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Abstract We used the chloroplast gene rbcL as a model
to study the frequency and relative timing of transfer of
chloroplast sequences to the mitochondrial genome.
Southern blot survey of 20 mitochondrial DNAs con-
firmed three previously reported groups of plants con-
taining rbcL in their mitochondrion, while PCR studies
identified a new mitochondrial rbcL. Published and
newly determined mitochondrial and chloroplast rbcL
sequences were used to reconstruct rbcL phylogeny. The
results imply five or six separate interorganellar transfers
of rbcL among the angiosperms examined, and hundreds
of successful transfers across all flowering plants. By
taxonomic criteria, the crucifer transfer is the most an-
cient, two separate transfers within the grass family are
of intermediate ancestry, and the morning-glory transfer
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is most recent. All five mitochondrial copies of rbcL
examined exhibit insertion and/or deletion events that
disrupt the reading frame (three are grossly truncated);
and all are elevated in the proportion of nonsynony-
mous substitutions, providing clear evidence that these
sequences are pseudogenes.
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Introduction

The movement of DNA between the physically distinct,
but functionally interacting genetic systems of the nu-
cleus, plastid, and mitochondrion has been an important
force in structuring these genomes. For example, the
greatly reduced size of organelle genomes compared
with their once free-living bacterial progenitors is in part
a consequence of massive gene transfer to the nucleus
(Gray 1983; Palmer 1992).

The first report of chloroplast sequences in the mi-
tochondrial genome was that of Stern and Lonsdale
(1982) who described a 12-kb sequence in maize mitoc-
hondrial DNA (mtDNA) originating from the inverted
repeat region of the chloroplast genome. Many subse-
quent studies have demonstrated the presence of numer-
ous chloroplast sequences in the mitochondrial genome
of all angiosperms examined [but not Marchantia (Oda
et al. 1992) or any green algae (Turmel et al. 2002;
http://megasun.bch.umontreal.ca/ogmp/projects/other/
mt_list.html)], whereas no sequences of mitochondrial or
nuclear origin have ever been discovered in plant
chloroplast DNAs (cpDNAs; for a review see Lonsdale
1989; see also Stern and Palmer 1986; Nugent and Palmer
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1988; Schuster and Brennicke 1988; Siculella and
Palmer 1988; Folkerts and Hanson 1989; Palmer 1992;
Nakazono and Hirai 1993; Marienfeld et al. 1999; Kubo
et al. 2000).

While many studies have documented the number
and extent of chloroplast-derived sequences present in
various angiosperm mtDNAs, very little is known about
the dynamics and frequency of these sequence transfer
events and the subsequent evolution of the transferred
sequences in the mitochondrion. Nugent and Palmer
(1988) examined the timing of transfer of cpDNA
sequences into the mitochondrial genome of six crucifer
species. Although the study demonstrated sequential
transfer of various sequences from the chloroplast to the
mitochondrion during evolution of Brassicaceae, the
study could only hint at the dynamics of DNA transfer
operable throughout angiosperm evolution—predicting
a relatively slow, but ongoing process.

Our objectives in the present study were to use rbcL as
a representative chloroplast sequence to assess the dis-
tribution of chloroplast sequences in the mitochondrial
genome of angiosperms, to determine the frequency and
relative timing of chloroplast-to-mitochondrion transfer
events with respect to the species divergence, and to
examine the dynamics of sequence evolution following
intracellular gene transfer. The primary advantages of
using rbcL (which encodes the large subunit of ribulose-
1,5-bisphosphate carboxylase/oxygenase) as a model are
the vast database for chloroplast rbcL sequences cur-
rently available for flowering plants (e.g., Kéllersjo et al.
1998) and the fact that mitochondrial rbcL sequences
have already been characterized from several angio-
sperms (Lonsdale et al. 1983; Moon et al. 1987; Stern
1987; Nugent and Palmer 1988; Unseld et al. 1997).

