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e Background and Aims Gagea is a Eurasian genus of petaloid monocots, with a few species in North Africa,
comprising between 70 and approximately 275 species depending on the author. Lloydia (thought to be the
closest relative of Gagea) consists of 12-20 species that have a mostly eastern Asian distribution.
Delimitation of these genera and their subdivisions are unresolved questions in Liliaceae taxonomy. The objec-
tive of this study is to evaluate generic and infrageneric circumscription of Gagea and Lloydia using DNA
sequence data.

e Methods A phylogenetic study of Gagea and Lloydia (Liliaceae) was conducted using sequences of nuclear
ribosomal internal transcribed spacer (ITS) and plastid (rpl/6 intron, trnL intron, trnL-F spacer, matK and the
psbA-trnH spacer) DNA regions. This included 149 accessions (seven as outgroups), with multiple accessions
of some taxa; 552 sequences were included, of which 393 were generated as part of this research.

e Key Results A close relationship of Gagea and Lloydia was confirmed in analyses using different datasets, but
neither Gagea nor Lloydia forms a monophyletic group as currently circumscribed; however, the ITS and plastid
analyses did not produce congruent results for the placement of Lloydia relative to the major groups within
Gagea. Gagea accessions formed five moderately to strongly supported clades in all trees, with most Lloydia
taxa positioned at the basal nodes; in the strict consensus trees from the combined data a basal polytomy
occurs. There is limited congruence between the classical, morphology-derived infrageneric taxonomy in
Gagea (including Lloydia) and clades in the present phylogenetic analyses.

e Conclusions The analyses support monophyly of Gagea/Lloydia collectively, and they clearly comprise a single
lineage, as some previous authors have hypothesized. The results provide the basis for a new classification of
Gagea that has support from some morphological features. Incongruence between plastid and nuclear ITS
results is interpreted as potentially due to ancient hybridization and/or paralogy of ITS rDNA.
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INTRODUCTION 2005a; Ali, 2006; Levichev and Ali, 2006; Zhao and Yang,
2006; Peruzzi et al., 2007; Hamzaoglu et al., 2008), but a com-
parative systematic study is needed to elucidate relationships of
species and species groups and to clarify taxonomic boundaries.

The first attempt to classify species within Gagea was
carried out by Koch (1849), who divided the genus into two
sections, Holobolbos K.Koch and Didymobolbos K.Koch,
and recognized 17 species; this was followed by the addition
of sections Tribolbos Boiss. and Platyspermum Boiss. (Koch,
1882; Table 1). At the beginning of the 20th Century,
Terracciano (1905a, b, 1906) and Pascher (1904, 1907)
made major contributions by revising the Asiatic species.
Both authors erected independent classifications nearly simul-
taneously. Pascher (1904; Table 1) classified the species of
Gagea into two subgenera, Gagea (Eugagea Pascher, which
is properly subgenus Gagea; McNeill et al., 2006) with four
sections and Hornungia (Bernh.) Pascher with two sections,
based mainly on seed shape and bulb characters. Three years
later, Pascher (1907) published a more extensive treatment
* For correspondence. E-mail zarrei @shahed.ac.ir with the addition of new species and complete Latin

Gagea (Liliaceae) is a geophytic, perennial, largely Eurasian
genus with a few species in North Africa; it comprises some-
where between 70 and approx. 275 species, depending on the
author (Stroh, 1937; Uphof, 1958-1960; Melchior, 1964;
Willis, 1980; Hyam and Pankhurst, 1995; Mabberley, 1997;
Levichev, 1999; Peruzzi, 2003; Govaerts, 2006; Zarrei et al.,
2007; Peterson et al., 2008). At the time of original publication
(Salisbury, 1806), the genus contained only seven species; these
had long been placed in Ornithogalum L. (Hyacinthaceae; e.g.
Gerard, 1663; Linnaeus, 1753, 1762; Pallas, 1773, 1776).
Salisbury did not take into consideration priority of the names
he used, and this was a source of confusion for later authors
(Heyn and Dafni, 1971). Many novel species have been
added, particularly in the last two decades (Levichev, 1981,
1988, 1991, 2000, 2001, 2006a; Dasgupta and Deb, 1983;
Rechinger, 1986; Levichev and Navruzshoev, 1997; Tison,
2004; Zhao and Zhao, 2004; Henker, 2005; Zarrei and Zarre,
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TABLE 1. Overview of previous infrageneric classifications of Gagea

Boissier (1882) Terracciano (1905a, b) Pascher (1904, 1907)*

Grossheim (1935) Davlianidze (1976) Levichev (1990, 1999b)"

Gagea Gagea Gagea
Subgenus Subgenus
Gagea Gagea (= Eugagea)
Section Section Section
Gagea Gagea Gagea
( = Holobolbos) (=Nudiscaposae) (Holobolbos)
Tribolbos Tribolbos
Monophyllos
Subsection
Minimae
Fistulosae
Didymobolbos Foliatae Didymobolbos
Gageastrum Hornungia

Platyspermum Verticillatae Platyspermum

Stipitatae

Plecostigma
Anthericoides

Gagea Gagea Gagea
Subgenus Subgenus
Gagea Gagea
Section Section Section
Gagea Gagea Gagea
(=Nudiscaposae)
Minimae Minimae
Spathaceae
Fistulosae Fistulosae
Foliatae Didymobolbos Didymobolbos
Platyspermum Platyspermum Platyspermum
Graminifoliae
Incrustatae
Bulbiferae
Stipitatae Stipitatae

Dschungaricae
Plecostigma
Anthericoides

Plecostigma

The classifications are complete only at subgeneric and sectional levels. The only subsections listed are those later raised to section level by Davlianidze

(1976).

