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Our previous studies revealed that nuclear genome of Arabidopsis contains multiple mitochondrial
DNA splinters with intact copies of many organellar genes. In this paper, using the current annota-
tions of nuclear genomes of these species, we show that nuclear copies of twelve known mitochondrial
genes from Arabidopsis respectively, have known ¢cDNA support to be transcribed in nucleus. We also
found that nuclear copies of cleven mitochondrial ORFs, annotated as hypothetical nuclear genes in
Arabidopsis, are covered by long transcripts. So, nuclear copies of many mitochondrial genes seem to
be expressed in both genomes. Our findings suggest that, at least, some of these mitochondrial genes
represent candidates to be evolutionary transferred to nucleus and present an intermediate stage of
mitochondria-to-nucleus gene transfer process that continues at present time.
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INTRODUCTION

Plant genetic system consists of nuclear genome
and semiautonomous genomes of mitochondria and
plastids. Mitochondrial function is conserved in al-
most all eukaryotic cells, and it is universally ac-
cepted that this DNA-containing organelle had a sin-
gle, endosymbiotic a—protcobacterial origin (Burger
etal., 2003).

Compared to animals, mitochondrial genomes
of higher plants are larger in size and contain mul-
tiple structural rearrangements due to intra- and/or
inter-molecular recombination events. Moreover,
even among higher plants, sizes of mitochondrial
genomes vary widely (Handa, 2003; see also refer-
ences therein).

Most mitochondrial proteins are encoded by
nuclear genes, synthesized in cytosol and imported
into organelles. Thus, in yeast as many as 75% of
all nuclear genes could be derived from protomito-
chondria (Esser et al., 2004). In plants mitochondri-
al genome encode less than 10% of proteins re-
quired for the organclle function (Adams ct al.,
2001; Adams et al., 2002; Dunkley et al., 2006).

It is suggested that most of genes originally
present in ancient endosymbionts, ancestors of the
organclles, have gradually been transferred to the
nucleus, and their products are transferred to corres-
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ponding organelles after translation. Although evolu-
tion of plastid and mitochondria involved dramatic
reduction in the complexity of their genomes, this
process has not gone to completion: a subset of
genes remains in all organelles studied to date
(Brennicke et al., 1993; Sanchez et al., 1996; Doolit-
tle, 1998; Martin and Herrmann, 1998; Figueroa et
al., 1999; Adams et al., 2000; Zerges, 2002; Bar-
brook et al., 2006). Thus, for example, pea mito-
chondrial genome contains a truncated rps7 gene
lacking 40 codons at its 5' terminus. The presence of
rps7-homologous sequences in nuclear genomes of
pea and soybean is consistent with recent transfer of
functional mitochondrial #ps7 gene to the nucleus in
certain plant lineages (Zhuo et al., 1999). It was re-
ported that an insertion of more than 620-kb fragment
of mitochondrial DNA (mtDNA) exists in Arabidop-
sis chromosome 2 (Lin et al., 1999; Stupar et al.,
2001). Our studies have revealed that nuclear genome
of O. sativa japonica includes multiple splinters inser-
tions of mtDNA, including large insertions on chro-
mosomes 3 and 12, which cover significant part of
mitochondrial genome and include intact copics of
many mitochondrial genes (unpublished data).
mtDNA insertions represent a significant
source of nuclear chromosomal variation (Lough et
al., 2008). Recent studies of Noutsos et al. (2007)
suggest that nuclear transfer of organellar DNA



(orgDNA) results mainly in nonfunctional nuclear
sequences or in genetic disfunction: most of the
protein sequences do not correspond to preexisting
organellar ones or they represent markedly re-
shaped protein domains, due to seemingly adapta-
tion of encoded proteins to new functions.

Transfer of genctic material from mitochondrion
to nucleus seems to be an ongoing process. For exam-
ple, mtDNA insertions represent a significant source of
nuclear chromosomal variation (Lough et al., 2008).
Stegemann and Bock (2006) reported the successful
experimental reconstruction of functional gene transfer
between an organelle and the nucleus. However, me-
chanisms of organelle-to-nucleus gene transfer re-
mains mostly unknown. A particular organellar protein
is likely encoded by nuclear or plastid genome, but not
by both genomes. At the same time, until the transfer
is completed, both organelle and nuclear genomes
could contain a functional gene copy. For example,
functional mitochondrial and nuclear 7pl5 genes seem
to coexist (Sandoval et al., 2004).

