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Abstract. We have isolated the Brassica campestris mito-
chondrial gene nad6, coding for subunit six of NADH
dehydrogenase. The deduced amino-acid sequence of this
gene shows considerable similarity to mitochondrially
encoded NADG6 proteins of other organisms as well as to
NADG proteins coded for by plant chloroplast DNAs.
The B. campestris nad6 gene appears to lack introns and
produces an abundant transcript which is comparable in
size to a previously described, unidentified transcript
(#18) mapped to the B. campestris mitochondrial
genome. An alignment of NADG6 proteins (deduced from
DNA sequences) suggests that B. campestris nad6 tran-
scripts are edited. Southern-blot hybridization indicates
that nad6 is present in the mitochondrial genome of all of
a wide range of flowering plant species examined.
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Introduction

NADH: ubiquinone reductase (NADH dehydrogenase,
complex I) is a multimeric inner mitochondrial mem-
brane enzyme that forms the link between the Krebs cycle
and the electron transport chain (Moller 1986). This en-
zyme is very complex and contains about 30 different
protein subunits. The genes coding for these subunits are
partitioned between the nuclear and mitochondrial
genomes of most organisms. Surprisingly, genes coding
for 11 subunits of NADH dehydrogenase have also been
found in land plant chloroplast genomes (Berger et al.
1991; Dupuis et al. 1991), suggesting that chloroplasts
contain an NADH dehydrogenase that may be involved
in a chloro-respiratory pathway.

The completely sequenced mitochondrial genomes of
the land plant Marchantia polymorpha (Oda et al. 1992),
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the filamentous ascomycete Podospora anserina (Cum-
mings et al. 1990) and a variety of animals (reviewed by
Attardi and Schatz 1988) contain genes that specify the
same seven subunits of NADH dehydrogenase (subunits
1,2,3,4,4L, 5 and 6). Mitochondrial DNAs (mtDNAs)
of other organisms contain a subset of these genes or
additional genes for other subunits of complex I. The
Chlamydomonas reinhardtii mitochondrial genome con-
tains genes for subunits 1, 2, 4, 5, and 6 (Michaelis et al.
1990); Paramecium mtDNA codes for subunits 1, 2, 3, 4,
5,7,and 9 (Pritchard et al. 1990); and Trypanosoma brucii
mtDNA encodes, at a minimum, subunits 1, 4, 5, 7
and 8 (Payne et al. 1985; Jasmer et al. 1985; Feagin and
Stuart 1985; Koslowsky et al. 1990; Souza et al. 1992).
Notable exceptions are the yeasts Saccharomyces cere-
viseae and Schizosaccharomyces pombe, whose mitochon-
drial genomes do not contain any NADH dehydrogenase
genes (reviewed by Attardi and Schatz 1988), and whose
mitochondria may entirely lack a complex I-like NADH
dehydrogenase (deVries and Grivell 1988). So far, seven
genes coding for subunits of NADH dehydrogenase have
been identified in flowering plant mtDNAs: nadl
(Chapdelaine and Bonen 1991; Wissinger etal. 1991)
nad2 (Xue et al. 1990; Binder et al. 1992) nad3 (Gualberto
et al. 1988), nad4 (Lamattina and Grienenberger 1991;
Gass etal. 1992) nadS (Knoop etal. 1991), nad7
(L. Bonen personal communication), and nad9 (J. M.
Grienenberger personal communication). However, since
flowering plant mtDNAs are by far the largest and most
complex mtDNAs known, ranging in size from 208 to
2400 kb (reviewed by Newton 1988) and being extremely
prone to structural rearrangement, determination of
the complete gene content and organization of these
mtDNAs is still far from complete.

A detailed transcriptional map of the Brassica campes-
tris mitochondrial genome revealed 24 abundant and po-
sitionally distinct transcripts longer than 500 nucleotides
(Makaroff and Palmer 1987). Fifteen of these abundant
transcripts could not be identified as producing any
known product (protein or RNA). We have sequenced a
region of the B. campestris mitochondrial genome that



produces one of these abundant but heretofore unidenti-
fied transcripts (# 18; Makaroff and Palmer 1987). We
identify an open reading frame (ORF) which is highly
expressed and whose transcript is similar in size to the one
mapped by Makaroff and Palmer (1987). This ORF
codes for subunit 6 of NADH dehydrogenase by virtue of
the similarity of its predicted amino-acid sequence to
those of other known nad6 genes. The B. campestris nadt
is located just downstream from a virtually intact chloro-
plast-derived rbcL gene.