* Stroh (1937) and Uphof (1958—1960) followed the same classification as Pascher (1904, 1907). See text for details.
T Levichev’s classification (1990, 19995, 2006b) has been updated by Levichev in Peterson et al. (2008).

descriptions, but he maintained his previous infrageneric taxa
with some additional subsections (Table 1). Terracciano
(1905a, b, 1906) also adopted two subgenera, Gagea and
Gageastrum, with two sections under each (Table 1). Neither
author produced a complete revision. However, Pascher’s
treatment was favoured by several authors, including Stroh
(1937), Uphof (1958-1960) and Rechinger (1986). Two
major monographic classifications of Gagea were produced
by Stroh (1937) and Uphof (1958-1960), with 124 and 106
species names, respectively, each representing an updated
version of Pascher’s (1907) classification. Following the
classification of Pascher (1904, 1907), Stroh and Uphof
divided Gagea into his subgenera, sections and subsections.
Because many new descriptions have since appeared, particu-
larly from the Middle East and Central Asia, the species treat-
ments of Stroh (1937) and Uphof (1958-1960) are now
substantially out of date. Although there has been no attempt
to revise them completely, there are some more recent regional
classifications. For example, after studying morphology and
karyology, Davlianidze (1976) treated 26 species present in
the Caucasus and accepted the two subgenera previously fol-
lowed by Uphof (1958) and Stroh (1937); he also established
six new sections within each of those subgenera (Table 1).
Levichev (1990) published a new classification of the
western Tien Shan species using general morphological fea-
tures as well as cross-sections of radical leaves and stem-base
characters. Levichev (1990) did not use the subgeneric rank
and divided the genus into ten sections, some of which were
the same as those of Davlianidze (1976). Apart from
Davlianidze (1976) and Levichev (1990), who published
new classifications, several authors (Heyn and Dafni, 1971,
1977; Dasgupta and Deb, 1983; Feinburn-Dotham, 1986;

Wendelbo and Rechinger, 1990; Federov, 2001; Grubov and
Egorova, 2003) have accepted the general outline of
Pascher’s infrageneric classification (1904, 1907) with few
modifications. However, recent papers such as Zarrei and
Zarre (2005a, b), Peruzzi et al. (2008a, b) and Peterson
et al. (2008) have instead referred to Levichev’s classification
(Levichev, 1990).

Lloydia Salisb., a small bulbiferous herb from the temperate
Northern Hemisphere, has always been considered the closest
relative of Gagea. Lloydia consists of 12—20 species (Willis
1980; Hyam and Pankhurst, 1995; Mabberley, 1997;
Govaerts, 2006) that have a mostly eastern Asian distribution.
The only species that occurs in Europe is L. serotina (L.)
Rchb., which is also distributed in western North America
(Phillips and Rix, 1989). It is a protected species in Britain
and has some ornamental use, unlike most species of Gagea.
Lloydia replaces Gagea in the Himalayas and adjoining
areas, although some species of Gagea reach Japan [e.g.
G. lutea (L.) Ker-Gawl]. The taxonomic status of Lloydia
has been problematic since its description by Salisbury and
validation by Reichenbach in 1830 (Dasgupta and Deb,
1986). Many species have been moved between Gagea and
Lloydia in the last two centuries. For example, L. libanotica
Hochst. and L. graeca (L.) Endl. ex. Kunth are now known
as G. libanotica (Hochst) Greuter and G. graeca (L.)
Irmisch, respectively (Greuter, 1970).

The study of core Liliales conducted by Patterson and
Givnish (2002) using a combined sequence matrix of plastid
rbcL and ndhF genes (with only one accession each from
Gagea and Lloydia) showed that these two are sister taxa in
a highly supported clade [bootstrap percentage (BP) 100].
Rgnsted et al. (2005) produced the same result for Gagea



Zarrei et al. — Molecular systematics of Gagea and Lloydia

wilczekii (= G. algeriensis) and Lloydia serotina using a
different plastid dataset (matK, trnK intron). Another analysis
of psbA-trnH and trnL-F sequence data (Peterson et al., 2004)
confirmed the monophyly of seven species of Gagea and
Lloydia serotina from Germany, with BPs of 99 and 100
using different datasets.