In light of the facts described above and using
last versions of annotated chromosomes of Arabi-
dopsis, we performed a genome-wide search for
splinters of mtDNA in nucleus, with a genome-
wide analysis of such insertions for their functional
and evolutionary consequences. Here we report the
results of these studices.

MATERIALS AND METHODS

Following sets of publicly annotated five
chromosomes of Arabidopsis (NC_003070.6,
NC 003071.4, NC _003074.5, NC_003075.4 and
NC_003076.5; July 2008) and mitochondria ge-
nome of Arabidopsis (NC_001284.2) were used for
this study.

To search for cDNA/mRNA support for tran-
scription of nuclear insertions of organclle DNA,
we used six sets of Arabidopsis cDNA sequences,
total 138,017 (ATHI1 .cdna.gz from
fip://fip tigr.org/pub/data/a_thaliana/ath 1/SEQUEN
CES; cDNA_full_reading_020509.txt.gz,
cDNA_full reading_030312.txt.gz,
cDNA_full_reading_050524.txt.gz and
cDNA_full rcading_051102.txt.gz from
http://rarge.gsc.riken jp/archives/rafl/sequence;
ATcdnal55.bz2 from http://gremlin3dev.gdeb. ias-
tate.edu/AtGDB/download.php).

Analysis of genome annotations of Arabidopsis
was performed using computer programs specially
developed by us for these studies. Pairwise compari-
son of amino acid sequences has been carried out by
BLAST program (Altschul ct al., 1997). Scarch for
statistically significant open reading frames (ORFs)
and putative target compartments of proteins were
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donc by BESTORF and ProtComp programs, rc-
spectively (http://www.softberry.com).

RESULTS

General features of nuclear insertions of mtDNA
in Arabidopsis

To identify all significant nuclear “harbours”
of mtDNA, we preformed BLAST comparison of
complete mitochondrial genome of Arabidopsis
with the nuclear genome, and selected organelle-
nucleus sequence homologues with length >300 bp
and with >80% similarity for further studies. Re-
sults of this analysis are summarized in Table 1.

Five Arabidopsis chromosomes contain 21 har-
bours of mtDNA of total length 276,487 bp. Some
nuclear chromosomes are richer in sequences from
organclle genomes. Thus, ~1.5% (~271 kb) of chro-
mosome 2 have mitochondrial origin and it
represents actually a single large insertion of mtDNA
of ~270 kb reported previously (Lin et al., 1999;
Stupar et al., 2001). It should be also noted that we
did not find ~620 kb insertion in chromosome 2, re-
ported by Stupar et al. (2001), and, therefore, we
belicve that this is in fact a 270-kb inscrtion.

Our analysis shows existence of one or more
full-length copies (without mutations truncating their
coding sequences, hereinafter referred to as “intact
copies”) of 15 known and 34 ORF mitochondrial
genes in the nuclear genome.

To understand possible functional and evolu-
tionary consequences of mtDNA insertions in nuc-
leus, we analyzed the distribution of mtDNA inser-
tions in coding and non-coding regions of the nuc-
lear genome (Table 2).

In Arabidopsis, mtDNA insertions of 100 bp
or longer affected 60 genes. 74 insertions of
mtDNA affected one or more coding exons of 59
genes: 25 insertions of mtDA were found in introns
of 12 genes. Finally, 80 insertions of mtDNA are
located in intergenic spacers. If only larger (=150
bp) insertions were taken into account, results were
similar. So, mtDNA insertions are mostly found in
intergenic spacers.

Intact nuclear copies of mitochondrial genes seem
to be transcribed in Arabidopsis

Although most of intact nuclear copies of orga-
nellar genes seem to reflect their recent migration into
nucleus, some of them might represent intermediate
variants of organellar genes being at a stage of transfer
to nuclear genome. If such transfer takes place, mi-
grating genes can be transcribed if they acquire nuc-
lcar promoters. Morcover, inscrtion of orgDNA into
already existing genes might produce novel proteins
that include functional domain from organcllar genes.
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To study these phenomena in Arabidopsis, we per-
formed BLAST comparison of (1) mtDNA insertions
in nucleus and intact nuclear copies of mitochondrial
genes with sequenced cDNA sets for the correspond-
ing species, and (ii) mitochondrion-encoded proteins
with nuclear proteins annotated.

Taking into account that cDNA scts should be
incomplete, in Arabidopsis we found cDNA evidence
of transcription for about 26% (94700 out of 366924
bp) of mitochondrial genome presented in nucleus.
These putative transcripts include intact and partial
copies of 28 and 6 mitochondrial genes, respectively.
Moreover, 66 nuclear transcripts of mitochondria-
derived sequences do not contain any annotated orga-
nellar genes (Table 3).

