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Horizontal gene transfer is surprisingly common among plant mitochondrial genomes. The first well-established case
involves a homing group I intron in the mitochondrial cox/ gene shown to have been frequently acquired via horizontal
transfer in angiosperms. Here, we report extensive additional sampling of angiosperms, including 85 newly sequenced
introns from 30 families. Analysis of all available data leads us to conclude that, among the 640 angiosperms (from 212
families) whose cox!/ intron status has been characterized thus far, the intron has been acquired via roughly 70 separate
horizontal transfer events. We propose that the intron was originally seeded into angiosperms by a single transfer from
fungi, with all subsequent inferred transfers occurring from one angiosperm to another. The pattern of angiosperm-to-
angiosperm transfer is biased toward exchanges between plants belonging to the same family. Illegitimate pollination is
proposed as one potential factor responsible for this pattern, given that aberrant, cross-species pollination is more likely
between close relatives. Other potential factors include shared vectoring agents or common geographic locations. We
report the first apparent cases of loss of the cox! intron; losses are accompanied by retention of the exonic coconversion
tract, which is located immediately downstream of the intron and which is a product of the intron’s self-insertion
mechanism. We discuss the many reasons why the cox/ intron is so frequently and detectably transferred, and rarely lost,
and conclude that it should be regarded as the “canary in the coal mine” with respect to horizontal transfer in angiosperm

mitochondria.

Introduction

Until recently, horizontal transfer was virtually un-
known to occur between multicellular eukaryotes, except
for the special case of mobile genetic elements (Robertson
2002). In the last few years, however, horizontal gene trans-
fer (HGT) from one land plant to another has been shown to
be surprisingly common (reviewed in Richardson and
Palmer 2007). Almost all cases involve genes transferred
from one plant mitochondrial genome to, most likely, that
of another plant (Bergthorsson et al. 2003, 2004; Won and
Renner 2003; Davis and Wurdack 2004; Mower et al.
2004). In contrast, no convincing evidence of HGT has
been found in land plant chloroplast genomes despite far
greater sampling (Rice and Palmer 2006), and only 2 cases
of horizontally transferred nuclear genes or mobile genetic
elements have been described in plants (Diao et al. 2006;
Ghatnekar et al. 2006).

The most extensive case of HGT known among flow-
ering plants involves the sole group I intron found thus far
in angiosperm mitochondrial genomes. Multiple lines of
evidence indicate that this intron, located in the gene encod-
ing cytochrome oxidase subunit 1 (cox/), has been horizon-
tally acquired numerous times during angiosperm
evolution, with at least the first transfer having occurred
from a fungal donor (Vaughn et al. 1995; Adams et al.
1998; Cho et al. 1998; Cho and Palmer 1999; Barkman
et al. 2007). Like many other group I introns (Lambowitz
and Belfort 1993; Goddard and Burt 1999), the angiosperm
coxl intron is an invasive genetic element, thanks to its en-
coded DNA “homing” endonuclease, whose lengthy target
site is typically present only once per genome (Lambowitz
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and Belfort 1993; Lambowitz et al. 1999, supplementary
fig. S1, Supplementary Material online). Cleavage by the en-
donuclease at the target site of an intronless allele results in
insertion of the intron (together with its open reading frame
[ORF]) via the double-strand break repair pathway (Cech
1990; Lambowitz and Belfort 1993; Lambowitz et al. 1999).

To gain new insights into patterns and mechanisms of
cox intron transfer and evolution in angiosperms, we have
surveyed 197 angiosperms to determine the phylogenetic
distribution of the cox! intron. Almost all the newly discov-
ered intron-containing cox/ genes were sequenced, which
led to further targeted sequencing of intron-bearing as well
as intron-lacking genes occupying pivotal phylogenetic po-
sitions. Our findings more than triple the number of avail-
able cox!/ intron sequences in angiosperms and double the
number of inferred acquisitions of this intron via HGT
among angiosperms. This increased sampling also reveals
the first known cases of loss of this intron. We conclude that
all cox! intron transfers except for an initial “seed transfer”
from fungi occurred by plant-to-plant transfer and that
transfer often occurs between closely related species
(e.g., between members of the same family). We propose
that illegitimate pollination or shared vectoring agents
might be important mechanisms of horizontal transfer in
angiosperms.

Materials and Methods

Plant DNAs were either prepared using a cetyl trimethyl
ammonium bromide DNA extraction protocol (Doyle JJ
and Doyle JL 1987) or obtained from other sources (see
Acknowledgments). Plant accession numbers are listed
in Supplementary table S1 (Supplementary Material
online).

The coxI gene was amplified by polymerase chain
reaction (PCR) using 2 sets of primers. Primers cox1-1
(5'"-AYGAMAAATCYGGTYGATGG-3") and coxl1-4
(5'-ACCGRATCCAGGCAGAATGRG-3") amplify exon
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1 (and the intron when present), yielding products that were
750 nt long (or 1,735 nt). Primers cox1-3 (5'-CATCTCTT-
TYTGTTCTTCGGT-3") and cox1-6 (5'-AGCTGGAAG-
TTCTCCAAAAGT-3") amplify exon 2 (and the intron
when present), yielding products of 800 nt (or 1.8 kb).
PCR products were purified using ExoSAP-IT (United
States Biochemical, Cleveland, OH) and sequenced using
an ABI 3730 (Applied Biosystems, Foster City, CA). Se-
quencing primers include PCR primers and 2 other primers
located in the intron: cox1-10 (5'-TGACTACTAT-
CAAAGTAGA-3") and cox1-8 (5'-GTAGAGTCTTA-
TAAGGTAGT-3"). GenBank accession numbers from
sequences reported here are listed in Supplementary table
S1 (Supplementary Material online).

Sequences were aligned manually with MacClade 4.0
(Maddison W and Maddison P 2000). Phylogenetic analy-
ses were performed on a data set of almost all available cox/
intron sequences from angiosperms and on a data set of
coxI exon sequences that included most intron-containing
angiosperms. Supplementary table S1 (Supplementary
Material online) includes GenBank accession numbers
for all sequences included in phylogenetic analyses.

Maximum likelihood analyses of the intron and exon
data sets were performed with Garli 0.951 (Zwickl 2006)
under the general time reversible model with parameters
for invariable sites and gamma-distributed rate heterogene-
ity (GTR + I + TI'4; 4 rate categories). This substitution
model was supported by hierarchical likelihood ratio tests
done using Modeltest v.3.5 (Posada and Crandall 1998).
Ten independent runs were conducted using the automated
stopping criterion or for up to 5,000,000 generations to en-
sure convergence to a similar topology and likelihood
score. Five hundred bootstrap replicates were performed.
The data matrices and optimal trees are available in Tree-
Base (http://www.treebase.org/treebase/), accession num-
ber S1907.

