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Abstract. Gene translocations from the organelles to
the nucleus are postulated by the endosymbiont hy-
pothesis. We here report evidence for sequence inser-
tions in the nuclear genomes of plants that are derived
from noncoding regions of the mitochondrial genome.
Fragments of mitochondrial group II introns are identi-
fied in the nuclear genomes of tobacco and a bean
species. The duplicated intron sequences of 75-140 bp
are derived from cis- and trans-splicing introns of genes
encoding subunits 1 and 5 of the NADH dehydrogenase.
The mitochondrial sequences are inserted in the vicini-
ties of a lectin gene, different glucanase genes and a
gene encoding a subunit of photosystem II. Sequence
similarities between the nuclear and mitochondrial
copies are in the range of 80 to 97%, suggesting recent
transfer events that occurred in the basic glucanase
genes before and in the lectin gene after the gene du-
plications in the evolution of the nuclear gene families.
Overlapping regions of the same introns are in two in-
stances also involved in intramitochondrial sequence
duplications.

Key words: Tobacco — Glucanase genes — Oxy-
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Introduction

According to the endosymbiont hypothesis, plastids and
mitochondria are derived from predecessors of eubac-
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teria, which have been taken up by the “urkaryote” dur-
ing endosymbiosis (Gray 1992). The genome of the
bacterial endosymbionts has been continually reduced,
hand in hand with a net transfer of genetic material in-
to the nucleus of the host cell. This view is generally ac-
cepted, and it has lately been shown that functional
transfers of genes from the mitochondrion to the nucleus
have occurred recently in evolution in the plant kingdom
(Nugent and Palmer 1991; Covello and Gray 1992;
Grohmann et al. 1992). RNA molecules have been sug-
gested for these and other sequence transfers as physi-
cal carriers of the transferred genetic information
(Schuster and Brennicke 1987; Nugent and Palmer
1991; Covello and Gray 1992). The presence of multi-
ple copies of the complete plastid genome in the nucleus
(Ayliffe and Timmis 1992), however, suggests that oth-
er mechanisms involving DNA as carrier-molecule dur-
ing interorganellar sequence transfers must operate as
well.

We have recently reported the serendipitous finding
of a mitochondrial intron fragment inserted upstream of
the coding region in a lectin gene of a bean species,
Dolichos biflorus (Knoop and Brennicke 1991). In its
nuclear location, the mitochondrial intron sequence may
have gained regulatory function, being the only major
difference in comparison to a second lectin gene in this
species which is differently regulated (Harada et al.
1990).

To identify additional examples of mitochondrial se-
quence transfers, especially of group II intron frag-
ments, we have carried out a systematic search for traces
of such events. Three new examples of interorganellar
sequence transfers in tobacco and two intraorganellar se-
quence duplications are identified. The genuine mito-



chondrial intron sequences in Dolichos and tobacco
have been cloned and sequenced and are compared with
the nuclear insertions to estimate the dates of the trans-
fer events.

Materials and Methods

Computer Analysis. Computer analysis was performed using version
7.1 of the UWGCG program package (Devereux et al. 1984). Initial
database searching was carried out with the FASTA algorithm (Pear-
son and Lipmann 1988).

PCR Amplification and Cloning. Dolichos biflorus and tobacco
DNA preparations were kindly provided by Drs. M. Etzler, Davis, and
C. Gatz, Berlin, respectively. Oligonucleotide primers for PCR am-
plification were: 5A+ 5-TGCTCCATGGATCTCATCGG-3’, 5B~
5'— GGGCTATGCGGATCCTCAG-3, 1A+ 5-GGGCTACTT-
TATTTGTTTGC-3', la— 5'— GATGGGGGGTACCTTTCTTTC-
CC-3', 1c+ 5-CAACCAAGCTTAACCGGTCACG-3’, 1c— 5'-
GAAGGAGGGAAGGCGCGCTAC-3/, lde+ 5"~
CAGGAGATAGGGAGGATCCG-3’, and lde— 5-CGCAAAG-
GAGGCTCGAGGG-3'. Oligonucleotide nomenclature indicates num-
ber of nad-subunit, location in (uppercase letters) or proximal to
(lowercase letters) the respective exons, and orientation in (+) or
against (—) the direction of transcription in the mitochondrion.
Oligonucleotides were obtained commercially (TIB Molbiol, Berlin).
PCR amplification was performed with a kit (Boehringer Mannheim,
Germany) as recommended by the manufacturer. PCR products were
cloned in Bluescript SKII+ vectors (Stratagene, USA) and sequenced
by the dideoxy method (Sanger et al. 1977) using the T7 polymerase
kit (Pharmacia, Sweden). Multiple PCR clones were sequenced to
minimize the risk of PCR sequence artifacts. Sequence data were sub-
mitted to the databases and accession numbers are given in the re-
spective figure legends.

