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The rattlesnake fern (Botrychium virginianum (L.) Sw.) is obligately mycotrophic and widely distributed
across the northern hemisphere. Three mitochondrial gene regions place this species with other ferns in
Ophioglossaceae, while two regions place it as a member of the largely parasitic angiosperm order
Santalales (sandalwoods and mistletoes). These discordant phylogenetic placements suggest that part of
the genome in B. virginianum was acquired by horizontal gene transfer (HGT), perhaps from root-parasitic
Loranthaceae. These transgenes are restricted to B. virginianum and occur across the range of the species.
Molecular and life-history traits indicate that the transfer preceded the global expansion of B. virginianum,
and that the latter may have happened very rapidly. This is the first report of HGT from an angiosperm to a
fern, through either direct parasitism or the mediation of interconnecting fungal symbionts.
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1. INTRODUCTION

Horizontal gene transfer (HGT) appears to be common in
plant mitochondrial (mt) genomes (Bergthorsson ez al.
2003), but until very recently explanations of how such
transfers occur have been speculative (Bergthorsson ez al.
2003; Won & Renner 2003). Two studies show that
parasitism of one plant by another is potentially an
important mode of HGT in angiosperms. The first
documented HGT from a host to its parasite (Davis &
Wurdack 2004), and the second from a parasite to its host
(Mower et al. 2004). This paper reports the first case of
HGT from an angiosperm parasite to a putative fern host,
and offers the first data on the geographic distribution of
transgenes in a recipient species.

2. MATERIAL AND METHODS

(a) Taxon sampling

Our analyses included four mt gene regions (azpl, aip6,
matR and nadlB-C) spanning all major vascular plant
clades (i.e. ferns, cycads, gymnosperms and angiosperms).
The matR dataset included nearly all orders of flowering
plants (APG 2003) and nad1B-C was similarly sampled for
angiosperms and spanned most major eudicot clades. Each
of these gene trees was rooted with Huperzia (atpl, matR
and nadlB-C), Lycopodium (atpl), and Marchantia (atp6)
following the large-scale phylogenetic studies by Karol ez al.
(2001) and Pryer et al. (2001). All primers and protocols
used to generate these data, including those for RT-PCR
and cDNA analyses described in §3 below, can be found in
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the supplementary online version accompanying this
article.

Focused sampling for these four gene regions included
24 species (in 21 genera) representing all five families of
Santalales, including representatives of the earliest diver-
ging members of the order (Nickrent & Malécot 2001;
APG 2003; Malécot et al. 2004). Our sampling of
Loranthaceae spans the basal node of the family: the
monospecific Australian root-parasitic Nuyzsia is sister to
the rest of the family and is included in our analyses
(Vidal-Russell & Nickrent 2005). Along with the more
derived aerial-parasitic loranths, root-parasitic Gaiaden-
dron and Nuytsia are also included. We also sampled 12
fern species representing all three genera of Ophioglossa-
ceae and species from all subgenera of Borrychium (Hauk
et al. 2003), including the previously unplaced Afroasian
subgenus Fapanoborrychium (Hauk er al. 2003).

Population sampling of Botrychium virginianum (L.)
Sw. for transgenic regions, matR and nadlB-C, included
34 accessions spanning its worldwide distribution, includ-
ing North America (Canada, Mexico, United States),
Central America (Costa Rica, Panama), South America
(Bolivia, Brazil, Peru), the Greater Antilles (Dominican
Republic), Europe (Austria, Germany, Switzerland) and
Asia (China, Japan). For complete sampling information
see table 1 in the Electronic Appendix.

We also included a fifth dataset, plastid rbcL, that
included most major fern clades plus horsetails, and was
rooted with Huperzia, Lycopodium, gymnosperms and
cycads (Pryer ez al. 2001). The purpose of including rbcL
was to infer the biogeography of Bowrychium, and to
determine the approximate maximum age estimate for
this HGT event (see §2d). The rbcL data are especially
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amenable to biogeographic analysis because: (i) the plastid
genome does not appear to be susceptible to HGT across
species boundaries and (ii) rbcL is sufficiently well sampled
in ferns to provide a solid foundation for inferring the
phylogeny and biogeography of Ophioglossaceae—the rbcL
data set includes most major fern lineages, all genera of
Ophioglossaceae, and nearly all species of Borrychium
throughout their worldwide range (Hauk ez al. 2003).