The CONSEL package (Shimodaira and Hasegawa
2001) was used to calculate the approximately unbiased
(AU) P values for unconstrained and constrained trees. Us-
ing reduced intron data sets including only taxa from Rham-
naceae or Apocynaceae, we compared the unconstrained
intron tree topology with the topology constrained accord-
ing to organismal phylogeny (i.e., with strictly vertical in-
heritance of the intron). The most likely tree under each
constraint was determined by searching for the best tree
compatible with that constraint using PAUP* (Swofford
et al. 2002). The site likelihoods for this tree and for the
best tree in the unconstrained analysis were exported from
PAUP#*, and the AU P values were calculated from these
data.

We scored the presence/absence of the cox/ intron
(unordered character) for all taxa included in figure 1
and reconstructed the ancestral states based on the maximum
parsimony (MP) criteria on using MacClade (Maddison W
and Maddison P 2000). Reconstructions were performed
on the organismal cladogram shown in figure 1. Polyto-
mies were resolved in 3 different ways: randomly and
such that the minimum and maximum number of steps
were necessary. Ambiguous state reconstructions were re-
solved using both ACCTRAN (accelerates changes to-
ward the root and favors loss over independent gains of
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character states) and DELTRAN (delays changes away
from the root and favors independent gains over losses).
In addition, reconstructions based on Dollo parsimony
were performed (independent intron gains not allowed,
i.e., a single intron acquisition and any number of losses).

We conducted the concentrated changes test as imple-
mented in MacClade (Maddison 1990) to evaluate whether
the origins of the coconversion tract (CCT) are concentrated
in clades with intron presence. We scored all taxa for which
we have information for both intron and CCT presence. The
CCT was scored as “present” when all 6 nt differences that
define the CCT (i.e., CCT = 6) were observed or a subset
of them (CCT = 1-5; see Results and Discussion). Those
cases with other differences in this region were scored as
CCT = “absent,” for example, in Peperomia and Plantago.
Character state reconstructions were performed as de-
scribed above. Using these reconstructions, we tested for
an association between intron presence and CCT presence
using the concentrated changes test (Maddison 1990).
Because the number of operational taxonomic units was
prohibitively large (190), we ran a simulated sample size
of 10,000 using the MINSTATE reconstruction option
and constraining state O to be ancestral.

Results and Discussion
Evidence of HGT from cox/ Intron Distribution

We used PCR to assess the presence/absence of the
coxI intron in 197 angiosperms and sequenced the intron
from 85 species belonging to 30 families. Combining these
data with coxI sequences present in GenBank at the time
this study was conducted brings the total number of se-
quenced cox/ introns in angiosperms to 129 out of a total
of 640 species of angiosperms examined in this study. Just
prior to submission of this manuscript, Barkman et al.
(2007) reported an additional 23 cases of the cox/ intron
from a diversity of angiosperms, mostly parasitic plants.
These additional sequences have not been incorporated
in the present study because this would have caused pro-
hibitive delays and because they do not materially affect,
but only augment, the conclusions of the current study.

The intron is highly conserved in sequence across an-
giosperms and is invariably located at the same position
near the middle of the cox/ gene, creating 2 exons of typ-
ically 726 and 858 nt in length. The presence of a single
copy of the cox/ gene and intron (when present) was shown
by Southern blots analyses of more than 300 genera (Cho
et al. 1998). No evidence for intron presence/absence poly-
morphism or heteroplasmy was detected in our study.

The phylogenetic distribution of the cox/ intron across
angiosperms is shown in figure 1, which includes 162 taxa
from 45 families containing the intron. The cladogram
shown in figure 1 was compiled from previously published
phylogenetic hypotheses (Bremer et al. 2003; Qiu et al.
2005; Soltis et al. 2005; Qiu, Li, Wang, et al. 2006). To
keep this figure from being excessively large, many multi-
ply sampled, intron-lacking clades were collapsed to a
single, terminal clade (order, family, or genus). These
50 collapsed clades represent 115 sampled families and
318 sampled species and include many of the largest groups
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of angiosperms, for example, Asterales, Fabales, and
Poales, each with more than 20,000 species. In contrast, on-
ly 2 intron-containing clades are collapsed: the Lentibular-
iaceae, because intron sequences were not available for
analysis, and the well-sampled Plantaginaceae, which is
shown in detail in figures 2 and 3D. The representational
bias of figure 1 thus gives an inflated sense of how wide-
spread the cox/ intron is among angiosperms.

Despite this distortion, the intron clearly has a very
patchy distribution across angiosperms, being entirely ab-
sent from the early-diverging lineages and sporadically
present across more derived groups. From an equal-
weighted parsimony standpoint (i.e., with intron gains
and losses weighted equally), the phylogenetic distribution
of the intron was shaped primarily by numerous indepen-
dent gain events. MP ancestral state reconstructions suggest
37-50 intron gains and 6-16 losses (totaling 53—59 steps)
depending on the resolution of polytomies in the organis-
mal phylogeny and ambiguous character reconstructions.
Under Dollo parsimony, a single ancestral intron acquisi-
tion and 112-128 intron losses are required, depending
on the alternative resolutions of polytomies. In contrast,
the phylogenetic distribution of the 22 group II introns
in angiosperm mitochondrial genomes (the cox! intron is
the only group I intron known in these genomes) is strik-
ingly different. These group II introns are widely present
across angiosperms, clearly ancestrally so (Malek and
Knoop 1998; Chaw et al. 2008), with only occasional absen-
ces readily interpreted as cases of intron loss (Gugerli et al.
2001; Joly et al. 2001; Kudla et al. 2002). The cox! intron is
not expected to be more susceptible to loss than these group
II introns. In fact, the intron’s homing properties should
make it more recalcitrant to loss, so the very different distri-
butions of these 2 classes of introns are again consistent with
frequent, horizontal acquisition of the cox/ intron.

Evidence of HGT from CCTs

Additional evidence in support of the hypothesis of
frequent horizontal transfer of the cox!/ intron comes
from analysis of exonic CCTs. Group I homing introns
propagate themselves into intron-lacking alleles via homing
endonuclease—mediated cleavage of the intron’s target
(homing) site, followed by exonucleolytic degradation
and double-strand break repair (Cech 1990; Lambowitz

«—

Fic. 1.—Distribution of the cox/ intron among 640 angiosperms for
which cox! has been sampled. Presence of the intron is shown by red
branches on the tree, red taxon names, and plus (+) symbols. Blue lines
and names and minus (—) symbols identify taxa lacking the intron.
Question marks indicate that exon sequences are not available for that
taxon. Blue and red triangles at the tips of branches indicate multiply
sampled terminals, with the number of sampled taxa given in parentheses
according to the number of families (F) and species (S) sampled.
Numbers to the immediate left of plant names give the number of
nucleotides changed by exon coconversion (for most collapsed clades,
CCT data are available for only a few taxa, whereas full CCT data for the
Plantaginaceae are shown in figs. 2 and 3). Open and filled green triangles
identify introns belonging to 2 large, nested intron clades so-marked near
the top of figure 5. Yellow squares likewise identify introns belonging to
the well-supported, so-marked clade at the bottom of figure 5.
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and Belfort 1993; Lambowitz et al. 1999; Burt and Trivers
2006). During this process, the exonic regions immediately
flanking the insertion site are usually degraded to varying
lengths, and this damage is repaired using the same intron-
containing template. CCTs are the segments of flanking
exons in the recipient genome that are converted during this
process. These tracts can vary in length from one to hun-
dreds of nucleotides (Mueller et al. 1996; Jurica and
Stoddard 1999; Lambowitz et al. 1999; Caprara and Waring
2005). The extent to which exonic coconversion is detectable
depends on the number and distribution of nucleotide differ-
ences in the exons of donor and recipient alleles (fig. 2 and
supplementary fig. S2 [Supplementary Material online]).