Results

The Mitochondrial Intron Fragment Insertion in the
5”-Region of a Nuclear Lectin Gene in Dolichos is of
Recent Origin

To gain insight into the timing and mode of the 116-bp
sequence translocation (Knoop and Brennicke 1991)
from the mitochondrion into one of two nuclear lectin
genes in Dolichos biflorus (Harada et al. 1990) the gen-
uine mitochondrial nad5 intron sequence between exons
a and b in this species was amplified by PCR, cloned,
and sequenced. Previously only heterologous compar-
isons with mitochondrial sequences from other species
were possible.

The Dolichos mitochondrial intron is 859 nucleotides
long and highly conserved in comparison to those of
other species with about 90% identical nucleotides and
no major deletions or insertions. Alignment of the mi-
tochondrial intron sequence with the nuclear seed lectin
gene in Dolichos (Fig. 1A) shows only nine point mu-
tations and a single nucleotide deletion in the nuclear
copy, resulting in a sequence similarity of 91%. The mi-
tochondrial intron sequences in Oenothera (Wissinger
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et al. 1988), Arabidopsis (Knoop et al. 1991), sugar
beet (Ecke et al. 1990), and wheat (Pereira de Souza et
al. 1991) display additional sequence divergencies (not
shown) suggesting a recent sequence transfer after evo-
lutionary branching of these species. The assumption of
an evolutionary young transfer, however, still receives
its strongest support from the observation that the se-
quence transfer has necessarily occurred after the du-
plication of the ancestral lectin gene in the legume.

Analysis of the mitochondrial background of the
transferred sequence shows that this intron is also in-
volved in an intramitochondrial sequence duplication
event. A sequence of 62 nucleotides overlapping the nu-
clear-mitochondrial homology (Fig. 1) is also present in
the group II intron of the mitochondrial rps3 gene of
maize (Hunt and Newton 1991). Intron modelling
(Michel et al. 1989) suggests that in the two group Il in-
trons this sequence encodes in both cases a highly con-
served domain II (Fig. 1B). In the nad5 intron this se-
quence block is identical in all five species for which
data are available (with the exception of a single G/T ex-
change in Oenothera), indicating a high selective pres-
sure for this secondary structure. Since the duplicated
sequence clement is also present in the Oenothera rps3
intron (H. Bock and W. Schuster, personal communi-
cation) the intramitochondrial duplication event has ap-
parently occurred before divergence of mono- and di-
cotyledonous species and is thus much older than the
sequence transfer into the nucleus. The direction of the
intramitochondrial sequence transfer cannot be deter-
mined while the direction of the interorganellar trans-
position is clearly from mitochondrion into the nucle-
us. No additional extensive sequence similarities
between the first nad5 intron and the rps3 intron can be
identified and therefore make an evolutionary derivation
from a common ancestor intron unlikely. This “shared
motif” is thus distinct from the duplicated sequence el-
ement observed in two introns of the nadl and nad?2
genes in Oenothera (Wissinger et al. 1991a), which
share additional overall similarity besides the 48-bp
identical element. Although plant mitochondrial DNA
rapidly evolves through recombination via repeated se-
quences no such recombinational activity is seen for
these two common intron motifs. An unrelated recom-
bination event at a different position within the rps3 in-
tron gives rise to an NCS phenotype in maize (Hunt and
Newton 1991).

ldentification of Additional Mitochondrial Intron
Fragments in the Nucleus

To test whether other mitochondrial (intron) sequences
can be identified in the nuclear genomes of plant
species, the available plant mitochondrial group II in-
tron sequences of different species were used to screen
the databases with the FASTA algorithm. The high con-
servation of mitochondrial sequences in higher plants
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Inter- and intraorganellar sequence duplications of the mitochondrial nad5 afb intron. A The Dolichos biflorus intron sequence (fow-

ercase letters, accession No. X72287) is aligned with the nuclear seed lectin gene (uppercase letters, Harada et al. 1990) in the region of ho-
mology (numbering is according to the respective database entries). A sequence of 62 nucleotides (underlined) is also present in the rps3 in-
tron of maize. B The sequence of 62 nucleotides identical between the nad5 intron and the rps3 intron of maize constitutes domain II and parts
of domains I and III in both introns (modeling according to Michel et al. 1989).

with more than 90% sequence similarity even in intron
sequences should allow the detection of homologous se-
quences also in different species.

