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A group | intron has recently been shown to have invaded mitochondrial cox1 genes by horizontal transfer many
times during the broad course of angiosperm evolution. To investigate the frequency of acquisition of this intron
within a more closely related group of plants, we determined its distribution and inferred its evolutionary history
among 14 genera of the monocot family Araceae. Southern blot hybridizations showed that 6 of the 14 genera
contain this intron in their coxl genes. Nucleotide sequencing showed that these six introns are highly similar in
sequence (97.7%-99.4% identity) and identical in length (966 nt). Phylogenetic evidence from parsimony recon-
structions of intron distribution and phylogenetic analyses of intron sequences is consistent with a largely vertical
history of intron transmission in the family; the simplest scenarios posit but one intron gain and two losses. Despite
this, however, striking differences in lengths of exonic co-conversion tracts, coupled with the absence of co-con-
version in intron-lacking taxa, indicate that the six intron-containing Araceae probably acquired their introns by at
least three and quite possibly five separate horizontal transfers. The highly similar nature of these independently
acquired introns implies a closely related set of donor organisms.

Introduction

Group | introns are regarded as mobile genetic e-
ements that have been transmitted laterally as well as
verticaly (reviewed by Dujon 1989; Perlman and Butow
1989; Lambowitz and Belfort 1993). Two types of group
| intron mobility are recognized. Intron ‘*homing” refers
to an intron’s transfer from intron-containing to intron-
less alleles of the same gene at the same site within these
aleles. Intron *‘transposition’ refers to movement of an
intron to a different location, usually a different gene.

Intron homing is well-documented in genetic cross-
es, in which group | introns duplicatively spread (home)
from intron-containing to intron-lacking alleles by ho-
mology-dependent gene conversion. Homing has been
observed in various mitochondrial (mt) and chloroplast
(cp) genes (e.g., Jacquier and Dujon 1985; Lemieux and
Lee 1987; Delahodde et al. 1989; Wenzlau et al. 1989),
nuclear rRNA genes of Physarum (Muscarella and Vogt
1989), and protein-coding genes of T-even phages
(Quirk, Bell-Pedersen, and Belfort 1989). It has been
pointed out in each case (Jaquier and Dujon 1985; Zinn
and Butow 1985; reviewed in Lambowitz and Belfort
1993; Belfort and Perlman 1995) that the homing mech-
anism is analogous to mating-type switching in yeast
(Szostak et al. 1983). Homing is initiated by an intron-
encoded protein which searches for its recognition site
in the recipient DNA and generates a staggered doubl e-
strand break within such a long recognition site that
there are few target sites per genome (reviewed in Lam-
bowitz and Belfort 1993). The uncleaved intron-con-
taining gene is thought to serve as atemplate for double-
strand break repair, and two resulting Holliday junctions
are thought to be resolved. As a consequence of this
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process, co-conversion of recipient exonic sequences
flanking the intron insertion site by donor sequences is
always observed where assayed; co-conversion tract
lengths often exceed a few hundred nucleotides (nt)
(Jacquier and Dujon 1985; Muscarella and Vogt 1989;
Mueller, Smith, and Belfort 1996).

When they occur among mating taxa, these homing
events lead to an essentially vertical history of intron
transmission (which we term “vertical homing’). A
number of cases of cross-species homing of group | in-
trons via horizontal transfer (*“ horizontal homing'”) have
also been inferred (Lang 1984; Biniszkiewicz, Cesnav-
iciene, and Shub 1994; Turmel et al. 1995; Vaughn et
al. 1995; Bhattacharya, Friedl, and Damberger 1996;
Hibbett 1996; Cho et al. 1998b; Nishida, Tajiri, and Su-
giyama 1998). Group | intron transpositions (which can
occur by either cross-species or intragenomic horizontal
transfer) have also been inferred in a number of cases
(reviewed in Michel and Dujon 1986; Lambowitz and
Belfort 1993; Turmel, Mercier, and Cote 1993; Bhatta-
charya, Friedl, and Damberger 1996).

One family of group | introns illustrates all three
of these mobility phenomena—vertical homing, hori-
zontal homing, and transposition—especially well. In
most cases, including al examined angiosperms, the in-
trons from this family contain an open reading frame
(ORF) whose product is thought to have both site-spe-
cific endonuclease and RNA maturase (splicing) activi-
ties (Delahodde et al. 1989; Wenzlau et al. 1989; Henke,
Butow, and Perlman 1995). Members of this intron fam-
ily, which belongs to the IB1 subclass of group | introns,
are found at four different locations across two mt genes
(cox1 and cob) and occur in a wide diversity of eukary-
otes, including several diverse fungi, the sea anemone
Metridium senile, the slime mold Dictyostelium discoi-
deum, two green algae, the liverwort Marchantia poly-
morpha, and many diverse flowering plants (Cho et al.
1998b; Watanabe et al. 1998 and references therein).

A broad-level survey of angiosperms (with a sam-
pling of usually one species each from nearly 200 fam-
ilies) suggested over 30 separate events of horizontal
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homing of this intron, from an uncertain set of donors
and always into the same site within the cox1 gene (Cho
et a. 1998b; the intron is located after nucleotide 726
in the cox1 coding region, at the same site as the related
a4 intron from Saccharomyces cerevisiae [Bonitz et al.
1980]). This raised the question of how often this intron
is acquired on a finer-scale phylogenetic level, eg.,
within a family of angiosperms. To address this ques-
tion, we surveyed 14 genera in the large (over 100 gen-
era and 2,500 species) and floraly distinctive (spathe
and spadix) monocot family Araceae (e.g., taro, ele-
phants-ear, jack-in-the-pulpit). We found that the six
genera which possess the intron al contain it in this
same cox1 location and that they probably acquired it
by at least three and most likely five separate horizontal
transfers.