Materials and methods

Mitochondrial DNAs were isolated from either green leaves or
etiolated seedlings according to the DNase I procedure (Kolodner
and Tewari 1972). B. campestris total RNA was prepared from
etiolated shoot tissue according to a scaled-up version of the gnani-
dinium isothiocyanate extraction procedure of Hamby et al. (1588).
B. campestris seed (var. Purple-top white globe) was purchased
from W. Atlee Burpee and Co. PA, U.S.A. The Southern-blot hy-
bridization was carried out using standard procedures (Sambrook
et al. 1989). The membrane was prehybridized and hybridized at
60°C in Blotto solution (0.5% nonfat dry milk, 1% SDS, 4 x SSC,
preheated to 60°C). After hybridization the blot was washed in
2 x SSC, 0.5% SDS at 60°C. RNA was electrophoresed through a
1.2% agarose gel after denaturation with glyoxal and dimethyl
sulfoxide (Sambrook etal. 1989) and transferred to a Zetabind
membrane. The filter was prehybridized and hybridized at 60°C in
5% SDS, 10% dextran sulfate, and 1 M NaCl. Post-hybridization
washes were as described above. Hybridization probes were labeled
using random hexamer oligonucleotide primers (Sambrook et al.
1989). DNA sequencing was by the dideoxynucleotide chain-termi-
nation method (Sanger et al. 1977) using a series of nested deletions
created by exonuclease III digestion (Erase-A-Base, Promega). All
of the P3.1 clone downstream from the chloroplast-derived rbcL
gene was sequenced on one strand; the nad6 locus was sequenced
completely on both strands. The GenBank/EMBL accession num-
ber of this sequence is X68256.

Protein and nucleotide sequences were searched using the GCG
sequence-analysis software package, version 7.0, April 1991 (De-
vereux et al. 1984). Protein sequences were searched through the
SwissProt database, release number 17.0 (2/91); nucleotide se-
quences were searched through the GenBank database, release 67
(3/91). The computer program CLUSTAL was used to align protein
sequences.

Results
Sequence analysis and identification of the nad6 gene

A transcriptional map of the 218-kb B. campestris mito-
chondrial genome revealed three transcripts (2 000, 1900
and 800 nucleotides) which hybridize to a cloned Pstl
fragment of 3.1 kb (P3.1) from this genome (Makaroff
and Palmer 1987). The two larger transcripts are prod-
ucts of the chloroplast rbcL gene (encoding the large
subunit of ribulose biphosphate carboxylase), which hy-
bridize to P3.1 because a virtually intact chloroplast-
derived rbcL gene is contained within this mtDNA frag-
ment (Makaroff and Palmer 1987; Nugent and Palmer
1988, and unpublished). The smallest transcript (# 18 in
the scheme of Makaroff and Palmer 1987) was inferred to
be a mitochondrial transcript but did not correspond to
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CTTTTCGTTGTTATGATGTTCCATAT TCARATAGCGGAGATTCACGAAGAAGTATITGCGC 255
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TATTTACCAGTGAGTGGGAT TATTGGACTGATCTTTTGGTGGGAAATGTTTTTCATITTA 315
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GATAATGAAAGCATTCCATTACTACCAACCCAAAGAAATACGACCTCTCTTAGATATACG 375
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Fig. 1A, B. Organization (A) and sequence (B) of nad6 in B. cam-
pestris mtDNA. A direction of transcription is indicated by the
upper arrow. arrows below the drawing indicate the sequencing strat-
egy used in the vicinity of the nad6 gene. Restriction sites mentioned
in the text are shown (P, Pstl; H, HindlIl; N, Nrul). B the amino-
acid translation according to the ‘universal’ genetic code is shown
below the DNA sequence. A putative ribosome-binding site (Fig. 3)
upstream of the first in-frame ATG is boxed. Nucleotides (250-254)
showing identity to the conserved 5 splice site of group II Al
introns (Michel et al. 1989) are underlined. The EMBL/GenBank
accession number of this sequence is X68256

any of the known mitochondrial genes in the B. campes-
tris genome (Makaroff and Palmer 1987).