Materials and methods

DNA manipulations

mtDNA samples were isolated from either green leaves or etiolated
seedlings, according to the DNase I procedure of Kolodner and
Tewari (1972). Southern blot hybridization was carried out at
60 °C in Blotto solution [0.5% non-fat dry milk, 1% SDS, 4x sa-
line-sodium citrate (SSC), preheated to 60 °C]. After hybridization,
the blot was washed in 2x SSC, 0.5% SDS, with three 5-min
washes at room temperature followed by three 30-min washes at
60 °C.

The clones used for sequencing had several sources. The Bras-
sica rapa clones containing rbcL were derived from the mitoc-
hondrial clone bank of Palmer and Shields (1984) and the
chloroplast clone bank of Nugent and Palmer (1988). The maize
mitochondrial clone containing the rbcL gene, pLSH20 of Lonsdale
et al. (1983) was kindly provided by D.M. Lonsdale. Chloroplast
and mitochondrial copies of rbcL from Ipomoea coccinea were
amplified by PCR and subsequently cloned into the plasmid vector
BlueScript SK+ (Stratagene), as described by Olmstead et al.
(1992).

All sequencing was by the dideoxynucleotide chain termination
method, using a combination of subcloning into M13mpl8 and
M13mpl9, cloning into plasmid vectors, a series of nested deletions
created by Exonuclease III digestion (Erase-A-Base, Promega), and
universal and specific synthetic oligonucleotide primers, including

some kindly provided by G. Zurawski. The original sequences
reported here were deposited in GenBank under accession numbers
AY167975-AY167986.

Data analyses

Phylogenetic relationships were determined for the transposed
copies of rbcL present in the mitochondrial genome, along with
sequences taken from GenBank for genuine chloroplast rbcL from
the same species and other related taxa. Sequence alignments were
done using the program CLUSTAL W ver 1.81 (Thompson et al.
1994). Phylogenetic relationships were determined by maximum
likelihood analyses using the program PAUP" ver 4.0b10 (Swof-
ford 2002). For each data set, ten separate heuristic searches were
conducted, using random sequence addition and tree bisection/re-
connection branch-swapping. The likelihood model parameters
were as follows: six nucleotide substitution categories, I distribu-
tion model for substitution rate variation among sites approxi-
mated with four discrete rate classes represented by the mean of
each class, and a proportion of the sites assumed invariant. Values
of the I' distribution shape parameter, o, nucleotide substitution
rates, proportion of invariant sites, and base frequencies were es-
timated from the data, based on a initial neighbor-joining tree.
These initial parameter estimates were applied in heuristic searches.
Parameters were re-estimated for the final tree and applied in the
analysis of the 2000 bootstrap samples. Alternative topologies were
compared with a log likelihood test (Kishino and Hasegawa 1989)
using PAUP".

Ancestral sequences were inferred with the method of Yang
et al. (1995), using the program baseml from PAML ver 3.1
(Yang 1997). The mitochondrial and chloroplast copies of rbcL
were each compared with the inferred sequence for their most
recent common ancestor, to determine the nucleotide substitution
patterns. The numbers of nonsynonymous substitutions per non-
synonymous site, dy, synonymous substitutions per synonymous
site, ds, and ratio of the two, @ = dy/ds, were determined with the
method of Yang and Nielsen (2000), using the program yn00 from
PAML.