Analysis based on phenotypic (morphological) data
(Patterson and Givnish, 2002) resulted in a weakly supported
clade (BP 56) containing Gagea and Lloydia. This low
support may be because they included all genera of Liliales
and did not include additional characters that are specific to
tribe Tulipeae, in which both Gagea and Lloydia are placed.

A detailed examination of pollen morphology of Iranian
representatives of Gagea (Zarrei and Zarre, 2005b) revealed
that sculpturing of the exine provides valuable characters for
separation of species, sometimes even closely related ones,
and delimitation of natural groups within the genus. Zarrei
and Zarre (2005b) distinguished four basic pollen types
within Gagea.

Chromosome counts for 100 taxa have been reported
(Peruzzi, 2003, 2008; Peruzzi and Aquaro, 2005). The base
chromosome number is x = 12 among species of known
chromosome number, and 37-8 % of the studied species have
this number and are diploid (Peruzzi, 2003). Chromosome
studies suggested that asymmetric karyotypes are an ancestral
feature, whereas more balanced ones are derived (Peruzzi and
Aquaro, 2005), but this hypothesis needs reconsideration
within a phylogenetic framework.

Molecular phylogenetic studies (mostly of plastid DNA)
that have included single exemplars of Gagea [Gagea wilczekii
Braun-Blanq. & Maire (= Gagea algeriensis Chabert)] and
Lloydia (L. serotina) support a close relationship of the
genera, but provide no insight into generic circumscription
(Kosenko and Levichev, 1988; Kosenko, 1999; Fay and
Chase, 2000; Patterson and Givnish, 2002; Rgnsted et al.,
2005). A molecular phylogenetic study of seven Gagea
species from Germany was undertaken by Peterson et al.
(2004), using plastid DNA sequences (frnL intron, trnL-F
spacer and the psbA-trnH spacer) and the nuclear the internal
transcribed spacer (ITS) ribosomal region. In this analysis,
L. serotina was used initially as outgroup, but it was placed
among the Gagea species in all analyses of plastid data.
Subsequent analyses that included morphological data also
cast doubt on the validity of maintaining Lloydia and Gagea
as distinct genera (Peterson and Peterson, 2005, 2006).
Combined analyses of plastid and ITS DNA demonstrated
that G. section Didymobolbos forms a clade with G. section
Monophyllos sensu Pascher (in particular with G. section
Minimae and G. section Euspathaceae sensu Levichev) and
that G. section Gagea (Holobolbos sensu Pascher) forms a
clade with G. section Tribolbos. Indeed, the last section has
been merged by recent authors with G. section Gagea
(Levichev, 1990; Peruzzi & Aquaro, 2005; Peruzzi et al.,
2007). Molecular and morphological study of Gagea and
Lloydia has been conducted by Peterson ef al. (2008), reveal-
ing a close relationship between these two genera and further
undermining the concept of Lloydia as a distinct genus.
Moreover, these studies broadly supported Levichev’s classifi-
cation (Levichev, 1990). Peruzzi et al. (2008a) proposed the
genus Lloydia as a section within Gagea. A detailed
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phylogenetic study of Gagea species in Italy has also been
conducted by Peruzzi et al. (2008b).

To further evaluate phylogenetic relationships of Lloydia
and Gagea and the infrageneric classification of Gagea,
nuclear (ITS) and plastid (rpll6 intron, trnL intron, trnL-F
spacer, matK and the psbA-trnH spacer) DNA data are used
here. We have included species representing as many morpho-
logically based species-groups of Lloydia and Gagea as poss-
ible and also aimed for broad geographical sampling of
species. The phylogenetic analyses include previously pub-
lished DNA data and address relationships between and
within the two genera; the results are also compared with
previous classifications of Gagea.

MATERIALS AND METHODS
Plant material

Silica gel-preserved samples of leaf tissue from field collec-
tions and, in a few cases, herbarium specimens were used
for DNA extraction (see Appendix for source information).
The ingroup comprised 142 accessions. In all analyses,
Tulipa clusiana DC., T. lehmanniana MercKkl., T. uniflora
(L.) Besser ex Baker, Amana erythronioides (Baker)
D.Y.Tan & D.Y.Hong, Erythronium japonicum Decne.,
Fritillaria persica L. and Lilium ledebourii (Baker) Boiss.
served as outgroups, based on the results of Rgnsted er al.
(2005).

DNA extraction, marker amplification and sequencing

Genomic DNA extractions were performed using 0-01-
0-23 g of silica-dried leaves or 0-01-0-08 g of leaf tissue
from herbarium sheets and a modified version of the 2x
CTAB method of Doyle and Doyle (1987). Before precipi-
tation, an aliquot of 150 pL was purified using the
NucleoSpin Extract II PCR purification kit (Machery-Nagel,
GmbH & Co. KG, Diiren, Germany) following the manufac-
turer’s protocols; this provided a small amount of DNA that
was able to be used the same day for amplification. The
remainder of the DNA was precipitated in 2.5 volumes
ethanol (for herbarium specimens, 2/3 volume isopropanol
was used instead of ethanol). DNA samples were then purified
using a caesium chloride/ethidium bromide gradient
(1-55 gmL™") followed by removal of the ethidium bromide
with butanol, dialysis and storage at —80°C in the DNA
Bank at the Royal Botanic Gardens, Kew (http:/www.
data.kew.org/dnabank/homepage.html).

