ogata et al. 1999)
and EcoCyc databases (Karp et al. 2002). Yet the
subunit II gene in O. iheyensis, for example, has no
detectable similarity with E. coli cydB or app B (expect
value greater than 0.1). The subunit II gene in
O. iheyensis is, however, closely related with the genes
in B. halodurans, B. stearothermophilus, S. aureus,

E. coli appC

E. coli cydA

Staphylococcus epidermidis, S. aureus N315, S. aureus Mu50, S.
aureus MW?2, Oceanobacillus iheyensis, and Bacillus halodurans
(which has two copies of the subunit I genes). The filled circle
indicates the origin of the Q-loop cluster.

S. epidermidis, and Exiguobacterium sp. 255
(Table 1), but, the subunit II gene in O. iheyensis is
more distantly related to the genes in other Bacillus
species including B. anthracis and B. cereus, com-
pared with the Staphylococcus species. The failure to
detect the subunit II genes of these six genomes in the
sequence similarity search, therefore, is not due to
annotation error. The sequences for the subunit II
genes from these six species were extracted from their
complete genome sequences. The phylogenetic rela-
tionships of these subunit II sequences are shown in
Fig. 2B. The phylogenetic relationships of the sub-
unit I genes from these six species are shown in
Fig. 2A for comparison.

The protein sequence of O. iheyensis subunit II
sequence, when searched with BLASTP, revealed a
very peculiar situation. According to the BLASTP



Table 1. The subunit II gene sequence from Oceanobacillus
iheyensis was used as a query to BLAST against the NCBI data-
base: All hits with an expect value <107 are listed

Query Oceanobacillus iheyensis e-value
Bacillus halodurans e-115
Bacillus stearothermophilus 2e-91
Staphylococcus aureus Mu50 5e-72
Exiguobacterium sp. 255 Se-72
Staphylococcus aureus MW?2 Te-72
Staphylococcus epidermidis 2e-68
Bacillus thuringiensis 3e-38
Bacillus anthracis A2012 Se-38
Bacillus anthracis Ames S5e-38
Bacillus cereus ATCC 10987 le-37
Bacillus cereus G9241 4e-37
Bacillus cereus ATCC 14579 2e-36
Bacillus cereus G9241 4e-36
Bacillus halodurans 8e-34

Bacillus subtilis le-33

Bacillus cereus ATCC 14579 2e-16
Bacillus thuringiensis 2e-16
Bacillus cereus ATCC 10987 4e-16
Bacillus cereus G9241 9e-16

search, all the detectable hits are either in Bacillus
strains or in Staphylococcus strains (Table 1). An-
other Bacillus species, B. stearothermophilus, has a
subunit II gene that shares high similarity with the
one in O. iheyensis. This gene has been reported to
function as a cytochrome bd oxidase subunit II
(Sakamoto et al. 1999). The cytochrome bd subunit
sequences from B. stearothermophilus are not in-
cluded here, because only fully sequenced genomes
are included in this study to ensure that all potential
candidates are found. Unlike B. halodurans and
B.stearothermophilus, all other Bacillus species show a
fairly distant relation with O. iheyensis subunit II
gene. Here, the cytochrome bd genes closely related to
those of O. iheyensis are labeled the Staphylococcus-
Bacillus cluster (as shown in Figs. 3 and 4). It is
worth clarifying that the Staphylococcus-Bacillus
cluster does not necessarily contain all cytochrome bd
genes from the Staphylococcus or Bacillus genera.
Genes from some other Bacillus species are not in the
Staphylococcus-Bacillus cluster. Both subunits in the
Staphylococcus-Bacillus cluster are closely related to
genes in Streptomyces avermitilis (Figs. 3 and 4).
However, there is a long branch leading to the
Staphylococcus-Bacillus cluster in the phylogeny of
subunit IT genes (Fig. 4).