Results

Presence of rbcL sequences
in angiosperm mitochondrial genomes

mtDNA preparations from 20 angiosperms were tested
for the presence of rbcL sequences by Southern blot
hybridization. A 1.2-kb fragment internal to the pea
(Pisum sativum) chloroplast rbcL gene hybridized to
many of the DNAs (Fig. 1); and all three mtDNAs not
shown in the figure [spinach (Spinacia oleracea), water-
melon (Citrullus lanatus), petunia (Petunia hybrida)] did
not hybridize to the rbcL probe. The hybridization sig-
nals marked ¢ in Fig. 1 are attributed to contaminating
cpDNA, based on the known sizes of chloroplast rbcL-
containing fragments in these species and on previous
rbeL hybridizations to side-by-side digests of mtDNA
and cpDNA for each of these taxa, except Lactuca sativa
(see Electronic supplementary material). All but one of
the remaining signals (marked m1) are attributed to bona
fide rbcL hybridization to mtDNA. Moreover, for maize
(Fig. 1, lane 2), the five crucifers (lanes 11-15), and
cucumber (lane 17), previous studies have already
established the presence of rbcL sequences in mtDNA
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Fig. 1 Detection of rbcL sequences in angiosperm mitochondrial
(mt)DNASs by Southern blot hybridization. Top panel Electropho-
resis in a 1.0% agarose gel of mtDNA from Triticum aestivum
(wheat, lane 1, Pstl fragments), Zea mays (maize, lane 2, BamH]I),
Lactuca sativa (lettuce, lane 3, Xhol), Helianthus annuus (sunflower,
lane 4, Pstl), Solanum lycopersicum (tomato, lane 5, BamHI),
Nicotiana tabacum (tobacco, lane 6, Pstl), Oenothera johansen
(evening primrose, lane 7, HindIll), Pisum sativum (pea, lane 8,
Pstl), Phaseolus vulgaris (common bean, lane 9, Pstl), Vigna
radiata (mung bean, lane 10, Pstl), Capsella bursa-pastoris (shep-
herds purse, lane 11, Pstl), Crambe abyssinica (lane 12, Pstl),
Raphanus sativus (radish, lane 13, Pstl), Brassica rapa (mustard,
lane 14, Pstl), Arabidopsis thaliana (lane 15, Pstl), Cucurbita
maxima (squash, lane 16, Pvull), and Cucumis sativus (cucumber,
lane 17, Pvull). Bottom panel Hybridization to a filter blot of the
above agarose gel with a 3?P-labeled plasmid containing a 1,167-bp,
Pstl-HindIIl, rbcL gene internal fragment from pea chloroplast
DNA inserted into plasmid vector pIC20R. The letters m and c
indicate bands of putative mitochondrial and chloroplast origin,
respectively. Numerals at the left side provide a scale for
approximate size in kilobasepairs
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(Lonsdale et al. 1983; Stern and Palmer 1984; Stern
1987; Nugent and Palmer 1988). The only ambiguous
signal with respect to genome of origin is the weak signal
for Oenothera johansen (lane 7; this signal was clear in
the original autoradiogram and on longer exposures, but
does not reproduce well), for which a cpDNA restriction
site map is not available for HindIII.

These hybridizations identify one clear-cut new case
of rbcL sequences in mtDNA, in squash (Cucurbita
maxima), although mitochondrial rbcL has already
been reported in another member of the same genus
(C. pepo, zucchini; Stern 1987), in another genus in the
same family (Cucumis sativus, cucumber; Stern 1987;
Fig. 1), and one ambiguous case in Oenothera (see
above). Except for the Poaceae, for which maize
(lane 2) but not wheat (lane 1; Watanabe et al. 1994)
showed mtDNA hybridization, a consistent pattern of
entirely positive or negative hybridization was observed
within each of the six multiple-sampled families within
the present study.

mtDNA from morning glory (I. coccinea) was not
included in the above Southern blot survey. However, a
potential mitochondrial rbcL sequence (i.e., a clear
pseudogene, see next section) was amplified from
morning glory together with an intact rbcL gene as part
of an independent rbcL phylogenetic study. Diagnostic
Southern blot experiments were then performed on
mtDNA- and cpDNA-enriched fractions from morning
glory, which showed that the intact rbcL sequence is
located in the chloroplast genome and the rbcL pseud-
ogene is located in the mitochondrial genome (data not
shown).

