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Abstract

A sequence homologous to a gene encoding succinate dehydrogenase subunit 4 (sdh4) was found in
pea mitochondrial genome but non - functional. A functional sdh4 gene was isolated from pea nuclear
genome, suggesting gene transfer from the mitochondrion to the nucleus during evolution. As compared
with mitochondrial sdh4 genes, the pea nuclear sdh4 gene has an extension in its N-terminal region,
suggesting encoding a protein targeting signal to mitochondria. There are five introns and six exons in
the pea nuclear sdh4 gene. Sequence homology to mitochondrial sdi4 is observed in the exon 6 but not
in the other five exons, suggesting mitochondrial sequence was integrated downstream of the five exons.
Comparison of nuclear sdh4 genomic sequences from pea, Arabidopsis and rice suggests that the
number and location of introns are different among the three. Therefore, sdh4 genes may have evolved

in the nuclei independently among plant species.
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Abbreviation

sdh4, succinate dehydrogenase subunit 4 gene.

According to the endosymbiont hypothesis, mito-
chondria are a resultant of endosymbiosys during
evolution. It is known that over 90% of genetic
information has already been transferred from the
mitochondrion to the nucleus in mammals and
insects, etc. In contrast, the genome size of plant
mitochondria is much larger than those of animals
and dozens of additional genetic information are
found in plant mitochondrial genome by the com-
plete nucleotide sequence analysis in liverwort,
Arabidopsis and sugar beet (Oda et al, 1992;
Unseld et al, 1997; Kubo et al, 2000). This
evidence may imply that plant mitochondrial ge-
nome is keeping rather ancient form as compared
with animal mitochondrial genome, thus it will be a
good model to know the evolutionary process of
genetic information transfer. Gene transfer event

from the mitochondrion to the nucleus has been
firstly found by Nugent and Palmer (1991) and
examples of gene transfer events have been reported
to date by several researchers including us (Kado-
waki et al., 1996; Kubo et al., 1999 and references
therein). In the present study, we report another
case of gene transfer event in pea (Pisum saitivum,
L. var. Alaska).

The complex II of respiratory chain is involved in
catalysis of the oxidation of succinate to fumarate
and composed of four subunits, namely SDH1-
SDH4 (see, Siedow, 1995 for a review). All of the
subunits are encoded by nuclear genes in human and
yeast, whereas genes for SDH3 and SDH4 (sdh3
and sdh4) have been found in the mitochondrial
genomes of some lower plants, a protist (Burger et
al., 1996) and several higher plants (Giegé et al,
1998; Adams er al, 2001). Recently, multiple
losses and transfers to the nucleus of s¢h3 and sdh4
genes have been reported in angiosperm (Adams et
al., 2001). The above results suggest that gene
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transfer event of the sdh4 gene from the mitochon-
drion to the nucleus is an on-going process in
plants. Therefore, diversity of sdh4-gene content
among plant species will give a clue to understand
the process of gene transfer event.

In higher plants, sdh4 genes have been found
downstream of cox3 gene in the mitochondrial
genome of Arabidopsis and Oenothera by Giegé et

al. (1998). They also suggested presence of the
sdh4-like sequence in the mitochondrial genomes
mitochondrial nuclear
DNA DNA
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Fig.1 DNA gel blot analysis of sdh4 gene. Mito-
chondrial (2 ¢ g) and nuclear DNAs (5 ¢ g) of
pea were digested with BamHI (B) and Sacl (S),
respectively, electrophoresed through a 0.7%
agarose gel and blotted onto a nylon membrane.
An Arabidopsis mitochondrial sdh4 sequence
(Giegé ef al., 1998) was used as a probe,
Molecular weight standards are shown at left.
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of other dicotyledonous plants. In addition, partial
nucleotide sequences of sdh4-homologues have
also been reported in the mitochondrial genomes of
several higher plants (Adams ef al., 2001). In order
to know its gene organization in pea, DNA gel blot
analysis was conducted by using the Arabidopsis
mitochondrial sdh4 sequence as a probe, Mitochon-
drial and nuclear DNAs were isolated from young
seedlings of pea as described in Umbeck and
Gengenbach (1983) and Rivin ef al. (1982), respec-
tively, and used for hybridization analysis. A signal
was detected in pea mitochondrial DNA (Fig. 1, left
panel), suggesting presence of an sdh4-homol-
0gous sequence in pea mitochondrial genome. The
sdh4-homologous sequence was isolated from a pea
mitochondrial DNA library with the Arabidopsis
sdh4 probe and the nucleotide sequence was deter-
mined. Nucleotide sequence alignment shows that
the pea mitochondrial sequence shows 87% se-
quence homology to the Arabidopsis sdh4 sequence
but lacks a C-terminal portion of evolutionarily
conserved region (Figs. 2 and 4). It is unlikely that
the open reading frame of the pea sdh4 gene is
divided by some other machinery, such as a group 11
intron or trans-splicing because there was no such
structure in the downstream region. These results
strongly suggest that pea mitochondrial sdh4 se-
quence can not encode functional SDH4. The
process of disruption of the original sdh4 gene in
pea seems to be different form that of the Arabi-
dopsis sdh4 whose open reading frame is inter-
rupted by an internal stop codon (Giegé er al.,
1998).