Materials and Methods

Total DNAs for 12 of the 14 species of Araceae
examined in this study were generously provided by
Yin-Long Qiu. DNAS of the other two species were ex-
tracted according to the method of Doyle and Doyle
(1987) and further purified by CsCl banding.

Specimens are vouchered at the Indiana University
Herbarium; (voucher numbers are given in parentheses
after species names): Peltandra virginica (Qiu 96064),
Dieffenbachia sp. (Qiu 96007), Anthurium scherzerian-
um (Qiu 96004), Scindapsus aureus (Qiu 96005), Spa-
thiphyllum clevelandii (Qiu 94140), Orontium aquati-
cum (Qiu 97112), Xanthosoma mafatta (Qiu 95063),
Philodendron oxycardium (Qiu 96053), Zamiocul cas za-
miifolia (Qiu 96006), Arisaema triphyllum (Qiu 96011),
Amorphophallus rivieri (Qiu 96054), Pistia stratiotes
(no voucher, 1U green house), Zantedeschia aethiopica
(Qiu 96009), and Lemna gibba (no voucher). While
Lemna is traditionally placed in a separate family (Lem-
naceae), molecular data strongly indicate that this *‘fam-
ily” actualy belongs within the Araceae (French,
Chung, and Hur 1995), and it was thus included in this
study.

For Southern blots, 2 g of total genomic DNA was
digested with Hindll1 and electrophoresed in a 0.7% aga-
rose gel. The DNA in the gel was depurinated for 5 min
in 0.25M HCI, denatured for 30 min in 1.5 M NaCl/0.5
M NaOH, and neutralized for 30 min in 3 M NaCl/0.5
M Tris (pH 7.2). The DNA was transferred overnight
from the gel to a Nytran membrane (Schleicher and
Schuell) and cross-linked for 23 s to the membrane using
aU.V. crosdinker (Fotodyne). The cox1 intron probe was
a gel-purified 766-nt fragment internal to the cox1 intron
from Veronica ugrestis which was made by Dral diges-
tion of a PCR product generated using primers 1P53 and
IP56 (see below). The coxl coding region probe was a
gel-purified 341-nt PCR product from Beta wvulgaris,
made using primers 1P54 (CTATGGCTTAGGTCCG)
and IP53. Probes were 32P-labeled by random priming.
Prehybridizations, hybridizations, and washings were car-
ried out at 66°C. The membrane was prehybridized for 3
hin 4 X SSC, 0.5% nonfat dry milk, and 0.5% SDS and
hybridized overnight in this solution plus probe added to

2 ng/ml. The membrane was washed in 2 X SSC and
0.1% SDS for 1 h and in 0.5 X SSC and 0.025% SDS
for 30 min.

Polymerase chain reaction (PCR) amplifications
were performed at 55°C annealing temperature in a 10-
wl volume containing 20-50 ng DNA, 1.7 mM MgCl,,
5% acetamide, 1 X reaction buffer (50 mM Tris[pH 8.5],
20 mM KCI, 0.5 mg/ml BSA (Sigma), 0.5 g Ficoll 400
(Sigma), 4 mg Xylene Cyanol FF), and 0.05 U Taq poly-
merase (Sigma) in an ldaho thermocycler for 37 cycles,
each with a 1-min extension time. A nearly full length
region of the cp rbcL gene (1,396 nt of the usually 1,428-
nt gene) was amplified from 12 species of Araceae using
primers AC1 (TCACCACAAACAGAAACGAAAGC)
and AC4 (TTGATTTCCTTCCAGACTTCACAA). coxl
genes of intron-containing species were amplified using
three pairs of primers. cox42F (GGATCTTCTCCAC-
TAACCACAAA) and cox657R (GCGGGATCAGAAA-
AGGTTGTA); IP53 (GGAGCAGTTGATTTAGC) and
IP56 (GAGCAATGTCTAGCCC); and INT1.2KF
(AGCATGGCTAGCTTTCCTAGA) and coxl1.6KR
(AAGGCTGGAGGGCTTTGTAC). These amplified a
ca. 600-nt region of the 5 exon, a ca. 1,650-nt region
containing the entire intron and flanking exonic sequenc-
es, and a ca. 950-nt region that includes the very end of
the intron and most of the 3’ exon, respectively. For in-
tron-lacking species, primers cox42F/cox657R (ca. 600
nt product) and 1P53/coxI1.6KR (ca 1,000 nt) were used
to amplify the same aggregate length of coding region
(1,512 of ca. 1,590 nt) as for the intron-containing spe-
cies.

PCR products were electrophoresed in 1.0% agarose
gels and purified using Gene Clean kits (BIO101). Puri-
fied PCR products made using primers cox42F/cox657R
and ACL/AC4 were used directly as template DNAS for
ABI automated sequencing (Applied Biosystems Inc.).
These four PCR primers were also used as ABI sequenc-
ing primers. Three additiona internal primers (rbcL2FK,
CAATGCATGCAGTTATTGA; rbcL2R, GGGACGAC-
CATACTTGTT; rbcL3R, CATATGCCAAACATGAA-
TAC) were used to sequence the ACI/AC4 PCR prod-
ucts. PCR products made using primers 1P53/IP56 and
INT1.2K/cox1.6KR were ligated to the TA cloning vector
(Invitrogen) and sequenced using LiCor automated se-
quencing methods using two vector primers (LiCor and
Epicentre Technologies). For IP53/IP56 products, two
dye-labeled interna primers (LiCor and Epicentre Tech-
nologies; INT800R, ACGATGTAGTTGAAGTAGTC-
GTGCTGAAT; INT600F ATGGGACTTGAAGATCTA-
CCACTACTACGA) were used in addition to the vector
primers. All nucleotide sequences were determined on
both strands for over 90% of the sequence reported. The
cp restriction site data set was kindly provided by J.
French and corresponds to that used in French, Chung,
and Hur (1995), except that all sites from the rbcL region
were excluded from the combined phylogenetic analyses
to avoid counting the same characters twice.

