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Abstract "Dok Hin” is the Thai local name for Selaginella species that form
rosettes. They commonly distributes in Siberia, Manchuria, southern China, Japan,
the Philippines and Thailand. Morphology of Dok Hin is very resemble leading to
misidentification. So, exactly number of species of Dok Hin in Thailand and their
differences in morphological characteristics is not well understood. Thus, revision
of morphological characters and phylogenetic confirmation of the taxonomic
identification are needed. This study aims to examine morphological charateristics
and phylogenetic patterns in eight populations of the Dok Hin in Northern
Thailand. Morphology of Dok Hin from each populations was quantitatively
examined using 15 vegetative and 6 reproductive characters meanwhile
phylogenetic analyses was explored by DNA barcode ITS2. The results of
the phylogenetic analysis revealed the existence of two species of Dok Hin,
S. tamariscina and S. pulvinata. Selaginella tamariscina can be distinguished from
S. pulvinata by its presence of a pseudotrunk above ground and ridges of dorsal
leaves. On the other hand, the results of phylogenetic analysis indicated the
differences among populations of S. pulvinata as well. Chiang Mai populations of
S. pulvinata was characterized by peculiar set of characters long leaves and leaf
apices look like caudate, while the rest of their populations have shorter leaves
and leaf apices look like aristate. It indicates that S. pulvinata has genetic and
phenotypic divergence among populations. However, additional studies of Dok Hin
populations in other parts of Thailand and studies on different genetic markers
are necessary to confirm the taxonomic status of S. pulvinata.
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INTRODUCTION

Selaginella is the only genus in the family Selaginellaceae, the largest group of
fern allies. Approximately 750 known species of this genus distribute in all continents
except Antarctica. The species diversity is high in tropical and subtropical regions (Zhou
et al., 2015a). Members of this genus also have highly diverse growth forms, including
erect, climbing, creeping, prostrate and special rosette forms (Zhou et al., 2015a).

“Dok Hin” is the Thai local name for Selaginella species having rosette forms. The
first record of S. tamariscina (P. Beauv.) Spring in Thailand, was reported for Doi Chiang
Dao, Chiang Mai in 1979, in Flora of Thailand (Tagawa & Iwatsuki, 1979). It is a
perennial herb, with a pseudotrunk, and rosettes with evergreen or seasonally green
branches at the top which resemble green flowers (Tagawa & Iwatsuki, 1979; Boonkerd
& Pollawatn, 2000). Previous researches showed the distribution of this specie in several
areas in Thailand, growing especially on sandy soil or limestone rock at 300 - 2,200 m
AMSL altitude (Biodiversity-based Economy Development Public Organization [BEDO],
2011).

The recent study of the Dok Hin diversity in Thailand confirmed Selaginella
pulvinata (Hook. & Grev.) Maxim. as a new record of this genus for Thailand
(Jaruwattanaphan et al., 2015). Morphologically, it is similar to S. tamariscina.
Consequently, mistakens in the species identification process have been often
occurring, leaving the correct taxonomic status of plenty of voucher specimens of “"Dok
Hin” in several herbaria in Thailand under question.

Morphometry is the study of characterizing the biologically relevant forms and
patterns of organisms using a combination of mathematics and statistics to provide a
quantitative description and analysis of morphological variation (Speer and Hilu, 1999;
Jearranaiprepame, 2014). Several studies using morphometric methods to determine
the character differences within same species or genus of the plants with phenotypes
that might vary with environments or geography (Baum, and Bailey, 1994: Boonkerd,
2003). A study by Boonkerd (2003) showed that cluster analysis and canonical
discriminant analysis can classify Doryopteris ludens (Wall. Ex Hook.) J. Sm. between
a normal form and a dwarf form, growing under different ecological conditions.
Valdespino (2004) discovered three new species of Selaginella (S. myriostachya, S.
nanophylla, and S. phiara) from Cuba using morphological data from scanning electron
microscopic study. Similarly, Sirichamorn (2006) revised taxonomic status and
unsuitability of species treatment in the genus Afgekia Craib (Fabaceae) using
morphometrics and molecular systematics.

