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ABSTRACT. Ixiolirion is a genus of unresolved taxonomy. DNA
barcoding is a technique that allows species identification using
standardized DNA sequences. In this study, a total of 23 individuals,
representing 2 Chinese Ixiolirion species, were sampled to test the
effectiveness of 3 DNA barcodes [internal transcribed spacer (ITS),
chloroplast tRNA intron, and megakaryocyte-associated tyrosine kinase]
for species identification. Of the 3 DNA barcodes, ITS displayed the
maximum level of polymerase chain reaction and sequencing success as
well as the highest sequence variation. Intra-specific sequence distances
of ITS, chloroplast tRNA intron, and megakaryocyte-associated
tyrosine kinase were 0, 0, and 0-0.1%, respectively, with 8.3, 0.6, and
0.5% as mean inter-specific distances, respectively. All individuals of
each species formed a monophyletic group (clade) in the neighbor-
joining trees constructed using the 3 single-DNA barcodes. Our results
demonstrated that ITS, chloroplast tRNA intron, and megakaryocyte-
associated tyrosine kinase DNA markers could be used to efficiently
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identify Ixiolirion species. Our results indicate that DNA barcoding
provides a reliable and effective means for discriminating Ixiolirion
species, and is a robust tool for resolving taxonomic controversies of
Ixiolirion in combination with morphology-based taxonomy.

Key words: DNA barcoding; Ixiolirion; Species identification;
Taxonomy

INTRODUCTION

Ixiolirion Fisch. ex Herb is the single genus that constitutes the family Ixioliriaceae in
the order Asparagales (Chase et al., 2000; Bremer et al., 2009; Kim et al., 2010) and is mainly
distributed in Central and Southwest Asia. Ixiolirion are perennial herbs characterized by glo-
bose bulbs, linear leaves, paniculate or umbellate inflorescence, and oblong-clavate, capsule
fruits. The taxonomy of Ixiolirion is controversial. Regel (1878) first described Ixiolirion spe-
cies with the perianth tube as a new genus named Kolpakowskianum Regel. However, Regel
(1879) next suggested that this new genus should be recognized as synonymous with /xi-
olirion Herb. Moreover, a large number of synonyms were used for Ixiolirion and the species
number in the genus has not been determined yet. For instance, Townsend and Guest (1985)
considered 1. pallasii to be a synonym of I. tataricum (Pallas) Herbert. Qian (1984) consid-
ered 1. kolpakowskianum synonymous with 1. tataricum var. ixiolirioides; Govaerts (2011)
considered /. ledebourii, I. montanum, I. sintenisii Leichtlin, I. macranthum, I. tataricum var.
intermedium, and I. tataricum var. ledebourii to be synonyms of I. tataricum var. tataricum.
According to Govaerts (2011), Ixiolirion included 4 species.

There are 2 Ixiolirion species in China: . songaricum P. Yan and 1. tataricum (Pallas)
Herbert, although only 1 Ixiolirion species was acknowledged until recently. Based on speci-
men examination and field observation, Yan (1995) suggested a new species, 1. songaricum,
present in the desert and grassland zones in Xinjiang. Interestingly, the 2 species show similar
distribution, habitats, and morphological characteristics and only slightly differ from each other.
1L tataricum has spreading perianth segments, purple filaments, and basifixed anthers, whereas 1.
songaricum has recurved perianth segments, white filaments, and dorsifixed anthers. Recently, /.
tataricum (Pallas) Herbert subsp montanum (Labill.) was identified in an ethnopharmacological
survey of medicinal plants in Maden (Elazig-Turkey), among the curative herbs of Maden used
in different parts of the world for treating various diseases (Cakilcioglu et al., 2011). Notably, /.
tataricum subsp montanum is rare in Maden and is classified as a vulnerable species (Khatun et
al., 2012). Although 1. songaricum and I. tataricum show some differences, similar mature fruit
types and perianth color upon drying make specimen identification difficult.

DNA barcoding has provided a new approach for accurate and rapid species-level
identification among plants based on short-DNA regions (Hebert et al., 2004). The Consortium
for the Barcode of Life (CBOL) Plant Working Group (2009) recommended rbcL + matK as
core barcodes for plant identification. The 2-locus barcode (rbcL + matK) was recently en-
dorsed for ferns (Li et al., 2011). The nuclear ribosomal internal transcribed spacer (ITS) and
plastid psbA-trnH region were suggested as complementary plant barcoding regions because
of their rapid evolution rates (CBOL Plant Working Group, 2009). Other chloroplast regions,
such as the trnL intron and trnL-trnF interspacer, have been used as DNA barcodes in many
studies because of their high-sequence variation.
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In the present study, matK, ITS, and trnL intron were evaluated for their discrimina-
tory power for identifying /. songaricum and . tataricum, as well as to assess the congruence
of traditional taxonomic treatments based on morphological data, with DNA barcoding results.