Relationships of chloroplast and mitochondrial
copies of rbcL

We sequenced mitochondrial rbcL genes from three di-
verse angiosperms: maize, morning glory, and the cru-
cifer B. rapa (for details of the sequences and their
alignments, see Electronic supplementary material).
Previously determined sequences of mitochondrial rbcL
were available from rice (Nakazono and Hirai 1993) and
Arabidopsis (Unseld et al. 1997). Phylogenetic analyses
were conducted to determine the relationships of these
five transferred sequences of rbcL and those rbcL genes
still resident in the chloroplast genome. This was done to
estimate the timing of transfer events from the chlo-
roplast genome to the mitochondrial genome, relative to
species divergence. Preliminary analyses strongly sug-
gested that the five mitochondrial rbcL sequences are the
result of three clearly separate transfer events or pairs of
events and therefore separate analyses were subse-
quently performed that focused on taxa closely related
to those containing the mitochondrial rbcL sequences
analyzed in this study.

The phylogenetic tree (Fig. 2) for rbcL from Poaceae
and an outgroup family is congruent with the parsimo-
ny-based tree of Duvall and Morton (1996); and only the



134

AN Uiticum
39 Aegilops
100 —— Hordeum

io—E—__ Puccinellia
Avena

81 Phragmites

Arundo
96

Eragrostis

-23_{-——— Muhlenbergia
Erioneuron

Sorghum

100

86 100

— Zeamt

56

- Zea

63 ™ Tripsacum

] Cenchrus
g6 Pennisetum
Neurachne
e GUAAUA
66 Zizania
89 Oryzamt
Leersia
Oryza
Bambusa
Chusquea
Phyllostachys
Lithacne
Joinvillea

Fig. 2 rbcL phylogeny showing two separate interorganellar
transfers within Poaceae evolution. Shown is a maximum likeli-
hood tree with branch lengths proportional to the amount of
inferred nucleotide differences for Poaceae and the outgroup taxon
(Jonivilleaceae: Joinvillea plicata). The letters mt indicate sequences
of putative mitochondrial origin; and all others are chloroplast
sequences. Numerals adjacent to branches indicate the percentage of
bootstrap replicates supporting the clade out of 2,000 bootstrap
replicates. The log likelihood value is —4,979.59

placement of Guadua appears contrary to other evidence
(E. Kellogg, personal communication). Within the
Poaceae, the phylogenetic analysis strongly indicates
that the sequences of rbcL in the mitochondrial genomes
of maize and rice originate from separate transfer events.
Each mitochondrial copy of rbcL is clearly more closely
related to the chloroplast copy from the same species
than the two are to each other (Fig. 2). This interpre-
tation is supported by the Southern blot survey, which
did not show evidence for rbcL in the mitochondrial
genome of wheat (Fig. 1). The phylogenetic placement
of rice mitochondrial rbcL in Fig. 2 [(Oryza mt, Zizania)
(Oryza, Leersia)] is obviously incorrect if one assumes
strictly vertical inheritance. We therefore evaluated three
alternative topologies and estimated the log likelihood
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Fig. 3 rbcL phylogeny showing a single interorganellar transfer
early in Brassicaceae evolution. Shown is a maximum likelihood
tree with branch lengths proportional to the amount of inferred
nucleotide differences for Brassicaceae and outgroup taxa (Capp-
aridaceae: Polansisia dodecandra, Capparis spinosa, C. hastata,
Crateva odora; Tovariaceae: Tovaria pendula; Resedaceae: Reseda
alba). The letters mt indicate sequences of putative mitochondrial
origin; and all others are chloroplast sequences. Numerals adjacent
to branches indicate the percentage of bootstrap replicates
supporting the clade out of 2,000 bootstrap replicates. The log
likelihood value is —3,418.11