Morpho-anatomical characteristics are basically essential for identification.
However, it should be confirmed by the molecular methods as well. DNA barcoding is
presently method that can provides more precise identification. In plants, many regions
represent standardized DNA barcoding useful for integrated taxonomic systems, such
as matK + trnH-psbA (Newmaster et al., 2008), rbcL + matK (CBOL Plant working
Group, 2009), and ITS2 (Chen et al., 2010) regions. The internal transcribed spacer 2
(ITS2) of the nuclear ribosomal repeat unit is one of the most common markers applied
to phylogenetic analysis. Its fast mutation rate and high variation makes it appropriate
for low taxonomic-level studies, whereas its well-conserved secondary structure can be
used for tree reconstructions at high taxonomic levels (Keller et al., 2009). An earlier
study by Chen et al. (2010) demonstrated that DNA barcoding obtained from the ITS2
region can discriminate more than 6,600 plant samples belonging to 4,800 species from
753 distinct genera. It indicated that the rate of successful identification using the ITS2
barcode was 92.7% at the species level. Furthermore, Gu et al. (2013) documented
that the ITS2 barcode can be used to identify species in the family Selaginellaceae,
providing a scientific basis for phylogenetic investigations of this family.

Thus, this study aims to clarify the taxonomic status of Dok Hin species in Thailand
and to determine morphological and genetic variation between their populations.
Consequently, it will provide more sufficient and accurate morphological and molecular
information useful for Dok Hin identification in Thailand.
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MATERIALS AND METHODS

Plant materials

Selaginella pulvinata and S. tamariscina were surveyed and collected from eight
localities in Northern Thailand (Figure 1). Because these species are rare and in risk of
extinction (Suksatan, 1998; BEDO, 2011), minimum but statistical sufficient number of
plant samples (ten plants per population) were collected. Plant samples were identified
using Flora of Thailand (Tagawa & Iwatsuki, 1979) and Flora of China (Zhang et al.,
2013). The voucher specimens were deposited in the herbaria of the Biology
Department of Chiang Mai University (CMUB) and Queen Sirikit Botanical Garden (QBG),

Thailand.
1. Doi Sam Pee Nong (CMI1)
S olieprlom. & 4. Doi Pha Dam (PYO!)
(CMI3) -, \ ‘
2. Doi Luang Chiang Dao E k
Vg 5. Doi Phu Wae (NAN1)
(CMI2) I ,
6. Doi Hua Mot ===~~~

(TAK1)

7. Pha Num Theing (PET2)

Figure 1. Distribution map of two Dok Hin species from Northern Thailand
(Selaginella pulvinata-green dots, S. tamariscina-red squares).

Morphometric study

Morphological data were obtained from the collected specimens. Both vegetative
and reproductive morphology were examined for ten specimens per population using a
stereo microscope (Olympus SZ-30, Japan).

Pseudotrunks above ground length (PTL) was measured with a digital caliper.
Vegetative and reproductive morphology including, primary branch width (PBW), dorsal
ridge length (DRL), dorsal leaf length (DLL), dorsal leaf width (DLW), dorsal leaf apex
length (DLAL), dorsal leaf marginal sinus depth (DLMD), dorsal leaf marginal sinus width
(DLMW), ventral leaf length (VLL), ventral leaf width (VLW), ventral leaf apex length
(VLAL), ventral leaf marginal membrane width (VLMW), axillary leaf length (ALL),
axillary leaf width (ALW), axillary apex length (AAL), strobili length (SL), strobili width
(SW), sporophyll length (SL) and sporophyll width (SW) were observed and determined
from photos taken under microscope using the software Imagel I (Schneider, et al.,
2012).

Reproductive morphology including, megaspore diameter (MGD) and microspore
diameter (MCD) was investigated using scanning electron microscopy (SEM). Mature
microspores and megaspores were separated from sporangia and placed on aluminum
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stubs with double-sided tape. Each stub was spurt coated with a gold-palladium mixture
for 2 minutes using an SPI-Module sputter coater. The spore morphology including
shape and exine wall was observed under a JSM -IT300 scanning electron microscope
(SEM; JEOL, Tokyo, Japan) at an accelerating voltage of 15 kV. Digital images were
captured using the supplied ORION software (Version 1.72.1.0; JEOL USA, Peabody,
Mass.).