In this analysis three additional group II intron se-
quences were identified in the nuclear genome of to-
bacco flanking known reading frames. These intron
fragments are in size and degree of interorganellar se-
quence conservation similar to the intron sequence in the
lectin gene of Dolichos biflorus (Fig. 2). The three to-
bacco transfer events involve intron sequences derived
from the mitochondrial nadl gene. The five exons of
this gene are scattered over the mitochondrial genome
in higher plants, and mature mRNA molecules are ob-
tained by cis- and frans-splicing (Chapdelaine and Bo-
nen 1991; Wissinger et al. 1991b).

A Mitochondrial Intron Fragment is Inserted in
Inverted Orientation Upstream of oee2-A

A sequence derived from the (trans-splicing) intron
part downstream of exon ¢ of the nadl gene is present

upstream of the oee2-A gene (Hua et al. 1991), encod-
ing a 23-kDa polypeptide of the oxygen-evolving com-
plex of photosystem II in tobacco. The intron sequence
is inserted 772 bp upstream of the oee2-A start codon
in inverted orientation. The inserted fragment is at least
97 bp long and may extend further into the as-yet-un-
known 5'-region of the oee2 gene. Only three nucleotide
transitions are observed in the transferred sequence,
which increase the AT content of the nuclear copy (Fig.
3A). The conservation of this promiscuous sequence
thus either suggests an evolutionarily even more recent
transfer event than for the nad5 intron fragment in
Dolichos and/or a selective pressure on the transferred
sequence element in the nucleus. The sequence transfer
has clearly occurred after the speciation of tobacco,
Oenothera (Wissinger et al. 1991b), and watermelon
(Stern et al. 1986), since sequence divergencies are ob-
served in the respective intron sequences of the two lat-
ter species (not shown).

The oee2-A gene belongs to a family of four oee2
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Fig. 2. Group II intron sequences involved in intra- and intermi-

tochondrial sequence duplications. Exons 1/a through 1/e of the nadl
gene in higher plant mitochondria are separated by group II introns
in cis- and rrans-arrangements (Chapdelaine and Bonen 1991;
Wissinger et al. 1991). Exons a and b (5/a, 5/b) of the nadS gene are
separated by a conventional group II intron while the other exons have
to be added in trans on the RNA level (Knoop et al. 1991). Cis-
arranged group II introns interrupt the coding regions of the genes for
ribosomal protein S3 (S3/a, S3/b; Hunt and Newton 1991) and of the
nad4 gene (4/b, 4/c; Lamattina and Grienenberger 1991). Solid pen-
tangles show sequences involved in interorganellar transfers, while
open pentangles represent intraorganellar duplication events. Sizes of
the promiscuous mitochondrial intron fragments and sequence simi-
larities to the nuclear copies which are in the range of 80% (nadl d/e
vs acidic glucanase gene) to 97% (nadl c/d vs oee2-A) are indicat-
ed. Question marks indicate cases where the presence of the mito-
chondrial intron sequences in the respective other members of the
gene families is not yet clear.

genes in tobacco (Hua et al. 1992). The limited se-
quences available for the other members of the gene
family do not allow any conclusion about the presence
or absence of the mitochondrial sequence in these genes.
Absence or variation of the promiscuous sequence ele-
ment in the other oee2 genes and a correlation with
possibly different expression of these genes would raise
speculations on the functional significance of the in-
serted intron fragment analogous to the Dolichos situ-
ation. In this context an inverted repeat upstream of
oee2-A (Hua et al. 1991) in the inserted mitochondrial
fragment should be noted, which can on the RNA lev-
el be folded into a hairpin structure (Fig. 3).

An intramitochondrial duplication might be respon-
sible for a similarity between the 200 bp downstream of
nadl exon c including the transferred sequence (Fig. 2)
and the second intron of the mitochondrial nad4 gene
in wheat (Lamattina and Grienenberger 1991). The com-
paratively low sequence similarity of 70% (alignment
not shown) complicates classification of this homology
as a sequence duplication, although the absence of ad-
ditional extensive homologies between the two introns
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Fig. 3. An insertion derived from the mitochondrial intron se-
quence downstream of nadl exon c in the nuclear oee2-A gene of to-
bacco 772 bp upstream of the start codon. A Only three nucleotide
transitions are observed in the promiscuous region of 97 nucleotides
comparing the tobacco mitochondrial intron sequence (lowercase
letters, accession No. X72288) with the tobacco oee2-A gene (up-
percase letters, Hua et al. 1991). Numbering is given according to the
database entries. B The sequence underlined in A within the trans-
ferred region has the potential to fold into a hairpin structure.

makes their derivation from a common ancestor un-
likely. The intraorganellar duplication event in the
nadl/nad4 introns is, like the promiscuous nad5/rps3 in-
tron sequences, far older than the respective interor-
ganellar sequence duplications.

