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Abstract We have found that a gene coding for NADH
dehydrogenase subunit 4L and a presumed gene, orf25,
are linked and co-transcribed with each other in sugar
beet mitochondria. Ten and twelve C-to-U editing events
were observed in the mRNAs of nad4L and orf25, re-
spectively; the amino-acid sequence specified after edit-
ing is better-conserved in comparison with the homo-
logues of other organisms. It is interesting to note that
the tranglation initiation codon of nad4lL is created by
editing. The conservation of the nad4L-orf25 linkage
was examined by PCR-amplification of the intergenic re-
gion. We obtained successful PCR products from five di-
cots (spinach, apple, snapdragon, petunia and tobacco)
and two monacots (tulip and pineapple), but not in two
poaceous plants, rice and maize. The intergenic region,
when present, was found to be well-conserved in its se-
guence, suggesting a monophyletic origin of this linkage.
Our result, together with previous reports of Arabidopsis
and four poaceous species, favour the argument that the
nad4L-orf25 linkage is conserved throughout angio-
sperms except in the Poaceae.

Key words Nad4L-orf25 linkage - RNA editing -
Sugar beet - Mitochondria

Introduction

The mitochondrial DNAs (mtDNAS) of flowering plants
contain a number of conserved but functionally unidenti-
fied ORFs. One such ORF is orf25 which was originally
described in the Texas male-sterile cytoplasm of maize
(Dewey et al. 1986) and subsequently revealed to be
conserved in the mitochondrial genomes of severa other
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plant species (Stamper et al. 1987; Bonen et a. 1990;
Brandt et al. 1992; Liu et al. 1992; Oda et al. 1992; Tang
et a. 1996;) and of some protists (designated as ymf39)
(Gray et al. 1998). Moreover, the translation product of
orf25 was found in a membrane fraction of maize, wheat
and tobacco mitochondria (Prioli et al. 1993) suggesting
that orf25 isafunctiona gene.

In the Texas cytoplasm of maize, orf25 is preceded
by urf13-T, a gene responsible for cytoplasmic male ste-
rility (Dewey et al. 1986). On the other hand, rice orf25
is situated upstream of cox3 and is co-transcribed with
the latter (Liu et al. 1992). No accompanying genes are
reported in the vicinity of the orf25 locus of wheat
(Bonen et al. 1990) and sorghum (Tang et al. 1996).
Hence, poaceous plants show no evident common fea-
ture in the genomic organization of the orf25 locus. In
the present paper we report that this contrasts with the
situation found in a variety of angiosperms, including
Arabidopsis (Brandt et al. 1992) and sugar beet, where a
highly conserved arrangement of nad4L-orf25 genes is
maintained with the orf25 gene downstream from the
nad4L gene.

It is well known that gene organization in flowering
plant mitochondriais less conserved (Schuster and Bren-
nicke 1994). Closer analysis of the nad4lL-orf25 gene
cluster can thus be expected to provide valuable informa-
tion about the evolution of plant mitochondrial genomes.

Materials and methods

Sugar beet cv TK81-O (male-fertile cytoplasm) used in this study
was obtained from the Hokkaido National Agricultural Experi-
ment Station, Japan. Plant material of spinach, apple, petunia,
maize, tulip and pineapple was purchased at a local market. |sola-
tion of mtDNA and mtRNA from green leaves was described pre-
viously (Mikami et al. 1985; Senda et al. 1993). Total cellular
DNA was isolated using an ISOPLANT kit (Nippon Gene, Tokyo,
Japan). Rice and snapdragon DNAs were the gift of Dr. Y. Kishima,
Hokkaido University, Japan. Northern-blot analysis and the re-
verse transcribed polymerase chain reaction (RT-PCR) were done
as described in Kubo et al. (1993). Procedures for nucleic acid
techniques were performed according to standard protocols (Sam-



brook et al. 1989). Sequencing of the plasmid DNA was done us-

DNA sequencer Li-COR 4000L (Li-COR, Lincoln, Neb., USA) ‘ |
according to the instruction manual. PCR primers used in this nad4lL orf25

study are as follows:

5-CTCTTACATTCTACGTTCCCG-3
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ing Thermo Sequenase (Amersham, Little Chafont, UK) and Xb Xh Bm Ec Bg Bm RV Bg
| |
probe A probe B

5 -GGTAACTTTCTAGGAGTCATG-3
5-GAAAGATAAAGATAAGCTTTC-3
5-TCTTCTGTTAGCATGAACATG-3
5-TATTACTTTCCGAGTCCGGGG-3
5-TCTTCTTCGAACTTGATGCAC-3'.
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Fig. 2 Nucleotide sequence of
the sugar beet nad4L-orf25 lo-
cus with the corresponding
amino acid-sequence. Number-
ing of nucleotidesis from the
beginning of the nad4L ORF.
The cytidine residues altered
by RNA editing are shown by
lower case letters and num-
bered by roman figures.