There is no evidence in angiosperms of a CCT imme-
diately 5’ to the cox! intron, whereas a3’ CCT of 3—-18 ntin
length is indicated by the presence of 1-6 nt differences,
respectively (we refer to these tracts as CCT = 1 through
CCT = 6, fig. 2 and supplementary fig. S2 [Supplementary
Material online]). About 90% of intron-containing cox!
genes have a clearly identifiable 3’ CCT, whereas the motif
is absent in virtually all intronless genes (figs. 1-3). Intron-
less cox! genes are instead nearly identical in sequence to
each other—and thus to the inferred common ancestor of
angiosperms—in the 18-nt region corresponding to the
CCT (fig. 2 and supplementary fig. S2 [Supplementary Ma-
terial online]). Aside from the very rapidly evolving cox/
genes of Plantago (see below), sequences in the CCT are
identical across intron-containing angiosperms, with the
tract length varying in a polar manner with respect to the
intron insertion site (fig. 2 and supplementary fig. S2 [Sup-
plementary Material online]). The concentrated changes
test implemented in MacClade indicated that CCT presence
is significantly associated with intron presence (P < 0.01).
The highly significant correlation (figs. 1-3) between intron
presence/absence and CCT presence/absence supports the
hypothesis that each phylogenetically disparate group con-
taining the intron probably acquired it by an independent
HGT event. If the present-day intron distribution reflects
a few ancient transfer events with many subsequent intron
losses, we would expect to find a relict CCT in the many
coxl genes that lost the intron (see below). This hypothesis
has little support, however, because the only CCT evidence
for intron loss is restricted to a single family of angiosperms
(Plantaginaceae; figs. 1-3).

Evidence of HGT from Phylogenetic Analysis of the
coxI Intron

Phylogenetic analyses support the hypothesis of wide-
spread HGT of the cox/ intron, with the caveat that the low
substitution rates of plant mitochondrial genomes (Wolfe
et al. 1987; Palmer and Herbon 1988) sometimes yield trees
with poor resolution and/or low statistical support (Qiu, Li,
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Hendry, et al. 2006). Despite this caveat, it is striking that
whereas a phylogenetic tree of cox/ exon sequences (fig. 4)
recovers the expected organismal phylogeny reasonably
well—with not a single strongly supported conflict indica-
tive of HGT—an intron-based tree (fig. 5) conflicts grossly
with the organismal phylogeny. Conflicts are evident from
various perspectives. Most globally, taxa color coded
(green, red, and blue) according to 3 large groups of
well-established monophyly (monocots, rosids, and aster-
ids, respectively) (Jansen et al. 2007; Moore et al. 2007)
are interspersed across the intron tree (fig. 5). In contrast,
all 3 groups show the expected pattern of monophyly in the
coxl exon tree, consistent with a pattern of strictly vertical
inheritance of cox/ exons (fig. 4). More specifically, there
are numerous well-supported groupings of closely related
introns from disparately related angiosperms, for example,
the asterid Sesamum with the rosid Acalypha (97% boot-
strap support [BS], AU P = 3.00 x 107>; see top of
fig. 5), the asterid Hydrocotyle with the monocot family
Marantaceae (99% BS, AU P = 4.00 x 1075; near top
of figure), and a subset of Apocynaceae (Hoya + Nerium)
with Rubiaceae (90% BS, AU P = 0.009; a little lower in
the tree). Finally, the 2 large, well-supported intron clades
marked with colored squares or triangles in figure 5 repre-
sent taxa scattered across many disparate lineages of either
rosids, asterids, and monocots (triangles) or just rosids and
asterids (squares; figs. 1 and 5).

Despite recent discovery of a cox!/ intron in the zygo-
mycete fungus Rhizopus that is more closely related in se-
quence to the clade of angiosperm introns than are any other
known introns (Seif et al. 2005), we were unable to root the
angiosperm clade with confidence. Further sampling within
fungi might reveal still more closely related fungal introns
that would serve as appropriate outgroups, but owing to rel-
atively high rates of mitochondrial sequence evolution in
fungi relative to angiosperms, we are not optimistic that
the angiosperm intron clade will ever be rooted. Despite
lack of a proper outgroup, the root chosen for the cox/ in-
tron phylogeny as shown in figure 5 is by no means arbi-
trary, as on 2 grounds, we can exclude the root from most
parts of the angiosperm intron tree. First, we expect the root
to lie among those introns with the longest, putatively an-
cestral CCT (CCT = 6); this excludes about half of the in-
tron phylogeny. Second, the region of the 2 amino acid gap
in the intron ORF shared by all members of the large, CCT =
6 clade (Montrouziera through Scutellaria) located near the
top of figure 5 can be readily aligned with fungal ORFs
from Rhizopus and Monoblepharella (data not shown; Seif
et al. 2005), and the gap can confidently be interpreted as
a deletional synapomorphy for this large group of introns
(clade marked with yellow rectangle in fig. 5). On this basis,
the root can also be excluded from that clade, which in-
cludes more than half of the taxa possessing the ancestral
CCT.

