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Taxonomic implications of leaf morphology @
and epidermal anatomy for 14 species
of Gagea (Liliaceae) from Xinjiang, China

Juan Qiu'®, Musen Lin' and Dunyan Tan'"

Abstract

Background Leaf morphology and epidermal characters are important for phylogenetic and taxonomic studies
of many plants, but there is currently insufficient data to use them to help distinguish species of Gagea, which

is a taxonomically difficult genus mainly due to polyploidy and hybridization. Therefore, leaf morphology and
epidermal characters of Gagea were studied to assess the characters that can be used to elucidate the taxonomy
and systematics of 14 species of Gagea collected in Xinjiang, China. Using light microscopy (LM), six qualitative and
three quantitative leaf epidermal anatomical characters were examined for both the adaxial and abaxial surfaces.
Hierarchical cluster analysis (HCA) was employed to reveal the similarities based on leaf morphology and epidermal
characters of the investigated species.

Results Basal leaf of these species can be terete or flat, and it is triangle, flat, or circular in transverse section. Anticlinal
wall patterns of the leaf epidermal cells were straight and sinuous, and only three species had epidermal hairs. Shape
of long cells varies, ranging from quadrangular to irregular. HCA revealed that the 14 species could be divided into
two groups. Group A was arranged into three subgroups (A1, A2 and A3), based on the Euclidean distance of 6.96.
Subgroup A1 consisted of three species with indumentum; subgroup A2 had four species with sinuous type anticlinal
walls; and subgroup A3 comprised of two species with a fistulose basal leaf. Group B included five species with short
cells.

Conclusions Leaf morphology and epidermal characters did not differ significantly among populations of the same
species in Gagea, whereas they differ significantly among species. Thus, leaf morphology and epidermal characters
provide diagnostic information for differentiating G. nigra and G. filiformis; G. altaica, G. jensii and G. alberti, which are
morphologically similar species.
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Background

Leaves are crucial vegetative organs that mostly are
exposed to aerial conditions. They embody the adap-
tive survival strategies of plants during the long-term
evolution of species (Wang et al. 2021). The use of leaf
morphological and epidermal characters has long been
recognized as an important tool in species taxonomy
(Deng et al. 2017; Filartiga et al. 2022; Khan et al. 2022).

The morphological characters of plant leaves serve as a
useful instrument for infrageneric classification and spe-
cies circumscription, and sometimes they also provide
significant information regarding the phylogeny and tax-
onomy of closely related species (Stace 1969; Baranova
1992; Meng et al. 2016; Ullah et al. 2018; Shaheen et al.
2021; Bashir et al. 2020). High intraspecific consistency
may be shown by foliar epidermal characters, although
diversity is seen at the interspecific and higher taxonomic
levels (Wang et al. 2015; Mohtashamian et al. 2017).
Therefore, leaf epidermal features, such as epidermal cell
shape, stomatal type, size and distribution, and trichome
type and distribution, have played an essential role in dis-
tinguishing those families and genera where identifica-
tion is complicated, such as Salicaceae (Ghahremaninejad
et al. 2012), Caryophyllaceae (Ullah et al. 2018), Fabaceae
(Silva et al. 2018; Shaheen et al. 2021; Zhao et al. 2022),
Lamiaceae (Gul et al. 2019) and Poaceae (Khan et al.
2017).