The amino-acid residues speci-
fied after editing are also
shown. Positions of PCR prim-
ersare underlined. This se-
quence has been deposited in
DDBJEMBL/GenBank under
accession number AB020062

500 bp

Fig. 1 Organization of the nad4L-orf25 locus in sugar beet mito-
chondria. Open boxes represent ORFs for nad4L and orf25. The di-
rection of transcription isindicated by horizontal arrows. The loca-
tion and extent of probes used for Northern-blot analysis is shown
by bold lines. Restriction sites are shown as: Bg for Bglll, Bm for
BamHI, Ec for EcoRI, RV for EcoRV, Xb for Xbal, and Xh for Xhol

ttgaacgagattttggttttattataatataAATAACATTTGAATTTCTICTTACATTCTACGTTCCCGAA -1
1

nad4l
T>M D S I K Y F T F S M | | F I S>L G
AcG GAT TCT ATC AAA TAT TTT ACA TTT TCT ATG ATC ATC TTT ATT TcA GGT 51
1 H
I R>W G | L L N R R N | L | M S>L M S
ATT ¢GG GGT ATT CTC CTT AAT AGA CGA AAT ATT CTT ATT ATG TcA ATG TCA 102
I v
| E S>L M L L A A N S>L N F L v F S v
ATT GAA TcA ATG TTA TTA GCT GTG AAT TcG AAC TTT TTG GTA TTT TCT GTT 153
v Vi
S S>L D D M M G Q S>L F A L L v P>L T v
TCT TcG GAT GAT ATG ATG GGT CAA TcA TTT GCT TTA TTG GTT CcA ACG GTG 204
Vi VI IX
A A A E S A | G L A | F v | T F R
GCA GCT GCG GAA TCT GCT ATT GGG TTA GCC ATT TTC GTT ATT ACT TTC CGA 255

v R G T | A \ E S>F | N S | Q G *
GIC CGG GGT ACT ATT GCT GTA GAA TcT ATT AAT AGC ATT CAA GGT TAA ACATGA 309
X
CTCCTAGAAAGTTACCAAAATACGAAGTTCTTTCGTTCTCTTCTTTCTTTTGACTTGGTTGGCAGGATCA 379
2

GGGCCTTTCTCGCTGGGCGAGCGCATCCGATTCGAACTTTCCTAAAAAACTTCCCGTTCAGTTGCTGAAA 449

3

orf2s

M R K S S>F T K M o] A R K

GATAAAGATAAGCTTTCTAA ATG AGA AAG AGT TcC ACG AAG ATG CAG GCT AGA AAG 505
|

M L F A A | L S | C A S$>L S S K K |
ATG CTA TTT GCT GCT ATT CTA TCT ATT TGT GCA TcA AGT TCG AAG AAG ATC 556
I 6
S>L | Y N E E M | v A R>C C F | G F |
TcA ATC TAT AAT GAA GAA ATG ATA GTA GCT ¢GT TGT TTT ATA GGC TTT ATC 607
1 v
| F S R K S L G N T F K v T L D E
ATA TTC AGT CGG AAG AGT TTA GGT AAT ACT TTC AAA GTG ACT CTC GAC GAG 658
R | Q A | Q E E §>L Q@ Q F P>L N P N E
AGA ATC CAG GCT ATT CAG GAA GAA TcG CAG CAA TTC CcC AAT CCT AAC GAA 709
v Vi
v vV P>L P>L E S N E a Q R L L R v S L
GTA GTT CcT ccG GAA TCC AAT GAA CAA CAA CGA TTA CTT AGG GTC AGC TTG 760
Vil X
VI
R | c G T v v E S L P M A R C A P
CGA ATT TGT GGA ACC GTA GTA GAA TCA TTA CCA ATG GCA CGC TGT GCG CCT 811
K C E K T v Q A L L C R N L>L N v K
AAG TGC GAA AAA ACA GTG CAA GCT TTG TTA TGT CGA AAC cTA AAT GTT AAG 862
X
S>L A T L P>L N A T S S R R T R L Q D
TcA GCA ACA CTT CcA AAT GCC ACT TCT TCC CGT CGC ACC CGT CTT CAG GAT 913
X1 X1l
D L v T G F H F $ v S E R F v P G
GAT CTA GTC ACA GGT TTT CAC TTC TCA GTG AGT GAA AGA TTT GTC CCC GGG 964
S T L K A S | v E L | R E G L A \
TCT ACG TTG AAA GCT TCT ATA GTA GAA CTC ATT CGA GAA GGC TTG GCG GTC 1015