Fic. 2.—Nucleotide alignment of the 5’ end of cox/ exon 2 from 92 angiosperms, with special reference to Plantaginaceae, Rhamnaceae, and
Marantaceae. Dots indicate nucleotide identities to the reference sequence (Vigna) shown at the top of the alignment. Plus (4) and minus (—) symbols
indicate intron presence or absence, respectively. The numbers shown next to these symbols indicate the number of nucleotides changed by
coconversion. The 2 Es at the top of the figure mark known sites of RNA editing.
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Revisiting the Evidence for Horizontal versus Vertical
Transmission of the cox/ Intron

In a recent study on the angiosperm cox/ intron,
Cusimano et al. (2008) reached entirely opposite conclusions
compared with this and previous studies (Cho et al. 1998;
Cho and Palmer 1999; Barkman et al. 2007), as stated in the
concluding sentence of their abstract: “Together, these re-
sults suggest that the cox/ intron entered angiosperms once,
has since largely or entirely been transmitted vertically, and
has been lost numerous times, with CCT footprints provid-
ing unreliable signal of former intron presence.” As ex-
plained in detail in the 3 above sections and elaborated
on in previous studies (Cho et al. 1998; Cho and Palmer
1999), 3 lines of evidence support HGT of the cox/ intron
among angiosperms: 1) the highly sporadic distribution of
the intron, 2) significant incongruence between intron and
organismal phylogenies based on AU tests and BS values,
and 3) significant association of intron and CCT presence
based on the concentrated changes test. With respect to
point 2, we believe that Cusimano et al. have seriously
downplayed the extent and magnitude of the phylogenetic
incongruence. In addition, no plausible mechanism exists
for replacement of the CCT with the ancestral exonic se-
quence “during the intron excision process,” as suggested
by Cusimano et al. (2008, p. 275) to explain the absence of
the CCT in more than 400 intron-lacking angiosperms (ca.
200 coxI sequences are available from those angiosperms),
which according to their model must have lost the intron via
some 112-128 putative intron-loss events after a single an-
cestral intron acquisition. Thus, in the absence of statistical
support for their model and with no plausible mechanism to
account for loss of the CCT (Cusimano et al. 2008), we see
no reason whatsoever to favor the intron loss hypothesis
over the HGT hypothesis.

Similar Introns with Different Length CCTs

The most challenging intron patterns to interpret in-
volve 3 small clades of entirely intron-containing taxa (/x-
ora spl and Ixora sp2 from the Rubiaceae; Saranthe,
Ctenanthe, and Maranta from the Marantaceae; and Amor-
phophallus and Xanthosoma from the Araceae) for which
the introns within each group are similar and phylogenet-
ically consistent with a single shared gain but which

FiG. 3.—Comparison of organismal (left set of trees) and intron
(right set) phylogenies for 4 families with complex evolution of the cox!
intron. The presence of the intron is shown by bold plant names and plus
(+) symbols, whereas unbolded names and minus (—) symbols identify
taxa lacking the intron. Numbers to the immediate left of names give the
number of nucleotides “ancestrally” changed by coconversion according
to the parsimony criterion (see text and fig. 2 for clarification of the
Plantaginaceae situation). The “G” and “L” mark inferred intron gains
and losses, respectively. Intron trees and BS values (>50%) are from
figure 5, with subtended intron clades belonging to families other than the
one highlighted in a particular tree indicated by a minimal number of
dashed lines ending with a star and without any plant names given (fig. 5).
The number of species examined for 4 multiply sampled clades of
Plantaginaceae is given in parentheses. The rectangle in the Rubiaceae
intron tree indicates a shared deletion of 5 nt.
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Fi6. 4—Maximum likelihood phylogeny of angiosperm cox/ coding regions using the GTR + I 4+ I'4 model of substitution. The data set includes
126 taxa, most of which have the cox!/ intron (fig. 5) and 1,256 aligned exonic positions. The CCT was excluded from the character matrix, as were sites
of known RNA editing. Taxa in red are rosids; blue, asterids; and green, monocots. Numbers on branches correspond to BS values >50% from 500
bootstrap replicates. In stark contrast to the cox!/ intron phylogeny (fig. 5), this coding region phylogeny agrees very well with organismal phylogeny.
The only notable conflict involves Siphonochilus, the basal-most member sampled from the Zingiberaceae, which groups instead with the Musaceae
(Musa + Musella). However, the latter relationship is not well supported and is probably the result of long-branch attraction (the Siphonochilus and

Musaceae branches are both very long).
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nonetheless possess different length CCTs (fig. 5). At least
4 hypotheses could explain such patterns; the first 2 postu-
late a single horizontal transfer in each group, and the latter
2 postulate multiple transfers. Hypothesis 1 posits that the
differences in CCT length are unrelated to intron transfer
and reflect sequence drift via 4—6 single-nucleotide substi-
tutions (reversions) within the 18-nt long CCT region. Hy-
pothesis 2 posits that one of the homing events during the
presumably brief period when the intron went to fixation
vis-a-vis the population of ancestrally intronless alleles hap-
pened to generate a shorter CCT (CCT = 0-2, depending
on the group) than the CCT = 6 form of the intron initially
introduced by HGT and that the 2 forms of the intron were
then fixed within descendant subgroups via lineage sorting.
Hypothesis 3 posits independent gains of each of the 2 dif-
ferent length CCT introns in each group (plus 2 separate
gains of the CCT = 6 intron in the Marantaceae group,
i.e., separate intron gains in each Marantaceae genus listed
above; see fig. 1). Hypothesis 4, like 1 and 2, posits intron
gain in the ancestor of a given group, followed in this case
by replacement of this intron-containing gene in one sub-
group by a foreign, intron-containing cox! gene with the
other length CCT. Under both hypotheses 3 and 4, the do-
nor for the additional horizontal transfers—of the intron or
whole gene, respectively—is a close relative, probably
a member of the same family (fig. 5).

Hypothesis 1 is extremely unlikely given how other-
wise conserved each pair of cox!/ genes is (fig. 4): the 2
Ixora coxl coding sequences are identical across the 684
nt sequenced outside of the CCT yet differ at 6 of 18 sites
within the CCT, Saranthe and Ctenanthe are also identical
apart from 4 CCT differences, and Amorphophallus and
Xanthosoma differ at only 4 sites apart from 5 CCT differ-
ences. Note also that all 6 CCT differences are at silent third
codon positions and therefore unlikely to be under signif-
icant selective pressure, that codon usage bias is minimal in
plant mitochondrial genomes, and that the 3'—5" polarity of
the CCT differences in the latter 2 pairs of taxa is inconsis-
tent with the occurrence of independent, single-nucleotide
substitutions. In addition, we did not find evidence for co-
evolution of this exonic region and the intron sequence. The
putative interaction of the intron and the 3’ flanking exon
involves only the first 2 nt of cox/ exon 2 (Vaughn et al.
1995), which are not variable in angiosperms (regardless of
whether they contain the intron).

Based on current sampling, hypothesis 4 is regarded as
substantially less likely than hypothesis 3 in the case of the
Rubiaceae and Araceae. This is because although the 2 hy-
potheses involve the same number of horizontal transfers,
the probability of active, homing endonuclease-mediated
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intronic HGT is much higher than that of passive, “genic”
HGT (see final section). For the Marantaceae, hypothesis 4
cannot be so readily dismissed vis-a-vis hypothesis 3 be-
cause the latter postulates 2 additional HGTs versus only
1 for the former. Hypotheses 2 and 4 invoke the at least
transitory coexistence within the mitochondrion of virtually
identical or at least highly similar, respectively, intron-
containing forms of the cox/ gene. Because repeated
sequences of this length (ca. 2.6 kb) found thus far in angio-
sperm mitochondrial genomes are in general kept identical
via frequent concerted evolution (Ogihara et al. 2005), such
highly similar cox/ genes may not escape homogenization
before they can sort out and be fixed in different plants. If
so0, then hypothesis 3 should be regarded as most likely.