We found that matK, ITS, and trnL intron DNA barcodes efficiently identified Ixiolirion
species, suggesting that DNA barcoding is an efficient method for discriminating Ixiolirion spe-
cies. Therefore, DNA barcoding is a robust tool that can be used to resolve taxonomic contro-
versies of Ixiolirion and other plant groups, in combination with morphology-based taxonomy.

MATERIAL AND METHODS
Specimen sampling

A total of 23 individual plants were collected from various areas of Xinjiang, with
13 I songaricum sampled from 3 regions and 10 /. tataricum sampled from 4 sites. All new

sequences obtained were deposited in GenBank. Voucher specimen numbers, geographic loca-
tion information, and GenBank accession numbers are listed in Table 1.

Table 1. Properties of taxa used in this study.

Taxon Location Voucher GenBank accession No.

ITS trnL intron matK
1. songaricum China, Shihezi ZY-SHZ-04 KF261055 KF261078 KF261098
1. songaricum China, Shihezi ZY-SHZ-01 KF261056 KF261079 KF261099
1. songaricum China, Shihezi ZY-SHZ-02 KF261057 KF261080 KF261100
1. songaricum China, Shihezi ZY-SHZ-03 KF261058 KF261081 KF261101
1. songaricum China, Urumgqi ZN-77S-04 KF261059 - -
1. songaricum China, Urumqi ZY-778-03 KF261060 - KF261102
1. songaricum China, Urumgqi ZY-7ZS-01 KF261061 KF261082 KF261103
1. songaricum China, Gongliu 7Y-353 KF261062 KF261083 KF261104
1. songaricum China, Urumqi ZY-778-06 KF261063 KF261084 KF261105
1. songaricum China, Urumgqi ZN-7ZS-07 KF261064 KF261085 KF261106
1. songaricum China, Urumqi ZY-775-08 KF261065 KF261086 KF261107
1. songaricum China, Urumqi ZY-778-09 KF261066 KF261087 KF261108
1. songaricum China, Urumgqi ZN-ZZS-10 KF261067 KF261088 -
1. tataricum China, Shihezi Y-SHZ-03 KF261068 KF261089 KF261109
1. tataricum China, Shihezi Y-SHZ-01 KF261069 KF261090 KF261110
1. tataricum China, Gongliu Y-371-3 KF261070 KF261091 KF261111
1. tataricum China, Gongliu Y-371-2 KF261071 KF261092 KF261112
1. tataricum China, Yumin Y-293-1 KF261072 KF261093 KF261113
1 tataricum China, Yumin Y-293-3 KF261073 KF2610794 KF261114
1. tataricum China, Urumqi Y-27S-03 KF261074 - KF261115
1. tataricum China, Urumgi Y-27S-04 KF261075 KF2610795 -
1. tataricum China, Urumgqi Y-ZZS-01 KF261076 KF2610796 KF261116
1. tataricum China, Urumqi Y-27S-06 KF261077 KF2610797 -
Galanthusplicatus AY101304.1 AF104799.1 AY101337.1

(-) = no sequence obtained.
DNA extraction, polymerase chain reaction (PCR) amplification, and sequencing

Genomic DNA was extracted either from fresh or silica gel-dried leaves using the hexa-
decyltrimethylammonium bromide (CTAB) method (Doyle and Doyle, 1987). The universal
primers ITSS and ITS4 (White et al., 1990) were used to amplify the ITS region. Previously
designed universal primers (Taberlet et al., 1991) were used to amplify the trnL intron. A new
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primer pair was used to amplify matK: forward primer, 5'-CGCTTTTCTTTCAGGAGTCT-3';
reverse primer, 5-TCAAAGGATTTGTTTTGGGG-3'. The 50-uL PCR mixtures were com-
posed of 2 uL. DNA template, 5 uLL 10X buffer containing 25 mM MgCl,, 0.2 mM dNTPs,
0.5 uM of each primer, 2 U rTaq polymerase (Takara, Shiga, Japan), and nuclease-free water.
PCRs were carried out as follows: 5 min initial denaturation at 94°C; 35 cycles of 30 s denatur-
ation at 95°C, 1 min annealing at 52°C, and elongation at 72°C (1 min for ITS and trnL intron
and 1.5 min for matK); a final elongation for 10 min at 72°C. PCR products were analyzed
on 1.2% TAE agarose gels and purified using the Tiangen purification kit (Tiangen Biotech,
Beijing, China) according to manufacturer instructions. The purified PCR products were se-
quenced by BGI (Beijing, China). ITS and trnL intron were unidirectionally sequenced, while
matK was bidirectionally sequenced.