L R M N R \ G G S L K N K E D K *
TTA AGA ATG GTT CGG GTA GGA GGT TCT CTT AAG AAT AAA GAA GAC AAA TAG 1066
AATCTAATTCATGTTCATGCTAACAGAAGAGCGGATCCAATACCAAGACGACTTCTTTCTCAGAAAAGCA 1136
4
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Fig. 3 A and B Alignment of the amino-acid sequence of nad4L
and orf25. Gaps indicated by dashes are incorporated for maxi-
mum matching. Abbreviations are: Bv for sugar beet; At for Arab-
idopsis (Brandt et al. 1992); Mp for the liverwort Marchantia
polymorpha (Oda et al. 1992); Pw for the chlorophyte alga Proto-
theca wickerhamii (Wolff et al. 1994); Nc for Neurospora crassa
(Nelson and Macino 1987); Zm for maize (Ward and Levings
1991). The NADAL (A) and ORF25 (B) polypeptides are deduced
from cDNA (Bv, At and Zm) or genomic DNA (Mp, Pw and Nc)
sequences. Amino-acid sequences encoded by genomic DNA in
sugar beet mitochondria are shown above. The amino-acid resi-
dues altered by editing are underlined in At and Zm

Results

Organization of the nad4L-orf25 gene cluster
in sugar beet

We previously observed that the gene probes for nad4L
and orf25 both hybridized to the same phage clone #336
of TK81-O mtDNA (Kubo et a. 1995). To confirm the

A
kb
1.75___] H—1.75
1.1 —
——0.68
0.48— 1'
probe A probe B
B
L&
&8
0.8 kbp

Fig. 4 A Northern-blot analysis of sugar beet mitochondrial RNA
(mtRNA) with the probes shown in Fig. 1. Sizes of the transcripts
are shown in kb. B PCR-amplification results demonstrating the
co-transcription of nad4L and orf25. To test for DNA contamina-
tion in the RNA preparations, parallel PCR-amplifications were
performed omitting the reverse transcriptase enzyme (no RT) in
the reverse transcription

linkage of nad4L and orf25 in sugar beet mitochondria,
two overlapping sub-clones (containing 1.7-kbp Xbal-
EcoRV and 1.2-kbp Bglll fragments, respectively) were
isolated by colony hybridization and their nucleotide se-
guences determined (Fig. 1). Two ORFs having high ho-
mology to the nad4L and orf25 sequences in other plant
mitochondria were found to be adjacently encoded on
the same DNA strand (Fig. 2). Unlike Arabidopsis, the
third exon of nad5 (nad5/c) is not coupled to the nad4L -
orf25 locus in sugar beet: it was mapped a minimum of
85 kbp away from the nad4L-orf25 locus (Kubo et al.
1995; N. ltchoda et al., unpublished). The points of di-
vergence between the sugar beet and Arabidopsis se-
guences are located 39 bp upstream of the nad4L ATG
initiation codon and 118 bp downstream from the orf25
termination codon. Our analysis failed to identify other
coding sequences or the homologous sequences of Arab-
idopsis mitochondriain the region presented in Fig. 1.