Initial alignments of nucleotide sequences were
generated with PILEUP (Genetic Computer Group
1991) and then refined by hand using McClade (Mad-
dison and Maddison 1992) and the editor of PAUP* v
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4.0 (Swofford 1998). The rbcL alignment (1,347 nt =
1,396 nt minus 49 nt of primer sequence) included 2
published sequences (M91630, M96963) and 12 se-
guences determined in this study (AJ005623—-AJ005632,
AJ007543, AJ007544). The cox1 coding sequence align-
ment (1,370 nt; this excluded primer sequences, the 20-
nt co-conversion region, and terminal regions of some-
what ambiguous sequence) consisted of 13 sequences
from the Araceae (AJ007545-AJ007555), al but two of
which were determined in this study. The cox1 intron
alignment (947 nt) included four Araceae sequences de-
termined in this study (AJO07545-AJ007548), 29 se-
guences from Cho et al. (1998b; AJ223411-AJ223439),
and one sequence from Vaughn et al. (1995; X94594).
Gaps were present only in the intron alignment and were
excluded from all phylogenetic analyses. The 3" exonic
co-conversion region in coxlwas also excluded from an-
alyses. The unsequenced cox1 gene from Lemna was
treated as missing data.

All phylogenetic analyses were carried out using
PAUP* v 4.0 d63 (Swofford 1998) on a Power Macin-
tosh (model 9600/300). Analyses of a combined data set
consisting of rbcL and cox1 sequences (again, excluding
the 20-nt-long cox1 co-conversion region) and cp re-
striction sites were performed with parsimony only. The
shortest tree was found using a branch-and-bound search
via furthest search addition. Bootstrapping was per-
formed using 100 bootstrap replicates via 10 random-
addition replicates and tree bisection-reconnection
(TBR) branch swapping. For intron phylogeny construc-
tion, parsimony analyses were performed with stepwise
addition, 10 replicates of random addition, and TBR
branch-swapping options; Neighbor-Joining analyses
were performed using Jukes-Cantor corrected distances
and TBR branch-swapping options; and maximum-like-
lihood analyses used an empirical nucleotide frequency,
atransition/transversion ratio of 0.5, and the HKY mod-
el. For bootstrap analyses of the intron data set, parsi-
mony analysis was performed under as-is addition and
subtree pruning-regrafting branch-swapping conditions,
while Neighbor-Joining analysis used the same condi-
tions as above.

Results and Discussion
Distribution of the cox1 Intron in Araceae

To determine the distribution of this coxl intron in
the Araceae, a Southern blot survey was carried out us-
ing total DNAs from a single species from each of 14
genera in the family. A cox1 coding region probe from
the dicot Beta hybridized to a single band in every spe-
cies, with some variation in signal strength, presumably
owing to variable DNA loadings and variable propor-
tions of MtDNA in the total DNA preparations used (fig.
1A). In contrast, an intron probe from the dicot Veronica
hybridized well to only 5 of the 11 species shown in
figure 1B and 6 of 14 overall, with no signals detectable
in eight of the DNAs. The intron probe usually hybrid-
ized to two bands, one in common with the exon probe
(cf. fig. 1A and B) and one unique. Subsequent sequenc-
ing of the cox1 intron (see below) revealed that the two
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Fic. 1.—Southern hybridizations showing presence or absence of
the cox1 group | intron in the Araceae. Total DNASs from the 11 in-
dicated species were digested with Hindlll and analyzed by Southern
blot hybridizations, using 341-nt coding region (A) and 766-nt intron
(B) probes from the cox1 gene.

Hindlll bands in the intron lanes are the result of a
Hindlll site within the intron.