The Q-loop in subunit I was checked in the aligned
sequences. There are 43 subunit I sequences in this
study having a Q-loop between the putative trans-
membrane segments VII and VIII. Similarly, the
corresponding 43 subunit II sequences all have about
30 more amino acids at the N-terminal between the
putative loops V and VII than the remaining se-
quences. The difference in the overall size of the two
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subunits is mainly due to the length of these two re-
gions. But small deletions occurred during subunit I
evolution in the Staphylococcus-Bacillus cluster. The
subunit I genes from the Staphylococcus-Bacillus
cluster show a significantly shorter sequence length
than those from other non-Q-loop bacteria (Table 2).

Among bacterial genomes, in total, there are 70
species that have both homologues with E. coli K12
c¢ydAB. The best hit of the cydA gene or cydB gene in
each species was extracted respectively. Because only
adjacently linked pairs were used to conduct pairwise
distance analyses, a total of 68 bacterial species were
used in the pairwise distance analyses. The average
pairwise distance of subunit I genes among the 68
bacterial species is 1.31 + 0.03, whereas the average
pairwise distance of subunit I genes among the 68
species i1s 1.97 = 0.07. This indicates that subunit II
has a higher evolutionary rate on some branches. In
the broader survey including Archaea, if more than
one complex is present in a genome, all potential
adjacently linked subunits are analyzed. In total,
there are 114 pairs of genes found in 78 genomes (76
bacteria and 2 archaea). In these 114 pairs of genes,
the average pairwise distance of genes encoding
subunit I is 1.44 = 0.02, whereas the average pair-
wise distance of genes encoding subunit II is
2.07 £+ 0.05. The cytochrome bd subunit genes in the
six selected species were also analyzed separately. The
average pairwise distance of subunit I genes among
the six species is 0.69 £ 0.10, while the average
pairwise distance of subunit II genes among the six
species is 0.79 £+ 0.14. Figure 2 shows that the two
subunits have the same topology. The phylogenetic
topology of all significant homologues between the
two subunits were compared by ProML (Felsenstein
1989) using the subunit II dataset and no significant
difference was found between the phylogenetic
topologies of the two subunits (Figs. 3 and 4) was
found. The phylogenies of the best hits in each species
between the two subunits also show similar topology
(data not shown). It is striking that the two subunits
of cytochrome bd in each species show similar evo-
lutionary histories. However, the different distances
of the two subunits indicate an asymmetrical evolu-
tionary pattern of cytochrome bd subunits. It is worth
noting that appCB were also used as query sequences
and the results were not qualitatively different.

The distance-matrix rate test (Syvanen 2002)
shows that subunit I, in general, evolves 1.2 time
faster than subunit II (Fig. 5). The pairs lying above
the 95% expectation level are related to the members
from either the Staphylococcus-Bacillus cluster or e-
proteobacteria. Nevertheless, the pairs between the
members within the Staphylococcus-Bacillus cluster
or within e-proteobacteria lie within the 95% confi-
dence interval. Tajima’s relative rate test shows that
the subunit I genes in the Staphylococcus-Bacillus
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Fig. 2. Maximum likelihood unrooted tree of subunit I genes (A)
and subunit II genes (B) from the six species (boxed in Fig. 1), that
do not have homologues with appB or cydB of E. coli K12. The
subunit II genes were extracted according to the KEGG and
EcoCyc databases and confirmed by a BLASTP search. Branch

cluster evolve slightly slower than that on the
Streptomyces avermitilis branch at the protein level
(Table 3). However, the evolutionary rate of subunit
IT in the Staphylococcus-Bacillus cluster is greater
than that on the S. avermitilis branch. For instance,
the rate on the branch leading to the Staphylococcus-
Bacillus group strain is from 2.18 times to 10.72 times
greater than the rate on the S. avermitilis branch at
the protein level. A similar result is found in the e-
proteobacteria group (Table A.1). The subunit II
genes in e-proteobacteria evolve over two times faster
than those in non-¢- proteobacteria within the Q-loop
cluster, while only a slight difference (1.22-fold dif-
ference) between e-proteobacteria and non-g-proteo-
bacteria was detected in subunit I at the protein level.
Similar results were found at the DNA level
(Table 3). The accumulated effect of the elevated rate
leading to the Staphylococcus-Bacillus cluster causes
subunit II in the cluster to fall below significance
levels in the sequence similarity search.