Intact copies of twelve known Arabidopsis mi-
tochondrial genes (atp!, atp6-1, atp6-2, atp9,
cch256, cob, cox3, orfB/atp8, rpl5, rps4, rps7 and
rps12) were found to have cDNA support and anno-

tated as nuclear genes (Table 4; sce also Table 1).
Moreover, 16 mitochondria-encoded ORF genes
have ¢cDNA support (Table 1) and 11 of them are
annotated as unknown nuclear genes (Table 5).
Interestingly, all mitochondria-derived 23 (12 known
and 11 ORF) nuclear genes are located in large
(~270 kb) insertion of mtDNA in Arabidopsis
chromosome 2, which is consistent with probable
transcription of ~35% of this 270 kb mitochondria-
derived sequence, judging by cDNA support. Mutual
locations of known genes on mtDNA and their intact
copies on chromosome 2 is presented in Figure 1.
Nuclear intact copy of only one mitochondrial hypo-
thetical gene (orf224) seems to be transcribed.
Results of these studics suggest that, at lcast,
12 Arabidopsis genes, known to be expressed in
mitochondria, have nuclear copies that seem to be
transcribed, taking into account that transcription

Table 1. Characteristics of nuclear insertions of mtDNA in Arabidopsis

Mitochondrial genome size
Nuclear “harbours” of mtDNA”
mtDNA portion of chromosomes

366,924 bp
21 (276487)

Insertions of m{DNA  >20,000 bp
Portion of mtDNA in nucleus
Mitochondrial genes with intact nuc-

Chr2: 271000 bp, ~1.5%

Chr2: 3239035-3509762, ~270000 bp
~268000/366924, 73%
15 known. 34 ORF genes:

lear copies

atpl, atp6-1, atp6-2, atp9, cch256, ccb382, cob, cox3, maiR, nadl,

orfB/atp8, rpl5, rpsd, rps7, rps12, orfl100a/b, orf101a, orfl102b, orfl03a,
orfl114, orfl06a-e, orf107b-g, orf109b, orfllla’c, orfl18, orf119,
orf122a, orf127, orf136a/b, orf139a, orfl41, orfi45a'b, orf152a,
orf153b, orf154, orfl57, orf158, orfl59, orfl61, orf170, orf184, orfl199,
orf262, orf215b, orf240b, orf275, orf291, orf292, orf313

“Nuclear “harbours” of mtDNA are “contigs” of nuclear genomic sequences consisting of 300 bp or longer orgDNA
homologues (with >80% similarity), where only <5 bp “gaps” with nuclear DNA (nuDNA) are allowed. Total
length of Arabidopsis chromosomes annotated is 119,186,497 bp.

Nuclear copies of mitochondrial genes with cDNA support are given in bold.

Table 2. Distribution of mtDNA insertions in the nuclear coding and non-coding regions of Arabidopsis

L>150" L>100
Genes with mtDNA insertion(s) in coding and/or non-coding part 60* 60*
Genes with mtDNA insertion(s), at least, in 1 coding exon 58 (74) 59 (74)
Genes with mtDNA insertion(s), at least, in 1 intron 10 (23) 12 (25)
Intergenic spacers with mtDNA insertion(s) 70 80

'Length of >80% similarity region is >150 bp or the length of complete exon (intron).
2 Length of >80% similarity region is >100 bp or the length of complete exon (intron).
*Some nuclear genes contain mtDNA insertions in both exon(s) and introns(s).

Table 3. Nuclear insertions of mtDNA that appear to be transcribed in Arabidopsis

Portion of mtDNA included in nuclear transcripts”

Mitochondrial genes included in nuclear transcripts completely
Mitochondrial genes included in nuclear transcripts partially

~94700/366924 (26%); 131 transcripts
28 (48), 48 transcripts
6 (out of 48) 24 transcripts

Nuclear transcripts without the whole or partial copy of mitochon- 66

drial gene

“Portion of mtDNA inserted in nuclear genome and having cDNA evidence of nuclear transcription.
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and following translation of organcllar gene and its
identical nuclear copy does not result in identical
proteins, as nuclear transcript does not undergo
RNA editing, corresponding organellar transcript
does (Table 4, Figure 2).