To examine the gene transfer event, DNA gel blot
analysis of pea nuclear DNA was conducted. A
signal was detected in the nuclear DNA with each
of two restriction enzymes (Fig. 1, right panel).
This signal appears to be derived from nuclear
DNA, not from mitochondrial DNA, because the

khkkkhkdkhkkkdkk

61 ' GGTCATCTGAC cuasmcucace'r:rcacmmmmcmcmﬁ:xmﬁcmmm
|

1896 1" GGTCATCTGACGAAGGAGCATCACGTITGGCTTTEGAAGCAGCTG

ACTGGCATTTT

121 ' GTAGACGTIGGITCGGTTAT TCCCATTTTTCTCTATCTATTGETGGGGAGGTATATGAAGE
AhkhkkAk Ak AEKRAEXIF hhEd KA F AR AR R AR AAFRFARI AL R A A AR bk b %

19021 " GTAGACGTAGTITTGGTTATTCCTATTTGTCTCTAT CTATTCCTGGGGAGGTATATGARGE

181' ARCGAAACAGTGGATTTAGGAATGAAAGCTCGAATACAAAGAGAACCGGGCTTTTCCAAR

hkkdkkkd khkkhkkdhrtk

LR A RS AL R SRR RS L LRSI ERTEEELE SRR SR LRSS

19081 "ARCGAAAGAGTGGATTACAAAATGAAAGCTCGAAGACAAAGAGAACCGGGCTTTTCCARA

241' GAATTACTGCAGCTTTCCCAGCTTCGTTATCCTTTGAATTACTCCTANPTTTTCTATTCC

dkkkdkh ok bk hdedhdhhd *xk & K%

L I * kK * ok LR A S

19141 "GAATTACTIGCAGCTTTCCCA-CTCCCTTTGATTATCATATACAATAAR-~~GTCTCTTCC

301 ' TAGTGTCATGAGAAATCRAAACTTTCTATACTCATTCCTTCTCTTAGTCGGTGTCTCCTA

* 0k k& % kkkAkx

* *khk %

19197 " -ACTTTCCTACCARATC-TATCTTTATTCTGGCACATAAATGAAGGAATCGAAGRGATTA

Fig. 2

Nucleotide sequence alignment of sdh4 genes from pea (this study) and Arabidopsis (Giegé er al., 1998)

mitochondrial genomes. Identical nucleotides are indicated by asterisks. Putative initiation codons in the

original sdh4 genes are enclosed.

Pea mitochondrial sdh4 sequence has been deposited in the

EMBL/GenBank/DDBJ databases under the Accession no. ABO70890.



size of each signal in the nuclear DNA is different
from that in the mitochondrial DNA. It s likely that
the sdh4-homlogous sequence is present as a single
copy in pea nuclear genome by the DNA gel blot
analysis. Perhaps, an additional copy showing low
homology to sdh4 might be present because a week
signal {15 kb) was also detected in the nuclear DNA
(Fig. L, lane S in right panel). This result suggests
presence of another sdh4-homologous sequence in
pea nucleus. In order to isolate the nuclear sdh4
sequence, a pea nuclear cDNA library was con-
structed from poly(A)” RNA and screened by using
the Arabidopsis sdh4 probe. Nucleotide sequence
of the largest cDNA clone is shown in Fig. 3B. It

(A)

(B)
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contains an open reading frame capable of encoding
223 amino acids and the predicted amino acid
sequence shows significant homology to known
SDH4 peptides (Fig. 4). Thus we concluded that
this sequence encodes mitochondrial SDH4. As
compared with mitochondrial -encoded sdh4 genes,
the pea nuclear sdh4 gene has an extension of 130
amino acids in its N-terminal region (Fig. 4). This
extension is likely to include a targeting signal for
protein import into mitochondria because it has
typical amino acid composition of mitochondrial
targeting signals: many hydroxylated and positively
charged amino acids; and less negatively charged
amino acids. In addition, this region has the
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Fig.3 (A) Schematic representation of pea nuclear sdh4 gene.