Further sampling within each of the 3 groups should
help in evaluating hypotheses 2 through 4. Hypotheses 2
(CCT reduction and lineage sorting) and 4 (genic, replace-
ment HGT) predict that all members of a clade will contain
a cox] intron (of one CCT length form or the other),
whereas hypothesis 3 (separate intron transfers) predicts
the likely existence of intron- and CCT-less taxa that are
sister to each subgroup with a different length CCT. Be-
cause lineage sorting is expected to occur relatively rapidly,
hypothesis 2 is most likely in cases where the 2 intron types
trace back to the base of a group (e.g., Ixora spl and sp2),
whereas hypothesis 4 is more likely where 1 intron type is
deeply nested within a paraphyletic grade of the other type
(e.g., Marantaceae). Hypotheses 3 and 4, unlike number 2,
predict the existence of intron-containing, donor plants re-
lated to but outside the group in question, a not unlikely
scenario considering the findings described in the following
sections.

On balance, although hypotheses 2 and 4 are certainly
quite viable, hypothesis 3 seems to be the most likely ex-
planation for these patterns. This is for the reasons ad-
vanced 2 paragraphs above, as well as the fact that the
major prediction made by this hypothesis—that increased
taxon sampling will lead to an ever finer interspersion of
intron-containing and intron- and CCT-lacking taxa—fits
with what has been seen thus far (Cho et al. 1998; Cho
and Palmer 1999; this study). Accordingly, we have based
figures 1 and 3 on hypothesis 3 for the 3 cases discussed in
this section.

Families with Multiple Gains of the cox/ Intron

Of the 70 intron transfers inferred under hypothesis 3,
fully 37 are restricted to just 9 of 212 families of angio-
sperms examined (these families are marked on fig. 5).

Fic. 5.—Maximum likelihood phylogeny of the angiosperm cox/ intron estimated using the GTR + I 4+ I'4 model of nucleotide substitution. The
data set includes 121 taxa and 1,179 aligned intronic positions. Numbers on branches correspond to support values >50% from 500 bootstrap
replicates. Taxa in red are rosids; blue, asterids; and green, monocots. Selected indels of phylogenetic importance are shown as red rectangles
(insertions) and yellow rectangles (deletions), with the length of the indel in nucleotides given. Crosses and blue ovals mark taxa whose intronic ORFs
are disrupted by out-of-frame indels or are out-of-frame with exon 1, respectively. Shaded boxes and numbers at far right give the number of
nucleotides in exon 2 changed by coconversion. The yellow square and open and filled green triangles mark large, well-supported intron clades whose
distributions are so-marked on the organismal phylogeny of figure 1. The root of the angiosperm intron tree probably lies among those introns with the
longest CCT (CCT = 6, see text). Taxa belonging to the 9 families with multiple inferred intron gains are marked according to their family names to

the right of the tree.
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Moreover, most of these transfers appear to result from phy-
logenetically local, within-family transfers. Because this
last conclusion has important mechanistic implications
and because interpretation of intron history is complicated
for some of these families, the following subsections plus
figure 3 provide synopses for 4 of the most complex fam-
ilies in which multiple, within-family intron acquisitions
are inferred. Synopses for the other 5 families for which
multiple transfers are inferred are provided in supplemen-
tary text (Supplementary Material online).

Rhamnaceae

The cox! intron is present in 11 disparate members of
the 17 Rhamnaceae examined (figs. 1 and 3A). We infer
fully 6 separate transfers in the family, all but the first oc-
curring by intrafamilial transfer, based on the intron’s
patchy distribution within Rhamnaceae and on conflict be-
tween intron and organismal phylogenies (fig. 3A). Overall
evidence for this conflict comes from the AU test, which
rejected (P < 0.01) the topology in which all 11 Rhamna-
ceae introns were constrained according to the hypothesis
of strictly vertical transmission. In particular, the intron
phylogeny provides strong support (85% BS) for a clade
comprising the phylogenetically disparate lineages Mae-
sopsis, Bathiorhamnus, and Nesiota + Phylica (fig. 3A).
The existence of this clade raises the possibility of multiple
horizontal transfers between members of this family. The
strongly supported (100% BS) clustering of the Rhamnella
intron with those of Rhamnus and Frangula suggests an-
other HGT event between members of the family under
the assumption that the sole intervening, intron-lacking
clade (Condalia + Karwinskia) never possessed the intron.
This assumption seems safe because the homing endonucle-
ase ORF is intact and therefore probably still functional in
this family, which would make intron loss extremely un-
likely (see below). Additional within-family transfers are
suggested by the existence of the otherwise very rare,
CCT = 0 condition in 5 of the 6 putative intron-acquisition
clades within the family (the poor resolution of all these
Rhamnaceae taxa in the intron phylogeny of fig. 5 is not
inconsistent with this hypothesis).

Apocynaceae

We provisionally infer 6 separate intron acquisitions,
all but the first from Apocynaceae-like donors, to account
for the intron’s presence in 7 of 8 Apocynaceae examined
(figs. 1 and 3B). We do so for 2 sets of reasons despite the
overall phylogenetic clustering of these 7 introns (fig. 5).
First, Carissa, the only examined member of the family that
lacks the intron, occupies a relatively derived phylogenetic
position within the family and also lacks the CCT (fig. 3B).
Carissa also groups with the intron-containing Apocyna-
ceae in cox/ exon phylogeny (data not shown); that is, there
is no evidence that Carissa either acquired its cox! gene by
HGT or lost its cox! intron and CCT by HGT. Second, in-
tron and organismal phylogenies are in conflict for the fam-
ily: a tree in which all 7 Apocynaceae introns were
constrained according to the organismal phylogeny was re-

jected by the AU test (P < 0.05). Most notably, the intron
from Ochrosia branches with good support (84% BS) at the
base of an overall well-supported intron clade that contains
all other Apocynaceae introns (fig. 3B). Conversely, the in-
tron from the early-diverging Alstonia branches instead
with Neisosperma, with 69% BS (fig. 3B).

Rubiaceae

Another within-family transfer, in the Rubiaceae, is sug-
gested by a strongly supported (89% BS) clade of 5 introns,
all with CCT = 0, comprising Ixora spI and a clade of 4 taxa
that is separated from Ixora spl by multiple intron-lacking
clades (figs. 2 and 3C). In addition, although poorly resolved
in the intron phylogeny (fig. 3C), the intron from Ixora sp2
shares a 5-nt deletion with these other 5 Rubiaceae introns. As
discussed at length above, their different CCT lengths suggest
that Ixora spl (CCT = 0) and Ixora sp2 (CCT = 6) may
have acquired their introns independently. Based on current
sampling, one plausible scenario for the Rubiaceae is that the
intron was first introduced (probably from an Apocynaceae
donor) into the Ixora sp2 lineage, with CCT = 6, and then
twice transferred within the family, to the 2 groups with CCT =
0. Because reductions in CCT length are relatively rare (see
fig. 5 and below), it is likely that only the first of these intra-
familial transfers occurred from an Ixora sp2 donor, in an event
accompanied by an unusually short 3" coconversion event
such that the characteristic CCT was effectively lost and that
the second transfer occurred between the 2 CCT = 0 clades
of Rubiaceaec. However, as discussed above, alternative
hypotheses can by no means be ruled out.