Molecular study

DNA of the plants from each population (three specimens per area) was extracted
from approximately 10 mg silica gel-dried leaves according to the protocol provided by
the DNeasy Plant Mini Kit DNeasy (QIAGEN Inc, U.S.A.). Then, the ITS2 region was
amplified using a pair of universal primers: ITSS2F (forward) and ITSS3R (reverse)
(Gu et al., 2013). Polymerase chain reaction (PCR) amplification was performed using
approximately 30 ng genomic DNA as a template in a 25 mL reaction mixture (2.5 mL
10x PCR buffer without MgClz, 2 mL 25 mM MgClz, 2 mL of each dNTP (2.5 mM), 1.0 mL
of each primer (2.5 mM)), and 1.0 U of Tag DNA Polymerase (Vivantis).

The reactions were performed with the following cycling conditions: 94°C for 5
min and 40 cycles of 94°C for 30 s, 56°C for 30 s, and 72°C for 45 s followed by 72°C
for 10 min. (Gu et al., 2013). The 450 base pairs (bp) products were then purified and
sequenced at Macrogen Co. (South Korea) using same pair of PCR primers. ITS2
sequences of each specimen were assembled using the BioEdit version 7.2 software
(Hall, 1999).

Statistical analysis

Morphological statistic

Morphological data of S. pulvinata and S. tamariscina was tested for normal
distribution and homogeneity of variance using Cochran’s C-test. If necessary, data was
log-transformed to ensure homogeneity of variance. The data was tested by one-way
analysis of variance (ANOVA). Differences between treatments were identified by the
Tukey HSD post hoc procedure at the 1% significance level.

Morphometric study

Morphological variation among Dok Hin populations was estimated by principal
components analysis (PCA). The PCA was performed using the PAST statistics software
package (Ryan et al., 1995). Dok Hin populations were then grouped by cluster analysis
using the average taxonomic distance among the 80 specimens from eight localities to
generate a dendrogram using neighbor-joining (NJ) in PAST package version 4.03.

Phylogenetic study

Twenty-four Dok Hin ITS2 sequences newly generated in this study were analysed
together with 16 S. pulvinata and S. tamariscina accessions retrieved from GenBank.
One ITS2 accession of S. stauntoniana Spring was used an outgroup. Voucher
information and GenBank accession numbers for each sampled taxon are provided in
Table 1-2. A total of 41 ITS2 sequences were aligned using the BioEdit software and
188 bp length were used for phylogenetic analysis. The genetic distances were then
computed using MEGA 10 (Kumar et al., 2018) according to the Kimura 2-Parameter
(K2P) model. The phylogenetic tree was reconstructed based on Maximum Likelihood
(ML) using MEGA 10 with 1,000 bootstrap replicates.
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Table 1. List of sampled taxa containing information related to the taxonomy (specimen
voucher numbers, country, GenBank accession numbers and references).

Taxa Specimen voucher Country GenBank accession References
numbers number
S.pulvinata HS2401 China KC559845 Gu et al., 2013
S. pulvinata HS2402 China KC559846 Gu et al., 2013
S. pulvinata HS2403 China KC559847 Gu et al., 2013
S.pulvinata HS2404 China KC559848 Gu et al., 2013
S.pulvinata HS2405 China KC559849 Gu et al., 2013
S.pulvinata HS2406 China KC559850 Gu et al., 2013
S.tamariscina HS3001 China KC559863 Gu et al., 2013
S. tamariscina yyzw2015AQ27N1 China KX068993 Cai et al., 2016
S.tamariscina yyzw2015AQ27N2 China KX068990 Cai et al., 2016
S. tamariscina yyzw2015AQ27N3 China KX068991 Cai et al., 2016
S. tamariscina yyzw2015AQ27N4 China KX068992 Cai et al., 2016
S.tamariscina yyzw2015AQ27N5 China KX068993 Cai et al., 2016
S. tamariscina yyzw2015BH27N1 China KX068994 Cai et al., 2016
S.tamariscina yyzw2015BH27N2 China KX068995 Cai et al., 2016
S. tamariscina yyzw2015DK27N1 China KX068987 Cai et al., 2016
S.tamariscina yyzw2015DK27N2 China KX068988 Cai et al., 2016
S.stauntoniana Zhao 169 China KT161841 Zhou et al., 2015a
RESULTS

