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Summary. Sequence analysis of a transcribed region of mi- 
tochondrial DNA (mtDNA) from male fertile sugarbeet 
(Beta vulgaris L.) revealed an open reading frame showing 
extensive sequence homology to the subunit 2 gene of the 
NADH:ubiquinone reductase complex (nad2). Sugarbeet 
nad2 in common with its proposed counterpart in animal 
mitochondria has no intron and thereby differs from the 
corresponding chloroplast gene. Northern RNA analysis 
of sugarbeet nad2 suggested that transcription of this locus 
gives rise to at least three transcripts. No differences in 
transcript profile were detected between male fertile and 
cytoplasmic male sterile sugarbeet. This constitutes the first 
report of a mitochondrial nad2 gene in higher plants. 

Key words: nad2 - NADH:ubiquinone reductase - Mito- 
chondrial DNA Beta vulgaris L. 

Introduction 

Despite large variations in the genome size of higher plant 
mitochondria, analysis of in vitro translation products in 
isolated mitochondria suggests they may encode 25-35 pro- 
teins (Leaver etal. 1983), consistent with the proposed 
number of transcriptional units (Makaroff and Palmer 
1987). Several of the genes encoding these proteins have 
been isolated and characterized: these include coxl, cox2 
and cox3 of the cytochrome c oxidase complex; apocytoch- 
rome b (cyb) of the bcl complex; atp6, atp9 and atpA of 
the ATP synthase complex; and three genes encoding sub- 
units of the NADH:ubiquinone reductase complex, nadl 
nad3 and nad5 (Lonsdale 1988). 

Differential screening of cDNA libraries from cytoplas- 
mic male sterile (CMS) and male fertile (MF) sugarbeet 
mitochondria has identified a uniquely transcribed open 
reading frame in CMS mitochondria co-transcribed with 
the gene encoding ATP6 (unpublished results). This tran- 
scriptional unit is flanked by a sequence repeated upstream 
of the CMS ATP9 gene (repeat II), consistent with results 
from cosmid mapping of the genome (Brears and Lonsdale 
1988). Northern analysis demonstrated that mitochondrial 
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DNA (mtDNA) upstream of a repeat II-homologous se- 
quence in MF mtDNA is transcribed in both CMS and 
MF genotypes. Here we report on the DNA sequence analy- 
sis of this region and the identification of an open reading 
frame showing extensive homology to the subunit 2 gene 
of the NADH:  ubiquinone reductase complex. 

Materials and methods 

Preparation of nucleic acids. Mitochondrial nucleic acids 
were isolated from lines of CMS and MF field grown sugar- 
beet as described previously (Thomas 1986). 

Construction of mitochondrial genomic libraries. The de- 
tailed construction of mtDNA and cDNA libraries from 
MF and CMS sugarbeet is described elsewhere (Y. Xue 
et al. manuscript submitted). 

Northern blot analysis. Mitochondrial RNAs were fraction- 
ated on 1.4% agarose gels containing formaldehyde/MOPS 
buffer, and blotted onto nylon membrane as recommended 
by the manufacturer (Amersham). 

DNA sequence analysis. DNA fragments were subcloned 
and ordered deletions of the cloned inserts were created 
with exonuclease III. The sequence was determined by the 
dideoxy chain-terminator technique in both orientations 
(Sanger et al. 1977). The DNA sequence of the sugarbeet 
nad2 gene can be accessed from the EMBL DNA database 
(Acc. No. X16828). 

Results 

Identification of mitochondrial nad2 from sugarbeet by se- 
quence analysis of a transcribed region 

We initially attempted to isolate the atp6 locus from MF 
mitochondria using a clone isolated from CMS mtDNA 
containing part of repeat II  (pMB358) and subsequently 
isolated a clone containing a 6.5 kb BamHI fragment, 
pFB124 (Fig. 1 A). Southern hybridization, restriction en- 
zyme mapping and DNA sequence analysis revealed that 
this clone contained approximately 1.6 kb of repeat II-ho- 
mologous sequence located upstream of MF atp9 and not 
atp6 (Fig. 1 A). When used in Northern analysis pFB124 
hybridized to three transcripts from MF and CMS mito- 
chondria (Fig. 1 B). These transcripts originate from se- 
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Fig. 1. A Organization of the nad2 and atp9 loci in male fertile sugarbeet mitochondria. The polarity of transcription is indicated 
by arrows. The location and extent of pFB124 is indicated as is the EeoRI-XhoI fragment used in Southern and Northern hybridizations. 
pMB358 is a clone isolated from CMS mitochondrial DNA (mtDNA) and contains part of repeat II (hatched area). The extent of 
repeat II-homologous sequence upstream of the MF atp9 gene is also indicated. Sites for several restriction enzymes are also shown 
(E, EeoR1; B, BamHI; K, KpnI; P, PstI; S, SmaI; X, XhoI; B, BglII; Ss, SstI). B Northern analysis of the sugarbeet nad2 locus 
using pFB124 as probe to MF mtRNA (lane 1) and CMS mtRNA (lane 2). Transcript sizes are indicated in kilobases. C DNA 
sequence of the sugarbeet nad2 gene and its deduced amino acid sequence. The DNA sequence was translated according to the "universal" 
genetic code. The second in-frame ATG codon is denoted by an arrow, and putative ribosome-binding sites are boxed. DNA sequences 
downstream of the nad2 gene capable of forming a hairpin loop structure which may be involved in transcript processing or termination 
are indicated by horizontal arrows 
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Fig. 2. Comparison of the deduced sugarbeet NAD2 polypeptide (S) with the corresponding human mitochondrial protein (H) and 
chloroplast proteins from tobacco and liverwort (T and L respectively). The second in-frame methionine of the sugarbeet sequence 
is indicated by an arrow. Amino acids which are conserved in at least the three plant proteins are indicated by arrowheads, and conservative 
amino acid replacements are shaded. The three most highly conserved sequence domains common to all four proteins are boxed. Gaps 
were introduced into the sequences in order to maximize the alignment 