Mapping Intron Distribution on Araceae Phylogenies

We sequenced 1,347 nt of the cp rbcL gene and
either 1,390 or 2,356 nt of the mt cox1 gene (depending
on whether or not it contained the 966-nt intron; see
next section) from each of these 14 Araceae taxa (except
for two rbcL sequences that were already available and
cox1 from Lemna, which is as yet unsequenced). Phy-
logenetic analyses of the coding regions from these two
genes were performed in order to generate an ‘‘organ-
ismal” phylogenetic framework in which to interpret the
observed distribution of theintron in terms of aternative
models of intron gain and loss. Unfortunately, trees gen-
erated using either rbcL alone, cox1 alone, or both genes
combined were poorly resolved (data not shown). There-
fore, we combined these two sequence data sets with
previously published cpDNA restriction sites for these
same taxa (French, Chung, and Hur 1995) and carried
out a parsimony analysis. This produced a single short-
est tree (fig. 2A) of 939 steps which is moderately well
resolved in the sense that several nodes have high boot-
strap support, while several others are poorly supported.
As expected, thistree is highly congruent with published
trees based on two of its constituent data sets—cpDNA
restriction sites (all 14 of our Araceae taxa were ex-
amined in French, Chung, and Hur [1995]) and rbcL
sequences (only three of these taxa were included in
Chase et al. [1993] and Duvall et al. [1993]); there is
no prior analysis of coxl sequences for the family. Of
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%8 Dieffenbachia Dieffenbachia Dieffenbachia
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Arisaema D—Ar Arisaema
" pistia Pistia Pistia
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L Amorphophalius Dr—Amorphophallis Amorphophallus
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8 Anthurium Anthurium Anthurium
'8 Scindapsus Scindapsus Scindapsus
Spathiphyllum Spathiphyllum Spathiphyllum
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D Philodendron E Philodendron F Philodendron
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Zantedeschia Pistia Pistia
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Fic. 2—A, “Organisma’ phylogeny of the 14 Araceae examined in this study. Shown is the single shortest tree (of 939 steps) from a
parsimony analysis of a combined data set of cp rbcL sequences, mt cox1 sequences (excluding the co-conversion region; seefig. 5), and cpDNA
restriction sites. Above the branches are numbers of parsimony steps; below are bootstrap scores above 50%. Names of intron-containing taxa
are shaded in this tree and in B-E. The tree is rooted on Orontium, which was basalmost among these Araceae in analyses of both cp restriction
sites (French, Chung, and Hur 1995) and rbcL sequences (unpublished data) in which other monocot families were used as unequivocal outgroups.
B, One of two shortest intron gain (plus sign)/loss (minus sign) scenarios mapped onto the shortest organismal tree shown in A. This scenario
posits three separate intron gains. C, The other shortest intron gain/loss scenario (two gains and one loss) mapped onto the shortest organismal
tree. D, A one-step-longer scenario (only one gain and three losses) mapped on the same tree. E and F, The two next-shortest organismal trees
(of 940 steps), onto which are mapped one-gain/two-loss scenarios of intron evolution.

particular note, this tree strongly supports French,
Chung, and Hur’s (1995) conclusion that, contrary to
Stockey, Hoffman, and Rothwell (1997), the aquatic Pis-
tia does not belong to the aquatic Araceae-segregate
family Lemnaceae (here represented solely by Lemna).

We used this combined evidence tree (fig. 2A) as a
current best estimate of organismal phylogeny for the
Araceae. A well-supported clade (95% bootstrap sup-
port) composed of the five taxa from Arisaema through
Xanthosoma contains four of the six intron-containing
species and the intronless Peltandra. There are two most
parsimonious scenarios to account for the intron’s pres-
ence in four of five members of this clade (al intron
optimization scenarios were generated manually, with
gain and loss of the intron weighted equally). A two-
gain scenario posits separate gains in the common an-
cestor of Arisaema/Pistia and in that of Amorphophal-
lus/Xanthosoma, while a gain/loss scenario posits gain
of the intron in the common ancestor of al five taxa,
followed by intron loss in Peltandra.

Looking across the entire Araceae phylogeny, there
are two most-parsimonious, three-step scenarios, each of
which simply extends the above two subtree models by
postulating a separate gain of the intron in the common
ancestor of the remaining two intron-containing taxa,
Philodendron and Zamioculcas. Thus, figure 2B shows
a three-gain scenario, and figure 2C shows a two-gain/

one-loss scenario. Loss of a character is often thought
to be easier and more common than its gain (but see
below for the perhaps exceptional behavior of this in-
tron); therefore, it is worth pointing out that an alter-
native intron gain/loss scenario only one step longer
than these two shortest ones (fig. 2B and C) would pos-
tulate but a single gain of the coxl intron among all
examined Araceae, followed by three separate losses
(fig. 2D).

We aso examined the set of two parsimony trees
one step longer (940 steps) than the best tree (fig. 2A—
D) (there are no two-step-longer trees, and there are 13
three-step-longer trees) to see whether any of them led
to more parsimonious scenarios of intron gain and loss
than those discussed above. While both trees lead to
equally parsimonious intron-evolution models to those
in figure 2B and C, they differ in that each postulates
only a single intron gain followed by two losses (fig. 2E
and F). Overall, then, mapping intron presence/absence
on the shortest and next-shortest parsimony trees of the
Araceae leads to fairly simple scenarios, with few (one
to three) intron gains invoked, few (one to three) losses,
and varying but potentially substantial (fig. 2D-F) de-
grees of vertical transmission of the intron.

Phylogeny of the cox1 Intron

We next examined phylogenies of the coxl intron

itself to evaluate their congruence with organismal es-
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Zamioculcas 07 | 0.6 - 07|12 ] 23
Amorphophallus | 0.3 | 04 | 0.4 - 07 | 25
Arisaema 04 {06 |04 | 02 - 1.8
Pistia 1.3 |15 |13 | 11 1.0 -
Peltandra 05 |06 |06 |02 04 | 13
Zantedeschia 1.3 |13 |12 | 11 1.0 | 1.8
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Spathiphyllum 07 |06 |06 |04} 04 |13
Orontium 1.8 |19 |17 |16 ]| 1.7 | 26

Fic. 3.—Divergence of the coxl intron (above the diagona) and
coding segquence (below the diagonal). Shown are Jukes-Cantor cor-
rected distances X100. The 3’ co-conversion region was excluded from
the coding sequence calculations.

timates of phylogeny as an independent source of evi-
dence on the relative balance between vertical and hor-
izontal transmission of the intron during the evolution
of the Araceae. Sequencing of nearly the full length of
the cox1 gene from the six taxa identified by Southern
blots (fig. 1) as likely containing a coxl intron shows
that they each contain a single intron, whose location
within the cox1 coding sequence is identical among all
Araceae, as well as all other angiosperms known to con-
tain acoxl intron (Vaughn et a. 1995; Adams, Clements
and Vaughn 1998; Cho et al. 1998b). The six Araceae
cox1 introns are identical in length (966 nt) and highly
similar in sequence (97.7%-99.6% identity; fig. 3).