Open and dotted boxes

represent mitochondrial SDH4 - coding 1egion and an N - terminal extension, respectively.
Introns are shown by bent lines. (B) cDNA and deduced amino acid sequences of pea
nuclear sdh4 gene. Translational stop codons are represented by asterisks. Intron sites are
indicated by filled triangles. The locations of primers used for PCR analysis to determine

the genomic sequence are given by horizontal arrows.
mitochondrial SDH4 protein is shown by a bent arrow.

A region homologous to
The ¢cDNA and genomic

sequences of pea nuclear sdh4 have been deposited in the EMBL/GenBank/DDBIJ
databases under the Accession nos. AB070891 and ABO70892, respectively.
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pea nuc 1 HQSLSLRLGKRLSDASKPHHRISENLInIInSTTSSSPSEPSPPISMTNDTTQALNFLLTQPN‘F“SQTEGLTFSG!S!IVGME %
Arabi nuc 1 MSLRRTILDL
rice nuc 1 mwmsmunﬁapucvmnmanmppmanspﬂpummvssPLGLs PGYEQTSR
pea nuc 91 !!in!mﬁnm@cuxxppnwi'bmwﬂmunnIx UKERNSGLR THRE gt D

pea mt pseudo 1 MVLAFCRRGSVIPIFLYLLVGRY 'KERNSG\‘RN! SSNi L UIT—— ——GIEFOR rrAn sru.u.:n.r
Arabi mt pseudo 1 MVLAFCRRSLVIPICLYLLVGRYMIFKIPIONESST ey e dr———— 'ITAA' nz!mxvs FL
liverwort mt 1 KTIRE J¥e) JTTAR -ANVSTLI!
Arabi nuc 14 TQRAT!]SKELPFSMSHISSASATMVRN’PLGRDLSSIPFAQAQKLKPDSTHLVTDRSISSSIGQSELN'K-- 1= sngsssnazm

rice nuc 76 LSGTQVLPRWFSHETSNGSSAQQEGITRKVMEFSPLEASIAGPIKGPRTSESWIVIOT - - - ~-EIBSTRSHY YM-~ I

pea nuc 172 nmrr WHINLGTEETLADYVHHEMTR J4TF ISLRLFLI I JIKDVFL. FVF 223
pea mt pseudo 68 68
Arabi mt pseudo 68 SN LSPLNKLKNLMDRTHPTKD IGTPKPERKKVELIARVPR 154
liverwort mt as 86
Arabi nuc 103 151
rice nuc 160 211

Fig.4 Amino acid sequence alignment of SDH4. Deduced amino acid sequence of pea nuclear
sdh4 gene (this study) is aligned with that encoded in pea mitochondrion (this study),
Arabidopsis mitochondrion and nucleus (Giegé ef al., 1998; Adams et al., 2001), rice
nucleus (DDBJ Accession no. AP003266) and liverwort mitochondrion (Oda et al., 1992).
Amino acid residues identical to pea nuclear SDH4 are indicated by black boxes. Intron
sites in pea and rice nuclear sdi4 genes are indicated by filled and open triangles,

respectively. Arabidopsis nuclear sdh4 gene has no intron sequence.

potential of forming an amphiphilic « -helix struc-
ture which suggested to be important for protein
import into mitochondria (data not shown). The
origin of the N-terminal extension is not clear
because database search analyses and plaque hy-
bridization experiments could not find out any other
known genes.