Amplification of the psbA-trnH spacer was undertaken using
previously published primers for psbA (Sang et al., 1997) and
trnH (Tate and Simpson, 2003). Owing to the small size of this
fragment (339-438 bp), only the psbA primer was used for
sequencing, unless there were ambiguities that needed resol-
ving in the single electropherogram produced. Amplification
of the rpll6 intron was carried out using the primers 71F
and 1661R of Jordan et al. (1996). In many cases the internal
primer 158F, designed originally for palms (5-AAGAA
ACAGTCACTATATGA-3’; C. Asmussen, University of
Copenhagen, unpubl. res.), was used to avoid a long region
of T/A, which interfered with sequencing at the beginning of
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the 7pl16 intron. For degraded DNA from herbarium material,
two internal primers were designed for this project, 576F
(5-GATGGCGGAATGAACCAAGA-3) and 657R (5'-GTT
TCGCGGGCGAATAT TGACT-3'), and both were used to
amplify the rpll6 intron in two pieces, in this case 71F +
657R and 576F 4 1661R. These primers were also used for
sequencing.

The trnL-F region (including #rnL intron and trnL-F spacer)
was amplified with primers ¢ and f of Taberlet e al. (1991). In
some older herbarium material, the frnL-F region was ampli-
fied in two pieces using primers d and e designed by
Taberlet et al. (1991; ¢ +d and e + f).

In a similar way, matK was amplified in two pieces using
primers 19F (Molvray et al., 2000) and 1326R (Sun et al.,
2001) for the first piece and 390F (Sun et al., 2001) and
1565R (5'-TCACCAGGTCATTGACACGAA-3’), which we
designed for this study. In three cases, 2R (Johnson and
Soltis, 1994) was used instead for the reverse primer. For
sequencing, 19F and 1326R were used for the first fragment,
but only 1565R was used for the second piece because of
the large degree of overlap of the two fragments.

Amplification of the ITS region of 18S—26S nuclear riboso-
mal DNA was carried out using primers 17SE and 26SE of
Sun et al. (1994). Primers ITS2, ITS3, ITS4 and ITS5
(White et al., 1990) were used for herbarium material to
amplify ITS in two pieces (ITS5 + ITS2, ITS3 + ITS4).
DMSO (2 %; dimethylsulfoxide) was added to reduce second-
ary structure problems common in ITS (Winship, 1989;
Baldwin et al., 1995; Chase et al., 2003). In all cases, ampli-
fied products were purified using NucleoSpin PCR purification
columns in accordance with the manufacturer’s protocols.
Cycle sequencing reactions were performed using the
BigDye Terminator Kit ver. 3.1 (Applied Biosystems, Inc.,
ABI, Warrington, UK). Cycle sequencing products were
cleaned using Magnesil (Promega product, Southampton,
UK) on a Beckman Coulter robot (Biomek NX S8,
Buckinghamshire, UK) following the manufacturer’s proto-
cols. Cleaned products were then sequenced on an ABI 3730
following the manufacturer’s protocols.

Sequence alignment and phylogenetic analysis

For this paper, 393 new sequences were generated; 159
sequences of ITS, psbA-trnH and trnL-F intergenic spacer
(IGS) of some taxa were downloaded from GenBank (http:/
www.ncbi.nlm.nih.gov). GenBank accession numbers for all
sequences are listed in the Appendix. New DNA sequences
were edited and assembled using Sequence Navigator ver.
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1.0 and Autoassembler ver. 1.4.0 (ABI), respectively. All
sequences were easily aligned by eye using PAUP v. 4.0b10
for Macintosh (Swofford, 2002), following the guidelines of
Kelchner (2000). The matrices are available as NEXUS files
upon email request from M.W.C. or M.Z. Parsimony analyses
were undertaken using PAUP v. 4.0b10 for Macintosh
(Swofford, 2002). All changes were assessed as unordered
and were equally weighted (Fitch parsimony; Fitch, 1971).

The data were analysed in three steps. First (analysis I; results
not shown), all data were analysed as separate plastid regions.
Species for which sequences were taken from GenBank had sig-
nificant missing data for these plastid regions (e.g. no sequences
were available for matK and rpl16 intron in GenBank). BPs were
low, which is why these are not shown; these analyses were per-
formed to determine the degree to which our plastid sequences
and those previously published were in agreement, which they
generally were. Then, we ran analyses of newly generated
sequences only as separate plastid and ITS matrices (i.e. no sep-
arate analyses of the individual plastid regions; analysis II).
Thirdly, combined analyses were run for all data (ITS plus
plastid regions) generated in this paper plus the sequences down-
loaded from GenBank (analysis III). We were worried that the
amount of missing data would make evaluation of incongruence
and internal support difficult; missing data might reduce boot-
strap support and thus might conceal hard incongruence
(Cameron et al., 2001). Thus, we analysed all data produced
only by us as combined plastid and ITS matrices on only the
sequences generated for this study, which are with few exceptions
(Appendix) complete for each of our accessions (analysis IV).