A comparison of the orf25 amino-acid segquences
from a variety of flowering plants indicates variable and
conserved regions of the gene (Bonen et a. 1990). In
sugar beet orf25, we found that the conserved region is
confined to the 5’ half of the ORF (Fig. 3 B). The inser-
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Table1 Editing patternsin nad4L
sugar beet nad41 and orf25
mRNAS Site of editing Number of
cDNAs
analyzed
[ [l 1l v Vv Vi VIL VIE X X
+ + + + + + + + + + 6
— + + + + + + + + + 1
+ + + + + + + + + — 1
— + — + — + — — + + 1
- — - - - - - - - — 1
orf25
Site of editing Number of
cDNAs
analyzed
[ Il " v v VI VIE VL IX X XE X
+ + + + + + + + + + + + 1
+ + + + + + + - + + + + 1
+ + + + + + + + + — + + 1
- + + + + + + - + + + + 1
+ + + + + + + - + - + + 4
tion of 14 amino-acid residues in the 3’ region of maize > § ®
and sorghum orf25 is missing in the sugar beet orf25, as Fo "9"":: o N
was reported in Arabidopsis and tobacco (Fig. 3 B and ‘,g.; $ Q&
data not shown). & NI

Transcription analysis

To examine the expression of sugar beet nad4L and
orf25 genes, we tried to identify their transcripts by
Northern-blot analysis using total mtRNA. As shown in
Fig. 4, the nad4L- and orf25-specific probes (see Fig. 1)
detected several transcripts ranging in size from 1.75 to
0.48 kb. The presence of a 1.75-kb low-abundant tran-
script common to the two RNA blots suggests the co-
transcription of nad4L and orf25. This was confirmed by
RT-PCR experiments using a set of primers of 5+4 (Fig.
2); a PCR product of the size expected (0.8 kbp) was ob-
tained as shown in Fig. 4 and the nature of the PCR
product was checked by nucleotide sequencing. The
smaller and predominant transcripts specifically hybrid-
ized to either of the two probes: the nad4L probe hybrid-
ized to the 1.1- and 0.48-kb bands and the orf25 probe to
the 0.68-kb band. These transcripts are large enough to
contain the entire coding region for each gene.

RNA editing

RNA editing of the sugar beet nad4L and orf25 tran-
scripts was analyzed by cDNA sequencing. Two sets of
primers were used to generate cDNAs of the nad4L
(primers 1+2) and orf25 (3+4) loci. We identified ten C-
to-U editing sites for nad4L and 12 C-to-U editing sites

dicot monocot

Fig. 5 Ethidium bromide staining of the 2% agarose gel after
electrophoresis of the PCR-amplification of the nad4L-orf25 inter-
genic region. Total cellular DNA was isolated from sugar beet,
spinach, apple, snapdragon, petunia, tobacco, rice, maize, tulip
and pineapple. pBluescript SK (+) DNA digested with Hpall isin-
cluded as a size marker

for orf25, respectively (Fig. 2). Most of the editing
events improve the similarity between sugar beet
NAD4L and ORF25 proteins and their counterparts in
other organisms (Fig. 3). It should also be noted that the
initiation codon of nad4L is created by editing. The dis-
tribution of editing sites varies between nad4L and orf25