In order to examine the history of pea genomic
sdh4 gene in evolution, PCR was conducted with
primers P1-P4 (locations of primers are shown in
Fig. 3B) and pea nuclear DNA as a template. With
primer pair P3-P4, products of the same size with
the cDNA sequence were amplified. In contrast,
larger products were obtained with primer pairs P1-
P2 and P1-P4. Nucleotide sequence analysis of the
amplified products shows presence of five introns
and six exons in the pea nuclear sdh4 gene (Fig. 3).
The intron sequences vary, in length, from 100 nt to
2080 nt (the genomic sequence is not shown here
but available in the EMBL/GenBank/DDBJ data-
bases under the Accession no. AB070892). There
was no intron in the mitochondrial SDH4-homol-
ogous region. Sequence homology to mitochondrial
sdh4 is observed in the exon 6 but not in the former
five exons, suggesting mitochondrial sequence was
integrated downstream of the five exons. Very
recently, nuclear sdh4 genes have been reported in
several angiosperms (Adams et al., 2001). Of these,
the Arabidopsis and rice sdh4 genes have found to
contain no and two introns, respectively, which is
contrast to the pea sdh4, showing diversity of
genomic organization among plant species. More-
over, the N -terminal extensions are totally different
among the three plant species (Fig. 4). The above
results suggest that sdh4 genes have evolved inde-
pendently among plant species after the transfer

events or gene transfer event happened after split of
the plants,

Acknowledgements

We thank Prof. K. Harada for valuable discussion.
This work was partly supported by a grant from the
Ministry of Agriculture, Forestry and Fisheries to
K.K. N.K. is a recipient of Research Fellowships of
the Japan Society for the Promotion of Science for
Young Scientists.

References

Adams, K. L., Rosenblueth, M., Qiu, Y.-L., Palmer, I. D.,
2001. Multiple losses and transfers to the nucleus of
two mitochondrial succinate dehydrogenase genes dur-
ing angiosperm evolution. Genetics, 158: 1289 - 1300.

Burger, G., Lang, B. F., Reith, M., Gray, M. W., 1996.
Genes encoding the same three subunits of respiratory
complex Il are present in the mitochondrial DNA of two
phylogenetically distant eukaryotes. Proc. Natl. Acad.
Sci. USA, 93: 2328-2332,

Giegé, P., Kncop, V., Brennicke, A., 1998.
subunit 4 (sd24) homologous sequences in plant mito-
chondrial genomes. Curr. Genet., 34: 313-317.

Kadowaki, K., Kubo, N., Ozawa, K., Hirai, A., 1996.
Targeting presequence acquisition after mitochondrial
gene transfer to the nucleus occurs by duplication of
existing targeting signals. EMBO J., 15: 6652-6661.

Kubo, N., Harada, K., Hirai, A., Kadowaki, K., 1999. A
single nuclear transcript encoding mitochondrial RPS14

Complex 11

and SDHB of rice is processed by alternative splicing:
common use of the same mitochondrial targeting signal
for different proteins. Proc. Natl. Acad. Sci. USA, 96:
9207-9211.

Kubo, T., Nishizawa, S., Sugawara, A., Itchoda, N., Estiati,
A., Mikami, T., 2000. The complete nucleotide se-
quence of the mitochondrial genome of sugar beet (Beta
vulgaris L.) reveals a novel gene for tRNA“*(GCA).



Nucleic Acids Res., 28: 2571~-2576.

Nugent, J. M., Palmer, J. D., 1991. RNA-mediated transfer
of the gene coxlf from the mitochondrion to the nucleus
during flowering plant evolution. Cell, 66: 473-481.

Oda, K., Yamato, K., Ohta, E., Nakamura, Y., Takemura,
M., Nozato, N., Akashi, K., Kanegae, T., Ogura, Y.,
Kohchi, T., Ohyama, K., 1991. Gene organization
deduced from the complete sequence of liverwort
Marchantia polymorpha mitochandrial DNA. A primi-
tive form of plant mitochondrial genome. J. Mol. Biol,,
223:1-7.

Rivin, C. J., Zimmer, E. A., Walbot, V., 1982, Isolation of
DNA and DNA recombinants from maize. In: Seridan,
W. F. (Ed.): Maize for Biological Research, pp. 161-

287

164. University of North Dakota Press, Grand Forks,
North Dakota.

Siedow, J. N., 1995.
electron transfer chain. In: Levings III, C. S., Vasil, K.
(Eds.): The Molecular Biology of Plant Mitochondria,
pp. 281-312. Kluwer Academic Publishers, Nether-
lands.

Umbeck, P. F., Gengenbach, B. G., 1983. Reversion of male
-sterile T-cytoplasm maize to male fertility in tissue
culture. Crop Sci., 23: 584 - 588.

Unseld, M., Marienfeld, J. R., Brandt, P., Brennicke, A.,
1997. The mitochondorial genome of Arabidopsis
thaliana contains 57 genes in 366, 924 nucleotides.
Nat. Genet., 15: 57-61.

Bioenergetics: The mitochondrial