In Arabidopsis, 7 out of 12 nuclear genes of mi-
tochondrial origin encode proteins with predicted
mitochondria sub-cellular localization, with one of
them (atpl) is the most real candidate for the mito-
chondria-targeted functional gene (Figure 3). Its nuc-
lear homologue, annotated as AT2G07734 gene, has
c¢DNA support and seems to have acquired one addi-
tional exon of 827 bp of unknown origin, encoding
276 aa, where the first 54 aa are predicted to be a
strong mitochondrial transit peptid. 5 C to U editing
transitions results in four amino acid changes in the
mitochondrial protein. As to nuclear splinters of the
remaining organellar genes, we did not find unambi-
guous targets of the corresponding proteins.

Possible functional and evolutionary effects of
such insertions are discussed below.

DISCUSSION

Patterns of mtDNA insertions in Arabidopsis nuc-
leus

With the exception of one long (~270 kb) inser-
tion in chromosome 2, Arabidopsis genome seems be
“not hospitable to shelter” sequences of organellar
origin. Moreover, in current genome release we did
not find ~620 kb insertion in chromosome 2, reported
by Stupar et al. (2001) earlier, finding a 270-kb inser-
tion instead.

Does organelle-to-nucleus gene transfer continue
in plants?

Our analysis revealed intact nuclear copies of
72 known and 20 ORF genes annotated in mito-
chondrial genome (Table 2). This finding can be
explained mostly by recent nuclear insertions histo-
ry. Nevertheless, some of the genes might represent
intermediate variants of organellar genes being cur-
rently at a stage of transfer to nucleus. This sugges-
tion 1s supported by our results described above.

Significant portion of mtDNA, harbored by nuc-
leus, seems to be transcribed (Table 3). Although most
of these transcripts lack any, intact or partial, copics of
organellar genes, we found cDNAs that include com-
plete sequences of 28 mitochondrial genes (Table 1).
In particular, intact nuclear copies of 12 Arabidopsis
known mitochondrial genes (atpl, atp6-1, atp6-2,
atp9, ccb256, ccb382, cob, cox3, orfB/atp8, rpl5, rps4,
rps7 and rpsl2) are annotated as nuclear genes and
have known cDNAs (Table 4; sce also Table 1). 16
mitochondria-encoded ORF genes have cDNA sup-
port (Table 1) with annotation of 11 out of 16 genes as
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unknown nuclear genes (Table 5). These findings sug-
gest that, at least, 12 Arabidopsis genes, expressed in
mitochondria, have also transcribed nuclear copies.
However, as mentioned above, an organellar gene and
its identical nuclear copy do not encode identical pro-
teins if transcript of an organellar gene undergoes post-
transcriptional RNA editing: edited mRNAs produces
different polypeptides than those predicted by translat-
ing DNA open reading frames. Whether only edited
mRNAs or both edited and “original” mRNAs are
translated, is not known. It was proposed that RNA
editing adds necessary functionality to proteins. In
transgenic tobacco plants, delivering the “unedited”
mitochondrial protein (translated from unedited
mRNA) to the mitochondria leads to mitochondrial
dysfunction generating the male sterile phenotype
(Araya et al., 1998). RNA editing was described in
both chloroplast and mitochondrial genes of plants;
editing of mitochondrial transcripts appears to occur in
all higher plants (Schuster et al., 1991; Araya et al.,
1998). In particular, in Arabidopsis RNA editing ef-
fects 441 C to U changes in mitochondrial coding se-
quences (Giege and Brennicke, 1999). Nine out of 12
known mitochondrial genes with transcribed intact
nuclear copies, undergo RNA editing resulting in ami-
no acid changes (Table 4). Therefore, although using
universal genetic code in chloroplasts and in mito-
chondria of green plants (Jukes and Osawa, 1990) “al-
lows” transfer of organelle genes into nucleus, nuclear
splinters of organellar genes with post-transcriptional
RNA editing in organelle already posses “non-
synonymous mutations” in their coding sequences (see
Figure 2), except in two cases: (1) transcripts of nuc-
lear copies also undergo RNA editing at the same posi-
tions; (2) RNA-mediated gene transfer takes place, as
with cox? transfer to nucleus (Covello and Gray,
1992).