In the broader survey, the E. coli cydAB genes were
used to BLAST against all of the complete archaeal
genomes. Of the 19 complete archaeal genomes, two
species have been detected to have genes encoding
both subunits. They are Methanosarcina acetivorans
and Halobacterium sp. NRC-1 (shown in Figs. 3 and
4). M. acetivorans has cytochrome bd genes, whereas
the ¢ydAB homologues were not found in the other
Methanosarcina species: M. mazei. The cytochrome bd
genes in M. acetivorans cluster with genes of Bacillus
cereus and B. anthracis, suggesting that they possibly

1.744 B.ha2
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0.317
0.175
— 0.ih
0.138
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0.425
S. au Mu50
0.078
S.au N315
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lengths are shown as the substitution rate per site. Both subunit
genes in S. aureus MuS0 and S. aureus N315 are identical. All
branches are supported by bootstrap values of at least 80%
excluding those to the individual S. aureus isolates.

have been laterally transferred from Bacillus. Four
sets of cytochrome bd genes were found from the two
plasmids in Halobacterium sp. NRC-1. They all have a
close relation with genes in Chlamydias and Firmi-
cutes, but they are distantly related to the genes from
M. acetivorans. This might be due to a LGT event
from bacteria to archaea. Seven other subunit I ho-
mologues have been detected in four other archaeal
genomes but there are no obvious subunit II
homologues in them. These genomes are Archaeo-
globus fulgidus, Picrophilus torridus, Thermoplasma
volcanium, and Thermoplasma acidophilum. To further
check for potential homologues, 14 genes, 1 on each
side of the 7 subunit I homologues, were extracted and
used as query sequences to BLAST against all de-
tected subunit II genes. Seven genes show a weak
match with known subunit II genes. Moreover, they
show a shorter sequence length than bacterial genes
(Table 2). This suggests that the subunit IT genes in
these four genomes are highly diverged from bacterial
forms, which is consistant with our previous results.
Again, the two subunits show an asymmetrical evo-
lutionary pattern.

Discussion

The phylogenetic topology of the cytochrome bd
complex shows that the two subunits have essentially
similar topologies. However, pairwise distance anal-
yses using gene pairs adjacent to each other show that
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Fig. 3. Unrooted tree of cytochrome bd subunit I genes in a broad survey using all the significant hits to E. coli cydA as query sequences.
The open circle indicates the origin of the Staphylococcus-Bacillus cluster, the filled circle indicates the origin of the Q-loop cluster, and the

filled box indicates the origin of ¢-proteobacteria.

the subunit II genes have accelerated evolutionary
changes relative to subunit I genes. The BLAST
survey against archaeal genomes shows four genomes
have seven subunit I homologues but no clear subunit
II homologues. Probably subunit II genes in these
distantly related genomes are too diverged and have
become undetectable. Indeed, there are seven genes
that are found to have a weak match with other
subunit II genes. All of these seven genes are adjacent
to the seven subunit I homologues. While this sup-
ports a conclusion of asymmetrical evolution of these
subunits, there is no experimental evidence in the
literature to demonstrate an active subunit II in ar-
chaeal species.