(b) Phylogenetic analysis

Maximum likelihood (ML) optimization was
implemented for all independent (azpl, atp6, matR and
nadlB-C) and combined (matR plus nadlB-C) datasets in
PHYML ver. 2.4.4 (Guindon & Gascuel 2003) under the
general time reversible model (GTR), or a submodel of
the GTR model, as determined by ModelTest 3.6 (Posada
& Crandall 1998). ML support values were estimated
from 100 bootstrap replicates in PHYML, and parsimony
support was estimated from 1000 bootstrap replicates in
PAUP*4b10 (Swofford 2003). Parsimony bootstrap
replicates were implemented with heuristic searches
using 10 random taxon additions per replicate, tree-
bisection—reconnection, MULPARS, and holding 10 trees
at each taxon addition. To assess the alternate topological
placement of B. virginianum in single data set analyses we
employed the Kishino—Hasegawa (Kishino & Hasegawa
1989), Shimodaira—Hasegawa (Kadowaki er al. 1996)
and parametric bootstrap tests (Huelsenbeck ez al. 1996)
using ML.

(c) Statistical phylogeography

We calculated Tajima’s D and mismatch distribution with
ARLEQUIN (Schneider et al. 2000) for all samples of
B. virgintanum. The demographic expansion model of
Rogers and Harpending (Harpending 1994; Rogers 1995)
was used to analyse the pairwise mismatch distributions.
Twenty-five polymorphic sites were obtained for com-
bined matR and nadlB-C. There were 19 and 6
polymorphic sites representing 11 and 7 haplotypes across
individuals for transgenic matR and nadlB-C, respectively.

(d) Biogeographic Analyses

To infer the location of disjunctions of Ophioglossaceae
clades, ancestral areas were reconstructed on the ML rbcL
topology with dispersal-vicariance analysis (DIVA) as
implemented in DIVA ver. 1.1 (Ronquist 1997). Our data
matrix used to assess ancestral areas was constructed by
scoring each species for its presence in seven major
continental areas of endemism: Africa, Asia, Australia,
Central America, Europe, North America and South
America. Distributional data were obtained from Clausen
(1938) and Wagner & Wagner (1993) (see supplementary
online materials for trees and scorings). To corroborate
results obtained using DIVA we similarly analysed these
data using parsimony as implemented with the default
‘trace’ optimization of MacClade.

To estimate divergence times, branch lengths and an
associated likelihood score were calculated for the
respective models of sequence evolution in the absence
of a molecular clock for plastid rbcL data following Davis
et al. (2002). Finding that a clock was rejected (p < 0.05)
we used penalized likelihood (Sanderson 2002) to
estimate divergence times, focusing specifically on the
split between B. wvirginianum and its closest Botrychium
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relatives. Since this transfer event is restricted to
B. wvirginianum (see §3), the divergence time for this
node provides a maximum age estimate for this event. The
transfer can be younger than this node, but not older. To
estimate standard errors associated with divergence times,
we used the parametric bootstrapping strategy outlined in
Davis ez al. (2002).

We applied 12 minimum fossil age constraints recently
reviewed by Schneider ez al. (2004) to the rbcL data to
estimate absolute divergence times (see Electronic Appen-
dix). In addition, we also included the minimum age
constraint of 57.8 Myr (time-scale sensu Berggren er al.
1995) for stem group Botrychium based on reliable
Paleocene Borrychium fossils from western North America
(Rothwell & Stockey 1989). We also separately enforced
two maximum age constraints for the root of our tree,
which corresponds to the euphyllophyte clade (Pryer et al.
2001)—380 and 450 Myr. The first age constraint
corresponds to the earliest known euphyllophyte fossils
(Schneider er al. 2004), and the second corresponds to the
approximate maximum age for all land plants based on
fossil and molecular divergence time estimates (Sanderson
2003). The cross validation procedure for these data
yielded an optimal smoothing value of 1000.

3. RESULTS AND DISCUSSION

While reconstructing the phylogenies of all four mt gene
regions we uncovered two strongly discordant placements
for the rattlesnake fern, B. virginianum. The genes apl,
atp6, and one copy of matR placed B. virginianum with its
closest relatives as a member of the fern family
Ophioglossaceae (figure 16-d). In contrast, nad1B-C and
a second copy of matR placed it as a member of the
parasitic angiosperm order Santalales (figure 1a,b), which
includes the sandalwoods and mistletoes. We sought
angiosperm matR and nadlB-C in other Ophioglossaceae
(i.e., representatives of all three genera of Ophioglossaceae
plus all subgenera of Botrychium sensu Hauk er al. 2003,
including the closest relatives of B. virginianum) using a
battery of angiosperm specific primers for these gene
regions. In all sampled Ophioglossaceae, angiosperm-like
copies were detected only in B. virginianum. In addition,
universal matR primers designed to amplify both native
and transgene copies of marR uncovered only the native
copy in other Ophioglossaceae.