Sequence analysis

Sequences were assembled and edited using DNAMAN version 7.0 (Lynnon Cor-
poration, Quebec, Canada). Sequences were aligned using the ClustalW tool in the MEGA 5
package, as previously described (Tamura et al., 2011). Inter- and intra-specific genetic dis-
tances were calculated using the Kimura-2-parameter (K2P) model in MEGA 5.0. To evaluate
the effectiveness of barcoding candidate sequences for species discrimination, we conducted
a tree-based analysis. A phylogenetic tree was predicted using neighbor-joining (NJ) tool in
MEGA 5.0 with K2P model data and gamma distributed rates among sites. Pairwise deletion
was used for gaps and missing data treatment. Bootstrap values were calculated with 1000
replicates. Galanthus plicatus was chosen as the out-group control.

RESULTS
PCR amplification and sequencing

The efficiency of PCR amplification and sequencing is an important index for evalu-
ating a candidate DNA barcode. We generated 61 new sequences, including 23, 20, and 19
sequences for ITS, trnL intron, and matK, respectively (Table 2). The most successful PCR
rate was observed for ITS (100%), followed by trnL (95.7%) and matK (91.3%). Sequencing
success ranged from 82.6% for matK to 100% for ITS (Table 2).

Table 2. Statistics of three DNA barcodes used in this study.

Aligned length (bp) Constant site Variable site PCR success Sequencing success Individuals examined
ITS 722 668 53 100.0% (23/23) 100.0% (23/23) 23
trnL 542 539 3 95.7% (22/23) 86.9% (20/23) 23
matK 1311 1304 7 91.3% (21/23) 82.6% (19/23) 23

Sequences analyses

After deletion of ambiguous terminal sequences, the aligned data resulted in sequence
fragments of 722, 542 and 1311 bp for ITS, trnL intron and matK, respectively (Table 2). The
intra-specific distance of ITS was 0-0.1% in the two species (Table 2). The trnL intron and matK
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gene sequences of each species were identical with an intra-specific distance of 0 (Table 2). The
low intra-specific divergence indicated a low genetic diversity between populations from differ-
ent geographic locations. The highest mean inter-specific K2P distance was found in nuclear ITS
with a value of 8.3% (Table 3). The inter-specific distances for trnL intron and matK were nearly
the same between the two species, with values of 0.6 and 0.5%, respectively (Table 3). Interest-
ingly, an 11-bp indel was observed in trnL intron between the two species (Table 4).

Table 3. Intra- and inter-specific distances of Ixiolirion species estimated using the K2P model.

L tataricum 1. songaricum Inter-specific distance
ITS 0.001 0 0.083
trnL intron 0 0 0.006
matK 0 0 0.005

Table 4. TrnL intron sequence variation among the 2 Ixiolirion species.

271 313 317 321-331
1. songaricum G T A TATATATTATA
1. tataricum A A C -

Phylogenetic analyses

A tree-based NJ method was used for Ixiolirion species identification. NJ analysis of
ITS, trnL intron, and matK gene sequences revealed that all individuals of each species formed
a monophyletic group (Figures 1-3), indicating that each DNA barcode fully discriminated
between /. songaricum and I. tataricum.

ZY-ZZS-09
ZY-ZZS-10
ZY-ZZS-07
ZY-ZZS-06
63| ZY-353
ZY-ZZS-01
ZY-ZZS-04 I songaricum
og| ZY-SHZ-03
| ZY-SHZ-02
ZY-SHZ-01
ZY-SHZ-04
ZY-7ZZS-03
ZY-7ZZS-08
Y-SHZ-03
Y-SHZ-01
Y-371-3
Y-371-2
| Y-293-1 .
 v203-3 I tataricum
Y-ZZS-03
Y-ZZS-04
Y-ZZS-01
Y-ZZS-06
Galanthus plicatus | Out group

