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Polyploidy is a prominent process in plant evolution and adaptation, but molecular phylogenetic studies of polyploids
based on DNA sequences have often been confounded by their complex gene and genome histories. We report here a retroposon insertion in the nuclear gene granule-bound starch synthase I (GBSSI or ‘‘waxy’’) that clearly reveals the ancient
hybrid history of the medically important polyploid species belladonna (Atropa belladonna) and resolves the controversy
over the taxonomic group to which it belongs, the tribe Hyoscyameae (Solanaceae). Our inferences based on the pattern of
presence or absence of the retroposon insertion are corroborated by phylogenetic analyses of the GBSSI gene sequences.
This case may suggest that retroposons are promising molecular markers to study polyploid evolution.

Polyploidy is a prominent process in plant evolution,
where 50% or more of flowering plants and 95% of ferns
and fern allies are polyploids (Goldblatt 1980; Grant 1981;
Masterson 1994), including many crop plants of worldwide
importance (e.g., rice, wheat, cotton, and soybean). More
recent genomic studies even suggest that probably all angiosperms have had at least one polyploidization event
somewhere in their evolutionary history (Vision et al.
2000; Bowers et al. 2003). Tracing the evolutionary history
of polyploids is essential for crop genetic engineering and
understanding the extant plant diversity in general. However, reticulate evolution and the complex gene or genome
histories in polyploids often confound phylogenetic inferences based on DNA sequences (Wendel 2000) and subsequently restrict other evolutionary studies of polyploids in
the light of phylogeny.
In the last several years, a new source of phylogenetic
characters, retroposable elements, especially SINE (short
interspersed element) families, have been employed as a
powerful tool to complement DNA sequence data for
addressing phylogenetic questions in a number of animal
groups (Murata et al. 1993; Shimamura et al. 1997; Nikaido
et al. 1999; Terai et al. 2003; Sasaki et al. 2004; Nikaido
et al. 2006). Retroposons move within the genome via a
copy-and-paste process: the parent locus is transcribed into
RNA and then the genetic information is reverse transcribed
from RNA back into chromosomal DNA at a new locus
(Rogers 1983; Okada 1991). Because of this replicative
mechanism, the integration of a retroposon at a new locus
is considered to be an irreversible event, and its target site is
chosen almost at random (Okada 1991). These characteristics of retroposons make them excellent tools for the determination of phylogenetic relationships, with the probability
of homoplasy very small (Okada 1991; Nikaido et al. 1999).
However, in contrast to the extensive data on retroposons
available for animals, only a few retroposons have been well
characterized in plants. For this reason, the ‘‘SINE method’’
(Cook and Tristem 1997; Shedlock and Okada 2000; Okada
et al. 2004; Shedlock et al. 2004) has not stimulated much
attention among plant systematists and evolutionists. The
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extraordinary potential of using this type of molecular
marker to trace the evolutionary history of polyploids has
been largely unexplored.
The delimitation of tribe Hyoscyameae (Solanaceae) has
been debated widely (Bentham 1876; Tetenyi 1987; D’Arcy
1991; Hoare and Knapp 1997; Olmstead et al. 1999; Hunziker
2001). The focus of these arguments is the affinity of Atropa
to the traditionally recognized Hyoscyameae, which includes
6 genera (Anisodus, Atropanthe, Hyoscyamus, Physochlaina,
Przewalskia, and Scopolia). Atropa contains 3 species
(Hoare and Knapp 1997; Hunziker 2001), including belladonna (Atropa belladonna), source of the drug atropine.
Traditional classifications that treated Atropa and the
tribe Hyoscyameae separately did so mainly on the basis
that the plants in Atropa have fleshy, indehiscent fruits,
whereas the other 6 genera have unusual circumscissile
capsules. Previous molecular studies based on chloroplast
DNA (cpDNA) (Olmstead and Sweere 1994; Olmstead
et al. 1999) showed that Atropa was grouped with the
traditionally recognized Hyoscyameae to form a wellsupported monophyletic group. Consequently, Atropa
was included in the tribe Hyoscyameae in their provisional
phylogenetic classification (Olmstead et al. 1999). Chromosome numbers have been counted extensively for this
group in the past. Numbers for the traditionally recognized
Hyoscyameae, with their corresponding references, have
been very nicely summarized in a recent paper (Tu et al.