We have sequenced most of the P3.1 clone and present
the sequence of a portion of the clone (941 bp) that lies
downstream from the chloroplast-derived rbcL gene
(Fig. 1). The rbcL sequence will be presented in a separate
paper on the transfer and evolution of chloroplast rbcL
genes in plant mitochondrial genomes. The region pre-
sented here contains a single ORF of significant size, with
the potential to encode a 205 amino-acid polypeptide
(Fig. 1B). The best matches between this ORF and se-
quences in the GenBank nucleotide sequence database
and the SwissProt protein sequence database are to mito-
chondrial and chloroplast nad6 genes and their protein
products (Fig. 2). The ends of the nad6 proteins are mod-
erately well conserved in length and sequence, whereas
the middle is highly variable in both respects (Fig. 2 and
legend to Fig. 2). For example, the B. campesiris nad6 is
35% identical to the C. reinhardtii protein over the form-
er’s first 78 amino acids and 37% identical over their last
38 alignable amino acids, whereas the two proteins show
no significant similarity over a region corresponding to
the central 61 amino acids of the B. campestris protein.
We conclude that the B. campestris ORF is an nadé gene.
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Fig. 2. Alignment of five NAD6 protein sequences. The alignment
contains four mitochondrial NADG6 sequences, from B. campestris
(Brassica; Fig. 1), C. reinhardtii (Chlamy; Boer and Gray 1989), P.
anserina (Podos; Cummings and Domenico 1988), and chicken
(chick; Desjardins and Morais 1990), and the chloroplast NAD6
sequence from M. polymorpha [Mar (cp); Ohyama et al. 1986].
Three amino-acid positions in the Brassica sequence that may be
altered by RNA editing are denoted by ‘ 4. Gaps are indicated by
‘—’. Amino acids that are conserved across all five species are
indicates by ‘ +’. Conservative amino-acid changes are indicated by
*A’. Residues that are identical between Brassica and Chlamy-
domonas are marked by .. The initial alignment produced by the
pairwise, multiple sequence alignment program of CLUSTAL
showed a region (corresponding to amino acids 115-184 of
Podospora) that was notable for being rich in gaps (three in Brassi-
ca, two different ones in Chlamydomonas, four different ones in
Marchantia, and four different ones in chicken) and extremely poor-
ly matched in sequence. In our view, the alignment in this region is
completely “forced’, i.e., we cannot discern any evidence of evolu-
tionary homology in it. Accordingly, to reduce the ‘gappiness’ of the
alignment shown, and thereby avoid the implication that the gaps
are evolutionarily meaningful, we have deliberately altered the
alignment in this region such that all of the amino acids for the four
shorter sequences (i.e., all but Podospora) are shown as ‘left-jus-
tifed’, starting at Podospora position 115

This is the first report of a flowering plant mitochondrial
gene coding for subunit six of NADH dehydrogenase.
As is the case for several plant mitochondrial genes
(MacFarlane et al. 1990), nad6 shows considerable bias
towards the use of A/T (62%) over G/C (38%) in the
third positions of codons. A block of nine nucleotides
upstream of the first in-frame AUG of nad6 is identical at
seven positions to a region found upstream of the B.
campestris nad4 gene (Gass et al. 1992) and is comple-
mentary at eight of nine positions to the 3'-terminus of
the mitochondrial 18 s IRNA from Oenothera (Fig. 3).

Oenothera mt 18S rRNA
{3' terminus)

CC UBAGUUAGG UCGGUGUCC

*kkk hkkk

B. campestris nadé 5' AAA GUUCCAUUU CAGGGAAGGACGACGUACCCAUG

kkhkkkhkkkk

B. campestris nad{ 5' AAU GUUCGAUUC ACUCUAUG

Fig. 3. A putative ribosome binding site is found upstream of the
first in-frame AUG (underlined) of nad6. A nononucleotide up-
stream of the B. campestris nad6 and nad4 genes is complementary
to the 3-terminus of Oenothera 18 s mitochondrial rRNA (allowing
for G-U pairing). Nucleotides upstream of nad6 and nad4 that are
complementary to the 3'-terminus of 18s rRNA are indicated by
stars. An 18 s rRNA-sequence (5-UGAA) complementary to puta-
tive ‘Shine-Dalgarno’ type sequences (Dawson et al. 1984) of other
plant mitochondrial mRNAs is underlined. The 18 s 'TRNA sequence
is from Brennicke et al. (1985); the nad4 sequence is from Gass et al.
(1992)

Therefore, we propose that this region may serve as a
ribosome binding site. The B. campestris sequence com-
pares well with other putative plant mitochondrial ribo-
some binding sites (Dawson et al. 1984), both in sequence
and in position (20 nucleotides) from the presumed start
site of translation. However, it should be stressed that no
experimental studies have yet been carried out to define
functional ribosome binding sites in plant mitochondrial
mRNAs and that some plant mitochondrial genes lack
any homolog of the proposed ribosome binding site
(Lonsdale 1989).