quences 5' to the repeat II-homologous sequence since 
pMB358 detects different transcripts in both genotypes at 
much lower abundance (data not shown). The DNA se- 
quence of pFB124 was determined. Analysis of the sequence 
revealed a large uninterrupted open reading frame of 515 
amino acids (Fig. 1 C). A bias towards the use of T in the 
third base position of codons is apparent, a feature of some 
plant mitochondrial genes (Isaac et al. 1985), and a consis- 
tent feature of sugarbeet mitochondrial genes including 
atpA, atp6 and atp9 (data not shown). The deduced amino 
acid sequence was found to show extensive homology to 
NAD2 proteins from liverwort and tobacco chloroplasts 
(Ohyama et al. 1986; Shinozaki et al. 1986), and mamma- 
lian mitochondria (Anderson et al. 1981). The predicted 
NAD2 polypeptides from sugarbeet mitochondria, liver- 
wort and tobacco chloroplasts and from human mitochon- 
dria were compared and are shown in Fig. 2. The sugarbeet 
protein shows 46.8%, 43.4% and 34.3% similarity (includ- 
ing conservative amino acid substitutions) with the analo- 
gous tobacco, liverwort and human proteins respectively. 
Two CGG codons are present in the sugarbeet nad2 gene 
which may encode tryptophan rather than arginine (Fox 
and Leaver 1981). However, one of these codons (at amino 
acid 335) occurs at a well conserved arginine residue in 
the corresponding chloroplast proteins (Fig. 2). 

Transcription of  the nad2 locus in CMS and M F  mitochon- 
dria 

At least three transcripts of 4.9, 3.6 and 1.7 kb are detected 
in both CMS and MF mitochondria when pFB124 is used 
as a probe (Fig. 1B). When the 1310 bp EcoRI-XhoI frag- 
ment encompassing the C-terminal region of the gene was 
used in Northern hybridizations (Fig. 1 A), an identical set 
of transcripts was detected (data not shown). Since pMB358 
detects different transcripts from nad2-specific probes the 
Y termini of these transcripts must be located between the 
end of the nad2 gene and the repeat II-homologous se- 
quence, and these transcripts may therefore be 3' co-termi- 
nal. Southern analysis with the EcoRI-XhoI probe revealed 
that it hybridized to single fragments from EcoRI- or 
BamHI-digested MF mtDNA of 4,1 and 6.5 kb respectively, 
and to EcoRI and BamHI fragments of 2.4 and 5.7 kb re- 
spectively in CMS mtDNA. This indicates that sugarbeet 
mitochondria possess a single copy of the nad2 gene and 
the three transcripts are not derived from multiple gene 
copies. 

Discussion 

Sugarbeet NAD2 is encoded by an uninterrupted DNA se- 
quence in common with the mammalian and Neurospora 
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genes (Anderson et al. 1981; de Vries et al. 1986) and in 
contrast  to its chloroplast  counterpar t  (Ohyama et al. 1986; 
Shinozaki  et al. 1986). In t rons  are not  a consistent feature 
in genes for N A D H :  ubiquinone reductase subunits in high- 
er plants. The nad5 gene from another  dicotyledonous spe- 
cies (Oenothera), contains two introns (Wissinger et al. 
1988), and the nadl gene from watermelon has at  least 
one (Stern et al. 1986), whereas the petunia,  wheat  and 
maize nad3 genes lack introns (Gualber to  et al. 1988; Ras-  
mussen and Hanson  1989). 

The precise t ransla t ion ini t iat ion site o f  sugarbeet  
N A D 2  is unknown.  Two octanucleotide sequences showing 
62.5% homology  with a p roposed  r ibosome binding site 
for p lant  mi tochondr ia l  genes (Dawson et al. 1984) are 
found close to the second in-frame A T G  (Fig. 1 C). Similar  
sequence motifs are observed in several other  sugarbeet  mi- 
tochondria l  genes, in par t icular  those encoding subunits of  
the mi tochondr ia l  ATPase  (data  not  shown). In  addit ion,  
the first 50 amino acids of  the deduced sugarbeet  polypep-  
tide appear  markedly  more  hydrophil ic  than the chloroplas t  
and mammal ian  proteins,  despite overall  similarities in their 
hydrophobic  propert ies  (data  not  shown). 

At  least three nad2-specific t ranscripts  are present  in 
M F  and CMS mitochondr ia .  The size of  the smallest t ran- 
script closely corresponds to that  o f  the p roposed  coding 
region. The origin of  the larger t ranscripts  is unclear. Link- 
age and co- t ranscr ipt ion of  several p lant  mi tochondr ia l  
genes has been observed, in par t icular  the co- t ranscr ipt ion 
of  nad5 with the 5 S r R N A  gene in Oenothera (Wissinger 
et al. 1988), and nad3 with the CMS-inducing gene (S-pcJ) 
in petunia  (Rasmussen and Hanson  1989) and the rpsl2 
gene in wheat  and maize (Gualber to  et al. 1989). N o  sub- 
stantial  open reading frames have been detected upst ream 
or between nad2 and the repeat  I I -homologous  sequence. 
However,  considering the large size of  nad2 transcripts,  it 
is possible that  sugarbeet  nad2 is pa r t  of  a large transcrip-  
t ional  unit  encompassing addi t ional  gene(s). 
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