2005). These 6 genera are predominantly tetraploids,
with base chromosome number X 5 12, which has been
used as a synapomorphy to define a major clade within
Solanaceae (Olmstead and Sweere 1994). Anisodus, Atropanthe, and Scopolia all have 2n 5 48, Physochlaina has
2n 5 42, Przewalskia has 2n 5 44, whereas Hyoscyamus
possesses much variations in both base chromosome number and ploidy level. There are 8 counts for A. belladonna,
with corresponding references, in the Missouri Botanical
Garden TROPICS database (http://mobot.mobot.org/W3T/
Search/ipcn.html). Seven of them reported this species as
hexaploids, with 2n 5 72, the other one reported 2n 5 60.
Clarifying the phylogenetic affinity and evolutionary
history of this medically important polyploid species is
essential for potential genetic improvement of belladonna
cultivars by conventional or molecular assisted plant breeding. Here we report a retroposon insertion in the nuclear
gene granule-bound starch synthase I (GBSSI or ‘‘waxy’’)
that reveals the ancient hybrid history of belladonna
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FIG. 1.—Schematic representation of a portion of the alignment that shows the retroposon insertion. Black boxes represent flanking sequences; gray
boxes, inserted retroposon sequences; and white arrows, target-site duplications (GGTCCTGAG). Numbers following species names designate clones.
This retroposon is found in all the traditionally recognized Hyoscyameae taxa and 2 of the 3 copies from Atropa belladonna. The third copy, Atropa.
belladonna 3, does not possess this insertion. Note that 3 gene copies (Physochlaina physaloides 10, Hyoscyamus niger 14, and Atropa belladonna
7) have lost one of target-site duplications.

(A. belladonna) and defines the monophyly of the tribe
Hyoscyameae to which it belongs.
We sampled A. belladonna and representatives of all 6
genera of the traditionally recognized Hyoscyameae, as
well as several outgroup species in the family Solanaceae
(supplementary table 1, Supplementary Material online).
The region from exon 3 to exon 10 of the GBSSI gene
was amplified, cloned, and sequenced (see Materials and
Methods in Supplementary Material online). The total
aligned length of these GBSSI sequences is 2,253 bp. A
large insertion in intron 3, with the length approximately
258 bp, was found in all the traditionally recognized Hyoscyameae and 2 of the 3 copies from A. belladonna but not in
other taxa of the family Solanaceae. It is flanked by a short
direct repeat of sequence ‘‘GGTCCTGAG’’ (fig. 1, for
details see supplementary fig. S1, Supplementary Material
online), which is a hallmark of transposition and retroposition (Li 1997). A Blast search of this inserted element in
GenBank found no similar sequences, and further mask
against Repbase Update (Jurka et al. 2005) using CENSOR
(Jurka et al. 2005) also found no similar repeated sequences, which implies that this might be a previously unidentified transposable element. The fact that no terminal
inverted-repeat sequences were found in this element suggests a retroposon instead of a MITE (miniature invertedrepeat transposable element) or any other kinds of DNA
transposons. Given that the size of this element is fairly
small, it is most likely a SINE. Most SINEs characterized
in animals and all SINEs characterized in plants so far are
derived from tRNAs and thus have a tRNA-related region
at the 5# end (Okada et al. 2004). Unfortunately, a careful

step-by-step characterization of both the inserted sequence
and its reverse compliment sequence, following the protocol of Okada et al. (2004), failed to identify a tRNA-related
region. SINEs with 5# end tRNA-related region truncated
seem to be fairly common in plants (e.g., TSb in Solanaceae, Yoshioka et al. 1993; RathE1 and RathE2 in Brassicaceae, Lenoir et al. 2005). Although it is mostly likely to
be a 5# end–truncated SINE, we cannot rule out the possibility that it is a processed retropseudogene or truncated
long interspersed element.