Plantaginaceae

Most clades within the family contain an intron with the
same length CCT and whose relationships, with one impor-
tant exception, are congruent with the organismal phylogeny
(fig. 3D). However, 3 clades of intronless taxa are inter-
spersed with intron-containing clades of the family. For 2
of the 3 intronless clades, we invoke intron loss rather than
multiple gains to explain the distribution of the intron. Both
cases involve members of the large and well-sampled genus
Plantago. All 5 species sampled from the clade containing
Plantago bellardii through Plantago sericea (all Plantago
subgenus Psyllium) lack the intron but contain the same di-
agnostic CCT as intron-containing members of subgenus
Psyllium (figs. 2 and 3D). Consistent with the exceptionally
high mutation rates in Plantago (Cho et al. 2004), this is the
only group for which we infer base substitutional divergence
of the CCT following intron acquisition (fig. 2). A separate
loss is inferred in Plantago subgenus Plantago, all of whose
members lack the intron. This inference is weaker because
only 1 of the 3 CCT differences inferred at the base of
the subgenus is present (fig. 2). However, note that P. sub-
genus Plantago contains the very highest mutation rates (e.g.,
see fig. 2), with extensive sequence divergence accumulated
at the base of the subgenus (Cho et al. 2004). This greatly
increases the plausibility of substitutional reversion at 2 of
the CCT sites. Hippuris, the third intronless member of
the family, entirely lacks the CCT. For this reason, because
Hippuris coxl is not notably divergent (fig. 4), and because



of the conflicted placement (fig. 3D) of the cox! intron from
its relative Sibthorpia, we infer that Hippuris never possessed
the intron. If this inference is correct (see supplementary text,
Supplementary Material online, for alternative explanations
deemed less likely), then the intron must have been acquired
3 times within the family (fig. 3D), with 2 of the donors prob-
ably being other members of the family (fig. 5).

Overall Estimate of Intron Transfers and CCT
Reductions

Based on all the above considerations, plus those pre-
sented in supplementary text (Supplementary Material on-
line), we estimate 70 horizontal transfers of the cox/ intron
to account for its presence in 162 diverse taxa among the
640 angiosperms sampled. The increased sampling of cox/
genes in this study has more than tripled the number of pre-
viously sequenced cox! introns in angiosperms (from 37 to
129) and has doubled the number of inferred gains of the
intron by horizontal transfer (from 35 to 70). Considering
that the vast majority of the >250,000 species and >13,500
genera of angiosperms have yet to be examined, we are con-
fident that many more horizontal transfers of this remark-
able intron await discovery. Indeed, Barkman et al. (2007)
recently reported 23 new cases of the cox! intron from a di-
verse set of mostly parasitic angiosperms. They concluded
that their estimate of cox!/ intron phylogeny is “highly dis-
cordant with angiosperm phylogeny as indicated by a signif-
icant S—H test” and stated that their results “corroborate
earlier findings (Cho et al. 1998) of widespread HGT of this
mobile sequence.” Based on the distribution of these 23
new introns across angiosperm phylogeny, we estimate at
least 10 additional intron transfers among flowering plants,
bringing the total estimate of intron gains/transfers to 80.

We may have overestimated the number of transfers in
some groups (e.g., Apocynaceae, see above) or underesti-
mated in others (e.g., Meliaceae, where we provisionally
infer a single common transfer in Melia and Dysoxylum de-
spite their weakly supported separation in the cox!/ intron
phylogeny and the strong grouping of Dysoxylum with Bur-
sera, a member of a different family). In both situations,
increased taxon sampling is the key to gaining a better un-
derstanding of the intron’s evolutionary history. For exam-
ple, our interpretation for the Apocynaceae predicts the
likely existence of intron- and CCT-lacking Apocynaceae
clades sister to each of the 6 examined clades inferred to
have separately acquired the intron. The predicted pattern
is similar to that observed in the Rhamnaceae, for which 6
separate, mostly intrafamilial transfers were also inferred,
but with greater confidence (figs. 1 and 3). With more than
400 genera and 4,500 species, there is plenty of opportunity
for further sampling and illumination within the Apocynaceae.

Absent substantially more comprehensive taxon sam-
pling and incorporation of divergence time estimates, we
are unable to estimate with confidence the direction and ab-
solute timing of cox/ intron transfers. However, with re-
spect to taxonomic rank, all cox/ intron transfers are
relatively recent events. Within the limits of current sam-
pling, none of the transfers is shared by even sister families,
and most are restricted to a single subfamilial clade. In
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many cases, the intron is present in the only examined
member of one genus among 2 or more genera sampled
in a given family, and thus, some or many of these transfers
may have occurred intragenerically. These cases present
potentially fruitful material for more comprehensive
follow-up sampling to identify especially recent cases of
intron gain.

We conservatively estimate that at least 8 of the 70
inferred transfers were accompanied by reductions in length
of the 3’ CCT (fig. 5). Length reduction probably occurred
either by an unusually short intron invasion event with min-
imal 3’ exon degradation and repair or by partial 3’ exon
conversion with a native, intronless cox/ allele (with this
conversion erasing part or all the CCT with a 3'-5" polar-
ity). Conversely, therefore, most of the transfers must have
involved CCTs at least as long, and probably longer, than
the 18-nt region that encompasses the 6 CCT differences.
How much longer and whether coconversion also occurs 5’
to the intron is difficult to know given the high level of con-
servation of the coxI coding region. Careful scrutiny of the
coxl alignment among closely related introns from dispa-
rately related plants failed to reveal convincing evidence for
coconversion outside of the 18-nt 3’ tract (fig. 2). This scru-
tiny did, however, reveal intriguing but complex patterns of
variation at the RNA editing site located just 2 nt down-
stream of the CCT at position 20 (fig. 2). The complexities
of these patterns, which we hypothesize reflect selection for
efficient editing at this position in ways that affect the CCT,
are discussed in supplementary text (Supplementary Mate-
rial online).