Gagea Salisb. a genus of Liliaceae and tribe Tulipeae
(Patterson and Givnish 2022; Peruzzi 2016), is widely
distributed from the Mediterranean region through-
out Europe and Asia (Zarrei et al. 2007; Peterson et al.
2008, 2019), and plants grow in dry and grasslands, rocky
slopes, alpine meadows, open shrublands, and decidu-
ous forest understories (Chen and Turland 2000; Peruzzi
2016; Peterson et al. 2019; Kurbaniyazova et al. 2022).
The western Pamir-Alai (97 species) and western Tien-
Shan Mountains (65 species) are diversification centers
of Gagea (Peterson et al. 2011). Due to the wide variety
of Gagea species, the short, ephemeral growth phase,
and complex morphological characters, e.g. an over-
lap in primitive and advanced morphological characters
(the formation of subterranean organs and the number
of ground leaves) (Levichev 1999; Peterson et al. 2004),
it is difficult to distinguish/identify similar species. Previ-
ous studies have investigated different aspects of Gagea,
including bulb structure (Levichev 1999), morphology
and ontogeny (Levichev 2001, 2006; Tison et al. 2013),
classical cytotaxonomy (Peruzzi 2003, 2008, 2012; Peru-
zzi and Aquaro 2005), embryology (Greilhuber et al.
2000; Caparelli et al. 2006), pollen morphology (Kosenko
1999; Zarrei and Zarre 2005; Hu et al. 2021; Sezer and
Yildiz 2021; Lin et al. 2023), and molecular systematics
(Peterson et al. 2004, 2008, 2016; Peruzzi et al. 2008a, b;
Zarrei et al. 2009).
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Leaf epidermal morphology in Gagea has reported for
only 11 species (Elwan 2008; Wang et al. 2013), while ana-
tomical features of the basal leaf has been examined in
22 species (Zarrei et al. 2010). Even at the sectional level,
examining the anatomy of the basal leaf and shoot struc-
ture in Gagea species, provides key taxonomic insights,
with crucial characteristics such as the transverse section
contour of the leaf, the number of vascular bundles, and
the degree of enrichment in the pith providing profound
insights for taxonomic research (Zarrei et al. 2010; Levi-
chev 2013). However, due to the low number of species
from China, Egypt or Sweden for which epidermal ana-
tomical studies have been conducted, it has not been pos-
sible to make intraspecific and interspecific comparisons
and thus to explore their taxonomic significance. Thus,
we utilized multiple samples of Gagea from Xinjiang,
China, to investigate leaf and their epidermal morphol-
ogy by light microscopy (LM), and then we compared the
leaf epidermal characters among populations and species
to assess their taxonomic significance. Regarding certain
species with similar macro-morphology, such as G. nigra
and G. filiformis from the sect. Minimae, Peterson et al.
(2011) clearly distinguished G. nigra from G. filiformis
using morphological and molecular evidence. Our objec-
tive was to confirm this differentiation through micro-
morphology. Similarly, within the sect. Plecostigma, G.
altaica, G. jensii, and G. alberti are grouped together,
where it was observed that the morphological similarities
between G. jensii and G. alberti. Our aim was to deter-
mine whether the micro-morphology could be used to
distinguish between these species.

Methods

Leaves of the 14 Gagea species were collected from plants
growing various sites and habitats in Xinjiang, China, and
the number of populations for each species ranged from
one to six with at least five populations for widespread
species (such as G. bulbifera, G. fedtschenkoana and G.
nigra) (Table S1; in total 50 populations of Gagea were
sampled). If there were no differences in leaf morphology
and epidermal characters between populations of a spe-
cies, one population was randomly selected as represen-
tative of the species. If populations of a species differed,
all populations of the species were studied individually.
After collection, the species were identified by compar-
ing their morphological characters to those listed in the
Flora of China (Chen and Turland 2000); Peterson et al.
(2011). The scientific names of species were standardized
according to Plants of the World Online (https://powo.
science.kew.org).

Basal leaf materials
In each natural population for a species, a mature and
healthy basal leaf was collected from 20 individuals.
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While in the field, half of each fresh basal leaf was pre-
served in FAA solution (70% ethyl alcohol, 40% formalin
and 40% glacial acetic acid), and the other half was taken
back to the laboratory to observe basal leaf size, shape,
and state and to photograph a transverse section of the
middle portion of the basal leaf with a Nikon SMZ-25
(SMZ25, Japan). The herbarium of Xinjiang Agricultural
University (XJA) contains the voucher material for the 14
species of Gagea, as listed in Table 1.