Although the loss of organellar genes due to
transfer to nucleus was reported for only small por-
tion of mitochondrial genes (Table 6), organelle-to-
nucleus gene transfer is likely continuing process.
How genes are transferred from prokaryotic orga-
nellar genomes in eukaryotic nuclear genomes and
how the genes become functional in their new ge-
netic environment is largely unknown. Results of
Stegemann and Bock (2006) suggest that DNA-
mediated gene transfer can give rise to functional
nuclear genes if followed by suitable rearrange-
ments in nuclear genome including: (1) transcrip-
tional activation by capturing a promoter from an
upstream nuclear gene; (2) utilization of AT-rich
noncoding sequences downstream from plastid
gene as RNA cleavage and polyadenylation sites;
and (3) targeting information to direct protein prod-
uct back to the same organclle or another compart-
ment.
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Figure 1. Schematic presentation of annotated full-length nuclear genes (rp/5/AT2G07725, cob/AT2G07727,
rps4/AT2G07734, atp6-1/AT2G07741, orfB/AT2G07707, cox3/AT2G07687, cch256/AT2G07771, rpsi12/AT2G07675,
atp9/AT2G07671, rps7/AT2G07696 and rpl2/AT2G07715) or partial (atp1/AT2G07698 and atp6-2/AT2G07741) cop-
ies of mitochondria-encoded genes. Asterisks denote genes where mRNA editing results in amino acid changes in the
protein sequences. All nuclear genes shown, except 7p/2/AT2G07715, have cDNA supports.

Table 4. Nuclear copies of Arabidopsis mitochondrial genes of known function with cDNA support
Organeclle mRNA Protein encoded by Annotated nuclear cDNA support  Similarity of orga- Nuclear

gene editing  organelle gene gene or chromosome  for nuclear nellar and nuclear  protein
location of organelle  gene proteins target®
gene copy

cob 7/7" apocytochrome B, AT2G07727, gb EF488902,  386/393, 98%" M
393 aa 393 aa gb EF488903

atpl 4/5 ATPase subunit 1, AT2G07698, gb EF488886, 6:507-276:777, M
507 aa 777 aa gb EF488887  99%°

atp6-1 11" ATPase subunit 6, AT2G07741, gb EF488888,  384/385, 99 8%’ EC
385 aa 385 aa gbEF488889

atp6-2 ? ATPase subunit 6, AT2G07741, gb EF488888,  252/252, 100%’ M
349 aa 385 aa gb EF488889  [98:349 — 134:385]

atp9 44! ATPase subunit 9, AT2G07671, gb EF488892,  81/85. 95%’ M
85 aa 85 aa gb EF4388893

orfB 0 ATPase subunit 8, AT2G07707, gb BT026104, 158/158, 100%’ PM
158 aa 158 aa gb EF488891

cox3 6/7* cytochrome c oxidase ~ AT2G07687, gb EF488906,  259/265, 98%’ EC
subunit 3, 265 aa 265 aa gb EF488907

cch256 25/28*  cytochrome c iogenesis AT2G07771, gb EF488897,  231/256, 90%’ PM
protein, 256 aa 256 aa gb BT014995

rpl5 9/10°  ribosomal protein L5,  AT2G07725, gb BT011585,  176/185, 95%’ M
185 aa 185 aa gb EF488938

rps4 14/15°  ribosomal protein S4,  AT2G07734, gb EF488944,  348/362, 96%’ N
362 aa 362 aa gb EF488945

rps7 0 ribosomal protein S7,  AT2G07696, gb BT011309,  148/148, 100%’ M
148 aa 148 aa gb EF488946

rpsi2 6/8* ribosomal protein S12, AT2G07675, gb EF488948,  119/125, 95%’ M
125 aa 125 aa gb EF488949

"Every edited [C>U] nucleotide affect different codons (i.c. 7, 1 and 4 amino acid changes, respectively). 2Some edited nucleotides
produce synonymous codons (1, 3 and 1 cases, respectively), others produce non-synonymous codons. 10 (15) edited nucleotides
result in 9 (14) amino acid changes (in 1 case 2 edited nucleotides affect the same codon, “double editing”). *8 edited nucleotides
produce 6 non-synonymous codons (1 double editing, 1 synonymous). SThere is only 1 mismatch between CDSs of mitochondrial
and nuclear genes. “There are 2 mismatches between CDSs of mitochondrial and nuclear genes. "CDSs of mitochondrial and nuc-
lear genes are identical. *Predicted by ProtComp (http:/www.softberry.com). M — mitochondria, N — nucleus, PM — plasma mem-
brane, EC — extracelluar. “?” — unknown.
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Figure 2. Comparison of edited mRNA for mitochondrial »ps4 gene and predicted
mRNA for its nuclear homologue annotated as AT2G07734 gene of Arabidopsis
(supported by cDNAs, gb EF488944 and gb EF488945). Only regions with edited
nucleotides in the organellar mRNA are shown. Editing of 15 nucleotides (C to U)
results in 14 amino acid changes in the mitochondrial protein (in one case, two

edited nucleotides are located in the same codon).