All  searches were conducted using 1000 random
taxon-addition replicates, tree-bisection-reconnection (TBR)
branch swapping and MulTrees on (i.e. keeping multiple,
equally parsimonious trees). Ten trees only were saved from
each replicate to reduce search time on potentially thousands
of trees. All trees collected were then used as starting trees
in another search without a tree limit. Support for clades was
estimated using 1000 bootstrap replicates (Felsenstein, 1985),
with simple taxon addition, and TBR swapping but permitting
only ten trees per replicate to be held. Groups were retained
with BP > 50. Summary data for all analyses are presented
in Table 2.

RESULTS
Analysis 1

The trees obtained from separate analyses of the plastid
regions of all available datasets show limited resolution, and

TABLE 2. Tree and matrix statistics related to the various datasets and analysis

Analyses No. of positions No. of variable positions No. of parsimony-informative positions No. of trees Length CI RI
ITS 706 312 (44 %) 253 (36 %) 8152 850 0-62 0-89
Plastid 3474 727 (21 %) 507 (15 %) 7620 1115 0-75 0-93
Combined total* 4180 1039 (25 %) 760 (18 %) 7276 1993 0-68 0-91
Combined total" 4180 1088 (26 %) 810 (19 %) 6430 2388 0-62 0-90

* Only newly generated datasets.
" Whole datasets including sequences from GenBank.
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therefore these trees are not presented. Statistics from these
separate plastid analyses are shown in Table 2.

Analysis 11, ITS

Analysis of 78 ITS sequences yielded 8152 equally most-
parsimonious trees, each of length (L) = 850 steps, consist-
ency index (CI) = 0-62 and retention index (RI) = 0-89. Tree
and matrix statistics are presented in Table 2. One of the most-
parsimonious trees was randomly selected and is shown in
Fig. 1. Gagea and Lloydia collectively are supported as mono-
phyletic within Liliaceae (BP 100), but neither is monophy-
letic (Fig. 1). Species of Lloydia are dispersed throughout
the tree. Lloydia serotina and L. delicatula Noltie comprise a
well-supported clade (BP 95). Lloydia flavonutans and
L. oxycarpa also form a pair (BP 100). Apart from Gagea
graeca, which is sister to the rest of the ingroup (BP 94), all
other members of Gagea form four well-supported clades
(clades A-D; BPs=99-100). These five Gagea clades
(including G. graeca) were recovered in all the different ana-
lyses presented here. Bootstrap support for each clade is high
in every tree. However, there are a small number of soft incon-
gruences regarding the placement of some constituent taxa of
those clades, and these are discussed below.

Analysis 11, plastid regions

Analyses of the newly generated data for plastid regions
included 87 accessions, of which seven were outgroups (tree
and matrix statistics are presented in Table 2). The strict con-
sensus tree with BPs is presented in Fig. 2. The ingroup is
strongly supported (BP 100). Neither Gagea nor Lloydia
accessions form monophyletic groups. The topology of the
tree differs from that obtained from analysis of the combined
matrix (see Fig. 4) regarding the relative positions of Lloydia
taxa. All Lloydia accessions and G. graeca form a grade
within a larger, moderately supported clade (BP 81; Fig. 2)
that also includes clade A. Although the major clades A-D
are strongly supported (BP = 90-100), they form a polytomy
in the strict consensus tree.

Combined matrix of all datasets including sequences from
GenBank (analysis I11)

The combined matrix included 135 accessions of Gagea,
seven of Lloydia and seven outgroups species. Tree and
matrix statistics are presented in Table 2. Figure 3A and B
show one of the most-parsimonious trees selected randomly
from 6430 trees. In this analysis, Lloydia and Gagea together
comprise a strongly supported clade (BP 100; Fig. 3A, B). All
G. graeca accessions are collectively sister to all other acces-
sions of Lloydia and Gagea, but with low support (BP 59).

The spine of the tree is poorly resolved, but multiple acces-
sions of the same species and groups of closely related species
form clades, in some cases with moderate to strong bootstrap
support. Clades A, B and D are well supported, but apart
from within clade A, taxa within these clades mainly form
polytomies. These polytomies usually comprise species that
morphology indicates are closely related.
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Lloydia species occur in three distinct parts of the trees.
Lloydia serotina and L. delicatula are among a weakly sup-
ported polytomy towards the basal nodes of the tree.
However, L. yunnanensis Franch. is sister to other accessions
in clade A (BP 79; Fig. 3A). Lloydia oxycarpa Franch. and
L. flavonutans H.Hara form a clade (BP 100).