Leaf epidermal slides observation using light microscope
For isolating the leaf epidermal layer, we used the method
of Wen (1995) with some adjustments. Leaves were
removed from the FAA fixative and a 1 cm? area was
taken from it at the middle of the leaf near the midvein.
To remove the adaxial and abaxial epidermal layers, the
leaf tissue was soaked in a 50% NaClO solution, washed
with water and then the two surface layers were torn off
and placed on separate slides. Leaf epidermal tissue was
stained in a solution of 1% saffron (50% ethyl alcohol) for
2 hours, dehydrated in an ethanol series, and placed in
xylene, which made the tissue transparent, and finally
sealed with a cover slip using Canadian balsam.
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All slides were labeled, including the voucher number.
Five slides of the adaxial and abaxial leaf surface were
prepared for each specimen collected in the field, and
they were examined with a Nikon Eclipse (80i, Japan)
microscope by using an objective lens (at 10X magnifi-
cation). For each slide, qualitative and quantitative data
were recorded. For each slide, qualitative and quantita-
tive characters were recorded; a total of 20 characters for
each slide. The five qualitative characters observed were:
pattern of anticlinal walls (Ant), short cells (S) present or
absent, indumentum (Ind), shape of long cells (Shape)
and stomatal type, and four quantitative characters were:
long cells size (L), stomata size (St), stomatal index (SI)
and density of epidermal cell were observed. Terminol-
ogy for the description of epidermal cells and stomata
follows Barthlott et al. (1998) and Carpenter (2005). Long
cells were defined as having a width: length ratio>3,
whereas short cells had a width: length ratio<3. SI was
calculated using the following formula: SI = [S/S+E] x
100, where S=number of stomata per unit area; E=num-
ber of epidermal cells per unit area.

Table 1 The list of plant materials and voucher specimens used for leaf morphology and leaf epidermal studies of 14 Gagea species

from Xinjiang, China

Species Section (Peter-  Locality Coordinate Altitude Collection Voucher
son etal. 2016) Date
Gagea albertiRegel  Plecostigma Yining County, Xinjiang, China 43.724521°N, 82.070256°E 1033 m 22 April 2022 JQiu & J.LLi
L-062 (XJA)
G. altaica Schischk. &  Plecostigma Fuyun County, Xinjiang, China 46.830949°N, 88.791038°E 703 m 16 April 2021 J.Qiu & M.S.Lin
Sumnev. [-009 (XJA)
G. jensii Levichev &  Plecostigma Urimgi City, Xinjiang, China ~ 43.783443°N, 87.544818°E 1002 m 8 April 2021 J.Qiu &M.SLin
Schnittler L-005 (XJA)
G. bulbifera (Pall.) Bulbiferae Uriimgi City, Xinjiang, China ~ 43.782985°N, 87.544763°E 1003 m 20 April 2021 J.Qiu & M.SLin
Salisb. L-014 (XJA)
G. jaeschkei Pascher  Bulbiferae Qapgal County, Xinjiang, 43411647°N, 81.040648°E 2929 m 17 July 2021 JQiu &MSLin
China -30 (XJA)
G. stepposa L.ZShue  Bulbiferae Hutubi County, Xinjiang, 43.821214°N, 86.429608°E 1160 m 20 April 2022 J.Qiu &J.LLi
China [-040 (XJA)
G. filiformis (Ledeb.) ~ Minimae Yuming County, Xinjiang, 45.842106°N, 82.525295°E 1676 m 28 April 2021 JQiu&D.Y.Tan
Kar. & Kir. China Yu-002 (XJA)
G. granulosa Turcz. Minimae Yuming County, Xinjiang, 46.191895°N, 82.936688°E 709 m 28 April 2021 JQiu &D.Y.Tan
China Yu-004 (XJA)
G. nigra L.ZShue Minimae Yuming County, Xinjiang, 45.842106°N, 82.525295°E 1676 m 28 April 2021 J.Qiu &D.Y.Tan
China Yu-001 (XJA)
G. fragifera (Vill.) Didymobulbos Qinghe County, Xinjiang, 46.781335°N,90.887534°E 2662 m 6 June 2021 J.Qiu &MSLin
E.Bayer & G.Lopez China L-017 (XJA)
G. tenera Pascher Didymobulbos Nilka County, Xinjiang, China  43.724538°N, 82.070252°E 1033 m 22 April 2022 J.Qiu &JLLi
L-041 (XJA)
G. divaricata Regel Platyspermum Fuhai County, Xinjiang, China  45.053634°N, 88.398225°E  712m 17 April 2021 JQiu & M.S.Lin
=010 (XJA)
G. fedtschenkoana Gagea Burgin County, Xinjiang, 48.504169°N,87.138269°E 1441 m 9 June 2021 J.Qiu & M.S.Lin
Pascher China [-022 (XJA)
G. kunawurensis Dschungaricae Urimgi City, Xinjiang, China ~ 43.785813°N, 87.545323°E 997 m 20 April 2021 J.Qiu & MS.Lin
(Royle) Greuter L-015 (XJA)
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Data analysis

SPSS program version 26 was used to test for normality
and homogeneity of the data for leaf epidermal charac-
ters to satisfy the requirements of one-way analysis of
variance (ANOVA). The differences among different pop-
ulations of the same species were analyzed by a one-way
ANOVA. Differences among species were determined by
the non-parametric Kruskal-Wallis test.

