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Abstract. Drepanostachyum falcatum (Nees) Keng f. is one of the most widely distributed shrubby bamboo species in the temperate
region of northwest (NW) Himalayas. Along with the other three temperate bamboo species, namely Yushania anceps, Thamnocalamus
spathiﬂorus and Himalayacalamus falconeri, commonly called as ‘ringal’, and utilized for making various articles of household and
commercial purpose by local artisans. Despite huge ecological and socio-economic importance, they are least studied and lacks baseline
genetic information. In this study, *10 Gb genome sequence data with 70.68 million reads were generated for D. falcatum, through
genome skimming approach based on high throughput next-generation sequencing technology with Illumina protocol. The high-quality
reads were de novo assembled into 31,997 contigs, which comprised 1943 microsatellite repeats. The dinucleotide and trinucleotide repeats
were most abundantly distributed in the genome with 52.95 and 41.17%, respectively. Depending on the sufﬁcient ﬂanking sequence, only
1123 repeats were successfully tagged with primer pairs and these sites were designated as sequence-tagged microsatellite (STMS) markers.
Further, a subset of 106 STMS markers were validated through PCR ampliﬁcation; 77 marker loci were successfully ampliﬁed, and 48 of
these showed polymorphism. Same set of marker loci were also tested for their cross-ampliﬁcation in other three temperate bamboo species
of the NW Himalayas, which revealed good level of transferability (27–48%) but lesser polymorphism (4–12%). In addition, the genomewide in silico cross-ampliﬁcation revealed poor cross-transferability in other bamboo taxa representing four different phylogenetic
lineages, namely Phyllostachys edulis (10.2%), Bonia amplexicaulis (3.03%), Guadua angustifolia (1.60%), Olyra latifolia (0.89%) and
Raddia guianensis (0.36%). Ten polymorphic markers were further used to estimate the measures of genetic diversity in two natural
populations, which revealed high genetic diversity (polymorphic information content, PIC = 0.889; expected heterozygosity, He = 0.756)
and low genetic differentiation (FST=0.061; Nm = 5.445). To the best of our knowledge, this is one of the pioneer studies carried out for the
development of genomic STMS markers through genome skimming approach in Indian bamboo species. The marker information generated
here is novel and of paramount importance for future genetic studies in D. falcatum as well as other temperate bamboo species through
cross-transferability.
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Introduction
Bamboos are the group of fastest growing perennial plants
consisting of 1662 species; found across the world except in
Europe and Antarctica (Canavan et al. 2017). Importantly,
India is the third largest reserve of bamboo genetic resources
after China and Brazil with 136 species under 23 genera
covering an area of 16 million hectare (ISFR 2019).

Bamboos are mainly classiﬁed into three major tribes and
four monophyletic lineages, namely Arundinarieae (temperate woody bamboos), Bambuseae (neotropical and
palaeotropical woody bamboos), and Olyreae (herbaceous
bamboos) (Clark et al. 2015). The principal bamboo genera
occurring in India belongs to the tribe Arundinarieae and
Bambuseae. A group of thin and shrubby temperate woody
bamboos, namely Drepanostachyum falcatum (Nees) Keng
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f., Yushania anceps (Mitford) W. C. Lin, Thamnocalamus
spathiﬂorus (Trin.) Munro and Himalayacalamus falconeri
(Hook. f. ex Munro) Keng f., are dominating between 1200
to 3600 meter above mean sea level (AMSL) in subalpine
and alpine forest of NW Himalayas which are combinedly
known as ‘ringal’ (Banik 2016). As ringal are the key vegetation of riparian zone of all the major rivers, tributaries and
rivulets of the higher Himalayas, they play an important role
in soil stabilization by binding soil with their ﬁbrous root
system. Ringal in India are mostly harvested from the natural
forest, and used for making woven baskets and mats, decorative articles, thatching, ﬁshing rods, agricultural implements, etc., and has immense potential to share the bamboo
market in future (Sundriyal and Joshi 2015). They contribute
signiﬁcantly to the livelihood of rural people/artisans of
temperate region. Despite high ecological and socio-economic importance, limited research has been carried out to
generate baseline information required for conservation,
management and sustainable utilization. The knowledge
base needs to be developed for multiple aspects, namely
pattern of distribution, ecological association, species richness, taxonomic description, genome sequences, genetic
diversity, population structure, etc.
Simple sequence repeats (SSRs) or microsatellites are
abundant in the genome. Based on the sequence information
derived from the ﬂanking regions of microsatellites, robust
sequence-tagged microsatellite (STMS) markers can be
designed which are highly informative, codominant and
reproducible (Vieira et al. 2016), and hence, can serve as
valuable tool for the characterization of wild populations.
However, the use of STMS markers has traditionally been
limited in bamboos due to scarce availability of sequence
information. With the advent of advanced, high-throughput,
low-cost sequencing technologies, worldwide effort on
genome and transcriptome sequencing resulted in accumulation of sequence data in public repositories. The ﬁrst draft
genome of bamboo has been published for Phyllostachys
edulis (moso bamboo) (Peng et al. 2013), which later
developed as a chromosome-level reference genome with
improved precision (Zhao et al. 2018). To provide a central
genomic resource and an extensible analysis platform for
researchers worldwide, a bamboo genome database (BambooGDB) has been developed (Zhao et al. 2014). To
understand the reticulate origin, the draft genome sequence
has also been developed in four bamboo species of different
ploidy group, namely Olyra latifolia, Raddia guianensis,
Guadua angustifolia and Bonia amplexicaulis (Guo et al.
2019). Besides the whole genome sequences, plastome
sequences were also developed in several bamboo species
including D. falcatum (Saarela et al. 2018). Moreover, the
studies performed to understand the various physiological
processes like ﬂower induction, growth and development,
bud burst, etc., resulted in further deposition of transcriptome data for various bamboo species (Liu et al. 2012; Gao
et al. 2014; Bhandawat et al. 2016; Biswas et al. 2016). The
sequence information available in public repository has been