Mitochondrial Intron Fragments Downstream of
Glucanase Genes

Downstream of the coding regions of genes for two
types of glucanases, fragments from different introns of
the mitochondrial nadl gene are detected. Glucanases
(glucan endo-1,3-B-glucosidases) belong to the patho-
genesis-related proteins (PR), whose genes are locally
and systemically activated upon pathogen attack
(Linthorst et al. 1990). Genes for the acidic and basic
type of glucanases have been sequenced in tobacco
(Linthorst et al. 1990; Sperisen et al. 1991).

A Mitochondrial Intron Fragment Downstream of an
Acidic Glucanase Gene

A sequence derived from the maturase-related reading
frame in the intron between exons d and e of the mito-



148

chondrial nadl gene is located 280 bp downstream of
the stop codon of an acidic glucanase gene in tobacco
(Linthorst et al. 1990). The 140-bp intron fragment is
inserted in inverted orientation and shares 80% identi-
cal nucleotides with its mitochondrial counterpart (Fig.
4). The 28 sequence differences (23 single-base substi-
tutions and five insertions/deletions) within the nuclear
copy increase the AT content of the transferred se-
quence by 10%.

Sequence comparison of the nuclear and mitochon-
drial copies in tobacco to the mitochondrial sequences
in the three other species suggests that only one tobac-
co-specific point mutation has occurred in the common
ancestral mitochondrial sequence before the sequence
transfer, a C-to-A exchange in position 140 (Fig. 4). Af-
ter the interorganellar sequence transfer a triplet inver-
sion of a GGA (Gly) to TCC (Ser) codon has occurred
in the mitochondrial tobacco maturase sequence. Such
an uncommon sequence variation in a coding region that
would require three independent point mutations — if
no other mechanisms are invoked — has also been ob-
served in exon a of the nad5 gene in Oenorhera. (See
alignment in Knoop et al. 1991.)

The reading frame of the maturase-related polypep-
tide in the investigated tobacco mitochondrial intron
sequence is conserved in comparison to the respective
sequences of Vicia faba (Wahleithner et al. 1990),
Oenothera (Wissinger et al. 1991b), and wheat (Chapde-
laine and Bonen 1991). The predominance of nucleotide
exchanges in the mitochondrial reading frames in third
codon positions supports the assumption of a function-
al importance of the maturase-related reading frame in
yet another plant species.

Differential Sequence Drift of a Mitochondrial Intron
Sequence Inserted in Two Basic Glucanase Genes
In tobacco basic glucanases are encoded by a multigene
family with at least four members (Sperisen et al. 1991).
A 75-bp fragment derived from the (trans-splicing) in-
tron sequence downstream of nadl exon a is present ap-
proximately 900 bp downstream of the coding regions
of (at least) two members of this gene family. The align-
ment of the tobacco mitochondrial intron sequence with
the two genes GL-A and GL-B (Sperisen et al. 1991) re-
veals differential sequence drift in the two copies in the
nucleus (Fig. 5), indicating insertion of the intron se-
quence before duplication of the glucanase genes. A
third basic glucanase gene (Linthorst et al. 1990) with
99.7% sequence identity to GL-A might be a third rep-
resentative of the gene family. This sequence displays
three additional nucleotide insertions in the promiscu-
ous intron sequence (alignment not shown). No se-
quence data of other members of the basic glucanase
gene family in tobacco are as yet available.

While GL-A and GL-B display eight and 11 point de-
viations from the mitochondrial copy, only one of these,
a G-to-A transition in position 384 (Fig. 5), 1s in com-
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Fig.4. Anintron fragment from the mitochondrial maturase-relat-

ed open reading (mat-r) frame between exons d and e of the nadl gene
is found inserted 280 bp downstream of the termination codon of an
acidic glucanase gene in tobacco. The mitochondrial tobacco se-
quence in nadl intron d/e (lowercase letters, accession No. X72289)
is aligned with the acidic glucanase gene (uppercase letters, Linthorst
et al. 1990). Numbering is according to the database entries. Nu-
cleotide differences in the mitochondrial sequences of Oenothera, Vi-
cia faba, and wheat are indicated only within the promiscuous se-
quence block.

mon. The transfer of the promiscuous intron sequence
into the ancestral glucanase gene has thus presumably
occurred shortly before the nuclear gene duplication
event.

An additional point mutation within the promiscuous
sequence in the corresponding rnadl intron sequence of
Oenothera (Wissinger et al. 1991b) suggests the se-
quence transfer to have occurred after speciation of
these dicots.