Horizontal Intron Transfer Is Biased toward
Phylogenetically Local Transfers

Even with 300 angiosperms examined, the density of
taxon sampling in Cho et al. (1998) was insufficient to re-
veal any clear phylogenetic patterning with respect to intron
transfer. Increased sampling of the Araceae (Cho and
Palmer 1999) first suggested that the cox/ intron might tend
to transfer preferentially between closely related plants. The
much greater sampling in this study greatly strengthens this
conclusion. Fully 37 of the 70 acquisitions of the cox! in-
tron inferred under hypothesis 3 are restricted to just 9 of the
212 angiosperm families examined. Of these 37 inferred
transfers, 22 are likely to have occurred from one family
member to another (although none of the 7 transfers in-
ferred for the Euphorbiaceae and Boraginaceae appear to
be within-family events [see supplementary text, Supple-
mentary Material online], all 30 transfers involving the
other 7 families (see above and fig. 5) appear to be
within-family events with the exception of the initial trans-
fer into each family, plus the transfer differentiating the Si-
phonochilus intron from the rest of the Zingiberaceae
introns). Furthermore, our results also suggest a tendency
for intron transfer to occur within orders of angiosperms.
Note, for instance, the phylogenetic grouping of introns in-
ferred to represent at least 4 different transfers within the
Lamiales, the grouping of all introns belonging to 3 families
within the Gentianales, and the grouping of introns from 3
disparate clades of the Ericales (figs. 1 and 5).
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Ironically, the extraordinary promiscuity of the cox/
intron also limits our ability to infer with complete confi-
dence the donor group for any particular transfer. Even if
unequivocal phylogenetic evidence was obtained nesting
a recipient intron clade “C” within a thereby-paraphyletic
clade (A) of putative donor taxa showing vertical transmis-
sion, we could never rule out that some unsampled plant
lineage (B), be it extant or extinct, served as a phylogenetic
intermediate in the apparent transfer from A to C, that is,
that A actually transferred the intron to B, which then gave
it to C. With this general caveat in mind, the patterns found
in this study are nonetheless most straightforwardly inter-
preted as reflecting a tendency of the cox/ intron to make
phylogenetically local jumps, within orders, families, and,
in the case of Ixora, possibly genera.

To the extent that intron transfer is driven by phylog-
eny, stochastic founder effects will come into play. The ear-
lier in its evolution that the intron is introduced into
a particular family, the greater the opportunity for it to
spread widely within the family, both because there is more
time for transfer to occur and because there will be a rela-
tively large clade of potential familial donors. All things
being equal, this stochastic factor should lead to certain
families (orders, etc.) possessing relatively many and
deeply arising intron clades, whereas others will contain rel-
atively few and shallow intron clades. Greatly increased
sampling of large families that already show evidence of
either the former pattern (e.g., Apocynaceae, Rhamnaceae,
and Rubiaceae) or the latter (e.g., Asteraceae, Fabaceae,
Poaceae, and Solanaceae) should therefore be illuminating.

Forces Favoring Phylogenetically Local Intron Transfer

Any bias toward phylogenetically local transfer prob-
ably involves multiple forces acting on the introduction
and, possibly, fixation of the intron. At the level of intron
introduction, common ancestry could in principle cause re-
lated plants to share a similar set of potential vectoring
agents (e.g., pollinators, sapsuckers, pathogens, and mycor-
rhizal fungi), occupy similar habitats, or be more likely to
take up foreign mitochondrial DNA via mitochondrial fu-
sion (Arimura et al. 2004; Sheahan et al. 2005) or transfor-
mation (Koulintchenko et al. 2003). It could also make
them more likely to engage in “illegitimate pollination,”
that is, the rare (but potentially common on an evolutionary
timescale) breach of the normal forces that prevent germi-
nation and growth of pollen from other species. Keep in
mind that although angiosperm sperm cells usually lack mi-
tochondria, the pollen tube (cell) itself is loaded with mi-
tochondria and may occasionally contribute one or more
of them to the egg cell (Yu and Russell 1994; Svab and
Maliga 2007). Given the invasive properties of the homing
coxl intron and the propensity of plant mitochondria to fuse
(Arimura et al. 2004; Sheahan et al. 2005), it is easy to
imagine the occasional successful introduction of the intron
via illegitimate pollination (Vervaeke et al. 2001; Faivre
2002). If direct evidence is obtained for a role of illegitimate
pollination in plant mitochondrial HGT, this would make it
a second important demonstrated mechanism for the deliv-
ery of DNA from one plant to another, the other involving

direct contact between parasitic plants and their host plants
(Davis and Wurdack 2004; Mower et al. 2004; Nickrent
et al. 2004; Davis et al. 2005; Barkman et al. 2007).

Forces disfavoring fixation of introns acquired from
distantly related plants could in principle involve molecular
incompatibilities, for example, at the level of COX1 protein
function or editing of cox! RNA, resulting from the intro-
duction of foreign cox! coding sequences via exonic
coconversion. However, considering the high level of con-
servation of the cox/ gene among angiosperms, and espe-
cially the concomitant difficulty in detecting any evidence
of coconversion and chimerism apart from the 18-nt 3’
CCT, it seems unlikely that such incompatibilities have
played an important role in the intron’s evolutionary
history.

Intron Loss and Intronic ORF Endonuclease and
Maturase Function

This study reports the first 2 cases, both in Plantago
(fig. 5), in which loss of the angiosperm cox/ intron can be
inferred with confidence. In both cases, the intron-lacking
taxa retained part or all the CCT and were nested well
within a clade that otherwise showed vertical transmission
of the intron. In addition, there are a few other cases, dis-
cussed above (e.g., Hippuris, Carissa, and the Condalia/
Karwinskia clade), for which loss is not implausible, al-
though deemed less likely than other explanations (either
because there is no sign of a CCT in these intronless genes
and/or because the introns in related taxa probably encode
active homing endonucleases; see below). Group II intron
loss has been reported to occur occasionally for the 22 mi-
tochondrial group II introns that all predate the origin of
angiosperms (Malek and Knoop 1998; Chaw et al.
2008). In general, intron loss is thought to occur via retro-
processing, the recombination of a reverse-transcribed
mRNA with its encoding gene. There is good evidence
for this mechanism—in the form of phylogenetically coin-
cident loss of RNA editing at positions flanking the site of
intron loss—in some (Geiss et al. 1994; Lu et al. 1998;
Itchoda et al. 2002; Lopez et al. 2007) but not all (Kudla
et al. 2002) cases of plant mitochondrial intron loss. For
one case of cox/ intron loss in Plantago, intron loss is in-
deed phylogenetically coincident with loss of RNA editing,
indicating a retroprocessing event that affected much of the
gene, whereas in the other case, editing is unaffected (data
not shown). The editing status of crucial intron-lacking
genes, for example, from Hippuris, Carissa, and Conda-
lia/Karwinskia, is consistent with the hypothesis advanced
above that they never contained the intron.