Hierarchical cluster analysis (HCA) was employed to
reveal similarities among 14 species of Gagea in leaf mor-
phology and epidermal characters, as well as taxonomic
relationships. Quantitative characters are represented
by meantstandard error (MeantSE), whereas qualita-
tive characters were given a specific number in the data
matrix. Six qualitative (pattern of anticlinal walls, short
cells present or absent, indumentum, shape of long cells,
transverse section of basal leaf, cauline leaves present or
absent) and three quantitative (long cells size, stomata
size and stomatal index) leaf morphology and epidermal
characters were evaluated in the comparative analysis for
their value in distinguishing the studied Gagea species.
HCA based on Euclidean distance after normalizing the
original data, and the data were clustered using Ward’s
method in Origin 2021 software to reflect similarities and
differences and achieve data visualization (Ye et al. 2015).

Results

The observations of leaf morphology and epidermal char-
acters revealed that while qualitative characters remained
consistent across various populations, continuous modi-
fications were observed in the quantitative aspects of leaf
morphology and epidermal characters. However, there
were differences in qualitative leaf morphology and epi-
dermal characters among species and quantitative char-
acters were intermittently distributed among species.
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Basal leaf morphology and epidermal characters was
studied for 14 species of Gagea (Tables 2, 3 and 4). Indi-
vidual plants and a transverse section of a basal leaf are
presented in Fig. 1, and selected LM micrographs of the
adaxial and abaxial leaf surface are shown in Fig. 2.

Morphology of basal leaf

Leaf morphological of the studied species showed two
characters: eight species had cauline leaves (Fig. 1A-C,
I, J, L-N) and six species did not (Fig. 1D-H, K). Length
and width of basal leaf ranged from 54.12+3.67 to
189.76+15.49 mm and from 0.70+0.04 to 4.65+0.22 mm,
respectively (Table 2). Longest basal leaf was found
in G. jensii, whereas the shortest one was found in G.
bulbifera (Table 2). Widest basal leaf was found in G.
granulosa, whereas the narrowest one was found in G.
bulbifera (Table 2). The basal leaf of G. altaica (Fig. 1B),
G. bulbifera (Fig. 1C), G. divaricata (Fig. 1D), G. filifor-
mis (Fig. 1F), G. kunawurensis (Fig. 1L) and G. tenera
(Fig. 1N) was terete, while that of the other species was
flat (Table 2). A transverse section of basal leaf was tri-
angular (Fig. 1A1-D1, F1, J1 M1), flat (Fig. 1E1, H1, I1,
K1) or circular (Fig. 1G1, L1, N1), or sometimes fistulose
(Fig. 1]1).

Morphology of leaf epidermis

Glandular trichomes were observed on both surfaces
of G. stepposa (Fig. 2M, M1), while dendroid-type tri-
chomes were found on the adaxial surface of G. alberti
and G. jensii (Fig. 2A, J). Leaf epidermis was comprised
of long and short cells, although not all species pos-
sessed short cells (Table 4), such as G. filiformis (Fig. 2F,
F1), G. fragifera (Fig. 2G, G1), G. kunawurensis (Fig. 2L,
L1), G. stepposa (Fig. 2M, M1) and G. tenera (Fig. 2N,
N1). Long cells were parallel to the leaf veins and var-
ied from rectangular (Fig. 2A, Al, B, B1, H, H1, ], J1, N,

Table 2 Morphological characters of leaves of 14 species of Gagea from Xinjiang, China (n=10)

Species Section Basal leaf  Basal leaf Cauline Basal leaf trans- Basal leaf length  Basal leaf
(Peterson et al. 2016) shape state leaves verse section (mm) width (mm)