Dok Hin distribution in Northern Thailand

Based on morphology, two species of Dok Hin, S. pulvinata and S. tamariscina
were identified (Figure 2). S. pulvinata was found at Doi Sam Pee Nong, Doi Luang
Chiang Dao, and Doi Kew Lom in Chiang Mai province; Doi Pha Dam in Phayao province;
Doi Phu Wae in Nan province; Doi Hua Mot in Tak province, while S. tamariscina was
found at Pha Dong Klua and Pha Num Theing in Phetchabun province (Figure 1).

TS

Figure 2. Selaginella pulvinata from Doi Luang Chiang Dao, Chiang Mai
province (A); Doi Hua Mot, Tak province (B); Doi Pha Dam, Phayao province
(C); Doi Phu Wae, Nan province (D), respectively and S. tamariscina from Pha
Dong Klua and Pha Num Theing, Phetchabun province (E).
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Selaginella pulvinata was found in limestone habitats such as limestone crevices,
limestone nooks in vertical, limestone cliffs, or open limestone areas near the summit
at high elevations from 980 to 2,225 m AMSL. On the other hand, S. tamariscina was
usually found on sandstone cliffs at lower elevations from 630 to 650 m AMSL (Table2).

Table 2. Dok Hin species investigated with their respective locality, province, elevation, habitat,
specimen voucher numbers and GenBank accession numbers.

Dok Hin Locality Province Elevation Habitat Specimen voucher GenBank accession
Species (AMSL) numbers Numbers
S.pulvinata Doi Sam Pee Nong Chiang Mai 1,830 Limestone cliff, limestone Udon-S042-044 MW594443-MW59445
(CMI1) crevices
S.pulvinata Doi Luang Chiang Mai 2,103 Open limestone area near Udon-S039-041 MW594446-MW59448
Chiang Dao the summit
(CMI2)
S.pulvinata Doi Kew Lom Chiang Mai 1,856 Limestone cliff, limestone Udon-S055, 060-061 MW594449-MW594451
(CMI3) crevices
S.pulvinata Doi Pha Dam Phayao 1,030 Limestone cliff, limestone Udon-S049-051 MW594461-MW594463
(PYO1) crevices
S.pulvinata Doi Phu Wae Nan 1,535 Open limestone area near Udon-S046-048 MW594452-MW594454
(NAN1) summit
S.pulvinata Doi Hua Mot Tak 984, Limestone crevices Udon-S054, 062-064 MW594464-MW594466
(TAK1) 1,016
S.tamariscina Pha Num Theing Phetchabun 634 Sandstone cliff Udon-S053, 058-059 MW594455-MW594457
(PET1)
S.tamariscina Pha Dong Klua Phetchabun 650 Sandstone cliff Udon-S052, 056-057 MW594458-MW594460

(PET2)

Morphometric study

The results of morphometric study are presented in Table 3. The first two principal
components are explaining the total variability of the sample (Figure 3). The first
principal component (PC 1) was responsible for 99.04% of the total variability whereas
0.86% of the total variability was represented by the second principal component (PC2).
The morphometric variables contributing the to PC1 were: pseudotrunk above ground
length (PTL) and dorsal ridge length (DRL). While the morphometric variables
contributing the to PC2 were: ventral leaf length (VLL), dorsal leaf length (DLL), and
dorsal leaf apex length (DLAL). Scatter plots of PC1 vs. PC2 separated the population
of S. tamariscina from S. pulvinata. Additionally, the populations of S. pulvinata from
Chiang Mai province (CMI1, CMI2, CMI3) also separated from TAK1, NAN1, and PYO1,
respectively (Figure 4). Similarly, results from one way ANOVA showed that PTL and
DRL were significantly different between S. tamariscina and S. pulvinata populations.
Moreover, VLL, DLL, and DLAL of S. pulvinata from Chiang Mai populations (CMI1, CMI2,
CMI3) significantly differed from Tak, Nan, and Phayao populations (TAK1, NAN1,
PYO1).