Combined matrix of newly generated sequences (analysis 1V)

Owing to the amount of missing data for taxa obtained from
GenBank, separate analyses were performed using only newly
generated sequences (tree and matrix statistics presented in
Table 2). Bootstrap percentages (BP > 50) are shown on the
strict consensus tree (Fig. 4). The tree generally has the
same topology as that obtained from analysis of the ITS
matrix (Fig. 1). However, there is incongruence between
them in the positions of G. bulbifera (Pall.) Salisb. and
L. yunnanensis. Clade support is relatively high in comparison
with those in Fig. 3A and B; for example, clade C, which is
completely unresolved in Fig. 3B, has a BP of 100 in Fig. 4.
Moreover, clade membership is not identical in clade C in
all the analyses. However, there is weak support (BP 53) for
G. graeca being sister to all other members of the ingroup.

DISCUSSION

In the present survey, sequence data were generated from both
biparentally (nuclear; Alvarez and Wendel, 2003) and mater-
nally (plastid; Bohdanowicz and Lewandowska, 1999) inher-
ited genomes to reconstruct a phylogenetic tree for Gagea
and Lloydia, controversial and difficult taxa within Liliaceae.
For several species, multiple accessions were used to assess
intraspecific genetic variation and species delimitation.
Consideration was also given to morphological variation
within species and geographical distribution when developing
the taxon sampling strategy. In many cases, multiple acces-
sions of a single species form clades, usually with high boot-
strap support. However, in some species such as G. setifolia
Baker, accessions are nested in separate clades or interdigitated
or unresolved in groupings with accessions of other taxa that
have previously been considered to be closely related.

Incongruence of plastid and ITS matrices

Owing to the unreliability of the partition homogeneity test
in assessing combinability (Farris et al., 1995) as shown by
several authors (Reeves et al., 2001; Yoder et al., 2001;
Rgnsted et al., 2005), incongruence between the plastid and
ITS data was investigated by comparing the combined
results (Figs 3 and 4) with the those of the separate analyses
(Figs 1 and 2) with respect to level of resolution and bootstrap
support. Although G. bulbifera (Pall.) Salisb. accessions form
a strongly supported group with clade C (BP 100) using ITS
sequence data (Fig. 1), it does not have support as sister to
clade C in analyses of the plastid sequences (Fig. 2). In the
combined analysis of all data, this species forms a polytomy
with clades B—D (Fig. 4). Thus. its position in the plastid
tree is less resolved. We interpreted this as soft rather than a
hard incongruence between the ITS rDNA and plastid DNA
data, which could be resolved by incorporating more data,
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Gagea afghanica 23156
Gagea afghanica 23282
Gagea afghanica 23283
Gagea uliginosa 23153
Gagea uliginosa 23288
Gagea chlorantha 23138
Gagea chlorantha 23167
Gagea chlorantha 23268
Gagea chlorantha 23269
Gagea chlorantha 23275
Gagea iranica 23147
Gagea iranica 23173
Gagea wendelboi

Gagea alexeenkoana 23142
Gagea alexeenkoana 23297
Gagea caroli-kochii
Gagea cf. setifolia 23286
Gagea cf. setifolia 23292
Gagea bergii

Gagea circumplexa 23274
Gagea commutata 23336
Gagea commutata 23410
Gagea setifolia 23149
Gagea setifolia 23285
Gagea setifolia 23151
Gagea setifolia 23175
Gagea setifolia 23272
Gagea setifolia 23267
Gagea setifolia 23291
Gagea cf. reticulata 23271
Gagea setifolia 23290
Gagea vegeta 23181
Gagea dayana

Gagea reticulata 23150
Gagea reticulata 23174
Gagea reticulata 23284
Gagea reticulata 23287
Gagea sp.

Gagea bulbifera 23140
Gagea bulbifera 23166
Gagea chomutovae 23146
Gagea chomutovae 23168
Gagea confusa 23137
Gagea confusa 23169
Gagea dschungarica 23143
Gagea dschungarica 23170
Gagea stipitata 23154
Gagea stipitata 23176
Gagea stipitata 23177
Gagea stipitata 23293
Gagea tenera 23281
Gagea fragifera 23144
Gagea fragifera 23171
Gagea luteoides

Gagea fragifera 23294
Gagea fragifera 23296
Gagea villosa 23295
Gagea villosa 23178
Gagea villosa 23179
Gagea peduncularis
Gagea algeriensis

Gagea soleirolii

Gagea tenera 23152
Gagea gageoides 23145
Gagea gageoides 23172
Lloydia flavonutans
Lloydia oxycarpa

Gagea lutea

Gagea chanae

Lloydia yunnanensis
Lloydia serotina

Lloydia delicatula

Gagea graeca

Tulipa clusiana

Tulipa lehmanniana
Amana erythronioides
Erythronium japonicum
Fritillaria persica