Phylogenetic analyses of cytochrome bd genes
show that some species in the phylogeny fail to sup-
port the 16sRNA tree (the 16sRNA phylogeny is not
shown in this study), which has been employed as one
way to detect LGT of metabolic enzymes (Brown and

Doolittle 1997; Osborne and Gennis 1999). For
example, some genes are found in this study to have
been most probably transferred from bacteria to ar-
chaea. The cytochrome bd genes in archaeal species
M. acetivorans are closely related to bacterial species
B. anthracis and B. cereus. Similarly, the close
relationship of Staphylococcus, O. iheyensis, and
B. halodurans might indicate a LGT event between
Bacillus and Staphylococcus. Taken together, it might
suggest a high degree of lateral gene transfer of
cytochrome bd related to Bacillus. Cytochrome bd
genes in Halobacterium sp. might also undergo LGT
events from bacteria to archaea.

Besides these two archaeal species, four other ar-
chaeal species have genes encoding proteins with
detectable similarity to subunit I and weak similarity
to known subunit II genes. The remaining 13 archa-
eal species (strains) in this study are missing cyto-
chrome bd subunits. The cytochrome bd subunits in
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Table 2. The average length in amino acids (along with their standard errors) of cytochrome bd genes among Archaea, the Staphylococcus-
Bacillus group, the Q-loop group, and all other bacteria

Archaea® SB group® Q-loop® Bacteria®
Subunit 1 4732 £ 7.1 448.8 £ 1.6 5245 + 1.4 466.1 £ 3.2
Subunit 11 331.0 £ 3.9 340.5 £ 1.0 378.7 £ 0.7 339.4 £ 0.8

“In addition to Halobacterium sp. and M. acetivorans (shown in Figs. 3 and 4), the genes from A. fulgidus, P. torridus, T. volcanium, and

T. acidophilum are included here, despite the weak match of their subunit II genes to genes from other species.
This group contains genes in the Staphylococcus-Bacillus cluster (shown in Figs. 3 and 4).

“This group contains all cytochrome bd complexes which have Q-loop in subunit I (shown in Figs. 3 and 4).
9This group contains all the bacterial genes excluding the ones from the SB group and the Q-loop group.

these four archaeal species may have a different origin
from the bacterial genes. Cytochrome bd subunits are
absent in many archaeal species.

It is worth noting that the results were not quali-
tatively different using cyd4B and appCB. cydAB
genes and appCB genes are present sporadically on
the phylongey (data not shown). The name (e.g. app
or c¢yd) of cytochrome bd subunits, therefore, does
not necessarily reflect their phylogenetic relationship.

Surprisingly, the similarity of subunit II (either cydB
or appB) between E. coli K12 versus O. iheyensis,
B. halodurans, and other four Staphylococcus species
at the protein level is almost undetectable. And yet
the subunit II genes in these six species have been
either annotated or experimentally confirmed to
function as cytochrome bd subunit II (Sakamoto
et al. 1999; Takami et al. 2000; Lu et al. 2001; Kuroda
et al. 2001).
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The distance-matrix rate test (Syvanen 2002) was
used to test the relative rates of subunit I and subunit
II. The distance-matrix rate test makes no assump-
tions regarding divergence times, or phylogenetic
relationships. In fact, the subunit phylogenies do not
always support the species phylogenies due to the
frequency of the LGT events of the whole operon.
Tajima’s (1993) relative rate test was used to test
specific lineage elevated evolutionary rates, since the
relative rate test is more powerful than the likelihood
ratio test when one set of descendants has evolved
faster than the other set (Sorhannus and Van Bell
1999). The power of relative rate test is dependent on
the number of variable sites considered, the rate of
substitution, and the distance from the ingroup to the
outgroup (Tajima 1993; Bromham et al. 2000). The
tests show that subunit II genes in the Staphylococcus-
Bacillus cluster and e-proteobacteria evolve signifi-
cantly faster than their neighbors. However, subunit I
genes in the Staphylococcus-Bacillus cluster evolve
slower than their neighbor S. avermitilis and subunit |
genes in e-proteobacteria only evolve slightly faster
than their neighbors. For Tajima’s relative rate test,
the outgroup of the Staphylococcus-Bacillus cluster
versus S. avermitilis and e-proteobacteria versus non-
e-proteobacteria in the Q-loop cluster was chosen
based on the relatedness on the phylogenies (Figs. 3
and 4). Several outgroups were tested and the results
did not significantly differ (data not shown). Three