extensively utilized for the identiﬁcation of STMS marker
loci through data mining and cross-transferability (Barkley
et al. 2005; Dong et al. 2011; Lin et al. 2014). In India, these
efforts were conﬁned only to a few bamboo taxa, namely
Bambusa arundinacea (Nayak and Rout 2005), Dendrocalamus latiﬂorus (Bhandawat et al. 2014), D. hamiltonii
(Bhandawat et al. 2019; Meena et al. 2019), etc., but not for
any of the temperate species.
The genome skimming is the simplest and cost-effective
sequencing approach to generate the data of high copy
fractions of total genomic DNA, namely organellar genomes, nuclear ribosomal DNA, microsatellites repeats,
transposable elements, etc., through random shearing and
multiplexing (Straub et al. 2012; Weitemier et al. 2014;
Dodsworth 2015; Berger et al. 2017). The approach has been
successfully utilized for plant identiﬁcation, DNA barcoding, phylogenomics, discovery of microsatellite loci, etc.
(Kane et al. 2012; Xia et al. 2018; Nevill et al. 2020;
Bhandari et al. 2020). In the present study, Illumina-based
next-generation sequencing technology was used to skim the
high copy fraction of the genome and discovering novel
STMS markers in a temperate bamboo species of Indian
Himalayas, D. falcatum.

Material and methods
Sample collection and DNA extraction

Juvenile foliage samples were harvested from a genotype
of D. falcatum present in the germplasm bank at Field
Research Station, Khirsu (Pauri) of Forest Research Institute, Dehradun (Uttarakhand, India). Genomic DNA was
extracted using the protocol of Krizman et al. (2006) for
library preparation and sequencing. Leaf samples were also
collected from 60 clumps of two natural populations (30
clumps in each) for testing the efﬁcacy of selected markers
in population genetic analysis. One population (DFUK01_
Munsiyari; E 80°140 12.900 , N 30°060 27.900 ) was collected
from Munsiyari forest range (Pithoragarh, Uttarakhand,
India) and another population (DFUK02_ Kapkot; E
80°010 41.600 , N 30°000 49.900 ) from Kapkot forest range
(Bageshwar, Uttarakhand, India). Here, the genomic DNA
was extracted from the silica dried leaf tissues of these
populations for further validation by polymerase chain
reaction (PCR).

Genome sequencing, assembly, microsatellite identiﬁcation
and primer design

The genome sequence data were generated through highthroughput next-generation sequencing technique based
upon Illumina protocol by the Clevergene Biocorp Private
Limited (Bengaluru, Karnataka) with HiSeq X Ten System
(Illumina, San Diego, USA). The raw sequence reads were
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subjected to quality check for the parameters, such as base
call quality distribution, % bases above Q20 and Q30, %GC,
adapter sequence contamination, etc., using softwares
FastQC (Andrews 2010) and MultiQC (Ewels et al. 2016).
Further, the raw sequence reads were ﬁltered and trimmed
using software Trim Galore (https://www.bioinformatics.
babraham.ac.uk/projects/trim_galore/) to remove the lowquality data. The quality-trimmed data were assembled into
contigs by Abyss genome assembler (Simpson et al. 2009)
with K-mer size 49, 67, 76 and 94. Invariably, repeat
sequences in the assembly were masked using RepeatMasker (http://www.repeatmasker.org/). The contigs were scanned for the identiﬁcation of microsatellite repeats using perl
scripts-based MIcroSAtellite (MISA) identiﬁcation tool
(Beier et al. 2017), and primers were designed using webbased software Primer3 (http://primer3.ut.ee/).
Validation, polymorphic survey and cross-transferability
of STMS markers