Gagea section Platyspermum

Gagea section Plecostigma

Gagea section Platyspermum

V00000000000

Gagea section Monophyllos

Gagea section Platyspermum

/AN

Gagea section Monophyllos

DA\

Gagea section Didymobolbos

Gagea section Platyspermum

- Lloydia section Tricholloydia
v .
/A Gagea section Gagea

Lloydiia section Lloydia

Gagea section Platyspermum

Outgroup

(sequences from GenBank are excluded). Branches with a hyphen have BP < 50.
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Gagea afghanica 23282
Gagea afghanica 23283
Gagea uliginosa 23153
Gagea uliginosa 23277
Gagea uliginosa 23288
Gagea chlorantha 23138
Gagea chlorantha 23167
Gagea chlorantha 23268
Gagea chlorantha 23269
Gagea chlorantha 23275
Gagea iranica 23147
Gagea iranica 23173
Gagea wendelboi

Gagea exilis

Lloydia yunnanensis
Gagea graeca

Lloydia serotina

Lloydia delicatula

Lloydia flavonutans
Lloydia oxycarpa

Gagea alexeenkoana 23142
Gagea alexeenkoana 23297
Gagea caroli-kochii
Gagea setifolia 23290
Gagea cf. setifolia 23286
Gagea cf. setifolia 23292
Gagea bergii

Gagea commutata 23336
Gagea vegeta 23181
Gagea vegeta 23335
Gagea commutata 23410
Gagea setifolia 23149
Gagea setifolia 23285
Gagea reticulata 23150
Gagea reticulata 23287
Gagea reticulata 23174
Gagea reticulata 23284
Gagea cf. reticulata 23271
Gagea setifolia 23151
Gagea setifolia 23175
Gagea setifolia 23272
Gagea setifolia 23267
Gagea setifolia 23291
Gagea circumplexa
Gagea dayana

Gagea sp.

Gagea fragifera 23144
Gagea glacialis

Gagea luteoides

Gagea fragifera 23294
Gagea fragifera 23171
Gagea fragifera 23296
Gagea bohemica

Gagea peduncularis
Gagea algeriensis
Gagea soleirolii

Gagea villosa 23178
Gagea villosa 23295
Gagea villosa 23179
Gagea tenera 23152
Gagea chomutovae 23146
Gagea chomutovae 23168
Gagea libanotica

Gagea confusa 23137
Gagea confusa 23169
Gagea dschungarica 23143
Gagea dschungarica 23170
Gagea stipitata 23154
Gagea stipitata 23176
Gagea stipitata 23177
Gagea stipitata 23293
Gagea tenera 23281
Gagea gageoides 23145
Gagea ga?eoides 23172
Gagea bulbifera 23140
Gagea bulbifera 23166
Gagea lutea

Gagea chanae

Gagea triflora

Tulipa clusiana

Tulipa lehmanniana
Tulipa uniflora

Amana erythronioides
Erythronium japonicum
Fritillaria persica

Lilium ledebourii

Gagea ai;ghanica 23156
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Gagea section Platyspermum

Gagea section Plecostigma

Gagea section Platyspermum

Lloydia section Lloydia
Gagea section Platyspermum
Lloydia section Lloydia

Lloydia section Tricholloydia

Gagea section Platyspermum

Gagea section Monophyllos

Gagea section Didymobolbos

Gagea section Platyspermum

Gagea section Monophyllos

Gagea section Platyspermum

Gagea section Gagea

Outgroup

F1G. 2. Bootstrap percentages (>50) are indicated above branches on the strict consensus tree of 7620 trees obtained from analysis of the combined plastid data
matrix (rpl16 intron, trnL intron, trnL-F spacer, matK and the psbA-trnH spacer; sequences from GenBank are excluded). Branches with a hyphen have BP < 50.
Pascher’s classification (1904, 1907) is shown next to the tree.
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6

Gagea afghanica 23156
1 Gagea afghanica 23282

L0 Gagea afghanica 23283
3 Gagea afghanica Gb
Gagea uliginosa 23153
Gagea uliginosa 23277
Gagea uliginosa 23288
Gagea olgae Gb

Gagea chlorantha 23138
Gagea chlorantha 23167
Gagea chlorantha 23268
Gagea chlorantha 23269
Gagea chlorantha 23275
Gagea iranica 23147
Gagea iranica 23173
Gagea wendelboi

Gagea section Platyspermum

Gagea section Plecostigma

Gagea section Platyspermum

Gagea pauciflora Gb Gagea section Plecostigma
11 Gagea altaica Gb g
74 = Gagea exilis t\\ Gagea section Platyspermum
Lloydia yunnanensis Lloydia section Lloydia

23
60

24 B

ool Lo Y\
3

36

[90]

Gagea lutea

Gagea chanae

Gagea helenae Gb
Gagea transversalis Gb
Gagea aipetriensis Gb
Gagea podolica Gb
Gagea nakaiana Gb
Gagea lutea Gb

Gagea lutea Gb

Gagea pomeranica Gb
Gagea pomeranica Gb
Gagea pratensis Gb
Gagea pratensis Gb
Gagea pratensis Gb
Gagea megapolitana Gb