200 250 300

quences. The pairs having members of the Staphylococcus-Bacillus
cluster are shown in blue; pairs having either Campylobacter jejuni
subsp. jejuni, Helicobacter hepaticus, or Wolinella succinogenes, in
green; and pairs within the remaining bacteria, in red.

different operons from non-g-proteobacteria were
compared with e-proteobacteria and the trend of ele-
vated evolution held true. Hence, the robustness of the
elevated evolution of subunit II on the branches
leading to the Staphylococcus-Bacillus cluster and é-
proteobacteria is largely independent of the genes
sampled.

To understand any possible change of selection
pressure, the PAML package (Yang 1997) was used to
conduct a comparison of K,/K, (o value) between each
group and the outgroup. No significant difference
among subunit I genes has been detected on the two
groups which show elevated evolution in likelihood
ratio test (data not shown). Different o values were
detected on the branch leading to the Staphylococcus-
Bacillus cluster of subunit I (data not shown), but
importantly the subunit I genes in this cluster show a
significantly lower ratio to the outgroup branch in the
relative rate tests using protein and DNA sequences
(Table 3). This suggests that the elevated evolution of
subunit IT genes in the Staphylococcus-Bacillus cluster
and the e-proteobacteria group could not be simply
explained by a change of selection pressure.

The BLAST search results show that the novel
subunit IT gene in Oceanobacillus iheyensis only has
significant hits with Bacillus and Staphylococcus
(Table 1). The novel subunit II gene has homologues
in B. subtilis, B. cereus, and B. anthracis. These
homologues have detectable hits in Streptomyces
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Table 3. Relative rate test between the Staphylococcus-Bacillus cluster and Streptomyces avermitilis: One copy of relative subunit from

Halobacterium sp. NRC-1 was used as the outgroup in the relative rate test of each subunit

Subunit I Subunit IT
Protein DNA Protein DNA

Taxon m;/m, r m;/m, e m;/m, 7 m;/m, 7

1 0.59 52.88""" 0.98 0.04 2.18 208.34™" 1.80 29.46""
2 0.61 4381 1.11 1.11 2.51 269.09"" 291 88.37""
3 0.65 34.14™" 1.33 7.51" 2.96 369.26""" 6.56 238.26™"
4 0.66 34.14™ 1.33 751" 2.96 369.26"" 6.56 238.26""
5 0.66 33.12"" 1.33 751" 2.95 367.91"" 5.71 202.24™"
6 0.68 29.34™" 1.33 7.47"" 2.97 387.57"" 3.58 111.79™
7 1.05 0.60 1.53 16.99"" 6.73 718.86""" 3.66 134.80"""
8 1.05 0.50 1.61 2127 5.79 650.15"" 2.90 89.70™"
9 0.85 4.89" 1.16 2.33 10.72 937.24"" 2.85 98.24™""
10 0.91 1.81 1.21 3.59 2.84 312.70"" 1.94 38.74™"
Average 0.77 1.29 4.26 3.85

Note. Significant at 5% level, “1% level, and """0.1% level (1 df).

avermitilis, which is also the near neighbor of Bacillus
according to the subunit I phylogeny (Figs. 3 and 4).
The novel subunit II genes in each species are always
adjacent to subunit I genes on chromosome. This
suggests that the origin of the novel subunit II genes
in Bacillus and Staphylococcus is due to vertical
evolution and accelerated evolution of subunit II
genes. However, the possibility of LGT of subunit 11
genes cannot be completely ruled out. In fact, LGT of
individual subunits has been reported in a multiple-
component complex (Iyer et al. 2004).