218

ngd“* aCTeCtrgaralittry TTyTyT
SU GBT TAA = oo oo ACATGACTCCTAGAAAGTTACICAAAATACGAAG CG-—-—mmmmm
SP BBT TAA —m oo oo e ACATGACTCCTAGAAA-—-—- CAAAATACGAAG CCAATAGCATAGC
Ar  GGT TAA CCATTCCTCTCCTTTCAGTCGCTCGTCGAGACCTGGTGGACCTTACAGTCGAGCTCCT-————— TTGT[TCTTCGGACCTC CAGTCGAGTCA-C
Pe  GGT TAA —m oo oo oo e AGATGACTCCTAGAGAGTTACCAAAATACGAAGTTCTCTR-———-———--—-
10 GGT TAA —om o oo oo e AGATGACTCCTAGAGAGTTACCAAAATACGAAGTTCTCTR-————————-—-
ap  BBT TAA mom oo oo ACATGACTCCTAGAGAATTACHAAA===-GAAGTTCTCTF-——====—=---
SN GBT TAA mmmm oo ACATGIACTCCTAGAGAGTTACCAAAATACGAAGTTATCT——————======
Pi GGT TAA —m oo oo e ACAACACTACTGGAGAGTTACHAAAATACTAAGITTCTGTf-—~—————=—--
BU GGT TAA — oo m oo oo ACAGAACTACAGGAGAGTTACICAAA-TACG-——| F ————————————
pyrimidine=rich stroteh=1 BEBTVggeABBRTCA BBGE==CCTTTY
SU T e e e TCTCTTCTTTCTTTTGACTT GGTTGGCAGGATCA--—-GGG--CCTTTC[TC
sp TTTAGCGTGTAAA-CAAAAGCTTCTAATAAGCGACTACATACG[TTCTCTTCTTTCTTTTGCCTT GGTTGGCAGGATCAF—--EGG-~CCTTTTELC
Ar  TTTGTACCTCTTCTCAAATAAGGAAAATACGAAG---~~—~~—— TCTCTTCTCCTTTCGTTCTCTTTTTTT--CTTGGTCGGCAGGGTCAF--——-BFGGAACCTTTC[TC
pe —o-mmem o m o mmm—mmm————————————————— CTCCTTTCTTTCTCTTCTTTCTTTTTGATACTTIGGTTGGCAGGGTCAF-—-EGG-~CCTTTTLC
to - e CTCCTTTCTTTCTCTTCTTTCTTTTTGATACTT[GGTTGGCAGGGTCAF—--GG--CCTTTC[TC
T T e e CTCCTTTCGTTCTCTTCTTTCTTITITITTI—~~-~ GGTTGGCAGGGTCAl—--BGG--CCTTTC[TC
SN T e e — CTCCTTTCGTTTTCTTCTTTCTTTITTITTTT--~GGTTT-AAGGGTCA-—--BEGG-—-CCTTTCITC
pi  mmmm e TCTCTTTTCGTTCTCTTCTTTCTTTTCTTTTT—ATTTTTFGACTT ——————— GG-——————-- o
U —mmmme e 4TTTTCTATTTCATTTTT GACTA-—-———- GG——=—~———— o
TTTVNTTBBAAAAARGE
wh TATAGTAAGTAGTCTTCGTCGATGGGACCTCCAGTGTATGCGTTACGAGGCAACTAGCATTTTG--—-TCATTAAAGTTCGTGAAAGAATGTTTCGTTGGAAAAA-CC
so TTATGGGGCTAAGCCCGCTATCAGGCTGTGAGCTGGAATCAATATTTTCAATTGTATCTAATAGAATTTATTT—————-—~ GAAGG--—-CITTTCCTTGGAAAAA-CC
ri TTCTAAATTATTTTAATTAGCAGTTGCCACACTGTAGGCAACTAGCATTTGGTTTTGTCATGGAAGTTCTAA-——-TTCG———————— TTTTTCGTTGGAAAAAACC
mN TTCG-——AATGTTCIITTITTITTGGAAAAAACC
G R S N D Q S T L S K P K Y S S M T D S v Q v P * wrf13-T
mT GGT CGA AGC AAC GAC CAA TCC ACT CTC TCT AAG CCT AAG TAT TCC TCA ATG ACC GAT AGC GTA CAA GTA CCG TGA GGGAC
YCBCYEEEYBagl pyrimidine=riech streteh=2 CABTTECT® orf25
RCATCCBATT e TTCCeBTT BAT=ARBY tttelNA M
su GCTGGGCGAGCGCATCCGATTCGAA-———C-—-TTTCC-—---- TIAAAAAACTTCCCGTTICAGTTGCTGH-AAAGATAAA-—GAT-AAGCF~-~---TTTCTAA| ATG
sp GCTGGGCGAGCIGCATCCGATTCGLAA--=—C~—~ TTTCC~mwmm— TAACAAACITTCCCGTTICAGTTGCTG—AAAGATAAA--|GAT-AAGC-——-—-{TTTCGTA| ATG
Ar GCTGGGCGAGCGCATCCGATT-|-—-AG-TICC--TTTCC—————- TIAAGCCAC[TTCCCGTTICAGTTGCTGAAAAAGAAATGGGIGAT-AAGCH——— TTTCTAA| ATG
pe GCTGGGCGAGCIGCATCCGATTCRTCAG-TICC—~TTTCTTATTCTTIAAACCACITTCCCGTTICAGTTGCTG—-AAAGATAGA-—GATCAGGCF———+ TTTCTAA] ATG
to GCTGGGCGAGCIGCATCCGATTC[TAAAG-TICC—-TTTCTTATTCTTAAACCACITTCCCGTTICAGTTGCTG-~AAAGATAGA-—IGATCAGGC———A TTTCTAA| ATG
ap GCTGGGCGAGCIGCATCCGATTCARAAAG-TCC———--——-fF——————————~~ TTCCCGTTICAGTTTCTGC-AAGGATAGA--IGAT-AAGC|—-~-- TTTCATA| ATG
sn GCTGGGCGAGCACATCCGATTCGAAAG-TICC--TTTCCGF—~~~~ AAACCACITTCCCGTTICAGTTGCTGH-AAAGATAGA-~IGATAAGGTF——— TTTCTAA| ATG
pi  GCCGGGTGTCCTACA--~~—=—=—-————— CTTCCCGF-——————————— TTCC-GTTGCG-——~~~—~ GAAAGATAGATACGGC-—--——-———+ TTTCCCA| ATG
tu GCCGGGCGAGCIGAATCATCCTGTCCGAGCCAACTTCCCGE-————————~-=-] TCCCGTTGC-—----~ AGAAAGATAGATACGGATAAACGTGA-—-—-CCA|l ATG
wh  AACGCCGATCTAAAACTAA-————- IGTCTTCCTTTC---H-AAAAGTGAGICGAGCAGAGCITG————--—— AAAAAGATGGAG---—-—--—--- TTACCTGGAG ATG
so TACGCCCACCAAAAA-—————————— GTCTCCCTTTCTCTTTCTCTTTTfGGGAGCAGAGCTTCCAAAAIECAATCAAATCAAATAGTTACTCTATGAT———G ATG
ri  CACG-—-—-CCAAAAACCACAACAAAGTCTCCCITTTCTCTTITTGITTITIGH-GGAGCAGAGCF——-—-—— TTAAAAGGATAT---—~————— AGTTACCCCACG ATG
mN  AACCAC—---AAAAAAA-———————+ IGTCTCCCTTTCTCTT-—F——————— GGAGCAGAGCITTCATCAT-~AAAAGTGG-————-————————— AGAGTCACA ATG
mT C-=—-wmm—= AAA-———————————— IGTCTCCCITITCTICTTTTGGGGTG——|GGGGCGGAGC|ITGAATAAATTGTATTTT-—-ATAAAG-——--TTTAGAGTCACA ATG
BTETYCETTTC oS g6ABCaBABEC