Phylogenetic reconstructions were conducted using
the Maximum Parsimony (MP) and maximum likelihood
(ML) optimality criteria as implemented in PAUP*4.0b10
(Swofford 2002). MP analysis resulted in 8 equally most
parsimonious trees. ML analysis generated a single tree
( ln 5 9,167.0206) (fig. 2), which is topologically identical to 1 of the 8 MP trees. With Nicotiana as outgroup, the
6 tribes (classification see supplementary table 1, Supplementary Material online) in subfamily Solanoideae were
divided into 2 main clades. One was composed of the tribe
Hyoscyameae and Lycieae, the other comprised the tribe
Solaneae, Capsiceae, Physaleae, and Mandragoreae. The
relationships among the tribes in the subfamily Solanoideae
are consistent with the phylogeny inferred from cpDNA
data (Olmstead et al. 1999). Atropa and the other 6 traditionally recognized genera of Hyoscyameae form a clade,
with 100% bootstrap support in both MP and ML analyses,
that is sister group to the tribe Lycieae. However, the 3
GBSSI copies of A. belladonna are not monophyletic; 2
of them group with GBSSI copies of the other 6 genera
to form a clade that is defined by the retroposon insertion
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FIG. 2.—Phylogram of the single ML tree resulted from GBSSI data
set. This tree was identical to one of the 8 MP trees. The bootstrap values of
both ML and MP analyses supporting the corresponding branches are
shown when greater than 50% (ML/MP). The shaded box represents
the retroposon insertion in intron 3. Of the 26 GBSSI sequences analyzed,
21 were generated in this study and are deposited in GenBank (accession
numbers DQ069251–DQ069271). The other 5 sequences were retrieved
from GenBank (Solanum tuberosum X58453 [van der Leij et al. 1991];
Capsicum baccatum var. baccatum AF397120, Capsicum cardenasii
AF397116, Lycianthes lycioides AF397111, and Lycianthes rantonnei
AF397112 [Walsh and Hoot 2001]). For more taxa information, see supplementary table 1 in Supplementary Material online.

(fig. 2). The third copy does not possess this retroposon
insertion and stands out as sister group of all the other
Hyoscyameae copies.
The fact that this one copy does not have the retroposon insertion (fig. 1, A. belladonna 3), similar to those from
other Solanaceae, implies that this copy has an origin outside the clade defined by the presence of this insertion, or
alternatively, the retroposon insertion was deleted in this
copy subsequent to the diversification of the group. The latter hypothesis is very unlikely because retroposon insertion
events have been argued to be irreversible (Okada 1991;
Nikaido et al. 1999) due to their intrinsic replicative mechanism. Even when a rare deletion of a retroposon does
occurs, it leaves behind a molecular signature in the flanking sequences (Edwards and Gibbs 1992; Shedlock et al.
2004). There is no such signature in the flanking sequence
of this particular gene copy (fig.1 and supplementary
fig. S1, Supplementary Material online). Furthermore,
the phylogenetic analyses based on GBSSI gene sequences
support the former hypothesis. The 2 copies of A. belladonna that possess the insertion group with copies from
the other Hyoscyameae in a strongly supported clade.
The third copy occupies the position sister to this clade
(fig. 2). Based on this clear and direct evidence from the
retroposon insertion, and on evidence from phylogenetic
analyses, we conclude that A. belladonna has an allopolyploid origin. Given the fact that samples for the other genera
of Hyoscyameae are tetraploids and A. belladonna is a hexaploid, it appears that A. belladonna was involved in an ancient natural hybridization between a tetraploid species on
the main stem of Hyoscyameae evolution and a now-extinct
diploid lineage sister to the tetraploid lineage.
