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ABSTRACT

We have characterized a 1.7 kb sequence, containing a tRNA Leu2 qene
shared by the ct and mt genomes of Brassica oleracea . The two sequences
are coampletely hamoloqous except in two short regions where two distinct
gene conversion events have occured between two sets of direct repeats
leading to the insertion of 5 bp in the T loop of the mt copy of the ct
gene. This is the first evidence that gene conversion represents the
initial evolutionary step in inactivation of transferred ct genes in the
mt gename. We also indicate that organelle DNA transfer by organelle
fusion is an ongoing process which could be useful in genetic enaineering.

INTRODUCTION

The presence of pramiscuous DNA (1) in organelle genomes is now
accepted as a general phenomenon (2). Most data (3-5) indicates that the
DNA movement occurred long ago and, during evolution, the transferred
sequences have diverged by point mutations and recambination processes.

In plants; DNA transfer has been observed between chloroplast and
mitochondrial genomes of a wide variety of species (6,7). The movement has
always been found unidirectionnally from chloroplasts to mitochondria
(2,6,7). Stern and Palmer (7) propose two types of mechanisms of
interorganellar sequence transfer. The first one involves possible
physical membrane interactions between the two organelles resulting in the
transformation of the mitochondrion by the chloroplast, the mitochondrial
gename would be modified by intermolecular recambination. The second one
concerns the existence of unidirectional transfer vectors as transposable
elements or transducing phages. In such a case, recambination will occur
by site specific recombination between two highly homologous sequences.
Stern and Palmer (7) feel it also unlikely that these integrated sequences
play any biological role in the mitochondria because they are related to
genes which are not known to function in the mitochondria rbcL,16S ct
rRNA gene. These hypotheses have not been demonstrated yet.
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Here we present the characterization of a 1.7 kb ctDNA fragment
located in the mitochondrial gename of Brassica oleracea . Part of this
fragment containing a tRNA Leu 2 gene has been sequenced. The two
chloropast and mitochondrial sequences share camplete homology except in
two very short reqions inside and close to the tRNA qene. We discuss the
mechanisms of integration and evolution of the chloroplast sequence in the
mitochondrial aenome. These modifications probably lead to the
inactivation of the transferred tRMA gene.

METHODS

Ct DNA was extracted and the ct Sal 1 fraament 3 cloned as described
(8, 9). Mt Sal 1 fragment 3 was subcloned from a cosmid containing mt
Sal 1 fragments 3, 8, 12, 19 (8). PRestriction analysis, gel
electrophoresis, ligation, E. coli transformation, nick translation and
ggA/[NA hybridizations were as described (9). Maps were constructed by

P end labelling (10) or by single and double restriction enzyme

digestions. For Maxam-Gilbert sequencing of mt and ct hamologous
fragments, DNA was 3' end labeled by Klenow enzyme, the strands separated
on 5% denaturating polvacrylamide aels, electroeluted and used for
chemical cleavages (11). Sequences were analysed with a Hewlett-Packard

camputer.

RESULTS AND DISCUSSION

A 12 kb region located in the inverted repeat of the ct DNA molecule
has been detected in the mt DNA of a wide variety of plants (6,7).
However, only 1.7 kb of this ct DNA sequence is present in the mt gename
of B. oleracea (Fig.l); this segment corresponds to the left part of

the ct inverted repeat which, in maize, contains a tRNA Leu 2 gene (12).
This is also the situation in B. oleracea because a clone of this ct
gene fram Vicia faba (gift of A. Steimnmetz) strongly hybridized to a 500
bp Hae III/ Ava 1II fragment from the 1.7 kb sequence common to mt and
ct DNAs (Fig.l).

In Fig.2, the nucleotide sequence of the B. oleracea ct tRNA Leu2
gene (non coding strand) and flanking region are presented and compared to
the hamologous B. oleracea nt copy. The Brassica ct and mt sequences
are highly hamologous: 100% from bases 1-103 (except one substitution at
position 66) and 100% from position 196 to the end. However, 13 bp
modifications can be detected between bases 105-196; 7 between positions
105-113 and two insertions in the mt sequence at position 181 (4bp) and
position 202 (1lbp).