Figure 4 shows an arbitrarily rooted phylogeny of
the six Araceae introns, together with 28 cox1 introns
from other families of angiosperms (Vaughn et al. 1995;
Cho et al. 1998b). As reported elsewhere (Cho et al.
1998b), there is considerable, often robust, incongruen-
cy between the overall topologies of the intron phylog-
eny (fig. 4) and those of the organisms in which they
reside. To illustrate one example, the introns from
monocots (shaded names in fig. 4), which, as organisms,
are unquestionably monophyletic, fall into three separate
groups, each affiliated with a different group of dicots.
The intron from the monocot Maranta groups with that
of Hydrocotyle, a member of the dicot Asteridae Il
clade, with 99%—-100% bootstrap support, while the in-
tron from llex, the only other Asteridae 1l included,
groups with high bootstrap support with a different lin-
eage of dicots.

Given the extreme incongruence between intron
and organismal phylogenies, such that only a few ter-
minal groups of vertically transmitted introns are rec-
ognized (bold branches in fig. 4; Cho et al. 1998b), the
clustering of all six Araceae cox1 introns was surprising.
Except for the clustering of the Arisaema and Pistia in-
trons, the Araceae intron branching order (fig. 4) isin-
congruent with that of the host organisms (fig. 2A).
However, bootstrap levels within the Araceae part of the
intron phylogeny in figure 4 are generally low, and re-
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Fic. 4—Phylogenetic relationships of the cox1 introns from Ar-
aceae and other angiosperms. The phylogeny shown was created by a
neighbor-joining analysis of a Jukes-Cantor-corrected distance matrix
of a 947-character alignment of the entire coxl intron. This tree is
arbitrarily rooted. Bootstrap scores above 50% are shown from parsi-
mony (before the slash) and neighbor joining (after the slash) analyses.
Five small intron clades of inferred vertical transmission are indicated
by heavy branches. Monocots are shaded.

sults from the Kishino-Hasegawa (1989) test indicate
that this intron topology is not significantly better than
those of maximum-parsimony and maximum-likelihood
trees of the six Araceae introns constrained to match the
organismal tree (fig. 2A) for these six taxa. Thus, one
cannot rule out the possibility that the introns have a
history of entirely vertical transmission within the fam-
ily, as is also suggested by mapping the intron’s distri-
bution on the two next-shortest trees of the Araceae (fig.
2E and F).

Coordinate Variation in Mutation Rates in Araceae cp
and mt Genomes

As a hit of a digression from the central issue of
this paper—the evolutionary history of this group | in-
tron—some interesting observations about mutation rate
variation arise from the intron phylogeny and other phy-
logenies. The terminal branch lengths leading to the two
clearly verticaly transmitted introns (see next section),
from Pistia and Arisaema, are very unequal (fig. 4). The
same relationship (Pistia faster than Arisaema) was aso
seen in analyses of cox1 coding sequences (e.g., in par-
simony analyses, the Pistia and Arisaema terminal
branches were 13 steps long and 1 step long across all
sites, respectively, and 7 and O steps long at silent sites)
and is also evident in the divergence matrices in figure
3. According to the maximum-likelihood relative-rate
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Fic. 5—Co-conversion of exonic sequences immediately 3’ of the intron insertion site (marked ““INT’"). Periods in the alignment indicate
identity to the Orontium reference sequence; differences only are shown. + signs at the “INT"” column indicate intron presence/absence.

test of Muse and Gaut (1994), the mt substitution rate
is significantly higher (95% confidence) across the entire
coxl gene in Pistia than in Arisaema. Only recently
have a few cases of variation in mtDNA mutation rate
been reported within angiosperms, and these all involve
much more divergent taxa than these two Araceae but
no greater magnitude of rate variation than observed
here (Eyre-Walker and Gaut 1997; Laroche et al. 1997).

Interestingly, the Pistia terminal branch length is
several times longer than that of Arisaema in all chlo-
roplast analyses too: 61 versus 20 steps in a maximum-
parsimony analysis of the same rbcL and restriction site
data analyzed in figure 2A, 32 versus 6 steps in a max-
imum-parsimony analysis of rbcL silent sites, and 8.0-
fold higher in amaximum-likelihood analysis of all rbcL
sites. Thus, it appears that both organellar genomes have
several-fold higher mutation rates in Pistia than in its
sister Arisaema. If the same effect is also observed for
nuclear protein genes in these taxa, then some popula-
tion genetic or life history factor, such as generation
time differences, is probably driving a coordinate
change in mutation rate across all three genomes in one
plant lineage or the other (Eyre-Walker and Gaut 1997).

Evidence for Multiple Intron Horizontal Transfers
from Co-conversion Tracts

We have presented three lines of evidence that are
consistent with a history of few gains (as few as one)
and largely vertical transmission of the cox1 intron dur-
ing evolution of the Araceae. These are as follows: (1)
The six Araceae introns are extremely similar to one
another—they are identically located within the coxl

gene, areidentica in length, and are 97.7%—-99.6% iden-
tical in sequence (fig. 3). (2) A phylogeny of theseintron
sequences (fig. 4), while superficially incongruent with
an organismal tree for these taxa (fig. 2A), is not sig-
nificantly better than intron phylogenies which match
the organismal tree. (3) The intron’s phylogenetic dis-
tribution suggests a history of largely or entirely vertical
transmission of the intron in the Araceae (figs. 2B—F).
Indeed, both next-shortest trees reconstruct the intron’s
history as entirely vertical—a single ancestral gain fol-
lowed by two subsequent losses. Despite all this, how-
ever, key evidence that leads us to favor an alternative
model—of largely horizontal transmission of the cox1
intron—comes from co-conversion data.