This anomalous phylogenetic placement is robust,
according to the Kishino—Hasegawa, Shimodaira—Hase-
gawa and parametric bootstrap tests: transgenic matR and
nadlB-C favoured (p<0.05 for all tests) the placement of
B. virginianum with Santalales rather than with Ophio-
glossaceae; similarly, native marR, arpl and arp6 favoured
(p<0.05 for all tests) the placement of B. wvirginianum
with Ophioglossaceae rather than with Santalales. These
results cannot be attributed to contamination, which can
be ruled out for these reasons: (i) DNA extractions of
B. virginianum were done independently in the labora-
tories of Davis and Wurdack, prior to any extraction of
Santalales; (ii) all samples of B. virginianum possessed the
same transgenes and (iii) these transgenes are different
from any Santalales we sampled—if contamination had
occurred we would expect sequences from B. virginianum
to match those of Santalales extracted in our labs, but they
do not. The most reasonable explanation for our results is
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(a) nadlB-C

(c) atpl

Angiosperms
(Santalales)
— Gnetales

—— Coniferales
—— Ginkgoales
—— Cycadales —

Ferns & allies
(Ophioglossaceae)
Basal land plants

(b) matR

(d) atp6

Figure 1. Phylogenetic evidence for the discordant placements of Botrychium wvirginianum. Central tree depicts our
current understanding of major land plant relationships. Each pair of trees in the corners is extracted from the larger ML
analyses of (@) nadlB-C (from 100 total taxa), (b) matrR (from 208 total taxa), (¢) atpl (from 145 total taxa), and (d) azp6é (from
74 total taxa). Santalales are depicted in red, Ophioglossaceae in blue. Transgenic copies of matR and nadlB-C are shown in
Santalales in blue. Asterisks indicate the placement of B. virginianum in Ophioglossaceae based on vertically inherited copies of
these genes; we did not recover a native copy of nadlB-C. See Electronic Appendix for detailed tree topologies and statistics.

that part of the genome in B. wvirginianum was acquired
from Santalales via HGT. While other studies have
reported HGT between angiosperms and gymnosperms
(Won & Renner 2003) and between angiosperms and
mosses (Bergthorsson ez al. 2004), this is the first report of
gene transfer between angiosperms and ferns.

The two transgenic regions found in B. virginianum,
nadlB-C and matR, both reside within the nadl gene
(Dombrovska & Qiu 2004). The similar phylogenetic
placement of B. wvirginianum using each gene region
indicates that transgenes in this species were most likely
transferred together in a single event. The native matR
gene that places B. wvirginianum in Ophioglossaceae
appears to be functional, while the copy of marR that
nests within Santalales is not. RT-PCR products and
cDNA sequences were only recovered for native matR,
and were absent for the Santalalean copy. The pseudo-
genic nature of the latter is further confirmed by the
presence of several internal termination codons and by the
loss of reading frame in this sequence. The exonic region
of nadlB-C was similarly undetected in RT-PCR/cDNA
analysis suggesting that the coding portion of this
transgene region is also non-functional.

Botrychium virginianum is a terrestrial fern common in
temperate forests throughout the northern hemisphere
and extends south through America in moist upland
habitats to Bolivia and Brazil (Clausen 1938; Hauk ez al.
2003). The nadlB-C and matR transgenic regions are
restricted to B. wvirginianum within Ophioglossaceae and
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were present in all 34 individuals we sampled across the
range of B. wvirginianum. Therefore, HGT probably
occurred after B. virgintanum diverged from its closest
relatives and before it expanded into its present global
distribution. Ancestral area reconstructions (using Diva
and MacCrLADE) and molecular divergence time estimates
based on plastid rbcL data indicate that this divergence
most likely occurred in Asia, and that the transfer event is
no older than the Eocene (34.9+3.5 Myr, or 44.2+
6 Myr; older maximum age constraints (e.g. 500 Myr) for
the root node in our analysis push this age estimate slightly
older, but the age of interest is still within the Eocene).
Alternatively, the transfer event may have occurred in a
single population of an already widespread B. virginianums,
followed by spread of the transgenic regions throughout
the species via selective gene sweep. Since neither of these
transgene regions appears to be functional in B. virginia-
num, they are unlikely to confer a selective advantage,
which favours the hypothesis that the transfer preceded
the expansion of B. virginianum.

Two lines of evidence suggest that B. virginianum may
have achieved its global distribution very rapidly, perhaps
in thousands of years rather than millions. A rapid
expansion would fit with the life history of this species.
Like many ferns, including Ophioglossaceae, B. virginia-
num is almost certainly easily dispersed over long distances
by its small spores (Peck et al. 1990; Barrington 1993).
Additionally, the ability of single spores to establish new
colonies through its inbreeding bisexual gametophytes
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(Soltis & Soltis 1986) should also speed the spread of this
species. Rapid expansion is similarly supported at the
molecular level by pairwise mismatch distributions
(Rogers & Harpending 1992) and Tajima’s D (Tajima
1989) for all sampled individuals of these transgenes
(analysed independently and in combination). When we
pooled all samples and used mismatch distributions to
infer population expansion within B. virginianum none of
the datasets were able to reject a unimodal distribution
(i.e. expanding population model), providing evidence for
a rapid population expansion in B. virginianum (matR
(p=0.10), nadl1B-C (p=0.59) and combined matR plus
nadlB-C (p=0.94)). Similarly, significantly negative
values of Tajima’s D provide evidence of rapidly expanding
populations, and were suggested for matR (D= —1.62,
p»=0.03), and combined matR plus nadl B-C (D= —1.82,
p=0.02), and were marginally insignificant for nadlB-C
(D= —1.35, p=0.07).