A mechanism can be put forward to explain these differences such as
two gene conversion steps would have been necessary to obtain the mt
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Fig.1 Physical maps and precise localization of the 1.7 kb cammon sequence
on restriction fragment Sal 3 (30) from B.oleracea ct gename (pCS3) and
Sal 3 (8) from B.oleracea mt genome (pMS3): pCS3 was cloned in pBR322
while pMS3 is a subclone from a larger recambinant in cosmid pHC 79
(Hartmann et al submitted). The hawologous region (HR) has been determined
by hybridization (pC against pM and reversibly) followed by subcloning of
the Sal 1/ Cla 1 fragment of pCS, (termed pOCS ) and of the Sal

1/ Hmd III fragment of pMS g Restnctmn sites
llsted on the upper side of %h HR line are f)%esent in pCes, | but not

in while the sites on the lower side are spécific to
pms5 2° ﬁe thick region of the HR line corresponds to the cammon Hae
III/°°“Ava II fragment which hybridized to the ct Vicia faba tRNA Leu2
gene. The ct and mt 500 bp Hae III/ Ava II fragments were subcloned in pHP
34 (31) and sequenced as shown by arrows. Scale is presented for each
fragment. Hanologous ct/mt region is represented by TIIIIIIL (HR). Mt 26S
rRNA gene is represented by ZZZZZ7 . IR represents the beginning and
direction of the ct inverted repeat. Restriction enzymes are as follows: Sal
10, BamH1@,Clal@, Hind III(0, Pst 1V, Xho 1 A, Ava II ¥, Hae
ITIW, SmalA,Bl10.

structure (mt) fram the original ct arrangement (Fig. 3). They would
involve two sets of direct repeats(A,B), each one containing sequences
labeled as 1', 2, 4 and 5, and three individual sequences, labeled as 1, 3
and 6. The recombination mechanism should probably be intermolecular
rather than intramolecular because the two sets of direct repeats (Fig.3,A
and B) are too close to have enabled sufficient DNA foldina. The first
step would have been probably the insertion of the original 1.7kb ct
sequence into the mt genome. We propose that divergence has occurred
according to the following process: two mt DNA molecules would have been
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Fig.2 Nucleotide sequence of the B. oleracea ct (pC) 542 bp Hae III/ Ava
II restriction fragment. The position of the tRNA Leu2 is boxed. Known ct
signals for transcription initiation are underlined. Divergences occuring in
the B. oleracea mt (pM) sequence are reported in the lower line. The
direct and inverted repeated sequences are numbered and indicated by arrows.
Scale is labeled for the mt non coding strand.

mispaired so that the repeat B of one mt molecule can be paired with the
repeat A of another mt molecule. This heteroduplex would have been
submitted to gene conversion resulting in an hypothetical intermediate
(int) arrangement (fig.3). Then,two int mt DNA molecules would have been
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Fig.3 Arrangement of the two blocks of directly repeated sequences lying
inside or close to the B. oleracea tRNA Leu2 gene. The black box
represents the tRNA Leu2 gene. Ct represents the ct DNA arrangement, mt
represents the mt arrangement and int represents an hypothetical
intermediate structure. Each direct repeat (A and B) is camposed of
sequences labelled as 1, 2, 4 and 5. Sequences labelled 1, 3 and 6 are
unique and involved in the gene conversion process. The two DNA strands
(strand 1, strand 2) are indicated. Lines between 6, 1' (ct) and 3, 1" (int)
or between int and 1'' (mt) correspond to the target sites while the broken
lines with arrows correspond to the donor sequences of the gene conversion
process. The composition of sequences numbered 1 to 6 are given in Fig. 2.
The mechanism of gene conversion between ct and int requires a double
stranded ct break.

mispaired again; sequence 1" from repeat A was used as donor to target
sequences 1 or 1' of repeat B leading in the present mt DNA structure
(fig.3). The mechanism leading to apparent gene conversion may have been
foldback during replication or samething else.