associated with each: (1) the rice mitochondrial sequence
as sister to the rice chloroplast sequence {Zizania
[(Oryza mt, Oryza) Leersial}, implying that the trans-
position event took place after the divergence of rice
from Leersia, (2) the rice mitochondrial sequence as
sister to the chloroplast sequences of rice and Leersia
{Zizania [Oryza mt (Oryza, Leersia)]}, implying that the
transposition event took place after the divergence of
rice and Leersia from Zizania, but before the divergence
of rice from Leersia, (3) the rice mitochondrial sequence
as sister to the other three chloroplast sequences {Oryza
mt [Zizania (Oryza, Leersia)]}, implying that the trans-
position event took place in an ancestor common to all
three genera. None of the log likelihood values for these
alternative topologies was significantly different from
that of the tree shown in Fig. 2, as determined by the log
likelihood test of Kishino and Hasegawa (1989).
Therefore, we conclude that the transferred rbcL gene
was probably vertically transmitted through the mitoc-
hondrial lineage of Oryza and its relatives, but that poor
resolution of the rbcL phylogeny precludes a precise
estimate of the timing of transfer.
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Fig. 4 rbcL phylogeny showing a recent interorganellar transfers
within the genus Ipomoea. Shown is a maximum likelihood tree
with branch lengths proportional to the amount of inferred
nucleotide differences for Convolvulaceae and outgroup taxa
(Solanaceae: Solanum lycopersicum, Nicotiana tabacum, Petunia
hybrida). The letters mt indicate sequences of putative mitochond-
rial origin; and all others are chloroplast sequences. Numerals
adjacent to branches indicate the percentage of bootstrap replicates
supporting the clade out of 2,000 bootstrap replicates. The log
likelihood value is —2,951.05

The phylogenetic tree (Fig. 3) for Brassicaceae and
related families is largely congruent with the parsimony-
based tree of Rodman (1993). In contrast to the separate
phylogenetic placement and origin of the two grass mt
rbcL sequences, the Brassica and Arabidopsis mitoc-
hondrial rbcL sequences were each members of a
trichotomy, with the third member being the entire set of
ten Brassicaceae chloroplast rbcL sequences analyzed,
including the three very closely related Brassica
sequences and the one Arabidopsis sequence. From this
it can be inferred that, most likely, a single transfer event
occurred at about the time of the origin of the mono-
phyletic Brassicaceae from the paraphyletic Cappara-
ceae. This inference is congruent with that of Nugent
and Palmer (1988), who showed that rbcL is present in
the same mitochondrial genome location in diverse
crucifers.

The relationships inferred for taxa within Convol-
vulaceae and Solanaceae as shown in Fig. 4 are con-
gruent with the parsimony tree of Soltis et al. (2000).
The tree shows that the chloroplast and mitochondrial
copies of rbcL from I. coccinea share a more recent
common ancestor than either does with a second species
in the genus, /. pupurea. This implies that this transfer of
rbcL from the chloroplast genome to the mitochondrial
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genome occurred rather recently, subsequent to the di-
vergence of the two Ipomoea species.

Comparison of chloroplast and mitochondrial
sequence evolution

Examination of chloroplast and mitochondrial se-
quences from the same species virtually eliminates
possible confounding effects associated with differences
in species history because, except for a very few unusual
plants, both the chloroplast and the mitochondrion
are always transmitted through the same, usually
maternal, parent. Comparing mitochondrial and chlo-
roplast sequences with their inferred common ancestor,
rather than directly with each other, allows one to
account for differences subsequent to the transfer event
that have occurred in each of the sequences indepen-
dently. Furthermore, using the inferred most recent
common ancestral sequence as a reference allows for
polarization of insertion, deletion, and substitution
events (e.g., substitution of A-to-T is distinguishable
from T-to-A). We inferred ancestral sequences, based on
the trees shown in Figs. 2, 3, 4, using the method of
Yang et al. (1995).

