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The wheat cytochrome oxidase subunit II gene has an intron insert
and three radical amino acid changes relative to maize
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We have determined the sequence of the wheat mitochondrial
gene for cytochrome oxidase subunit II (COII) and find that
its derived protein sequence differs from that of maize at only
three amino acid positions. Unexpectedly, all three replace-
ments are non-conservative ones. The wheat COII gene has a
highly-conserved intron at the same position as in maize, but
the wheat intron is 1.5 times longer because of an insert
relative to its maize counterpart. Hybridization analysis of
mitochondrial DNA from rye, pea, broad bean and cucum-
ber indicates strong sequence conservation of COII coding se-
quences among all these higher plants. However, only rye and
maize mitochondrial DNA show homology with wheat COII
intron sequences and rye alone with intron-insert sequences.
We find that a sequence identical to the region of the 5' exon
corresponding to the transmembrane domain of the COII
protein is present at a second genomic location in wheat
mitochondria. These variations in COII gene structure and
size, as well as the presence of repeated COII sequences, illus-
trate at the DNA sequence level, factors which contribute to
higher plant mitochondrial DNA diversity and complexity.
Key words: cytochrome oxidase subunit II/introns/mito-
chondrial genes/plant mitochondrial DNA /wheat

Introduction

Subunit II of cytochrome ¢ oxidase (COII) is a well-studied
component of the respiratory chain complex, involved in the
transfer of electrons from cytochrome ¢ to oxygen (for
review, see Capaldi ef al., 1983). It is located in the inner
mitochondrial membrane and, like subunits I and III of this
complex, its gene is encoded in the mitochondrial DNA. The
sequence of the COII gene has been determined in a number
of organisms ranging from yeast to human, and only in maize
is it interrupted by an intron (Fox and Leaver, 1981). A se-
cond higher plant COII gene, that of evening primrose,
Oenothera berteriana, is not split (Hiesel and Brennicke,
1983). This optional nature of mitochondrial introns in
closely-related organisms has previously been observed
among yeast strains and is a factor contributing to differences
in their genome size (Hensgens et al., 1983). Higher plant
mitochondrial DNA (mtDNA) is considerably larger than
that of yeast (for review, see Leaver and Gray, 1982) and it
can show even more pronounced variation in size among
members of the same family. For example, within the cucur-
bit family, mtDNA size ranges from 330 kb in watermelon to
~ 2400 kb in muskmelon (Ward et al., 1981), with < 10% be-
ing attributed to repeated sequences.

As yet, the significance of the increased mitochondrial
genome size in higher plants (some 15- to 150-fold larger than
human mtDNA) and the extreme diversity in size among
closely-related plants is largely unknown. It seems likely that
non-coding sequences account for much of the difference,
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perhaps having arisen by an extensive rearrangement of mito-
chondrial sequences (discussed in Ward ef al., 1981) and/or
the integration of foreign sequences (cf. the presence of
chloroplast sequences in mtDNA, Stern and Lonsdale, 1982;
Stern and Palmer, 1984). Such events, either recombinational
or transpositional, would expand genome size and might in-
fluence individual gene structure. Although information is
emerging on the physical organization of higher plant mito-
chondrial genomes (Lonsdale et al., 1983; Palmer and
Shields, 1984; Falconet et al., 1984), very little is known
about the evolution of plant mtDNA at the individual gene
level, either in terms of intragenic organization or nucleotide
sequence divergence. Taken in conjunction with the
knowledge that animal mtDNA is evolving very quickly
(Brown et al., 1979) and that the COII gene is one of the most
rapidly evolving mitochondrial genes in primates (Cann ef al.,
1984), this prompted us to examine the COII gene in a
number of higher plants.

We have determined the sequence of the wheat COII gene
and have used exon- and intron-specific regions of this gene
to examine by hybridization analysis the COII genes in rye,
pea, broad bean and cucumber. We find that these genes are
all closely-related, but that their length varies depending on
the presence or absence of an intron (or intron insert). We
also find that 5’ exon sequences are repeated in the mtDNA
of the monocotyledons.