Similarly, a dendrogram of neighbor-joining (NJ]) approach using the same 5
characters, (PTL, DRL, DLL, DLAL, and VLL) classified Dok Hin populations into 3 groups
(Figure 4). Group 1 consisted of S. tamariscina populations from Phetchabun province
(PET1 and PET2), with a pseudo trunk above ground and a ridge on the adaxial surface
of dorsal leaves as unique characters (Figure 5). Group 2 consisted of S. pulvinata
populations from Chiang Mai province (CMI1, CMI2, and CMI3), with longer dorsal
leaves, longer dorsal leaf apices, and longer ventral leaves compared to Group 3. Group
3 consisted of S. pulvinata populations from Tak province (TAK1), Nan province (NAN1),
and Phayao province (PYO1) (Figure 6).
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Figure 3. Scatter plot of a principal component analysis (PCA) showing the
source of inter and intraspecific variability of Selaginella pulvinata (green line)
and S. tamariscina (red line).
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Table 3. Results of morphometric study of Selaginella pulvinata and S. tamariscina (mean + SD values of the characters) from investigated localities.
Different letter superscripts between rows indicate significant differences among populations (P < 0.01), as analyzed by one-way ANOVA.

Character S pulvinata S.tamariscina

CMI1 CMI2 CMI3 NAN1 PYO1 TAK1 PET1 PET2
1. Pseudotrunk above ground length 0.00 £ 0.00®  0.00 £ 0.00°  0.00 + 0.00° 0.00 + 0.00°  0.00 £ 0.00° 0.00 = 0.00°? 26.84 + 16.80*  28.36 + 18.99°
(mm)
2. Primary branch width (mm) 3.03 £ 0.09° 3.28 £ 0.08¢  3.04 + 0.04¢ 2.52 £ 0.05° 2.15+ 0.04® 2.54 + 0.08° 2.63 + 0.03° 2.60  0.03°
3.Dorsal ridge length (mm) 0.00 + 0.00° 0.00 £ 0.00°  0.00 + 0.00° 0.00 £ 0.00° 0.00 £ 0.00°  0.00 + 0.00° 0.63 + 0.08° 0.62 + 0.04b
4.Dorsal leaf length (mm) 3.17 £ 0.08° 3.28 £ 0.16  3.02 + 0.06¢ 2.33+012° 154 +0.11° 1.84 £ 0.44° 3.64 £ 0.14% 3.73 £ 0.06¢
5. Dorsal leaf width (mm) 1.28 £ 0.04°  1.41 £ 0.00°  1.15 + 0.02¢ 0.94 + 0.02® 0.91 + 0.01> 0.75 £ 0.06° 1.07 + 0.03¢ 1.09 £ 0.12«
6.Dorsal leaf apex length (mm) 1.12+£0.04¢ 1.22 £0.01¢ 1.12 % 0.00¢ 0.83 £ 0.00° 0.29 £ 0.00° 0.55 + 0.07° 1.54 + 0.00f 1.47 £ 0.07°
Z. Ma)rginal sinus of dorsal leaf depth 0.19 £ 0.00¢  0.29 £ 0.01°  0.17 +£0.00°  0.18 = 0.00¢ 0.08 + 0.00®  0.08 + 0.00° 0.08 + 0.00° 0.06 + 0.00°
mm
?. Ma)rginal sinus of dorsal leaf width 0.12 £ 0.00%  0.13 £ 0.00¢  0.11 + 0.00¢ 0.07 £ 0.00° 0.10 £ 0.01¢  0.08 + 0.00° 0.06 + 0.00° 0.06 = 0.00°
mm
9.Ventral leaf length (mm) 3.77 £0.00° 3.81 £0.00° 3.69 + 0.04 2.27 £0.00° 1.85+0.04° 1.95 % 0.03" 3.47 £ 0.00° 3.33 £ 0.04¢
10.Ventral leaf width (mm) 1.32 £0.00°  1.43 £0.04" 1.31+0.00¢ 1.13+0.00¢ 0.94+0.00° 1.07 £0.00" 1.37 £+ 0.00¢ 1.31 + 0.00¢
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Table 3. Continued.