Mean +SE Mean +SE
Gagae alberti Plecostigma Flat Solid Present Triangle 156.70+£9.45 1.78+0.10
G. altaica Plecostigma Terete Solid Present Triangle 74.89+4.45 0.92+0.05
G. jensii Plecostigma Flat Solid Present Triangle 189.76+15.49 201+0.14
G. bulbifera Bulbiferae Terete Solid Present Triangle 5412+367 0.70+£0.04
G. jaeschkei Bulbiferae Flat Solid Present Flat 154.01+13.17 2.51+£0.19
G. stepposa Bulbiferae Flat Solid Present Triangle 84.53+2.77 0.96+0.09
G. divaricata Platyspermum Terete Solid Absent Triangle 132.93+4.98 1.25+£0.04
G. fedtschenkoana Gagea Flat Solid Absent Flat 131.20+7.25 394+0.24
G. fragifera Didymobulbos Flat Fistulose Absent Circular 177.05+9.01 2494023
G. tenera Didymobulbos Terete Fistulose Present Circular 73.06+7.18 1.91+£0.12
G. filiformis Minimae Terete Solid Absent Triangle 100.45+4.57 1.93+£0.09
G. granulosa Minimae Flat Solid Absent Flat 144.98+5.13 465+0.22
G. nigra Minimae Flat Solid Absent Flat 116.30+£2.95 3.26+0.10
G. kunawurensis Dschungaricae Terete Solid Present Circular 130.15+4.85 1.02+0.04
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Table 3 Qualitative character states of leaf epidermis in 14 species of Gagea from Xinjiang, China

Species Pattern of anticlinal walls  Long cells shape Stomatal type Indumentum Short cells
Ad Ab Ad Ab Ad Ab Ad Ab Ad Ad

Gagea alberti Straight Straight Rectangular ~ Rectangular ~ Paracytic ~ Paracytic ~ Present ~ Absent  Present  Present
G. altaica Sinuous Sinuous  Rectangular ~ Rectangular ~ Paracytic ~ Paracytic ~ Absent ~ Absent  Present  Present
G. bulbifera Sinuous Sinuous  Rhomboid Rhomboid Paracytic ~ Paracytic ~ Absent  Absent  Present  Present
G. divaricata Straight Straight Rhomboid Rhomboid Paracytic ~ Paracytic ~ Absent  Absent  Present  Present
G. fedtschenkoana ~ Sinuous Sinuous  Irregular Irregular Paracytic ~ Paracytic ~ Absent  Absent  Present  Present
G. filiformis Sinuous Sinuous  Irregular Irregular Paracytic ~ Paracytic ~ Absent  Absent  Absent  Absent
G. fragifera Straight Straight Rhomboid Rhomboid Paracytic ~ Paracytic ~ Absent  Absent  Absent  Absent
G. granulosa Sinuous Sinuous Rectangular ~ Rectangular ~ Paracytic ~ Paracytic ~ Absent  Absent  Present  Present
G. jaeschkei Straight Straight Rhomboid Rhomboid Paracytic  Paracytic ~ Absent  Absent  Present  Present
G. jensii Straight Straight Rectangular ~ Rectangular  Paracytic ~ Paracytic ~ Present  Absent  Present  Present
G. nigra Sinuous Sinuous Irregular Irregular Paracytic ~ Paracytic ~ Absent  Absent  Present  Present
G. kunawurensis Sinuous Sinuous  Irregular Irregular Paracytic ~ Paracytic ~ Absent  Absent  Absent  Absent
G. stepposa Straight Straight Rhomboid Rhomboid Paracytic ~ Paracytic ~ Present  Present  Absent  Absent
G. tenera Straight Straight Rectangular ~ Rectangular  Paracytic ~ Paracytic  Absent  Absent  Absent  Absent

Note: Ad: adaxial; Ab: abaxial

N1), rhomboid (Fig. 2C, C1, D, D1, G, G1, I, I1, M, M1)
to irregular (Fig. 2E, E1, F, F1, L, L1). Pattern of anticli-
nal walls was either straight or sinuous (Table 3). The size
of long cells was significantly different between species
(H=87.571, df=13, p<0.001). The largest epidermal cells
were observed in G. granulosa (Adaxial: 545.82+52.66 %
50.03£1.48 pm, Abaxial: 573.48£17.45x37.39£0.94 pm)
and smallest ones in G. stepposa (Adaxial: 228.31+7.42
%x24.95+1.28 um, Abaxial: 254.37+£10.33%23.08+1.22
m). Examination of the epidermal cells on both surfaces
of Gagea under LM revealed that their morphology was
roughly identical (Tables 3 and 4).