Transcription of the nad6 gene

A 564-bp Nrul fragment, which contains most of the B.
campestris nad6 locus (Fig. 1A), was used to probe a
Northern blot of B. campestris total RNA. A single abun-
dant transcript of approximately 750 nt was detected
(Fig. 4). A transcript of approximately 1700 nt also hy-
bridizes weakly to the nadé probe. Since the Nrul probe
was gel-isolated from a digest of a 2.0-kb HindIII-Ps:l
subclone that contains part of the rbcl sequence
(Fig. 1 A), this signal may represent hybridization to the
highly abundant (Gruissem et al. 1988) chloroplast rbcL.
transcripts of this size by a small amount of contaminat-
ing rbcL. DNA in the probe. Consistent with this hypoth-
esis, a probe specific for the 3’ half of the tobacco chloro-
plast rbcL gene hybridizes to the same 1 700-nt transcript
[data not shown; neither the nad6 nor the 3’ rbcL. probe
hybridize to the larger rbcL transcript detected by
Makaroft and Palmer (1987)]. However, since the ends of
the 750- and 1700-nt transcripts have not been mapped
we cannot rule out other possibilities. The size of the
major transcript correlates well with the abundant, mito-
chondrially-derived transcript (# 18; 800 nt) mapped to
P3.1 by Makaroff and Palmer (1987).

nadb is present in a wide range of flowering plant mtDNAs
To determine whether nad6 was present in other plant

mitochondrial genomes, the 564-bp Nrul probe was used
to probe mtDNAs from a wide range of flowering plants
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Fig. 4. The B. campestris nad6 gene produces a single abundant
transcript. Northern analysis of the B. campestris nad6é locus using
a 564 bp Nrul fragment (Fig. 1) as a probe to B. campestris total
RNA. Sizes of transcripts are indicated in nucleotides

E @
[ 4 b9 0
wEoQ <8 235 < & i
r_99pR 8 EE om;j‘#égﬁ;
« z 2 g <« « 5 O ch: oD« 2
tEE238E5533538:¢233
043P REESCHEOFTS Sa<a O
< "- -23Kb
- 9%
i - -9Kb
P o
=
. -5Kb
-
- -
- » -
-2Kb

Fig. 5. Nadb6 is present in the mtDNA of a wide range of flowering
plant species. Hybridization to a filter-blot of mtDNAs with a
564-bp Nrul fragment (Fig. 1) specific to the B. campestris mito-
chondrial nad6 gene. MtDNASs were cut with restriction enzymes,
electrophoresed through a 1.0% agarose gel and blotted onto a
nylon membrane. Wheat (Sall fragments); corn (BamHI); lettuce
(Sacl); sunflower (Sacl), tomato (Sall); tobacco (Sall); Petunia
(Sall); Oenothera (Sall); pea (Sall); common bean (Sall); mungbean
(Sall); Capsella (Sall); Crambe (Sall), Brassica (Sail); Arabidopsis
(Sall); squash (Sacl); cucumber (Sacl). Other mtDNAs included in
the survey but not shown here are watermelon, spinach and radish

(two monocotyledons and 18 dicotyledons). Positive hy-
bridization signals were obtained for all species examined
(Fig. 5), demonstrating that the nad6 gene is a conserved
feature of flowering plant mitochondrial genomes. Many
of the mtDNAs exhibit a single strong hybridizing frag-
ment, indicating that nad6 is generally a single-copy mito-
chondrial gene. Several species (Oenothera, pea, Crambe,
Arabidopsis) show relatively strong hybridization to more
than one fragment both in this experiment and when the
mtDNAs are cut with a second restriction enzyme (data
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not shown), suggesting that part or all of the gene is
repeated in these mitochondrial genomes. However, oth-
er possibilities, such as disruption of nad6 by cis- or trans-
spliced introns in these organisms, cannot be ruled out.
At least three flowering plant nad genes contain exons
that are scattered widely in the mitochondrial genome
(Chapdelaine and Bonen 1991; Wissinger etal. 1991,
Conklin et al. 1991; Knoop etal. 1991; Binder et al.
1992), transcripts of thesé¢ genes require ¢rans-splicing to
produce a functional mRNA.

Discussion

We have isolated the first gene coding for subunit six of
NADH dehydrogenase (rnad6) from a flowering plant mi-
tochondrial genome. In B. campestris this gene is located
on a 3.1-kb Pssl fragment just downstream from a
chloroplast-derived rbcL sequence. Nad6 produces a sin-
gle abundant transcript similar in size to a transcript
(3#18) mapped to P3.1 by Makaroff and Palmer (1987).