Character S pulvinata S.tamariscina
CMI1 CMI2 CMI3 NAN1 PYO1 TAK1 PET1 PET2

11. Ventral leaf apex length (mm) 1.54 + 0.03f 1.75 £ 0.04¢9 1.51 +0.04f 0.69 +0.00¢ 0.43+£0.00° 0.52+0.00° 1.27 £+ 0.00¢ 1.13 £ 0.01¢
12. Marginal membrane of ventral 0.59 + 0.00f 0.64 = 0.00¢ 0.50 +0.01¢ 0.55 +0.00¢ 0.44 £0.00° 0.47 +0.00° 0.43 + 0.00° 0.48 £ 0.01¢
leaves width (mm)

13. Axillary leaf length (mm) 3.46 £ 0.03f 3.51 + 0.00f 3.38 £ 0.00¢ 2.57 £0.01¢ 2.08 £ 0.002 2.13+0.07° 3.06 + 0.02¢ 250 + 0.04°

14. Axillary leaf width (mm) 1.44 £ 0.00¢ 1.56 + 0.00f 1.41 £0.00¢ 1.60 £ 0.009 1.41+£0.00¢ 1.36+0.00° 140 + 0.00° 117 + 0.00°

15. Axillary leaf apex length (mm) 1.51 +£0.01f 1.62 £0.03¢ 1.47 £0.00¢ 0.81 +£0.00¢ 0.54 £0.01° 0.52 +£0.00° 1.08 + 0.00¢ 0.76 + 0.00°
16.Strobilus length (mm) 8.49 + 2.57° 7.93+2.622 7.88 + 2.362 6.68 + 1.96° 1688+ 059° No data 6.47 £ 1.782 7.00 + 1.322
17.Strobilus width (mm) 2.65+0.552 2.75+0.602 2.72 £0.582 2.61+0.46° 2.21+0.012 No data 2.55 + 0.48° 2.65 = 0.41°
18.Sporophyll length (mm) 3.28 £0.17% 3.89 £0.68° 3.53 +£0.54° 3.49 £ 0.56° 2.14+0.01°2 No data 3.46 £ 0.57° 3.76 £ 0.64°
19.Sporophyll width (mm) 2.99 £ 0.02° 2.99 +£0.02° 2.98 £ 0.02° 2.97 £0.02° 1.40+0.05¢2 No data 2.98 + 0.02° 2.77 £ 0.39°
20.Megaspore diameter (um) 204.84 £23.22% 211.95+17.32% 204.84 +£23.22% 194.15 + 11.55° No data No data 184.48 £ 9.032 184.2 £ 5.00°
21.Microspore diameter (um) 35.35+0.57° 37.35+1.80° 36.55 £ 2.36° No data No data No data 36.85 £ 2.17>  37.35 + 1.80°
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Figure 4. Dendrogram of neighbor-joining clustering based on 5 morphological
characters including pseudotrunk above ground length (PTL), dorsal ridge
length (DRL), dorsal leaf length (DLL), dorsal leaf apex length (DLAL), and
ventral leaf length (VLL).
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Figure 5. Pseudotrunk above ground (A) and ridge on dorsal leaf (B) of
Selaginella tamariscina (red arrows) compared with S. pulvinata, with no
pseudotrunk above ground (C) and no ridge on dorsal leaf (D).
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1 mm

Figure 6. Dorsal and ventral leaves of Selaginella pulvinata from Nan
population (A, B); Phayao population (C, D); Tak population (E, F) and Chiang
Mai population (G, H).