Fig. 6 Nucleotide sequence of the nad4L-orf25 intergenic region of
sugar beet (su), spinach (sp), Arabidopsis (Ar) (Brandt et a. 1992),
petunia (pe), tobacco (to), apple (ap), snapdragon (sn), pineapple
(pi) and tulip (tu). The upstream sequence of the orf25 of wheat
(wh) (Bonen et al. 1990), sorghum (so) (Tang et a. 1996), rice (ri)
(Liu et a. 1992), and maize with normal cytoplasm (mN) (Stamper
et a. 1987) and with Texas-cytoplasm (mT) (Dewey et al. 1986) are
aso shown. Gaps indicated by dashes are incorporated for maxi-
mum matching. The short stretches of conserved sequence and the
pyrimidine-rich stretches are boxed. The nucleotide sequence be-
yond the 91 bp upstream of mN orf25 is not registered in the data
base. These sequence have been deposited in DDBJEMBL/Gen-
Bank under accession numbers AB026712 (tulip), AB026713 (spin-
ach), AB026714 (snapdragon), AB026715 (pineapple), AB026716
(petunia), AB026717 (tobacco) and AB026718 (apple)

transcripts. The editing sites were found to be scattered
throughout the entire nad4L ORF, while those in orf25
were confined to the conserved region (Figs. 2 and 3).

The pattern of editing observed is summarized in Ta-
ble 1. Six out of twelve cDNA clones for nad4L were
modified at all observed editing sites. On the other hand,
analysis of the orf25 cDNA clones indicates the com-
pletely edited molecules to be less abundant; seven out
of the eight clones lack the editing events at either one or
both of the two sites V111 and X.