Southern-blot hybridization indicates that an nadé
gene is present in the mitochondrial genome of all of a
wide range of flowering plants examined. Although plant
mitochondrial protein gene content is generally well con-
served, a few genes (three ribosomal protein genes and
coxIl) are thought to have been lost from the mitochon-
drion during the evolution of flowering plants (Bland
et al. 1986; Wahleithner and Wolstenholme 1988; Schus-
ter et al. 1990b; Nugent and Palmer 1991). In the case of
cox1l, the gene loss is tolerated because a functional copy
of the gene is present in the nucleus of those legumes
lacking the mitochondrial gene (Nugent and Palmer,
1991); presumably this is also the case for the putative
ribosomal protein gene losses.

Most plant mitochondrial mRNAs are edited via a
cytidine to uridine conversion at various positions along
the mRNA molecule (Covello and Gray 1989; Gualberto
et al. 1989; Hiesel et al. 1989); more rarely, uridine to
cytidine alterations are observed (Gualberto et al. 1990;
Schuster et al. 1990a). We do not have a sequence for
B. campestris mitochondrial nad6 transcripts or cDNAs
and thus do not know whether, or to what extent, the
nad6 mRNAs are edited. One way of indirectly inferring
editing sites in B. campestris nad6 transcripts is to pro-
duce an alignment of the B. campestris NADG6 protein
(deduced from the DNA sequence) and other known
NAD®G6 proteins. Amino-acid positions that are invariant
in non-plant mitochondrial proteins but have undergone
radical substitutions in the plant mitochondrial protein
are likely candidates to be changed by RNA editing
(Covello and Gray 1989). Within the most highly con-
served region of the NADG6 protein there are at least three
amino acids that might be altered as a result of cytidine
to uridine editing on B. campestris nad6 transcripts to
produce a more structurally conserved protein (Fig. 2).
Two of these proposed edits involve radical amino-acid
changes, Pro(CCA) to Leu(CUA) at position 54, and
Ser(UCA) to Lew(UUA) at position 64. The third pos-
sible edited site, at position 57, does not involve a radical
amino-acid change but would alter His(CAU) to
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Tyr(UAU), which is found at this position in all non-
plant mitochondrial nad6 genes.

Seven flowering plant mitochondrial genes are known
to contain introns, all 21 of which are group II introns.
Three of these split genes (nadi, nad2, nad5) are frag-
mented into exons that are located far apart from each
other on the mitochondrial genome and whose tran-
scripts are joined by frans-splicing (Chapdelaine and
Bonen 1991; Binder etal. 1992; Conklin et al. 1991;
Wissinger et al. 1991; Knoop et al. 1991). In the case of
nad5, trans-splicing integrates an exon of only 22 nucle-
otides into the mature transcript (Knoop etal. 1991).
Direct sequencing of nadé mRNA or cDNA is needed to
determine conclusively whether the gene contains any cis-
or trans-spliced introns. However, we think it unlikely
that the B. campestris nad6 gene contains introns for sev-
eral reasons. First, we have searched the B. campestris
nad6 sequence for conserved features of group II introns
(Michel et al. 1989). The nad6 sequence shows no similar-
ity to the highly conserved domain V of group II introns.
A single region (nucleotides 250-254; Fig. 1) is identical
to a conserved sequence found at the 5’ splice site of the
Al subgroup of group II introns (Michel et al. 1989).
However, the deduced protein sequence downstream
from this region continues to show similarity to the other
NADG6 proteins examined (Fig. 2), making it unlikely
that splicing occurs at this region. Second, the deduced B.
campestris protein sequence is reasonably coextensive
with Chlamydomonas NADG; there are no internal gaps
of sufficient length to possibly constitute a cis-spliced
group II (or group I) intron. Third, both proteins show
considerable similarity at their C- and N-termini (Fig. 2);
it is, therefore, highly unlikely that the nadé mRNA con-
tains a short, terminal, trans-spliced exon that we would
have missed. Fourth, the B. campestris nad6 gene exhibits
a very simple transcriptional pattern. In general, trans-
spliced genes produce complex transcriptional patterns
that reflect the complex organization of the genes
(Chapdelaine and Bonen 1991; Wissinger et al. 1991).
Fifth, no other region of the B. campestris mitochondrial
genome hybridizes to a transcript (the presumptive
mRNA) of the size produced at this nad6 locus
(Makaroff and Paimer 1987).

Since flowering plant mtDNAs are still far from being
completely characterized with respect to gene content it
remains to be seen whether additional subunits of com-
plex T are coded for by these DNAs. The completely
sequenced mitochondrial genome of M. polymorpha
(186 kb in size; Oda et al. 1992) contains at least seven
genes coding for subunits of NADH dehydrogenase. This
genome also contains 32 open reading frames whose
protein products are so far unidentified. It is possible that
some of these ORFs may code for additional subunits of
NADH dehydrogenase and that flowering plants may
also contain additional, as yet undescribed, nad genes.
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