Morphology of stomata

Orientation of all stomata on the leaf epidermis of
Gagea was roughly consistent (Fig. 2). All species have
amphistomatic stomata, i.e. on both surfaces, that are
paracytic (Fig. 2). Stomatal size (H=91.717, df=13,
p<0.001) and stomatal index (H=93.654, df=13,
p<0.001) differed significantly between species. Stoma-
tal index (SI) ranged from 21.05 to 39.17% on adaxial
surface in G. filiformis and G. fedtschenkoana respec-
tively, whereas 22.83-39.94% on abaxial surface in G.
kunawurensis and G. divaricata respectively (Table 4).
Size of stomata ranged from 45.66+1.31x28.77+0.92
to 82.16+2.39x44.16+0.77 um on adaxial surface of G.
bulbifera and G. tenera, respectively, whereas on abaxial
surface size ranged from 43.74+1.38x26.80£1.08 pum to
92.82+5.17x42.30£1.42 pm in G. bulbifera and G. ten-
era, respectively (Table 4).

Hierarchical cluster analysis

A hierarchical clustering dendrogram shows the relation-
ship between the 14 species based on leaf morphologi-
cal and epidermal characters (Fig. 3). The obtained tree

separated the species into two groups based on a Euclidean
distance of 8.18. Group A was composed of nine species:
G. alberti, G. filiformis, G. fragifera, G. granulosa, G. jensii,
G. kunawurensis, G. nigra, G. stepposa and G. tenera. Fur-
ther, Group A was arranged into three subgroups (Al, A2
and A3), based on a Euclidean distance of 6.96. Whereas
group B included G. altaica, G. bulbifera, G. divaricata, G.
fedtschenkoana and G. jaeschkei (Fig. 3).

Discussion

The present study provides some baseline data about leaf
morphology and leaf epidermal anatomy characters of
Gagea from Xinjiang, China. Observations of the leaf mor-
phology and epidermal characters of 14 species of Gagea
revealed the following characters: (1) except for G. fragifera
and G. tenera, the basal leaf of most species was solid; (2)
the adaxial and abaxial epidermal cells were mostly quad-
rilateral but a few are irregular; (3) the leaf epidermal layer
consists of long and short cells, but G. filiformis, G. fragifera,
G. kunawurensis, G. stepposa and G. tenera do not have
short cells; (4) the pattern of anticlinal walls was sinuous
or straight; (5) orientations of all stomatal in the leaf epi-
dermis are roughly identical; (6) the basal leaf of G. alberti,
G. jensii and G. stepposa is hairy. The indumentum (hairi-
ness) of basal leaf can be divided into two types: glandular
trichomes found in G. stepposa and dendroid-type found
in all the other species. The leaf epidermis of Gagea shows
sinuous or straight patterns of anticlinal walls, rectangular,
rhomboid or irregular shape of the long cells, and presence
of long and short cells in some species, and these are key
characters that can be used for classification and identifica-
tion of Gagea. These findings emphasize the importance of
leaf morphology and epidermal characters in the taxonomic
study of Gagea.
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Table 4 Quantitative character of leaf epidermis in 14 species of Gagea from Xinjiang, China (Mean£SE) (n

Density of epidermal cell
(number/mm?)

Ad

Stomatal index

(%)

Ad

Stomata size (L x W) (um)

Long cells (L x W) (um)

Species

Ab

Ab

Ab

Ad

Ab

Ad

52.96+6.54
69.58+543

51.98+3.39
59.95+4.68
67.94+5.79

2851

29.02
31.17

51.02+3.83%x26.34+047

59.25+£1.36%31.47+1.01

57.26+£1.37%2948+0.38

48.16+1.07x27.63£0.95
45.66+1.31x28.77+0.92

497.93+£42.94%2538+0.29

469.64+6.63x21.52+£0.92

Gagea alberti
G. altaica

37.26
25.25

400.08+31.34%28.60+2.03

28832+1554%x21.5

406.54+22.71x2351+£2.74

55.64+538

30.06
38.17

43.74+1.38%x26.80+1.08
56.12+1.65%x26.87+1.10
5536+1.70%x36.79+1.21
63.00+1.89%x28.76+0.77