It was also shown that 7pl5 gene has been inde-
pendently transferred to the nucleus in the maize li-
neage and has acquired regulatory elements for its
expression and a mitochondrial targeting peptide from
an unknown source (Sandoval et al., 2004). Recently,
it was found that genes for ribosomal proteins L2 and
S4 in Arabidopsis mitochondrial genome contain in-
formation for protein targeting into the mitochondria.
Similarly, genes for ribosomal proteins L2 and S19 in
rice mitochondrial genome contain information for
protein targeting into mitochondria. These last find-
ings suggest that, before transfer to the nucleus, tar-
geting information already existed in these genes (Ue-
dactal., 2008).

A particular organellar protein function is like-
ly encoded by nuclear or organelle genome, but not

by both genomes at once. However, until the orga-
nelle-to-nucleus gene transfer is completed, both
organelle and nuclear genomes could contain a
functional gene copy. In wheat, mitochondrial and
nuclear functional rpl5 genes appear to be main-
tained (Sandoval et al., 2004). Mitochondrial gene
cox2 has been transferred to the nucleus during le-
gume plant evolution. This gene represent an in-
termediate stage of gene transfer process: 9 le-
gumes contain intact copies of both nuclear and
mitochondrial cox2, where both cox? genes are
transcribed in seven legumes. Inactivation of cox2
in each genome has taken place multiple times via a
varicty of ways, including the loss of detectable
transcripts or transcript editing and the partial or
complete gene loss (Adams et al., 1999).
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Table 5. Arabidopsis mitochondrial ORF genes with intact nuclear copies annotated as hypothetical genes

and covered by long transcripts

Gene Support cDNA

Similarity area and identities

Annotated as nuclear gene'

orf152a: 459 nt gb AY131999.1: 2128 nt
orf122a: 369 nt gb AY234409.1: 1627 nt
orf141: 426 nt gb AY231406.1: 1212 nt
orf102b: 369 nt gb AY132000.1: 1135 nt
orf313: 942 nt gb AK230169.1: 5275 nt
orf159: 480 nt gb DQ069801.1: 862 nt

orfl06e: 321 nt gb DQ069838.1: 861 nt

orf118: 357 nt gb BT010728.1: 1162 nt
orf215b: 648 nt gb AK230107.1: 3524 nt
orf109: 330 nt gb AK229938.1: 883 nt

orf262: 789 nt gb AY648320.1: 1844 nt

1:459 — 840:1298, 457/459
1:369 - 1098:1466, 368/369
1:426 — 501: 926, 426/426
1:369 — 200:568, 369/369
1:942 — 924:1865, 942/942
1: 480 — 36:515, 478/480
1:321 - 655:335, 320/321
1:357 - 716:1072, 357/357
1:642 - 1385:2026, 641/642
1:330 — 536: 865, 329/330
1:789 — 756:1544, 789/789

AT2G07702, hypothetical protein
AT2g07706, hypothetical protein

AT2G07708, hypothetical protein
AT2G07713, hypothetical protein
AT2G07718, hypothetical protein’
AT2g07672, hypothetical protein
AT2G07673, hypothetical protein
AT2G07674, hypothetical protein
AT2g07678, hypothetical protein

AT2G07776, hypothetical protein
AT2g07777, hypothetical protein

'In Arabidopsis genome annotation these genes are given without cDNA support.

2 AT2G07718 is annotated as putative cytochrome b gene.

Table 6. The higher plant genes transferred from organelle genomes to nucleus

Gene Reference
rpl2 Adams et al., 2001
rpl5 Sandoval et al., 2004
rpll6, rpsi, rps2, rps3, rps4 Adams et al., 2002
rps7 Zhuo ct al., 1999
rps10 Adams et al., 2000; Kubo et al., 2000;
Wischmann and Schuster, 1995
g rpsll Kadowaki, 1996
= rpsl2 Grohmann et al., 1992
£ rpsi3 Sanchez et al., 1996
i) rpsi4 Figueroa et al., 1999; Sandova et al., 2004;
= Kubo et al., 1999; Brochier et al., 2000
rpsi9 Subramanian et al., 2001;
Watanabe et al., 1994; Kanno et al., 1997
sdh3, sdh4 Adams et al., 2001
atp8 Sandoval et al., 2004
cox2 Pérez-Martinez et al., 2001;
Adams et al., 1999; Covello and Gray, 1992
- inf4 Millen et al., 2001
& ndhF Wakasugi et al., 1994
= rpl22 Gantt et al., 1991
s rpl23 Bubunenko et al., 1994
5 rps16, ycf4 Millen et al., 2001
accD Katayama and Ogihara, 1996