A prerequisite for loss of homing group I introns is the
loss of the homing ability itself; otherwise the intron would
be expected to swiftly reoccupy alleles that occasionally
lose the intron via retroprocessing and thus the intronless
alleles would never go to fixation. Consistent with this hy-
pothesis, all sequenced intronic ORFs from Plantago have
frameshift mutations that almost certainly render the ORF
nonfunctional. Several other intronic ORFs, scattered
across the cox! intron phylogeny (crosses in fig. 5), are also
predicted to be pseudogenes. Two other intronic ORFs are



out of frame with respect to cox/ exon 1 (marked by filled
ovals in fig. 5), as are most pseudogenized ORFs. These 2
ORFs may also be nonfunctional because in fungi this in-
tron’s ORF is cotranscribed and cotranslated with exon 1
and then proteolytically processed (Lambowitz et al.
1999; Caprara and Waring 2005). Because the angiosperm
endonuclease ORF has repeatedly become an obvious pseu-
dogene, it is highly unlikely that it also serves as a splicing
maturase, as is the case for certain homing endonucleases
(Caprara and Waring 2005). No experimental work has
been published in flowering plants on the ORF located
in the cox! group I intron; thus, whether it acts as an en-
donuclease, maturase, both, or neither, remains a matter
of speculation.

Loss of homing endonuclease function is expected un-
der the cyclical model of homing intron gain—loss (Goddard
and Burt 1999; Haugen et al. 2005; Gogarten and Hilario
2006) for those homing introns whose ORFs function solely
as homing endonucleases, as is evidently the case for the
angiosperm cox/ intron. Once these introns go to fixation
in a population, selection on the ORFs should be relaxed,
and they should decay as pseudogenes. The existence of
intact ORFs with both LAGLIDADG motifs conserved
in most angiosperm cox/ introns (fig. 5) probably reflects
a combination of generally very low substitution rates in
plant mitochondria and, in most cases, the recent arrival
of the intron. Most intron ORFs may not have had sufficient
time to accumulate even a single obvious pseudogenization
mutation, and many probably still encode active homing
endonucleases. This would make loss of this particular in-
tron exceptionally difficult because any cox/ allele that hap-
pens to lose its intron via retroprocessing and which still
encodes an active endonuclease should quickly reacquire
the intron via intramitochondrial homing before it could
go to fixation.

A Single Fungal Seed of the cox/ Intron in Angiosperms

When this homing group I intron was first discovered
in the angiosperm Peperomia (Vaughn et al. 1995), it was
shown that its closest relatives were to be found within the
fungi and therefore hypothesized that it had probably been
acquired from fungi by horizontal transfer. When the intron
was then found to have been acquired on many different
occasions within angiosperm evolution (Cho et al. 1998),
the question arose as to what extent its transfer history in-
volved multiple fungal-to-plant transfers versus mostly
(potentially even all but one) plant-to-plant transfers.
Subsequent evidence leads us to now strongly favor the ex-
treme model according to which angiosperms acquired the
intron but once from fungi, followed by numerous, exclu-
sively angiosperm-to-angiosperm transfers. First, there is
now abundant evidence (Bergthorsson et al. 2003, 2004;
Davis and Wurdack 2004; Mower et al. 2004; Richardson
and Palmer 2007) that mitochondrial genes are, on an evo-
lutionary timescale, relatively frequently transferred be-
tween angiosperms, whereas there is no evidence for
even a second fungal-to-plant transfer. Second, if fungal-
to-plant transfer was at all common, then we would expect
to find other fungal-derived group I introns in plants as
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many fungal mitochondrial genomes are now known to
contain multiple homing group I introns (Seif et al.
2005; Lang et al. 2007).

cox! Intron Still Stands Out

Although it is now clear that mitochondrial sequences
other than the cox/ intron are horizontally transferred at
some frequency during angiosperm evolution, there are
good reasons to regard this intron as a very special case with
an elevated rate of transfer, a depressed rate of loss, and
a high likelihood of being detected. Three of these reasons
are a function of the intron’s endonuclease-specified hom-
ing ability. First, assuming that horizontal transfer introdu-
ces not only just the cox/ intron but also the endonuclease,
the intron should have a higher probability of insertion into
a recipient mitochondrial genome than any random piece of
DNA. Second, once introduced into one mitochondrial ge-
nome and expressed, the intron’s probability of spread and
fixation throughout the population of mitochondrial ge-
nomes within the panmictic population of mitochondria
in a plant cell (Arimura et al. 2004; Sheahan et al. 2005)
should be higher, again owing to its invasive homing prop-
erties. Third, as described in the section above on intron
loss, any cox/ intron carrying a still functional endonucle-
ase gene should be much more refractory to loss than other
angiosperm mitochondrial introns, none of which are hom-
ing introns.

Other factors relate to the cox/ intron’s generic prop-
erties as an intron. As previously noted (Cho et al. 1998),
introns as a class are essentially immune to normal forces of
genomic deletion (as opposed to the cDNA-mediated force
of retroprocessing), and subsequent analyses have shown
that introns are indeed lost much less readily during angio-
sperm mitochondrial evolution than is spacer DNA (Adams
et al. 2000). In addition, because the cox/ intron is a rela-
tively large and readily scored segment of foreign
DNA—inserted in the middle of an essential, invariantly
mitochondrial, and frequently sequenced gene—its proba-
bility of detection is higher than for most pieces of acquired
DNA. For all these reasons, the cox!/ intron stands out as the
most frequently acquired, least often lost, and overall most
notable segment of horizontally transferred DNA in angio-
sperm mitochondrial evolution.

Although it is currently impossible to assign a mean-
ingful rate of cox!/ intron transfer (or loss), one further con-
sideration highlights its extraordinary propensity to be
horizontally transferred during angiosperm evolution. A to-
tal of 40 protein genes and 22 group II introns were present
in the ancestral angiosperm mitochondrial genome, and
with a few exceptions, most of these are present throughout
most if not all the hundreds of diverse angiosperms exam-
ined to date (Adams et al. 2002). In contrast, the cox/ intron
was initially introduced into angiosperms relatively late in
their evolution, and despite frequent subsequent horizontal
spread, it is nonetheless present in only a minority of “ex-
tant” angiosperms. Most genes and introns were thus pres-
ent in donor genomes and therefore potentially transferable
in virtually all HGT events across the history of angio-
sperms, whereas the cox/ intron has been much more rarely
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present in donor genomes and, in some unknown fraction of
these cases, its homing ORF is defunct. That despite this,
the cox! intron has been so often transferred further empha-
sizes its extraordinary mobility. Over time, as the intron
continues to spread horizontally—and in an autocatalytic
manner (the more it spreads, the more potential donors there
are)—a state of near saturation should eventually be
reached, balanced only by occasional loss of the intron
in lineages with a defunct homing endonuclease. Overall,
then, this intron behaves as a truly remarkably invasive
and persistent genetic element in angiosperm mitochondria,
an element that should be regarded as the “canary in the
coal mine” with respect to mitochondrial HGT in
angiosperms.

Supplementary Material

Supplementary text, table S1, and figures S1 and S2
are available at Molecular Biology and Evolution online
(http://www.mbe.oxfordjournals.org/).
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