Results
Identification and sequence of the wheat COII gene

We identified wheat mtDNA restriction fragments that
hybridized to the cloned maize COII gene (Fox and Leaver,
1981) and selected EcoRI and overlapping Sa/l recombinant
clones from our wheat mtDNA pUC9 clone bank for sequen-
cing (Figure 1). The sequence of the wheat COII gene and its
flanking regions is shown in Figure 2. The gene is 1997
nucleotides long with an intron at position 391, the same posi-
tion as in maize. However, the wheat COII intron has an in-
sert of 422 nucleotides at position 1062— 1064 (dashed
underline, Figure 2). (The precise position is ambiguous
because it lies within a short repeat, as discussed below.) Both
the COII coding regions and intron sequences are equally
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Fig. 1. Restriction map of the wheat mitochondrial COII gene and sequen-
cing strategy. Regions of two EcoRlI clones and an overlapping Sa/l clone
were subcloned into M13 vectors and sequenced as indicated by arrows.
Only restriction sites used in sequencing are shown: B, BarmHI; Bgl, Bglll;
E, EcoRl; H, Hindlll; M, Mspl; R, Rsal; S, Sall; Sau, Sau3A; T, Taql;
X, Xhol. Solid bars indicate exons.
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Fig. 2. Nucleotide sequence of the wheat mitochondrial gene for cytochrome oxidase subunit II and its predicted amino acid sequence. CGG codons at
amino acid positions 57, 87 and 129 (underlined) likely specify Trp rather than Arg (see text, and Fox and Leaver, 1981; Hiesel and Brennicke, 1983). Single
nucleotide substitutions relative to the maize sequence (a total of 15 within the gene and one downstream; comprised of nine transitions and seven transver-
sions and one addition within the intron) are indicated by solid and open triangles, respectively. The three predicted amino acid replacements relative to
maize are boxed. Inserts in the intron and downstream region are underlined (dashed) and flanking repeats at the insert sites are boxed. The downstream ar-
row indicates the end of the maize sequence reported in Fox and Leaver (1981) and the upstream arrow indicates the start of obvious sequence similarity be-
tween the wheat and maize COII sequences. The wheat sequence begins at a Tagl site immediately preceding position —154. The 193 nucleotide region of the

5’ exon which is found at a second genomic location is blocked.

well-conserved (98.9% and 99.3% nucleotide identity, respec-
tively) between wheat and maize.

Within the coding regions, only nine nucleotide changes
were found, five of which are silent substitutions. The other
four differences result in codon changes that predict three
amino acid replacements (Figure 3). Surprisingly, all three
substitutions are non-conservative ones, namely Glu—>Ser at
position 7, Pro—>Leu at position 95, and Cys—>Arg at position
228 (see Discussion).

The region immediately downstream of the wheat and
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maize COII coding sequences is also highly conserved (98.3%
nucleotide identity over 116 nucleotides), with one insert of 17
nucleotides in wheat (dashed underline, Figure 2). In con-
trast, the upstream sequences show only 27% nucleotide iden-
tity (in the 105 nucleotides of comparable region sequenced in
maize; Fox and Leaver, 1981). Obvious nucleotide sequence
similarity begins three nucleotides before the AUG that is like-
ly to be the initiation codon. This is the second of two in-
frame AUG codons seen in maize.

A comparison of the wheat and Oenothera (Hiesel and
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Fig. 3. (A) Schematic comparison of the wheat and maize COII genes,
with exons being shown by black bars and sequences not held in common
by open bars. Single nucleotide differences are indicated by triangles with
the ones predicting amino acid substitutions indicated by solid triangles and
arrows. (B) Sequencing gels showing nucleotide positions (arrows) which
predict amino acid differences between wheat and maize. The first panel is
shown mirrored to facilitate direct reading of the sense strand sequence.
The relevant codons are bracketed and compared below with those of
maize (Fox and Leaver, 1981) and human (Anderson et al., 1981). The
human COII protein lacks the amino-terminal region in which the first
wheat/maize difference is seen.