Although precise comparisons are confounded, be-
cause of the inability to separate the effects of selection
on functional characteristics (e.g., amino acid sequence,
codon usage bias) from genome-specific substitution
patterns, some broad patterns can be noted. For three of
the five comparisons (all but Brassica and Arabidopsis),
mitochondrial rbcL has more inferred nucleotide sub-
stitutions, n4, than chloroplast rbcL, although the dif-
ferences are subtle in some cases (Table 1). A clearer
trend is seen in w, the ratio of nonsynonymous substi-
tutions per nonsynonymous site, dy, to synonymous
substitutions per synonymous site, ds (Table 1). In all
cases, mitochondrial rbcL has a higher w value (in four
of five cases, much higher) than chloroplast rbcL (Ta-
ble 1). These observations suggest that mitochondrial
rbeL is evolving as a pseudogene. Consistent with this
hypothesis, three of the mitochondrial genes (from Ip-
omoea and both crucifers) are grossly truncated and all
five mitochondrial genes have sustained one or more
internal frameshift mutations (see Table 1 for total

Table 1 Divergence of chloroplast and mitochondrial sequences of rbcL from their inferred most recent common ancestral sequence.
Brassica and Arabidopsis represent the same transfer event (see text).n; Number of nucleotide differences, dy nonsynonymous substitu-
tions per nonsynonymous site, dg synonymous substitutions per synonymous site, m = dy/ds,indels number of internal insertions/deletions

(with number of frameshifts in parentheses)

Taxon Length Chloroplast Mitochondrion

(bp) ng dn ds w indels ng dn ds w indels
Zea mays 1,410 2 0.0000 0.0059 0.0000 0 4 0.0029 0.0000 >1.0000 5(5)
Oryza sativa 1,411 15 0.0037 0.0347 0.1073 0 39 0.0267 0.0392 0.6804 4 (3)
Brassica rapa 1,118 26 0.0069 0.0904 0.0759 0 10 0.0072 0.0110 0.6541 1(1)
Arabidopsist haliana 574 7 0.0045 0.0403 0.1122 0 S 0.0118 0.0000 >1.0000 2(2)
Ipomoea coccinea 1,102 6 0.0034 0.0133 0.2600 0 7 0.0037 0.0123 0.2974 22
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number of indels and associated frameshifts for each of
the five genes).

Discussion

The phylogenetic analyses of chloroplast and mitoc-
hondrial rbcL sequences presented here allow us to infer
at least five independent trans-organellar transfers of
this gene during angiosperm evolution. Four of these
transfers are illustrated in the trees presented in Figs. 2,
3, 4, while a fifth transfer follows from the fact that each
of these transfers is family-specific and therefore the
unsequenced mitochondrial rbcL genes of cucurbits
(Cucurbitaceae) must be of separate derivation. Both
species of Cucurbita examined (C. maxima, squash;
C. pepo, zuchini) contain mitochondrial rbcL sequences,
whereas only one of two examined Cucumis species
(C. sativus, cucumber; but not C. melo, muskmelon)
does (Stern 1987; this study). Therefore, sequencing and
phylogenetic analyses of cucurbit rbcL sequences are
needed to determine whether this heterogeneous pattern
reflects two independent rbcL transfers in the family (as
seen in the grass family; Fig. 2), i.e., one each in
Cucurbita and Cucumis lineages, or a more ancient
transfer (as in the crucifer family; Fig. 3) with subse-
quent loss of mitochondrial rbcL in C. melo.

To our knowledge, this is the first study to document
many independent (and relatively recent) transfers of a
particular chloroplast sequence to the mitochondrial
genome during plant evolution. In some sense, this is
surprising, for by 1988 copies of rbcL were known to be
present in the mitochondrial genome of a diverse array
of angiosperms (i.e., maize, rice, crucifers, cucurbits;
Lonsdale et al. 1983; Moon et al. 1987; Stern 1987;
Nugent and Palmer 1988). However, most of those
transfers were characterized only by Southern blot hy-
bridization. Our ability in this study to derive a clear
understanding of whether the widespread presence of
rbcL in plant mtDNA reflects primarily one or a few
ancient transfers (and many subsequent losses in those
plants shown to lack it in their mtDNAS) or many rel-
atively recent transfers results from our having: (1)
sequenced mitochondrial rbcL from three diverse plants
and (2) carried out the first phylogenetic analyses de-
signed to elucidate the frequency and recency of rbcL
transfer. Many other chloroplast-to-mitochondrial
transfers have been inferred to be recent; and these in-
ferences rest essentially entirely on the basis of a high
sequence similarity of trans-organellar duplicates from
within a plant (e.g., Marienfeld et al. 1999), as opposed
to formal phylogenetic analysis as presented here.
However, other transfers are known to be relatively
ancient and thus it was not at all clear when going into
this study what picture would emerge for rbcL, with
respect to its frequency and timing of transfer. The in-
dependent transfers of rbcL shown here in the grass
lineages leading to rice and maize stand in contrast to