Phylogenetic study

The genetic relationship of Dok Hin populations from Northern Thailand was
revealed by a maximum likelihood tree based on the ITS2 region sequences (Figure 7).
The result showed that Dok Hin populations of Northern Thailand belong to 4 clades
separated from their outgroup species (S. stauntoniana). All S. tamariscina samples
from Phetchabun province formed a unique cluster (Clade IV) which obviously separated
from S. pulvinata (Clades I, II). However, there is no clear distinction between
S. tamariscina from Phetchabun province (Clade IV) and some S. pulvinata from
Northern Thailand, since S. pulvinata (Clades III) represents of its sister clade. Among
the S. pulvinata populations, all samples from Chiang Mai province formed a unique
cluster in Clade I. Clade II consisted of samples from Tak, Nan, and Phayao provinces.
The one sample from Nan province and two samples from Phayao province are grouped
in Clade III.
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Figure 7. Maximum Likelihood (ML) tree based on ITS2 sequences of
Selaginella pulvinata and S. tamariscina from Northern Thailand. Bootstrap
values greater than 75% are labeled at the branches. Branches with bootstrap
values less than 75% are collapsed. (CMI: Chiang Mai province, PYO: Phayao
province, NAN: Nan province, PET: Phetchabun province).

DISCUSSION

Dok Hin distribution in Northern Thailand

Selaginella pulvinata and S. tamariscina were found in Russia (Siberia), Mongolia,
China, Japan, Korea, India, Nepal, Vietnam, the Philippines, and Thailand (Alston, 1935;
Takawa & Iwatsuki, 1979; Dahlen, 1982; Zhang et al., 2013; Bautista et al., 2018;
Shalimov et al., 2019). In Northern Thailand, we found that these two species have
patchy distributions in different geographical ranges. Selaginella pulvinata was usually
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found on limestone habitats such as limestone crevices, limestone nooks in vertical,
limestone cliffs, or open limestone areas near the summit at high elevations about 980
- 2,225 m AMSL. In contrast, S. tamariscina was usually found on sandstone habitats
at lower elevations than S. pulvinata, about 630 - 650 m AMSL. It seems that elevation
can limit the distribution of these two species. Likewise, Zhang et al. (2013) wrote that
S. tamariscina usually occurred at lower elevations (500 - 1,500 m AMSL) compared to
S. pulvinata (1,000 - 3,000 m AMSL). Similar results have been documented by
Shalimov et al. (2019) who found that S. pulvinata in Nepal usually grew on open rock,
rooting on crevices at high elevations, 1,800 - 4,400 m AMSL.

Ecogeographic isolation between S. pulvinata and S. tamariscina may influence
their adaptation to edaphic conditions in different environments and niche differentiation
leading to the creation of reproductive isolation or reproductive barriers between
populations (Nosil, 2012; Baack et.al. 2015). Li and Tan (2005) mentioned that
S. tamariscina forms scattered small communities on dry, nutrient-poor, rocky, and
shaded cliff representing one of the pioneering plant species in the so-called Danxia
geologic formation. While S. pulvinata may represent a species adapted to the colder
and drier inland conditions (Li and Tan, 2005; Zhou et al. 2015b)

Morphometric and phylogenetic study

The morphometric study showed that the length of pseudotrunk was an important
key character to separate S. tamariscina and S. pulvinata. A previous study also
reported that the main distinct character of these two species was presence of
pseudotrunk. It was well documented that the pseudotrunk of S. tamariscina was
formed by the matted roots (or rhizophores), while the roots of S. pulvinata remained
spreading out (Alston, 1934; Dahlen, 1982). Furthermore, our study discovered
that dorsal ridge was found only in S. tamariscina, thus the presence of dorsal ridge can
be another key character to distinguish these two species. In short, both characters, i.e.
pseudotrunk and dorsal ridge are useful for identification of S. tamariscina and
S. pulvinata.

In addition, the morphometric study also showed the differences within S.
pulvinata. Chiang Mai population of S. pulvinata (CMI1, CMI2, and CMI3) was
characterized by a peculiar set of characters longer dorsal leaves and ventral leaves and
leaf apices look like caudate. Whereas, other populations (TAK1, NAN1, and PYO1)
presented shorter leaves and aristate leaf apices.