Brennicke, 1983) COII genes shows 88.0% nucleotide identity
(and 84.6% amino acid identity) with no obvious sequence
similarity outside the coding sequence. As in maize and
Oenothera, wheat mitochondrial codon usage appears to
deviate from the universal genetic code in that CGG likely
specifies Trp rather than Arg (Fox and Leaver, 1981; Hiesel
and Brennicke, 1983).

Transcripts of the wheat COII gene

The wheat COII mRNA was characterized by Northern
hybridization analysis using M13-cloned probes specific to
the 5’ exon, intron and 3’ exon (Figure 4). An abundant
transcript of ~ 1.5 kb was detected with exon probes and a
minor transcript of 1.2 kb with the intron probe. All probes
revealed minor levels of a large transcript ~ 2.7 kb in length,
which is the expected size of an intron-containing precursor.

Additional wheat COII 5' exon-specific sequences

To determine whether any additional copies of COII gene-
specific sequences are present in total wheat mtDNA, we con-
ducted Southern hybridization experiments using the same
exon- and intron-specific probes as in the transcript analysis.
The 3’ exon and intron probes showed hybridization patterns
consistent with those expected from restriction mapping and
sequence analysis of the COII gene (data not shown).
However, the 5’ exon-specific probe (a 224-bp Tagql frag-
ment, Figure 1), showed intense hybridization to a second
restriction fragment (square, Figure 5) in addition to the one
containing the sequenced COII gene (triangle, Figure 5). We
determined the sequence of the additional hybridizing region

Wheat mitochondrial COII gene
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Fig. 4. Transcript pattern of the wheat COII gene. Northern blots of wheat
mtRNA were hybridized with wheat COII probes specific to the 5’ exon
(lane 1), intron (lane 2), and 3’ exon (lane 3) as shown below. The intron
probe was a mixture of two M13 clones. Intron and precursor bands in
lane 2 are indicated with arrows. 26S and 18S rRNA size markers were
determined by methylene blue staining of the blots (Maniatis ef al., 1982).
Restriction site abbreviations are as in Figure 1.
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Fig. 5. Detection of sequences homologous to the wheat COII gene in
other higher plant mtDNAs. Restriction digests of: lane 1, wheat (BarmHI);
lanes 2, 7, 8, rye (BamHI); lane 3, maize (EcoRI); lane 4, cucumber
(EcoR1); lane 5, broad bean (EcoRI); and lane 6, pea (EcoRI) were electro-
phoresed on agarose gels, blotted to nitrocellulose and individual strips
were hybridized with probes from (A) 5' exon, (B) 3’ exon, (C) intron-
insert and (D) intron regions. Probes in (A), (B) and (D) are as in Figure 4
and in (C) an 80-bp Taql-Xhol clone (positions 1139 —1218, Figure 2) was
used. Less DNA is present in lane 1 (wheat mtDNA). A size marker of
~2 kb is indicated by the cross (x) in each track. In lane 1, a triangle in-
dicates the BamHI fragment containing the 5’ region of the wheat COII
gene (see Figure 1) and the square indicates the fragment containing the
repeated copy of 5’ exon sequences.
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Fig. 6. (A) Nucleotide sequences flanking the repeated COII 5’ exon se-
quences. The upper sequence is that of the partial copy while the lower one
is from the COII gene (see Figure 2); the region held in common is within
brackets. Stretches of identical nucleotides in the flanking regions are
underlined and numbers indicate amino acid positions. The sequencing
strategy is shown below with the solid bars representing 5’ exon sequences.
(B) Model of the cytochrome oxidase subunit II protein, as adapted from
Capaldi ef al., 1983. Amino acid residues are indicated by circles
(numbered according to Figure 2) with those differing from maize being
shown (S, serine; L, leucine; R, arginine). Cylinders indicate the
hydrophobic region spanning the inner mitochondrial membrane. The
triangle shows the position of the intron in the gene and the solid line near
the amino terminus indicates the region proteolytically removed in yeast
(Pratje et al., 1983). The arrows delineate the region corresponding to the
DNA sequence found at a second genomic location in wheat.