It is apparent that other Bacillus species such as
B. cereus, B. anthracis, and B. subtilis have more than
one copy of cytochrome bd genes. During evolution,
the lineage to O. iheyensis and B. halodurans may
have lost the cytochrome bd genes which have greater
similarity with E. coli cydAB. Duplicate genes often
have rapid divergence after duplication (Gu et al.
2002) and diversification after duplication is often
asymmetrical (Wagner 2002; Conant and Wagner
2003; Zhang et al. 2003). Another possible explana-
tion is that the subunit II genes in the six species were
analogously displaced by unrelated sequences (non-
orthologous replacement). Indeed, displacement of
an enzyme is now widely acknowledged as an
important source of phylogenetic difference (Dhillon
et al. 2003; Morett et al. 2003). All subunit I genes
from the Staphylococcus-Bacillus cluster were used as
query sequences to find potential homologues with-
out regard to the physical location relative to subunit
I. There were no new homologues found as near
neighbors of the Staphylococcus-Bacillus cluster. This
suggests that the observed novel subunit IT genes are
not an artifact of the methodology which only con-
siders physically adjacent subunits. The novel subunit
IT genes in the Staphylococcus-Bacillus cluster are
more likely due to elevated evolution after duplica-
tion and the original gene cluster is missing, but the

possibility of nonorthologous replacement cannot be
ruled out.

Similar studies have been done by Osborne and
Gennis (1999) and Sakamoto et al. (1999). Osborne
and Gennis (1999) generated phylogenetic trees using
sequences without the Q-loop region. They showed
that genes with the Q-loop cluster within one clade of
the tree. Our study using the whole sequence align-
ment shows a similar result (Figs. 3 and 4). It shows
that all the 43 sequences with the Q-loop cluster en-
tirely in one clade of the tree, and that all of them are
from proteobacteria. Sakamoto et al. (1999) con-
structed their phylogenetic trees using only several
selected fragments of highly conserved regions. Their
work showed an essentially similar rate of evolution
between the two subunits. The subunit II gene from
B. stearothermophilus, which has high similarity to
subunit II gene in O. iheyensis (Table 1), does not
show an accelerated evolutionary rate in their work.
This is due to the limited distance information pro-
vided by the small selected region chosen. Our study
using the whole sequence alignment and a broader
data set shows considerable asymmetrical evolution
of the two cytochrome bd subunits.

Rate heterogeneity and rate variation have been
reported among cytochrome c¢ oxidase subunits
(Spicer 1995; Schmidt et al. 1997, 2002). In these
studies, subunits were compared within closely re-
lated eukaryotic species. Lineage-specific elevated
rates of evolution of cytochrome ¢ oxidase in pri-
mates have been reported (Grossman et al. 2001).
The subunits have been shown to have co-occurring
elevated rates in primates (Andrews et al. 1998;
Andrews and Easteal 2000; Wu et al. 2000; Schmidt
et al. 2001; Goldberg et al. 2003). In other words, the
subunit genes that are known to interact functionally
show a ‘“‘coevolution” pattern. Our study shows an
interesting case in related subunits where two su-



bunits evolve differently and that dramatically ele-
vated evolution might cause homologues to become
undetectable in a sequence similarity search. The re-
sults also imply that a sequence similarity search
might fail completely and provide misleading results
due to lineage specific elevated and asymmetrical
evolution.

The asymmetrical evolution of subunits in the two-
component complex cytochrome bd observed here is
common on most branches. A relaxation of selective
constraints may be responsible for the asymmetrical
evolution of subunits. Indeed, several conserved res-
idues in subunit I have been suggested to be involved
in binding heme (Osborne and Gennis 1999;
Sakamoto et al. 1999). The way in which subunit II
interacts with heme is still unclear. To date, there is
no available crystal structure data of cytochrome bd.
When the crystal structure data become available, the
different constraints between the two subunits will
become clearer.
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