This gene conversion mechanism (Fig. 3) creates inverted (1', 1'')
and direct (1''; 1'') repeats which would be able to delete parts of the
camon 1.7 kb sequence (13). The insertion of 5 bp (GCAAG) in the mt copy
of the ct gene tRNA Leu2 is the principal consequence of these two gene
conversion steps. These 5 bp have been inserted at an invariable
pyrimidine (T) (14) in the T 1loop which is invariable in size. We

therefore consider tRNA Ieu2 gene is now a pseudogene in Brassica
mitochondria for the following reasons :

1) No tRNA gene introns resemble the one reported here. Viould it be
an intron, ik would be the shortest so far reported and the only one to be
located in the T loop. Two types of tRNA introns have been previously
reported : nuclear tRNA introns (15) are short (14 - 65 bp) and always
located in the anticodon loop sequence while cytoplasmic (ct or mt) tRNA
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Fig.4 Clover leaf structure of the B.oleracea «ct tRNA Leu2. The
differences with the proposed structure of the homologous mt tRNA Leu2 are

indicated by arrows outside the cloverleaf structure.

introns are longer ( 2500 bp) and generally inserted in the anticodon
sequence (16-18).

2) Except in bhuman mitochondria (19), the T loop is invariable in
size (7 bp) and always contains a pyrimidine at the last position (U in ct
tRNA Leu2). Recently published plant mt tRNA sequences correspond to this
universal scheme (20-22).

3) Vicia faba tRNA Leu 2 gene environment (23) is completely
different fram that of maize or Brassica (this paper); however the
structure of the gene has been maintained, it is expressed in all these
chloroplasts (24). In the contrary after its insertion in the mt gename,
the first modification between the ct and mt sequences is an insertion in
the tRNA gene: in mitochondria, there is no selective pressure to maintain
the tRNA gene active.

Although these three arguments favour a pseudogene, the transcription
initiation signals (=35 and -10) have not been modified in the mt copy of
the ct gene (Fig.2) suggesting that it may still be transcribed. Suitable
in vivo and in vitro experiments with, as yet uncharacterized, plant mt
RNA polymerases will be necessary to determine if the mt copy of the gene
is expressed but unable to function.

Our data, and the finding that maize mt and ct tRNA His genes are
100% homologous (25), suggest that DNA transfer between chloroplasts and
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mitochondria are recent, ongoing events because insufficient sequence
diversity has occurred to calculate an evolutionary divergence rate (3,5).
Because the camwmon ct and mt 1.7 kb sequence is located 11 kb fraom the ct
23S rRNA gene and 9 kb fram the mt 26S rRNA gene, it is possible that,
after organelle fusion, the two genames were aligned by the highly
hamologous  ( 270%) rRNA qenes (26,27) and the common sequence transferred
by gene conversion. This 1.7 kb sequence then diverged by specific gene

conversions in the mt copy of the ct sequence (the direct repeats
indicated in Fig.3 are unmodified in the ct genome but modified in the mt

genome). These common ct and mt sequences may account, in part, for the
large variable size of the plant mt genome (28). There are no reports of
mt sequences being transferred to ct genomes indicating that ct genames
have an invariable size which cannot accamodate foreign DNA insertions. It
is 1likely that DNA modifying and repair mechanisms are different in mt and
ct and that the enzymes involved in mt recombination are site specific
unlike the 1long homologous pairing mechanism of the recA protein system
(29), at least in this special case dealing with ct sequences inserted in
the mt DNA molecule.

A collection of common mt and ct sequences, an understanding of _
organelle DNA transfers and a knowledge of mt DNA modifying and repair
enzymes may enable the manipulation and expression of foreign genes in
plant mitochondria.
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