(Figure 6) and found a stretch of 193 nucleotides identical to
the mid-region of the COII 5’ exon (nucleotides position
118—310, blocked in Figure 2). When translated into amino
acids, this region corresponds to the transmembrane domain
of the COII protein in the model presented by Capaldi et al.
(1983) (Figure 6, arrows). It too contains the Pro—Leu
substitution relative to the maize COII gene. In fact, six of the
nine nucleotide differences seen between the wheat and maize
COII coding sequences are clustered within this 193 nucleo-
tide stretch.

COII genes in other higher plants

We searched for sequences homologous to wheat COII exon
and intron regions in the mtDNA of rye, pea, broad bean and
cucumber, again using Southern hybridization analysis. In
the case of pea, bean, and cucumber, the same single restric-
tion fragment hybridized to both 5’ exon and 3’ exon wheat
COII probes (Figure 5). However, no hybridization was
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detected with the intron probe, suggesting that these COII
genes either lack introns or have introns unrelated to that of
wheat. The two monocotyledons, rye and maize, showed
hybridization to wheat intron-specific probes, while rye alone
hybridized to a wheat intron-insert-specific probe (Figure 5).
When the 5’ exon-specific wheat COII probe was hybridized
with maize and rye mtDNA, several fragments were detected
(Figure S), suggesting that 5’ exon sequences are repeated, as
in wheat.

Discussion

The wheat mitochondrial DNA sequence encoding subunit II
of cytochrome oxidase predicts a protein of 260 amino acids
that differs from the maize COII protein at only three amino
acid positions. The COII coding sequences of rye, as well as
those of the dicotyledons, pea, bean and cucumber, are also
very closely-related, judging from hybridization analysis. As
in maize, the wheat COII gene is split; however, the wheat in-
tron contains an insert relative to maize. Sequences
homologous to the wheat intron are present in the rye (as well
as maize) COII genes, but not in pea, bean or cucumber
mtDNA, either within the COII gene or elsewhere in their
genomes. The only mtDNA among these plants that hybridiz-
ed with the wheat COII intron-insert region was that of rye.
These observations imply that the COII intron (and intron in-
sert) found in monocotyledons did not arise by rearrange-
ment events translocating DNA sequences which are ex-
tragenic in dicotyledons to intragenic positions in
monocotyledons.

Although the precise evolutionary distances among these
plants are not yet known, our findings point to a slower rate
of evolution in higher plant mtDNA than that seen in animal
mtDNA. We see 99% nucleotide identity between the wheat
and maize COII genes, whereas 92% was observed between
those of two closely-related rat species, Rattus rattus and Rat-
tus norvegicus (Brown and Simpson, 1982). In primate
mtDNA, the rate of mutation fixation in COII genes is even
higher (Cann ef al., 1984); ‘radical’ amino acid replacements
were predicted even among individual humans (‘radical’ as
defined by pronounced differences in amino acid polarity,
composition, and molecular volume; Grantham, 1974; Cann
et al., 1984). The fact that we do observe several non-
conservative changes between wheat and maize may provide
insight into constraints on protein structure. The Glu—>Ser
substitution near the amino terminus (Figure 3) is in a region
of low amino acid homology between maize and yeast (Fox
and Leaver, 1981), and in yeast this stretch is removed
proteolytically from the precursor COII protein (Pratje et al.,
1983). The Pro—Leu replacement occurs in the trans-
membrane domain of the protein (Capaldi et al., 1983) and
presumably affects a-helical structure. Almost all organisms,
including wheat, have Leu at this position. The third dif-
ference, Cys—Arg, is in the region which contains several His
and Cys residues implicated in copper binding. From com-
parative sequence analysis, five conserved His and Cys
residues are candidates as copper ligands (Capaldi et al.,
1983). However, in wheat we find that Cys,, (position 196 in
the beef protein, Steffens and Buse, 1979) is predicted to be
replaced by Arg (Figure 3). This would reduce the total
number of conserved His and Cys residues to four; namely,
His,,, His;g, Hisz and Cys,g (numbered according to the
beef protein). The possibility that CGU encodes Cys rather
than Arg in wheat (analogous to the CGG Trp versus Arg



deviation in the genetic code mentioned above) seems unlikely
in view of the number of CGU codons at conserved Arg posi-
tions. In addition, we do not find 3’ exon sequences repeated
elsewhere in the wheat mitochondrial genome (as judged by
the exclusive hybridization of the 3’ exon probe to single
bands in digests and double digests of wheat mtDNA).