3+£1.71

277.75+11.03%x19.92+0.79

G. bulbifera

113.66+£8.95
78.52+4.31

73931155

39.94
36.51

59.25+£1.36%3147+1.01
59.87+142x%33.62+0.93

342.65+11.71x2545+1.46
24890+9.50%x28.78+1.61
66.78+2.21x33.30+£1.95

373.01+14.24x25.19+0.78

G. divaricata

73.08+6.40
38.76+7.72
39.81+3.74
15.95+3.10

39.17

289.94+14.17x30.10+£ 1.68

G. fedtschenkoana

G. filiformis
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52.24+10.62
37974274

26.70

21.05
25.08
3093

304.18+27.82%x26.30+2.50

29345+2342%x23.09+235

2521

7593+£1.02x35.68+0.84
74.53+£1.93x3554+0.87
5831+£2.01x3595+146
56.73+1.88x30.67+1.31
55.7941.16%x32.65+1.50
62.02+1.92x3232+0.52
46.91+0.71x29.33+£043

92.82+5.17%x4230+142

04

7260£1.16%x33.78+1.
8146+2.15x4144+£1.12

36847+26.21%2555+0.81
48.63+0.87x2895+1.03

403.84+42.01%x29.10+£2.76

G. fragifera

19.90+1.55

36.79

545.82+52.66x50.03+148

57348+17.45%x37.39+0.94

G. granulosa
G. jaeschkei

G. jensii

39.04£7.11

4791+1291
46.15+3.97
4264+7.14

3212

26.86
2538
21.77
22.05
2242

26.01

381.79427.95%x3533+3.60
281.01£9.71x24.69+1.49

32332+19.56%x33.01+£1.89

6541+10.40
51.65+4.28

27.31+1.57

35.74
29.73

59.23+£1.65%30.67+141
60.43+2.03%x35.72+1.85

287.58+13.62%x23.24+1.17
285.60+9.59%x24.68+1.54

297.714£19.87x2801+1.53
402.37+£1531x257+1.65

G. nigra

29.72+2.33

22.83
24.71

63.87+£1.19%32.82+044

46.68+1.94x25.96+040
82.16+239%x44.16+0.77

460.94+8.64%30.28+1.22

G. kunawurensis
G. stepposa
G. tenera

5881+5.84
32.53+7.04

58.63+6.06
31.86+2.52

228314£742%x2495+1.28

25437+1033%x23.08+1.22

54

31.

505.18+12.89x43.22+4.07

47434+14.17X36.74+£3.24

Note: Ad: adaxial; Ab: abaxial; L: length; W: width
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Wang et al. (2013) reported differences in leaf epidermal
characters, including the microstructure of epidermal cells
and stomata for five species of Gagea, each represented by
a single population in China. In our comparative study of
the five species studied by Wang et al. (2013), we had total
of 24 populations for the five species, and we found inter-
specific differences but no significant differences within and
among conspecific populations. Additionally, Elwan (2008)
also demonstrated interspecific differences in leaf epider-
mal characters. These findings reflect the stability of leaf
epidermal morphology within populations of the same spe-
cies. For monocotyledons, the Liliaceae differs considerably
from the Asparagaceae and Poaceae in terms of leaf epider-
mal characters (Aliscioni et al. 2015; Meng et al. 2016; Chao
et al. 2022). The types of anticlinal wall of Fritillaria (Wang
et al. 2009) and Lilium (Hou et al. 2015) in the Liliaceae are
straight or curve, and types of anticlinal walls observed in
Gagea are consistent with these genera. However, in addi-
tion to rectangular or rhombic shapes of long cells, ser-
rated cells also are present in Fritillaria and Lilium, but are
not present in Gagea (Wang et al. 2009; Hou et al. 2015).
The stomata of Liliaceae exhibit consistent orientation and
shape, providing significant taxonomic value among mono-
cotyledon (Wang et al. 2009; Dogu 2019).