While the intron downstream of nadl exon a is well
conserved, the tobacco sequence carries a 43-bp inser-
tion with a — for group II intron sequences rather un-
usual — AT content of 88% (Fig. 5). In spite of the high
degree of sequence conservation in plant mitochondria
the promiscuous sequence cannot be identified in the
corresponding wheat sequence downstream of nadl ex-
on a (Chapdelaine and Bonen 1991), possibly indicat-
ing a monocot-specific (additional) recombination event
in this frans-splicing intron (Fig. 5).

Discussion

In a plant cell with three different genomes nucleic
acids can theoretically be transferred in six different di-
rections. While foreign sequences derived from the re-
spective other organelles have been identified in both
mitochondria and nuclei of some plant species, no ex-
amples for nuclear or mitochondrial sequences are re-
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Fig.5. An insertion of mitochondrial origin approximately 900 bp
downstream of the termination codons in two basic glucanase genes.
The alignment of the tobacco mitochondrial intron sequence down-
stream of nad1 exon a (accession No. X72290, lowercase letters) sug-
gests that the intron fragment was inserted before the glucanase gene
duplication that gave rise to GL-A and GL-B (uppercase leiters,
Sperisen et al. 1991). Numbering is as in the database entries. The to-
bacco intron sequence displays an AT-rich insertion with respect to
the Oenothera sequence (underlined). The vertical arrow represents
the end of homology downstream of nadl exon a between wheat and
the dicots.

ported in the completely sequenced chloropiast genomes
of several plant species. This status quo could reflect
different directional permeabilities of the organellar
membrane systems for nucleic acids. Alternatively, the
capacity of chloroplast genomes to integrate and main-
tain “foreign” sequences may limit the genetic propa-
gation of such a priori unnecessary genetic information.
The descriptive analysis of foreign DNA sequences in
mitochondria and nuclei has resulted in indirect, yet
compelling, evidence that both DNA and RNA could be
the physical carrier of the sequence information during
the transfer process.

The endosymbiont hypothesis postulates a massive
transfer of functional genes into the nucleus and their
adaptation to the nuclear requirements (Brennicke et al.
1993). The identification of organellar intron sequences
in the nuclear genome, however, clearly demonstrates
that no selection mechanism for functionally expressable
sequences is operative. Nevertheless, their presence in
close proximity to nuclear genes might influence the ex-
pression of the respective genes (for which the intron se-
quence upstream of the differentially regulated lectin
gene in Dolichos is presently the strongest candidate).
Whether the other intron sequences inserted in the prox-
imity of nuclear reading frames reported in this paper
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contribute to the regulation of their expression is an
open question. It might be of interest in this respect that
all four intron fragments in the nuclear genome are in-
serted in members of gene families. Except for the lectin
gene example, however, it is as yet unclear whether
only some or all members of these families carry the mi-
tochondrial invaders.

An evolutionary timing of the sequence transfer
events must necessarily rely on nuclear sequence data
since mitochondrial sequences in the plant kingdom are
too conserved for comparisons over short evolutionary
distances (Palmer and Herbon 1988). The identification
of promiscuous mitochondrial sequences in members of
nuclear gene families and a careful comparison in close-
ly related species will allow one to determine more pre-
cisely the time scale of the sequence transfers.

The mitochondrial sequences identified here in the
nuclear genome by database searching of available se-
quences suggests that numerous sequences of mito-
chondrial origin are scattered throughout the nuclear
genome (at least in plants). This expectation is sup-
ported by the observation that at least 75% of a plas-
midlike mitochondrial DNA is present in the nuclear
genome of a rice variety (Fukuchi et al. 1991).

The transfer of intron sequences to the nucleus in
plants is not restricted to small fragments as reported
here. A larger fragment comprising exon b of the nadl
gene together with surrounding intron sequences and
mitochondrial sequences of other origins is inserted in
a nuclear polyubiquitin gene in only one of several eco-
types in Arabidopsis (Sun and Callis 1993). Part of a mi-
tochondrial reading frame (rps3/rpl16) is found insert-
ed in a nuclear intron in wheat (V.K., unpublished
observations). Whether the identified transfer events of
intron fragments, gene fragments, or functional genes
follow the same pathway in plant cells is unclear. Ex-
tension of the currently available data set will facilitate
deduction of common features of the identified sequence
transfers, if there are any.

Note Added at Proof  In the meantime, functional analysis in trans-
genic plants has shown that the intron fragment inserted upstream of
the lectin gene in Dolichos is actually relevant for tissue-specific ex-
pression (M. Etzler, personal communication).
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