In light of these facts, 12 Arabidopsis mito-
chondrial genes (atp!, atp6-1, atp6-2, atp9, ccb256,
cob, cox3, orfB/atp8, rpl3, rps4, rps7 and rpsi2) en-
code known proteins that are expressed in organelle
and, at least, transcribed in nucleus, and may be at
the intermediate stages of organelle-to-nucleus trans-
fer. Moreover, 7 out of 12 mitochondrial genes
(atpl, atp6-1, atp6-2, atp9, ccb256, cob and cox3)
were not described earlier as genes transferred to
nucleus in any species (see Table 6). Nuclear copies
of 7 out of 12 mitochondrial gencs in Arabidopsis
might encode proteins targeted to mitochondria. One
of them (atp!) is the most plausible candidate for the
mitochondria-targeted nuclear functional gene (Fig-
ure 3). Its nuclear homologue, annotated as
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AT2G07734 gene with ¢cDNA support, seems to
have acquired one additional exon of 827 bp of un-
known origin, encoding 276 aa, of which the first 54
aa were predicted as a strong mitochondrial transit
peptide. Interestingly, 5 C to U editing transitions
results in 4 amino acid changes in the mitochondrial
protein. As to nuclear splinters of the remaining or-
ganellar genes, we could not find unambiguously a
sub-cellular target of the corresponding proteins.

At the same time, we can’t exclude that these
transcribed nuclear inserts of organcllar genes
might represent novel genes with modified function
and/or destination.



(a) AT2G07698
Exon 1 Exon 2
3361471 3362297 3362519 3364124
Chr 2 =sssssnss (N —— TN - - - -« - « =
atpl (mt)
(k)
AT2G07698 MITRLFAQLVSLSIVIYWNDAIVATNFSWLFITFFVMIFTERTESRYFKKPIIW. ..//RLEERRAAELTNLFESRIRNFY 292
RAAELTNLFESRIRNEY
AEDT MI) o e e i e e R el i 2 e et ] MELSPRAAELTNLFESRIRNEY 22
AT2G07698 ANFQVDEIGRVVSVGDGIAQVYGLNEI QAGEMVLFANGVKGMALNLENENVGIVVEGGDTAIKEGDLVKRTGSIVDVPAGK 373
ANFQVDEIGRVVSVGDGIAQVYGLNEI QAGEMVLEANGVKGMALNLENENVGIVVE GGDTAIKEGDLVKRTGS IVDVEPAGK
atpl (MT) ANFQVDEIGRVVSVGDGIAQVYGLNEI QAGEMVLFANGVKGMALNLENENVGIVVEGGDTAIKEGDLVKRTGSIVDVPAGK 103
AT2G07698 AMLGRVVDAMGVPIDGKGALSDHEQRRVEVKAPGILERKSVHEPMQTGLKAVDSLVPIGRGQRELLIGDRQTGKTTIAIDT 454
AMLGRVVDAMGVPIDGKGALS DHEQRRVEVKAPGI LERKSVHEPMQTGLKAVDSLVPIGRGQRELLIG RQTGKTTIAIDT
atpl (MT) AMLGRVVDAMGVPIDGKGALSDHEQRRVEVKAPGILERKSVHEPMQTGLKAVDSLVPIGRGQRELLIGGRQTGKTTIAIDT 184
AT2G07698 ILNQKQINSRATSESETMYCVYVAIGQKRSTVGQLIQTLEEANALEYSILVAATASDPAPLOFLAPYSGCAMGEYFRDNGM 535
ILNQKQINSRAT SESETMYCVYVAIGQKRSTVGQLIQTLERANATLEYSILVAATASDPAPLOFLAPY SGCAMGEYFRDNGM
atpl (MT) ILNQKQINSRATSESETMYCVYVAIGOKRSTVGQLIQTLEEANALEYSILVAATASDPAPLOFLAPY SGCAMGEYFRDNGM 265
AT2G07698 HALIIYDDLSKQAVAYROQMSLLLRRPPGREAFPGDVEYLHSRLLERARKRSDQTGAGSLTALPVIETQAGDVSAYIPTNVI 616
HALIIYDDLSKQAVAYRQMSLLLRRPPGREAFPGDVFYLHSRLLERAARKRSDQTGAGSLTALPVIET QAGDVSAYIPTNVI
atpl (MT) HALIIYDDLSKQAVAYROQMSLLLRRPPGREAFPGDVFYLHSRLLERAARKRSDQTGAGSLTALPVIETQAGDVSAYIPTNVI 346
AT2G07698 SITDGQICLETELEYRGIRPAINVGLSVSRVGSAAQLKAMKQVCGSSKLELAQYREVAAFAQFGSDLDAATQALLNRGARL 697
SITDGQICLETELFYRGIRPAINVGLSVSRVGSAAQLKAMKQVCGS KLELAQYREVAAFAQFGSDLDAATQALLNRGARL
atpl (MT) SITDGQICLETELFYRGIRPAINVGLSVSRVGS AAQLKAMKQOVCGSLKLELAQYREVAAFAQF GSDLDAATQALLNRGARL 427
AT2G07698 TEVPKQPQYAPLPIEKQILVIYAAVNGFCDRMPLDRISQYEKAIPNSVKPELLQALKGGLTNERKMEPDAFLKERALALI 777
TEV KQPQYAPLPIEKQILVIYAAVNGFCDRMPLDRISQYEKATI NSVKPELLQALKGGLTNERKME DAFLKERALATLI
atpl (MT) TEVLKQPQYAPLPIEKQILVIYAAVNGFCDRMPLDRISQYEKAILNSVKPELLQALKGGLTNERKMELDAFLKERALATLI 507