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The phylogenetic affinity of Atropa to the traditionally
recognized Hyoscyameae has been controversial for over
a century (Bentham 1876; Tetenyi 1987; D’Arcy 1991;
Hoare and Knapp 1997; Olmstead et al. 1999; Hunziker
2001). Our phylogenetic analyses showed that Atropa
groups with the traditionally recognized Hyoscyameae in
a strongly supported clade (fig. 2), with Lycium as its sister
group, which is consistent with previous molecular studies
(Olmstead and Sweere 1994; Olmstead et al. 1999). This
result is not inconsistent with traditional classifications
but highlights the problem of nonphylogenetic classification. Atropa, along with most Lycieae and subfamily Solanoideae to which they belong, are characterized by fleshy
fruits. The capsular fruits of the other Hyoscyameae are
a derived trait (Knapp 2002), thus indicative of their monophyly but not contradicting monophyly of a more inclusive
group including Atropa. The weak molecular support for
monophyly of the other 6 genera also argues for including
Atropa in the Hyoscyameae.
We infer that this retroposon is an insertion constrained in the Hyoscyameae by aligning the Hyoscyameae
GBSSI sequences with those from outgroup genera, which
represent 4 tribes in the subfamily Solanoideae and a more
distantly related subfamily, Nicotianoideae (supplementary
table 1, Supplementary Material online). It is absent from
GBSSI of all outgroup taxa. Furthermore, it was not found
in any other taxa of Solanaceae that have been investigated
using GBSSI gene sequences (Peralta and Spooner 2001;
Walsh and Hoot 2001). This fact suggests that the retroposon
is a synapomorphy for Hyoscyameae and thus corroborates
our phylogenetic analyses and the previous cpDNA studies
(Olmstead and Sweere 1994; Olmstead et al. 1999)
that Hyoscyameae, comprising 7 genera, Anisodus, Atropa,
Atropanthe, Hyoscyamus, Physochlaina, Przewalskia, and
Scopolia, is a monophyletic group.
The irreversible nature of retroposon insertion events
suggests their 2 major advantages over other molecular
markers (Shedlock et al. 2004): 1) extremely low probability
of homoplasy and 2) straightforward identification of character polarity and thus no ambiguities in outgroup selection
and tree rooting. Retroposons as phylogenetic markers
may avoid many shortcomings of sequence data (Cook
and Tristem 1997), including long-branch attraction, heterogeneous substitution rate, and dependence on methodology of phylogenetic analyses. One of the big drawbacks
of this type of maker is the large effort:signal ratio for a typical systematic project (Shedlock et al. 2004). The other
major limit is that they are not suitable for addressing
deep phylogeny questions (Shedlock et al. 2004) because
these elements will become unrecognizable after a long
period of time as random mutations accumulate. In addition, both historical and recent incomplete lineage sorting
could cause incongruence among different retroposon
loci (Terai et al. 2003; Nikaido et al. 2006). For plants,
in particular, extensive hybridization, introgression, and
polyploidization could further confound phylogenetic
reconstructions. These complications have been demonstrated in a few pioneer applications of retroposons as phylogenetic markers in ‘‘model system’’ plants (Mochizuki
et al. 1992; Deragon et al. 1994; Jing et al. 2005). However,
complications caused by incomplete lineage sorting,
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hybridization, introgression, and polyploidization also apply to all other kinds of markers. The interaction between
these taxon-intrinsic complications and shortcomings of
common molecular markers such as DNA sequences makes
plant phylogenetic reconstruction at species level remarkably difficult. Comprehensive analyses of multiple retroposon insertions (e.g., .50 loci) could shed a light on this
problem by avoiding most drawbacks of typical molecular
markers. The wealth of retroposons in eukaryotic genomes
is exemplified by the human genome (;3 million retroposons) (Lander et al. 2001), and because polyploidy may
lead to activation of transposons and retroposons (Comai
2000), they may be very abundant in polyploids. The fact
that a retroposon insertion defines a monophyletic Hyoscyameae and discloses the allopolyploid origin of belladonna
highlights the potential of retroposons as promising markers
for studying plant systematics, especially, the origin and evolution of polyploids. Although the implications of this study
are limited by the use of only a single locus, we wish to stimulate more applications of retroposons from multiple loci in
plant systematics.
Supplementary Material
Materials and Methods (Materials_Methods.pdf), supplementary figure S1 (supplemental_figure_1.pdf), and
supplementary table 1 (supplemental_table_1.pdf) are
available at Molecular Biology and Evolution online
(http://www.mbe.oxfordjournals.org/).
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