—_
0.1

Figure 1. Neighbor-joining tree of Ixiolirion species inferred from ITS sequences. Bootstrap values greater than
50% are shown above branches. Species are shown to the right.
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ZY-SHZ-04
ZY-SHZ-01
ZY-SHZ-02
ZY-SHZ-03
ZY-ZZS-01
— ZY-353 1. songaricum
ZY-ZZS-06
ZY-ZZS-07
ZY-ZZS-08
ZY-ZZS-09
ZY-ZZS-10
Y-SHZ-03
Y-SHZ-01
Y-371-3
Y-371-2

4 Y-293-1 I tataricum
Y-293-3
Y-ZZS-04
Y-ZZS-01
Y-ZZS-06
Galanthus plicatus | Out group

—
0.01

Figure 2. Neighbor-joining tree of Ixiolirion species inferred from trnL intron sequences. Bootstrap values greater
than 50% are shown above branches. Species are shown to the right.

ZY-ZZS-08
ZY-ZZS-09
ZY-ZZS-07
ZY-ZZS-06
ZY- 353

— ZY-ZZS-01 1. songaricum
ZY-ZZS-03
ZY-SHZ-03
ZY-SHZ-02
ZY-SHZ-01
ZY-SHZ-04
Y-SHZ-03
Y-SHZ-01
Y-371-3

ol ij;;j I tataricum
Y-293-3
Y-ZZS-03
Y-ZZS-01
Galanthus plicatus | Out group

0.01

Figure 3. Neighbor-joining tree of Ixiolirion species inferred from matK sequences. Bootstrap values greater than
50% are shown above branches. Species are shown to the right.

DISCUSSION

Species-discriminatory power is an important criterion for selecting DNA barcodes
(Hebert et al., 2004; Kress and Erickson, 2007; CBOL Plant Working Group, 2009). Indeed,
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an ideal DNA barcode should provide high species discrimination and identification (Kress
et al., 2005; Hollingsworth et al., 2009). A 2-marker combination, composed of rbcL and
matK, was proposed as a core barcode for land plants (CBOL Plant Working Group, 2009).
Similarly, ITS was proposed to be the core barcode for seed plants (China Plant BOL Group
et al., 2011). In the present study, 3 DNA barcodes were used to identify Ixiolirion species,
including ITS, trnL intron, and matK. rbcL was not utilized in this study because of its
relatively low-discriminating power at the species level, as demonstrated in angiosperms
(CBOL Plant Working Group, 2009). Species discrimination is considered successful if the
minimum uncorrected inter-specific P-distance involving a species is larger than its maxi-
mum intraspecific distance (CBOL Plant Working Group, 2009), or if all individuals in a
species form a monophyletic group in the phylogenetic tree (Hollingsworth et al., 2009).

Each of the 3 DNA barcodes studied here showed an inter-specific P-distance that
was larger than the intra-specific distance for the 2 species. MatK and trnL intron showed
relatively low-sequence divergence with an intra-specific distance of 0 and inter-specific
P-distances of only 0.5 and 0.6%, respectively. ITS sequences exhibited the highest inter-
specific distance (8.3%) and very low intra-specific distances ranging from 0-0.1%. Previ-
ously, ITS was considered problematic and rejected from incorporation into the core plant
barcode to prevent potential pitfalls, including incomplete lineage sorting, inter-specific
inhomogeneity, divergent paralogous copies within individuals, and pseudogenes (Alvarez
and Wendel, 2003; Chase et al., 2007; Starr et al., 2009; Hollingsworth et al., 2011). How-
ever, none of these potential drawbacks were observed for ITS in this study. Interestingly,
recent analysis of a large data set found that ITS was non-problematic for most samples
(China Plant BOL Group et al., 2011).

All samples for each species were assigned to a single-monophyletic group (clade)
in the NJ tree inferred from individual barcodes (Figures 1-3), indicating that the 2 species
were successfully identified and discriminated.

Based on high level of success in PCR and sequencing, high-sequence variation
between species, and high-resolution species, the ITS region is the most appropriate barcode
for identifying Ixiolirion species. These data confirmed the existence of 2 Ixiolirion species
in China.

CONCLUSIONS

DNA barcoding is a useful approach for species identification, particularly for closely
related species or species with complex morphology. Here, we found that DNA barcoding
efficiently discriminated /. songaricum and I. tataricum, generating data congruent with tax-
onomy based on morphological properties. In addition, DNA barcoding is an effective tool for
species discrimination in Ixiolirion, providing a rapid and accurate means for resolving the
taxonomic issues in Ixiolirion.
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