All six of the intron-containing Araceae show dif-
ferences in a 20-nt exonic tract immediately downstream
of the coxl intron that we attribute to changes incurred
by co-conversion of the donor cox1 gene during intron
homing (fig. 5). These differences extend in a 3’ gra-
dient away from the intron insertion site and occur iden-
ticaly at a given site relative to the clearly ancestral
condition present in the seven sequenced intron-lacking
Araceae. Not only do these seven Araceae dl have the
same sequence in this region, but this sequence is iden-
tical to that found in all of the many diverse intron-
lacking angiosperms, both monocots and dicots (except
for a single nuclectide difference in Beta; Vaughn et al.
1995; Cho et al. 1998b). Considering the very high
overall identities of the coxl coding sequence among
these 13 taxa (97.4%-99.8%; fig. 3; also see fig. 5), it
is extremely unlikely that these differences could have
arisen through so many individual point mutations in
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Zamioculcas 7
Dieffenbachia 0
Zantedeschia 0
Arisagma 7

7

Peltandra 0
Amorphophallus 7
Xanthosoma 1
Lemna nd
Anthurium 0
“l_EScindapsus 0
100L_ gpathiphylium 0
Orontium 0

FiG. 6.—Our preferred scenario of coxl intron evolution. Tree
topology is the same as in figure 2A-D, with bootstrap scores above
50% shown below branches. Ovaled plus signs indicate five inferred
acquisitions of the coxl intron among the six Araceae taxa (shaded
names) which contain it. Numbers at the right indicate the number of
exonic nucleotides immediately downstream of the intron insertion site
that are changed by co-conversion (see fig. 5).

such a short region. Instead, we attribute them to co-
conversion.

The differences in the lengths of these co-conver-
sion tracts, together with the absence of such tracts in
all intron-lacking taxa, provide key evidence in favor of
as many as five separate acquisitions of the intron within
the family (fig. 6). We argue that, regardless of how
closely related they are, any two taxa whose co-conver-
sion tracts differ in length probably acquired their in-
trons separately. For example, Amorphophallus and
Xanthosoma are sister taxa with 85% bootstrap support,
and thus are inferred to have received their introns by
vertical transmission according to all parsimony models
of intron distribution (fig. 2B-E). However, because
their co-conversion tracts differ in length, and substan-
tially so (fig. 5), we conclude that they most likely ac-
quired their introns by two separate, and recent, hori-
zontal transfers. By the same logic, we conclude that
Philodendron and Zamioculcas, which cluster weakly in
the shortest organismal tree (fig. 2A), also acquired their
introns separately (fig. 6).

The absence of any evidence for co-conversion in
al intron-lacking taxa argues that they never had the
intron, for if they had, they should have retained the co-
conversion signatures, as has been observed in an un-
equivocal case of loss of thisintron in alineage of dicots
(Cho et al. 1998a). This inference is most meaningful
for Peltandra, which is nested within a strongly sup-
ported clade of five taxa, the other four of which contain
the intron, and which had been inferred to have lost the
intron in all but one of the previously considered models
for intron evolution (fig. 2C—F).

The Arisaema/Pistia pair is the only clade of in-
ferred vertical transmission of the intron among the six
intron-containing Araceae. Arisaema and Pistia form a
strongly supported pair (100% bootstrap support) in the
organismal tree (fig. 2A), their introns form amoderately
well supported clade (69% and 77% bootstrap support,
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respectively; fig. 4), and they have identical co-conver-
sion tract lengths (fig. 5). Overall, then, we postulate as
many as five separate intron gains via horizontal transfer
to account for the intron’s presence in only 6 of the 14
examined Araceae taxa (fig. 6).

These co-conversion tract length differences can be
made to fit more strictly vertical models of intron trans-
mission if one postulates either high rates of back mu-
tation within co-conversion tracts or persistent hetero-
plasmy of coxl alleles that differ in either presence/ab-
sence of the intron and/or the length of its co-conversion
tract. However, we regard both phenomena as unlikely
and therefore favor the five-intron-gain model of figure
6. Consider back mutation in the context of the three-
gain model of figure 2B, as this postulates the fewest
back mutations, four in Philodendron and six in Xan-
thosoma, each from an ancestral co-conversion tract
with seven changes (as in Zamioculcas and Amorpho-
phallus, respectively). (The optimizations in fig. 2C—F
postulate an additional seven back mutations in each
intronloss lineage). Outside of the 20-nt co-conversion
region, there are only eight differences between Philo-
dendron and Zamioculcas in the remaining 1,370 nt of
cox1 coding region sequenced, and only four differences
between Xanthosoma and Amorphophallus (figs. 3 and
5). In other words, there are roughly equal numbers of
differences (4 vs. 8 and 6 vs. 4) in these two regions
despite their 68-fold disparity in length.