The nad4L-orf25 gene cluster is conserved among
angiosperms

The finding of the nad4L-orf25 linkage in sugar beet as
well asin Arabidopsis (Brandt et al. 1992) prompted us
to investigate whether this linkage is phylogenetically
conserved within angiosperms. We designed a set of
primers (primers 5, 6) based on the conserved sequenc-
es of the nad4L and orf25 coding region (Fig. 2). The
nad4L/orf25 locus in angiosperms, including five di-
cots and four monaocots, was subjected to PCR analysis
using these primers. As shown in Fig. 5, seven plant
species other than rice and maize gave PCR products
ranging in size from 300 to 380 bp, which suggests the
conservation of the nad4L-orf25 linkage in the seven
Species.

The PCR products were further sequenced either di-
rectly or after cloning. Figure 6 shows an alignment of
the nucleotide sequences determined, as well as the Ar-
abidopsis sequence (Brandt et al. 1992). The upstream
sequences of orf25 in wheat (Bonen et al. 1990), sor-
ghum (Tang et al. 1996), rice (Liu et a. 1992) and the
Texas male-sterile and normal fertile cytoplasms of
maize (Dewey et a. 1986; Stamper et al. 1987) are also



included in the comparison. The intergenic spacers be-
tween nad4L and orf25 are similar in the seven dicots
and two monocots (tulip and pineapple) compared here,
though the degree of conservation between these se-
guences is not so high as in coding regions. The spacer
region can be subdivided into several blocks of homolo-
gy, amost all of which are absent from the poaceous
plants shown in Fig. 6. This suggests a common phylo-
genetic origin of the nad4L-orf25 linkage. Sequence di-
vergencies include single base substitutions and inser-
tions/deletions; the intergenic spacers in Arabidopsis and
spinach are characterized by somewhat large insertions
inthe 5’ half of the spacer.

Discussion

Most plant mitochondrial genes are scattered singly in
the genome and gene order is highly variable as a result
of frequent inversions and other rearrangements (Schuster
and Brennicke 1994). Notable exceptions are the inti-
mate associations rrnl8-rrn5, orfB (recently proposed to
be atp8; see Gray et al. 1998)-cox3, nadl-rpsl3, rps3-
rpl16 and nad3-rpsl2 that are commonly found in the
mtDNAs of different plant species (Schuster and Bren-
nicke 1994).

The present paper shows that the clustered organiza-
tion of the nad4L and orf25 genes can be added to the
list. Our analysis leads to three observations. (1) Sugar
beet mitochondrial nad4L and orf25 genes are 166-bp
apart and are co-transcribed. (2) The nad4L and orf25
transcripts are edited in several positions, one of these
resulting in the creation of an initiation codon of nad4L,
indicating that the two genes are functional. (3) Our data
also demonstrate that the nad4L-orf25 gene cluster is
conserved in five dicot plants (spinach, apple, snapdrag-
on, petunia and tobacco) and two monocot plants (tulip
and pineapple), but not in two poaceous plants, rice and
maize. These genes were previously reported to be phys-
icaly and transcriptionaly unlinked in four poaceous
plants, maize, wheat, sorghum and rice, thus leaving one
with the inference that the disconnection of the two
genes is limited in its taxonomic distribution to the
Poaceae.

Conservation of a gene cluster against the extensive
genome rearrangements in higher-plant mitochondria
(Schuster and Brennicke 1994) raises the possibility of
some structural and/or functional constraint. One can
imagine that the nad4L-orf25 intergenic sequence (some
150-230 bp) might be implicated in reducing the chance
of recombination with other regions. Otherwise, the
nad4L-orf25 linkage might be selectively preserved
probably because of the mode of expression in angio-
sperms other than the Poaceae. Suggestive evidence for
the functional significance of this linkage also includes
an observation that the primary sequence of the nad4L-
orf25 intergenic region shows arelatively high degree of
conservation among the nine plant species compared
here (see Fig. 6).
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The question inevitably arises when this gene cluster
emerged. The nad4L and orf25 genes (or their homo-
logues) are found in some protists as well as Marchantia
(Oda et al. 1992; Gray et al. 1998). However, neither
protists nor Marchantia retain the nad4lL-orf25 gene
cluster. Thus, it seems likely that this linkage arose at
some time after the divergence of the lineage leading to
Marchantia but before the species divergence in angio-
sperms. Further analysis of a wider range of plant spe-
cies is necessary to alow more definite conclusions
about the evolution of the nad4L-orf25 gene cluster.
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