The wheat and maize intron sequences are as well-
conserved as the COII coding regions, suggesting that there
are equally strong constraints on them. This differs from the
situation in eukaryotic nuclear genes, where intron nucleotide
conservation is low (cf. mouse versus rabbit 8-globin exon/
intron: 88%/40% identity, respectively; van QOoyen et al.,
1979) and is consistent with the view that folding of the
mitochondrial intron RNA is important for splicing of the
precursor transcript. When the sequence of the wheat COII
intron is folded according to the secondary structure model
proposed for maize (Michel and Dujon, 1983), only one
nucleotide change in the core structure is seen (resulting in an
A-U pair versus G-U in maize). However, the insert in the
wheat COII intron makes it 1.5 times longer than its maize
counterpart. The insert occurs in a non-conserved region of
the secondary structure model, a region that is variable in
length among members of this class of introns (as defined in
Michel and Dujon, 1983). We find an open reading frame of
138 amino acids in the wheat COII intron insert, but it shows
no detectable amino acid homology with those in yeast mito-
chondrial introns (Bonitz et al., 1980) which have related
secondary structure (Michel and Dujon, 1983). The intron in-
sert is located in a stretch of purine residues and is flanked by
a direct repeat of eight nucleotides (with one mismatch) (box-
ed region, Figure 2). This resembles the duplication of target
site DNA seen in transpositional events (Calos and Miller,
1980); however, the insert is present only at this location on
the wheat mtDNA as determined by hybridization analysis.
The second insert relative to maize, a 17-nucleotide stretch in
the downstream region, also occurs in a purine-rich stretch
and is flanked by a direct repeat of six nucleotides (boxed,
Figure 2). Aside from this insert, the downstream sequence
(of 116 nucleotides) is as highly conserved as the COII gene.

In contrast, the upstream sequences show no sequence
similarity between wheat and maize until three nucleotides
before the presumptive initiation codon. This raises questions
about signals for the initiation of translation, which would be
expected to be conserved between such closely-related genes.
Presumably the signals differ from those in prokaryotes,
since the mature small subunit rRNA in wheat mitochondria
lacks a classical Shine and Dalgarno sequence (Schnare and
Gray, 1982). In addition, the presence of an out-of-frame
AUG closely preceding the wheat initiation codon (positions
—11 to —13, Figure 2) does not support a eukaryotic-type
scanning model for initiation (Kozak, 1978). One prominent
feature of the upstream region is a stretch rich in purines
preceded by a string of pyrimidines; a similar composition is
seen preceding the Oenothera COII gene (Hiesel and Bren-
nicke, 1983).

Our Northern hybridization analysis demonstrates the
presence of a wheat COII mRNA of ~1.5 kb (about twice
the length of the coding sequence), present at levels com-
parable with that of the wheat COI and cytochrome b
mRNAs (unpublished observations). We also see an intron-
specific transcript of 1.2 kb, corresponding to a full-length
excised intron RNA. Although its physical conformation is
not known, this transcript is present at relatively low levels
compared with those of yeast mitochondrial circular introns

Wheat mitochondrial COII gene

(Hensgens ef al., 1983). The wheat COII transcript pattern is
much simpler than that seen in maize, where numerous
transcripts were observed, promoting the suggestion that
there may be several COII mRNAs (Fox and Leaver, 1981).
The differences in transcript patterns may be related to dif-
ferences in upstream sequences between the two plant COII
genes.