The evolutionary history of Dok Hin from Northern Thailand was revealed by the
ITS2 region sequences. Maximum likelihood tree showed that S. tamariscina from
Phetchabun province (Clade 1V) is a monophyletic group while S. pulvinata from Chiang
Mai, Nan, Tak, and Phayao provinces are a polyphyletic group included in Clades I, II,
and III. The polyphyletic origin of S. pulvinata was consistent with the within species
variation of phenotypic traits demonstrated by our morphometric data as mentioned
above.

A unique cluster of S. tamariscina samples from Phetchabun province (Clade 1V)
consisted of one S. tamariscina HS3001 from China, which is a sister of S. tamariscina
from China (Clade V) and S. pulvinata from Thailand (Clade III). The phylogenetic tree
pointed out the close relationship and probably share ancestor among these three clades
(Clade 111, 1V, V). The distribution of both S. tamariscina and S. pulvinata is in the wide
geographic range from eastern China to southern Malaysia (Tropicos.org, 2021) where
limestone rocks at high elevations are common.

All S. pulvinata samples from Chiang Mai province formed a monophyletic group
in Clade I which is distinctly separated from Clade II (S. pulvinata from Phayao, Nan
province and China). We observed the specific characters of this clade which having
longer dorsal leaves, longer dorsal leaf apices and longer ventral leaves compared to
S. pulvinata in Clades II and Clade III. Both morphometric and molecular data pointed
out that the S. pulvinata populations in Chiang Mai province are likely to be a new
species or new subspecies. Monophyletic speciation of this clade may occur from the
unique geographical and ecological patterns of Doi Chiang Dao Wildlife Sanctuary. At
the top of Doi Chiang Dao where Dok Hin has spread, the area was covered by sub-
alpine vegetation which cannot be found in other areas of Thailand (Suksatan, 1998).
Various plant endemic taxa, including new species and new records for Thailand were
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discovered in this most remarkable locality (Thapyai et al., 2005, Santisuk et al., 2006).
For example, Sirindhornia pulchella H.A. Pedersen & Indham.), Strobilanthes
chiangdaoensis Terao, Impatien chiangdoaensis T. Shimizu, Swertia chiangdaoensis
P. Suksathan, Gentiana leptoclada ssp. australis (Craib) Toyokuni, Scabiosa siamensis
Craib, Primula siamensis Craib (Terao, 1981; Pedersen and Indhamusika, 2002;;
Santisuk et al., 2006).

Clade II and Clade III of S. pulvinata consisted of combined samples from Nan
and Phayao provinces. Although a paraphyletic branch was observed, there was no
morphological difference among these clades. This may result from convergent
evolution under similar environments or ecology. There is the possibility that plants
have developed similar morphology even though they are genetically different; this
process can be found among various plant species (Korall and Kenrick, 2002; Zhou
et al., 2015a). For example, the rosette-forming branches that curl inwards into a ball
when dry are normally observed in xerophytic Selaginella species but phylogenetic
studies confirmed that this rosette habitus appears to have evolved independently at
least three times in three groups of Selaginella, including S. lepidophylla (southwestern
USA and Mexico), S. tamariscina (eastern Asia) and S. pilifera (southern USA and
Mexico), S. pallescens (southern USA and Mexico) (Korall & Kenrick, 2002; Zhou et al.,
2015).

CONCLUSION

This study showed stem and leaf morphology can be used to identify two species
of Dok Hin in Thailand. Having a pseudotrunk above ground and ridge on dorsal leaves
are species recognition characters that separated S. tamariscina from S. pulvinata.
Moreover, other leaf characters such as length of leaf and leaf apex showed variation
within the populations of S. pulvinata. There were distinct differences between leaves
of the plants from the Chiang Mai population compared with the populations from
Phayao, Tak, and Nan. Our findings were well supported with phylogenetic results which
basically separated these from each other into two species and showed that S. pulvinata
from the Chiang Mai population has unique characters that differed from other
populations. Therefore, S. pulvinata in Chiang Mai province should be a new species or
new subspecies. However, additional broad scale studies of S. pulvinata using different
methods or other parts of Thailand are needed to obtain full insight into its phenotypic
variation.
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