the more ancient transfer of other chloroplast sequences
(such as the rpsi9/trnH region) in their common ances-
tor, early in grass evolution (Kanno et al. 1997), much
less the truly ancient transfer of a tRNA gene cluster
very early in angiosperm evolution, in the common
ancestor of monocots and a broad array of dicots (Kubo
et al. 1995).

We find it remarkable that at least five, possibly six,
independent interorganellar transfers of rbcL are now
documented, considering how poorly angiosperms have
been sampled in this regard (only 8 of over 300 families
and 22 of over 300,000 species have been examined). By
extrapolation, it seems reasonable to infer that rbcL
transfer to mtDNA has occurred many more times
during angiosperm evolution, perhaps even hundreds of
times.

The frequent presence of rbcL and other chloroplast
sequences in mtDNA, combined with the exceptionally
low substitution rate in plant mtDNA (Gaut 1998),
highlights the potential for PCR amplification of non-
chloroplast sequences, even when using primers based
on chloroplast sequences. At the same time, however,
the common occurrence of frameshift mutations in these
transferred sequences (Table 1), combined with the
rarity of pseudogenes in cpDNA, provides excellent
clues that a particular PCR-generated sequence might be
the product of interorganellar transfer [e.g., see the un-
ambiguous pseudogene of rbcL identified by PCR
in Beaumontia (Sennblad et al. 1998) and the likely rbcL
pseudogene identified in Canella (the Canella B sequence)
by Qiu et al. (1993)].

From the standpoint of taxonomic rank, the crucifer
transfer is the most ancient (in the common ancestor of
all Brassicaceae; Fig. 3) of the four rbcL transfer cases
for which sequence and phylogenetic information are
available, the two grass transfers are of intermediate
ancestry [occurring within the rice and maize subfamilies
(Oryzoideae and Panicoideae, respectively); Fig. 2], and
the morning-glory transfer is the most recent (within
genus Ipomoea; Fig. 4). From the standpoint of molec-
ular divergence, the timing of transfer could in principle
be estimated from the amount of either chloroplast or
mitochondrial sequence divergence (Table 1). However,
because substitution rates can vary widely in both mi-
tochondrial and chloroplast genomes of plants (Gaut
et al. 1992; Eyre-Walker and Gaut 1997; Gaut 1998) and
because relatively few substitutions have occurred
(Table 1), it is probably unwise to invoke any molecular
clock assumptions to infer the relative (or absolute)
timing of these transfers.

Two lines of evidence, frequent truncations and
frameshift mutations and higher value for w (Table 1),
make it clear that the five sequenced mitochondrial rbcL
loci are all pseudogenes. This is not surprising, given
that the only known function in land plants of the large
subunit of ribulose-1,5-bisphosphate carboxylase-oxy-
genase (the rbcL gene product) is in photosynthetic
carbon fixation. However, it is not out of the question to
imagine that rbcL might occasionally be co-opted into



some pathway of mitochondrial carbon metabolism,
given that functional rbcL genes are present in a number
of nonphotosynthetic archaebacteria and eubacteria
(Maeda et al. 1999) and in the permanently nonphoto-
synthetic plastid of the euglenoid alga Astasia longa
(Siemeister and Hachtel 1990).
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