Gagea pusilla Gb

Gagea hiensis Gb

Gagea capusii Gb
Gagea triflora

145
[10d

13

Gagea triflora Gb

18

100

Lloydia oxycarpa
Lloydia serotina
Lloydia delicatula

23

ra- Lloydia flavonutans
L=

7

56

43

Lloydia serotina Gb
Lloydia serotina Gb
Gagea graeca
Gagea graeca Gb

97

Gagea graeca Gb
Tulipa clusiana
Tulipa lehmanniana
Tulipa uniflora

Gagea section Gagea

A\

Gagea section Monophyllos

Gagea section Gagea

Lloydia section Tricholloydia

Lloydia section Lloydia

Gagea section Platyspermum

108 Amana erythronioides

100 Erythronium japonicum Outgroup
97 Fritillaria persica

100 Lilium ledebourii

Fi1G. 3. One of the most-parsimonious trees, randomly selected from 6430 trees, obtained from analysis of the combined data matrix (nuclear ribosomal ITS, and
plastid rpl16 intron, trnL intron, trnL-F spacer, matK and the psbA-trnH spacer; sequences from GenBank are included). Tree length = 2388, CI = 0-62, Rl =
0-90. Branch lengths (DELTRAN optimization) are indicated above branches and bootstrap percentages below. An arrowhead indicates nodes collapsing in the
strict consensus of all most-parsimonious trees. Branches with a hyphen have BP < 50. Gb after the species names indicates those taken from GenBank. For cases
in which more than one accession of a species were analysed, numbers after the species names are RBG, Kew, DNA Bank accession numbers (see Appendix).
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11 ? Gagea alexeenkoana 23142
% Gagea alexeenkoana 23297
= Gagea caroli-kochii
5 [o Gagea cf. setifolia 23286
97 Gagea cf. setifolia 23292
Gagea bergii
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4 Gagea setifolia 23149
@E Gagea setifolia 23285

Gagea setifolia 23151
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7 Gagea setifolia 23175
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Gagea setifolia 23272
Gagea setifolia 23267
Gagea setifolia 23291
Gagea cf. reticulata 23271
Gagea commutata 23336
Gagea commutata 23410
Gagea vegeta 23335
Gagea vegeta 23181
Gagea setifolia 23290
Gagea circumplexa
Gagea reticulata 23150
Gagea reticulata 23287
Gagea helicophylla Gb
Gagea reticulata 23174
Gagea reticulata 23284
Gagea alexeenkoana Gb
Gagea eleonorae Gb
Gagea vegeta Gb

Gagea reticulata Gb
Gagea dayana

Gagea sp.

Gagea circumplexa Gb
Gagea bulbifera 23140
Gagea bulbifera 23166
Gagea bulbifera Gb
Gagea bohemica

Gagea bohemica Gb

——-=—— Gagea bohemica Gb

Gagea section Platyspermum

Gagea bohemica ssp. bohemica Gb
Gagea bohemica ssp. bohemica Gb
Gagea bohemica ssp. saxatilis Gb

Gagea peduncularis
Gagea algeriensis
Gagea foliosa Gb
Gagea soleirolii
Gagea heldreichii Gb
Gagea lojaconoi Gb
Gagea fragifera 23144
Gagea glacialis
Gagea luteoides
Gagea fragifera 23294

———— Gagea fragifera Gb

Gagea fragifera Gb
Gagea fragifera Gb

—=—— Gagea fragifera Gb

Gagea fragifera 23171
Gagea fragifera 23296
Gagea villosa 23178
Gagea villosa 23295
Gagea villosa Gb
Gagea villosa Gb

— Gagea villosa 23179

Gagea tenera 23152
Gagea spathacea Gb
Gagea spathacea Gb

1
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78
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Gagea caelestis Gb
Gagea chomutovae 23146
Gagea chomutovae 23168
Gagea chomutovae Gb
Gagea capillifolia Gb
Gagea libanotica

Gagea dschungarica 23143
Gagea dschungarica 23170
Gagea dschungarica Gb
Gagea stipitata 23154
Gagea ova Gb

Gagea stipitata 23176
Gagea ova Gb

Gagea lactea Gb

Gagea stipitata 23177
Gagea stipitata 23293
Gagea tenera 23281
Gagea confusa 23137
Gagea confusa 23169
Gagea confusa Gb

Gagea infrakamensis Gb
Gagea minima Gb

Gagea filiformis Gb
Gagea granulosa Gb
Gagea granulosa Gb
Gagea gageoides 23145
Gagea gageoides 23172
Gagea gageoides Gb

Fic. 3. Continued.
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Gagea section Didymobolbos

Gagea section Monophyllos

Gagea section Didymobolbos

Gagea section Platyspermum

Gagea section Monophyllos

Gagea section Platyspermum

Gagea section Monophyllos

Gagea section Platyspermum

Gagea section Monophyllos

Gagea section Platyspermum
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Gagea afghanica 23156
Gagea afghanica 23282
Gagea afghanica 23283
Gagea uliginosa 23153
Gagea uliginosa 23277
Gagea uliginosa 23288
Gagea chlorantha 23138
Gagea chlorantha 23167
Gagea chlorantha 23268
Gagea chlorantha 23269
Gagea chlorantha 23275
Gagea iranica 23147
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