Such a pronounced and unidirectional (i.e., reverse)
mutational bias could occur if there were intense selec-
tion for the ancestral sequence in the co-conversion re-
gion. However, such selection can be rejected because
six of the seven co-conversion differences (all but the
3'-most) are silent and because the silent substitution
rate in plant mtDNA is a close approximation of the
neutral mutation rate. (There is only modest codon us-
age hias in plant mtDNA evolution [Lonsdale 1989;
Macfarlane, Wahleithner, and Wol stenholme 1990], with
this bias favoring, if anything, retention of the co-con-
version sequence [about two thirds of third codon po-
sitionsare T and A, with T > A > G > C]. Also, the
overal point mutation rate across the entire mt genome
[most of which is noncoding] is similar to the silent rate
in protein genes, which implies that the silent rate can-
not be constrained by other gene-specific pressures, e.g.,
by selection to maintain pairing between mRNAs and
guide RNAs thought to be involved in the RNA editing
that is common in plant mitochondria [Palmer and Her-
bon 1988; Wolfe 1996]). Furthermore, if back-mutation
were to occur, it should abolish the 3’ co-conversion
gradient shown in figure 5 (such abolition is observed
in the only lineage of plant cox1 introns in which back-
mutation is evident [Cho et a. 1998a]; also note that
this involves a specia case of a plant mitochondrial lin-
eage with an unusually high mutation rate and that de-
spite this, there is much less back-mutation than must
be postulated for the Araceae). Again, then, we reject
the back-mutation model (of vertical intron transmis-
sion) to account for these co-conversion tract length dif-
ferences.
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Under a persistent heteroplasmy model of vertical
intron transmission, one or afew early intron gains (e.g.,
in the common ancestor of the top 10 taxa in fig. 6 or
at the positions marked by plus signs in the three-gain
model of fig. 2B) would have been followed by retention
of the original intronless cox1 allele in essentially all
descendant lineages, i.e., by persistent heteroplasmy of
intron-plus and intron-minus aleles. Under the extreme
form of this model, taxa such as Peltandra with sec-
ondary “loss” of the intron would have sorted out these
two aleles, losing (or nearly losing) the intron-contain-
ing allele and fixing (or nearly fixing) the intronless a-
lele, whereas sorting out would have occurred in the
reverse direction in those taxa which still retain the in-
tron. Differences in co-conversion tract lengths among
these latter taxa would reflect vertical homing eventsin
which an intron with the original tract length of seven
differences had homed into an intronless allele in an
event that generated a shorter co-conversion tract in the
recipient alele, with the latter alele then rising to fix-
ation (e.g., in Philodendron and Xanthosoma).

We find this scenario unlikely for three reasons.
First, it postulates a kind of heteroplasmy that is far
more persistent, i.e., throughout the evolution of a sub-
stantial portion of the large family Araceae, than any
heteroplasmy that has yet been documented in plant mt
genomes. Second, if anything, an endonuclease-encod-
ing group | intron should be much less prone to persis-
tent heteroplasmy than the ordinary mt sequence, as the
pervasive, unidirectional spread of intron-plus into in-
tron-minus alleles via vertical homing should quickly
eliminate intronless alleles from a population. Indeed, in
genetic crosses, homing group | introns quickly convert
95%—100% of progeny alleles to intron-containing ones
(Lemieux and Lee 1987; Muscarella and Vogt 1989; re-
viewed in Dujon 1989). Third, if such heteroplasmy
were so persistent, then one would expect it to have
persisted in some extant plants, in which case we should
have detected it. This is especially so in PCR reactions
using primers flanking the intron, in which an intronless
alele should have a large competitive advantage over
an alele containing this nearly 1-kb intron. However, no
intronless bands were observed in such reactions using
any of the six intron-containing DNAs as templates
(data not shown). Also, none of the three intronless taxa
from the intron-containing ‘“‘clade’” shows any detect-
able hybridization with the coxl intron probe (fig. 1B).
Arisaema and Philodendron do show faint hybridization
to a second band with the coding region probe (fig. 1A);
however, in the absence of recovery of an intronless
PCR product from these taxa (see above), we interpret
these faint signals as likely representing either duplica-
tions of very short segments of the cox1 coding region
within the mitochondrial genome (short dispersed re-
peats are common in plant mtDNAS [Itadani et al. 1994;
Unseld et al. 1997; unpublished data]) or a copy of the
gene in the nucleus (such transfers are also common
[Blanchard and Schmidt 1995]).

For these reasons, we find it very unlikely that the
entire 10-taxon clade of intron-containing Araceae ac-
quired their introns by a single horizontal transfer. We

believe that there were amost certainly at least three
independent intron introductions in the common ances-
tors of each of the three sister pairs of intron-containing
taxa (cf. figs. 2B and 6). We aso prefer, based on dif-
ferences in co-conversion tract lengths, the five-intron-
gain model of figure 6, whereby Philodendron and Za-
mioculcas acquired their introns independently, as did
Amorphophallus and Xanthosoma. At the same time, we
cannot rule out the possibility that for either pair, the
intron was acquired in its common ancestor, followed
by a brief period of vertical homing during which all
intron-lacking alleles became ‘‘filled” by the intron,
with one of these homings happening to generate the
shorter co-conversion tract now extant in the Philoden-
dron or Xanthosoma lineages. Because homing is so
pervasive, this critical secondary homing presumably
would have occurred soon after intron acquisition by
lateral transfer, leading to the prediction that the short
and long co-conversion tract lineages (e.g., the Philo-
dendron and Zamioculcas lineages, respectively) would
trace back to the very base of their combined lineage.
Conversely, if their introns were acquired separately,
then we would predict that further sampling would lead
to the discovery of intron- and co-conversion-lacking
taxa that are specific relatives of Philodendron to the
exclusion of Zamioculcas (and vice versa). Overall,
then, the evidence leads us to favor at least three, most
likely five (fig. 6), separate introductions of thisinvasive
intron into Araceae coxl genes.