Our analysis has also uncovered a second copy of 193
nucleotides identical to the part of the 5’ exon that cor-
responds to the transmembrane domain of the wheat COII
protein. We are currently investigating the functional
significance, if any, of this extra copy. It may be a pseudo-
gene resulting from recombinational or transpositional
events, but other possibilities include a multiply-split second
COII gene copy, or even a domain of another membrane pro-
tein. Because probes from the 3’ exon and intron regions ap-
pear not be represented elsewhere on the wheat mtDNA, this
implies that if the second 5’ exon copy is part of a functional
COII gene, its expression must involve alternative splicing to
the unique 3’ exon sequences.

Although this second copy is readily apparent in hybridiza-
tion experiments using highly specific probes (Figure 5), it
was detected only as a minor signal when longer probes, such
as the 2.5-kb EcoRlI fragment (Figure 1) were used. Conse-
quently, the presence of such short repeats could well be a
common feature of higher plant mtDNA (cf. Ward et al.,
1981), but one that escapes detection in hybridization and
kinetic renaturation analyses.

After these studies were completed, we learned that the rice
COII gene also has an intron insert at the same position and
exhibits strong homology with the one that we have
characterized in wheat (T.-H. Kao, E. Moon and R. Wu, per-
sonal communication).

Materials and methods

Identification, cloning and sequence analysis of the wheat COII gene

MtDNA, isolated from wheat embryos (Triticum aestivum L.) which were
germinated for 24 h (Bonen and Gray, 1980) was used to construct EcoRI,
Sall and BamHI clone banks in the plasmid vector pUC9 (Vieira and Messing,
1982), using standard recombinant DNA techniques (Maniatis ef al., 1982).
Recombinant clones, as well as restricted total wheat mtDNA, were screened
for sequences homologous to the maize COII gene using the clone pZmE1
(Fox and Leaver, 1981) labelled by nick translation. Hybridizations were con-
ducted at 5 x SSC, 0.1% SDS, 2 x Denhardt’s, 20 ug/ml sheared, denatured
salmon sperm DNA, 65°C overnight. In initial experiments, 60°C conditions
were used. Two EcoRI clones and an overlapping Sa/l clone were used for se-
quencing the wheat COII gene by the dideoxynucleotide chain-termination
method (Sanger et al., 1977) after subcloning fragments into M13 vectors. The
5’ exon partial copy was sequenced from an EcoRI subclone of a BamHI
clone containing the fragment indicated by a square in Figure 5.

Northern hybridization analysis

Wheat mtRNA isolated from embryos germinated for 24 h (Bonen and Gray,
1980) was fractionated by precipitation from 1 M NaCl and the insoluble
fraction was electrophoresed (1 —2 ug/lane) on 1.5% agarose, 2.2 M form-
aldehyde gels (Lehrach et al., 1977). Nitrocellulose blots (prepared and pre-
hybridized according to Thomas, 1980) were hybridized with wheat COII pro-
bes (labelled by M 13 primer extension) in 50% deionized formamide, 5 x SSC,
2 x Denhardt’s, and 20 ug/ml denatured, sheared salmon sperm DNA at
42°C, overnight.

Southern hybridization analysis of rye, pea, bean, cucumber and maize
mtDNA

MtDNA isolated from maize (Zea mays L., cv. Golden Bantam Early), rye
(Secale cereale L., v. Kodiak), pea (Pisum sativum L., cv. Laxton Progress),
broad bean (Vicia faba L., cv. Broad Windsor) and cucumber (Cucumis
sativus L., cv. Long Green) as described by Huh and Gray (1982) was
restricted, electrophoresed on separate gels, and blotted to nitrocellulose
(Southern, 1975). Individual strips were hybridized with wheat COII probes
(labelled by M13 primer extension) at 5 x SSC, 0.1% SDS, 2 x Denhardt’s,
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20 pg/ml sheared, denatured salmon sperm DNA at 65°C, overnight, with
washes to 0.5 x SSC. Representative u.v. fluorescence patterns of such
restricted mtDNAs are shown in Huh and Gray (1982).
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