Leaf epidermal characteristics within each section are
generally highly consistent. For instance, in sect. Didy-
mobulbos, the basal leaves are typically circular, flattened,
or fistulose in transverse section, with 1-2 basal leaves pres-
ent. Similarly, sect. Plecostigma has 1-2 basal leaves that
are circular in transverse section, while sect. Platyspermum
has a single basal leaf that is pentagonal in transverse sec-
tion; sect. Gagea features 1-2 basal leaves that are flattened
in transverse section (Zarrei et al. 2010, 2011). Our research
corroborates these results, demonstrating that the consis-
tency in leaf epidermal characteristics within each section
yields valuable insights for the classification and identifica-
tion of Gagea.

Currently, classification studies of most species are con-
ducted from a molecular perspective, which can achieve
classification results at the genetic level. However, compared
to external macroscopic morphological characters, there are
limitations in practical species identification (Shneyer et al.
2003; Hou et al. 2015). Morphologically, the Gagea species
are discriminated using information on bulbs, leaves, inflo-
rescences, tepals, stigmas and seeds traits (Chen and Tur-
land 2000). The level of variation in anatomical characters is
the highest among the basal leaf (Zarrei et al. 2010). In con-
trast, classification based on leaf morphology and epidermal
characters is a relatively intuitive and practical method. Spe-
cies with similar external morphology can be inferred from
leaf morphological and epidermal characters, which have
been reported in Ornithogalum (Peruzzi et al. 2007), Fritil-
laria (Wang et al. 2009), Maianthemum (Meng et al. 2016),
Impatiens (Rahman et al. 2017), Aspidistra (Vislobokov et
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Fig. 2 Epidermal morphology of adaxial (A-N) and abaxial (A1-N1) surfaces of basal leaf in 14 species of Gagea from Xinjiang, China under light micro-
scope (A-A1: Gagea alberti; B-B1: G. altaica; C-C1: G. bulbifera; D-D1: G. divaricata; E-E1: G. fedtschenkoana; F-F1: G. filiformis; G-G1: G. fragifera; H-H1: G.
granulosa; I-11: G. jaeschkei; 3-J1: G. jensii; K-K1: G. nigra; L-L1: G. kunawurensis; M-M1: G. stepposa; N-N1: G. tenera). Scale bars: 100 um
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Fig. 3 Cluster diagram (Ward's linkage) of 14 species in Gagea from Xinjiang, China, based on six qualitative and three quantitative morphological and

epidermal characters of leaves

al. 2021) and Zingiber (Zhao et al. 2022). An extensive field
investigation and examination of specimens from Xinjiang
found that G. nigra and G. filiformis; G. jensii, G. altaica
and G. alberti have similar morphological characters, such
as bulbs, inflorescences, tepals, stigmas and seeds. Thus,
these species are closely related natural taxa and support
their placement in the same section (Tison et al. 2013; Peter-
son et al. 2016). The absence of short cells in G. filiformis
(Fig. 2F, F1) can be used to distinguish this species from G.
nigra (Fig. 2K, K1). The leaf morphology is consistent with
Peterson et al’s (2016) classification of G. nigra. The sinuous
pattern of anticlinal walls of G. altaica (Fig. 2B, B1) also can
be used to separate this species from G. jensii (Fig. 2], J1)
and G. alberti (Fig. 2A, Al). Remaining species also can be
distinguished based on their pollen morphology, except for
G. jensii (Lin et al. 2023). Morphologically, G. jensii and G.
alberti exhibit slight differences; G. jensii has a denser inflo-
rescence and larger lateral flowers, as stated by Peterson et
al. (2011). Nonetheless, it is difficult to distinguish two spe-
cies based solely on pollen grains (Lin et al. 2023) and leaf
epidermis, and employment of cytological or molecular
evidence to identify G. jemsii, is necessary. Classification
research based on leaf and epidermal characters can not
only reflect common characters of Gagea but also interspe-
cific variability. Therefore, leaf morphology and epidermal
characters are considered highly valuable for the systematic
classification of Gagea.

Conclusion

This study is the first to combine the leaf structure of Gagea
with detailed epidermal characters. While not all variable
traits hold systematic or taxonomic significance, a consider-
able number of them play a crucial role in species differen-
tiation, such as the shape of leaf epidermal long cells. The
division of species with similar external morphology is fur-
ther supported by phylogenetic and palynological evidence.
The leaf and its epidermal characters provide evidence for
species classification, with significant differences in epider-
mal characters that can help resolve delimitation of species
with similar appearances in Gagea. Consequently, these
characters hold systematic significance and enhance our
understanding of Gagea.
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