Shahmuradov et al.

Figure 3. Comparison of mitochondrial atp/ gene, encoding ATP synthase subunit alpha, and nuclear gene
AT2G07698, consisting of two coding exons (Exon 2: insertion of afpl, Exon 1: genomic sequence of unknown ori-
gin which encodes 276 aa sequence, where the first 54 aa (highlighted) were predicted to be mitochondrial transit pep-
tide (ProtComp program; http://www .softberry.com). Nuclear gene AT2G07698 has cDNA support (gb EF488886, gb
EF488887). Amino acid changes caused by C->U RNA editing are highlighted.

Are there restrictions to organelle-to-nucleus
transfer?

The evolution of plastid and mitochondria
from cndosymbionts of cyanobacterial -
proteobacterial origin, seems to have involved a
dramatic reduction of complexity of organellar ge-
nomes, with many genes cither discarded or trans-
ferred to the nucleus, and with only a small subset
of genes remaining in an organelle. It was found
that some organcllar genes (chloroplast inf4, mito-
chondrial rpl2, rpll6, rpsl, rps7, rpsi0, rpsi3,
rpsl9, sdh3, cox2 and sdh4) were more frequently
transferred to nucleus (see Table 1 and references
therein), with some genes “preferring to stay in or-
ganelle”. This observation raises questions like
these: Is there some selectivity for organellar genes
to be transferred to nucleus? If yes, what kinds of
restrictions exist? If no, should we expect an exis-
tence, in other species yet not studied, of a different
spectrum of organellar genes transferred into a nuc-
lear genome and, moreover, the further gradual re-

duction organellar genomes and, finally, is it possi-
ble that after some evolutionary time all organellar
functions will be encoded exclusively by nuclear
genome?

To answer these questions, several hypotheses
have been put forward: (1) it is a challenge to im-
port hydrophobic membrane proteins into organelle
(von Heijne, 1987; Popot and de Vitry, 1990); (2)
mitochondrial hydrophobic proteins, being synthe-
sized in endoplasmatic reticulum, might be directed
to “wrong addresses” (von Heijne, 1987); (3) pres-
ence of some organellar proteins in cytoplasm
might result in undesirable effects (Herrmann,
1997; Martin and Schnarrenberger, 1997); and (4)
cxpression of some genes is directly and quickly
regulated by redox status of organelle and therefore
these genes are retained in organelle (Allen, 1993;
Pfannschmidt, 2003; Galganska et al., 2008; Liu et
al., 2008). To date, there is direct experimental evi-
dence that supports hypothesis 1 in mitochondria
(Claros et al., 1995; Daley et al., 2002), and hypo-
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thesis 4 in chloroplasts (Allen, 1993; Liu et al.,
2008) and mitochondria (Galganska et al., 2008).
Moreover, protein length also might play some role,
with facilitating or hampering protein transport
(Martin and Herrmann, 1998; Lang et al., 1999;
Race et al., 1999).

At the same time, it should also be mentioned
that the formed gene content of organelle probably
might mostly reflect an optimal balance of genetic
control of plastid and mitochondrial functions. Based
on this point of view, a scenario of extinction of or-
ganelle genome(s) looks improbable. In any case, we
are still far away from complete understanding the
evolutionary past and future, development and co-
existence of nuclear and organellar genomes.
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