Phylogenetic analyses of the nadlB-C and matR
transgenes (analysed independently and in combination)
place B. wvirginianum as sister to the hemiparasitic family
Loranthaceae within the order Santalales (figure 2). While
most Loranthaceae are aerial stem parasites, three
monospecific genera (Atkinsonia, Gaiadendron and
Nuytsia) are root parasites (Kuijt 1969), and both
morphological (Feuer & Kuijt 1980) and molecular
(Nickrent 2001; Nickrent 2002) evidence indicates that
root parasitism is ancestral in the family. B. virginianum is
a terrestrial fern that spends part of its life cycle as a
subterranean gametophyte and juvenile sporophyte
(Johnson-Groh et al. 2002), and the rhizome is hardly, if
at all, emergent at maturity (Gifford & Foster 1989).
While it follows that a root parasite is the most likely donor
of the transgenes found in B. wvirginianum, none of the
three root-parasitic loranth species are presently found in
Asia. Given the evidence cited above that B. virginianum
originated in Asia, and the fact that our analyses (figure 2)
show that the transgenes are not sister to any extant genus
of Loranthaceae, it seems most likely that the transgenic
donor was a root-parasitic Asian loranth that is now
extinct. Nevertheless, the Neotropical Gaiadendron punc-
tatum (Ruiz & Pavon) G. Don may serve as a model for
how this gene transfer could have occurred. Gaiadendron
represents one of the earliest-diverging extant members of
Loranthaceae (Kuijt 1963; Feuer & Kuijt 1980; Nickrent
2002), and is the only root-parasitic loranth sympatric
with B. virginianum (TROPICOS 2005). While we do not
know any report of a parasitic relationship between
Loranthaceae and B. virginianum, root parasitism is very
cryptic and would probably go unnoticed if such a
relationship existed, and Gaiadendron is known to
parasitize ferns in the mountains of Costa Rica, where
B. virginianum occurs (Kuijt 1963; TROPICOS 2005).

Another possibility is that there was never a direct
parasitic connection between B. virginianum and terres-
trial Loranthaceae. Instead, HGT may have been indirect
via a shared fungal symbiont. The subterranean gameto-
phyte of B. wvirginianum lacks chlorophyll and must be
infected by an endophytic fungus in order to grow (Gifford
& Foster 1989). The intracellular fungus forms a
mycorrhiza-like association with the fern gametophyte
and transfers to it carbohydrates from nearby mycorrhizal
photosynthetic plants, a relationship dubbed epiparasitism
or mycoheterotrophy (Schmid & Oberwinkler 1994;
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Figure 2. Phylogeny of Santalales based on combined nad1B-C
and matR. Likelihood and parsimony bootstrap values,
respectively, are given for those clades supported at greater
than 50%. Asterisks indicate less than 50% bootstrap support.
See Electronic Appendix for detailed tree topologies and
statistics.

Smith & Read 1997). At maturity, the roots of the
sporophyte of B. wvirginianum lack root hairs and depend
on their fungal symbiont for water and minerals (Kovacs
et al. 2003). Mycorrhizae have been reported in Santalales
(Landis er al. 2002), but have not been demonstrated in
root-parasitic Loranthaceae, although all of the latter lack
root hairs like many mycorrhizal plants (Kuijt 1963,
1969). If there was a fungal bridge between a terrestrial
loranth and B. virginianum, the HGT postulated here may
have been mediated by the fungus.

If fungi are functioning as a conduit for gene transfer,
that may help to explain some of the many reported HGT's
for which no mechanism has been obvious (Bergthorsson
et al. 2003; Won & Renner 2003). Mycorrhizal fungi are
notoriously non-specific in their host selection and
connect many distantly related plants in the same
community (Smith & Read 1997). This ‘wood-wide
web’ (Simard er al. 1997) may be facilitating rapid and
widespread exchange of DNA across phylogenetic dis-
tances spanning all green plants. If so, such a finding
would affect our thinking about the long-term evolution of
the terrestrial biota, and may also have commercial
implications. Fungus-mediated HGT could make it very
difficult to restrict transgenes to their genetically modified
organisms—if this is happening, the transgenie would be
out of the bottle.
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