Why More Intron Gains than Losses?

Among the 14 Araceae examined in this study, we
infer at least three, quite likely five, separate gains of
the cox1 intron, but no losses (fig. 6). This striking ex-
cess of gains over losses probably reflects at least one
analytical and two biological factors. Our sampling of
but one species from each of 14 diverse genera among
the 100+ genera in the Araceae (French, Chung, and
Hur 1995), coupled with the intron’s recent and frequent
invasion of angiosperm mt genomes (see next section),
means that our study is biased toward detecting gains
over losses. If we had instead sampled all 15 generaand
hundreds of species of Araceae (French, Chung, and Hur
1995) from the Pistia/Arisaema clade of inferred vertical
intron transmission, and only these species, then we
might have detected an excess of intron losses compared
with the putatively single ancestral gain in the group.

The two biological factors responsible for the gain-
loss bias are the DNA endonuclease and RNA maturase
activities that are known to be specified by the intron-
encoded protein in yeast (Delahodde et al. 1989; Wen-
Zlau et al. 1989; Henke, Butow, and Perlman 1995). The
endonuclease activity is responsible for the intron's
homing ability (see Introduction). As described in the
preceding section, homing should cause intron-contain-
ing aleles of the coxl gene to spread and swamp out
intron-lacking alleles. Consider a plant that is homo-
plasmic for the intron. The initial event that would lead
to a descendant plant lacking the intron is loss of the
intron in a single copy of the cox1 gene, presumably via
a gene conversion event between the gene and a cDNA
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made from a spliced cox1 mRNA. The fact that there
are, on average, hundreds of mt genomes per cell, to-
gether with the propensity of plant mitochondria to fuse
and share their genomes panmictically and to undergo
frequent inter- and intramolecular recombination and
gene conversion (Lonsdale 1987; Lonsdale et al. 1988),
means that there will be a huge excess of intron-con-
taining genes, each producing the homing endonuclease
and each a candidate for donation of its intron back to
the intronless gene. Thus, although intronless mutations
should arise at the same frequency for cox1 as for any
other single-intron-containing mt gene, they are proba-
bly fixed at a lower frequency.

The fact that the intron ORF-encoded RNA matu-
rase is necessary for self-splicing of the intron (Dela
hodde et al. 1989; Wenzlau et al. 1989; Henke, Butow,
and Perlman 1995) presumably imposes very strong se-
lection on maintenance of the ORF as an intact and ex-
pressed reading frame. Selection to maintain active ma-
turase is probably much stronger than selection to main-
tain active endonuclease. Therefore, depending on the
extent to which the two activities of this bifunctional
protein are inseparable (Henke, Butow, and Perlman
1995), selection to maintain maturase may actually drive
maintenance of endonuclease activity. This predicts that
the intron should be lost preferentially under circum-
stances in which selection is lost on its RNA maturase
function (e.g., if a second copy of the intron is present
elsewhere in the genome to provide this function, or if
some other trans-acting factor happens to supplant its
role). Consistent with this prediction, the only case of
loss of this intron yet observed in angiosperms occurs
in the only genus (Plantago) of 35 intron-containing an-
giosperm genera examined in which the intron’s ORF is
a pseudogene (Cho et al. 1998a).

Recent Explosion of cox1 Intron Transfers in Araceae
and Other Angiosperms

In our recent study (Cho et a. 1998b), we inferred
32 separate gains of this intron among nearly 300 di-
verse angiosperms examined. Extrapolating across all
angiosperms, we estimated that this intron had been hor-
izontally introduced into angiosperm cox1 genes ‘‘ over
athousand times” and that ““all of these events seem to
be recent.” The present study reinforces both of these
conclusions. Our inference of three to five separate ac-
quisitions of this intron within a mere 14 genera from a
single family gives us even greater confidence that many
hundreds of gains of this intron among angiosperms re-
main to be identified. Furthermore, except for the shared
gain in Arisaema and Pistia, all of the Araceae gains
are potentialy genus- or even species-specific, thus
highlighting the recency of this intron’s spread among
angiosperms (see also Adams, Clements, and Vaughn
1998). We refer the reader to Cho et al. (1998b) for a
discussion of severa factors that could account for such
a recent explosion of intron invasions, as well as two
opposing models for the history of horizontal transfer
of this intron.

We face a conundrum of why, if they truly arose
by three to five separate events, the six Araceae coxl
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introns cluster (albeit weakly) as a monophyletic group
in the intron phylogeny (fig. 4). Does this reflect some
underlying biological factor? The Araceae are a cos-
mopolitan, mainly tropical, family, found in a variety of
habitats; they thus lack the tight geographical and eco-
logical clustering that might render them prone to in-
fection with a similarly clustered set of donor or vec-
toring agents. Phylogenetic history may be the key here.
All Araceae may share a genetic propensity to be in-
fected by a particular vectoring agent which is trans-
mitting cox1 introns from another preferred group of
hosts. Another possibility is that the intron was trans-
mitted from one member of the Araceae to another
across true mating barriers by cross-pollination unac-
companied by full fertilization and production of fertile
hybrid offspring. This assumes a phylogenetic basis for
such wide cross-pollination and also that this would be
accompanied by sufficient pollen tube growth to occa
sionaly—on an evolutionary timescale—allow intro-
duction of this invasive intron into a fertilized egg. Or
perhaps mere chance is at play here; perhaps these Ar-
aceae acquired their introns from very closely related
donors merely by random chance, in which case further
sampling of angiosperms should cause this apparent pat-
terning to break down.
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