A subset of 106 primer pairs were synthesized and validated
for ampliﬁcation of corresponding STMS marker loci in the
genome of D. falcatum with PCR thermal cycler machine
(Eppendorf Mastercycler Nexus). The primers were subjected to gradient PCR (with a Tm gradient range of ±3°C)
to screen and optimize the annealing temperature. The primer pairs producing clear band within expected size range
were considered to be positively ampliﬁed, which were
further tested for polymorphism by screening in a set of 20
random genotypes. The PCR products were resolved in 4%
gel of high-resolution agarose (Sigma), and the primers
giving multiple alleles across the genotypes were marked as
polymorphic. The positively validated primers of D. falcatum were tested for their cross-ampliﬁcation in other three
temperate bamboo species, namely Y. anceps, H. falconeri
and T. spathiﬂorus. Successfully ampliﬁed primer pairs were
then tested for polymorphism across ﬁve random genotypes
of each corresponding species. In addition, all the STMS
markers were also analysed for in silico cross ampliﬁcation
in the bamboo taxa of four monophyletic lineages with
different ploidy levels, namely O. latifolia and R. guianensis
(herbaceous bamboos; diploid), P. edulis (temperate woody
bamboo; tetraploid), G. angustifolia (neotropical woody
bamboo; tetraploids), and B. amplexicaulis (palaeotropical
woody bamboo; hexaploids), through Linux-based command line tool EMBOSS primersearch (Val Curwen; http://
emboss.sourceforge.net/apps/release/6.2/emboss/apps/
primersearch.html). The genome sequences of above bamboo taxa were retrieved from the National Center for
Biotechnology Information (NCBI) GenBank (https://www.
ncbi.nlm.nih.gov/) and BambooGDB (http://www.genobank.
org/bamboo). To establish the genic or nongenic origin of
the tested STMS markers, their corresponding contigs were
further subjected to sequence similarity search (BLASTX)
using nonredundant (Nr) protein database (NCBI), and the
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genes in which the STMS were nested were functionally
annotated for their putative function.
Marker genotyping

To test the efﬁcacy of STMS markers in population genetic
analysis, 10 randomly selected polymorphic primer pairs
were used for genotyping two natural populations of D.
falcatum. The PCR reaction was performed in a total volume
of 15 lL, containing 60 ng of template DNA, 1.5 lL of 109
PCR buffer, 1.75 mM MgCl2, 0.2 mM dNTPs, 100 nM of
each forward (F) and reverse (R) primers, 0.6 units of Taq
polymerase and nuclease free sterile water. The reactions
were run with the standard program of initial denaturation at
95°C for 5 min, followed by 35 cycles of 94°C for 1 min,
55–62°C for 1 min, 72°C for 1 min and a ﬁnal extension at
72°C for 10 min. The PCR products were resolved using
automated capillary electrophoresis separation in LabChip
GX Touch 24 Nucleic Acid Analyzer (Perkin Elmer, USA),
and raw allelic data were analysed with software LabChip
GX reviewer v. 5.5. The allelic data were used to estimate
the measures of genetic diversity and differentiation in two
populations of D. falcatum using GenALEx v. 6.5 software
(Peakall and Smouse 2012).

Results and discussion
Genome assembly and identiﬁcation of STMS markers

Identiﬁcation and development of STMS markers using
traditional methods are time-consuming, laborious and
costly. However, a substantial number of microsatellites
could be identiﬁed in less time, effort and cost, by generating sequence speciﬁc information through high-throughput next-generation sequencing technologies like Illumina
(Abdelkrim et al. 2018; Taheri et al. 2018). The approach
has been recently used to develop STMS markers in various plant species, namely Hamamelis mollis (Yin et al.
2018), Exbucklandia (Huang et al. 2019), Salvadora
(Bhandari et al. 2020), etc. Overall, about 10 Gb data with
70.68 million reads have been generated for D. falcatum,
and raw sequence reads are deposited in the public
repository Sequence Read Archive (SRA) of NCBI (accession no.: PRJNA623158). After ﬁltration and trimming,
the quality reads with size more than 70 bp were de novo
assembled into the contigs. Based on the percentage of
aligned reads, assembly with K-mer 94 was selected for
further analysis. However, the sequenced reads were poorly
aligned (22%) which may be due to lesser genome coverage or polyploidy, as most of the temperate bamboo
species are tetraploid (Guo et al. 2019). Importantly, a total
of 31,997 contigs were obtained with the L50 and N50
value of 12675 and 613, respectively. Further, a total of
1943 microsatellite repeats were detected, where
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Figure 1. Distribution of microsatellite repeat motifs in genome of D. falcatum. (a) Frequency of repeat types; (b–c) frequency of most dominant repeat motifs, and (d–f) frequency of rare
repeat motifs.
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DfStm-30
DfStm-42
DfStm-55
DfStm-133

DfStm-223

DfStm-263
DfStm-307

DfStm-328

DfStm-330

DfStm-341
DfStm-368

DfStm-439

DfStm-525

DfStm-564

DfStm-569
DfStm-586
DfStm-600

DfStm-680
DfStm-732

DfStm-762
DfStm-783
DfStm-943
DfStm-945
DfStm-1008
DfStm-1009
DfStm-1048
DfStm-1053
DfStm-1060
DfStm-1092

1
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3
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5

6
7

8

9
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11
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15
16
17

18
19

20
21
22
23
24
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26
27
28
29

Locus name

F:AGCTCCAAGATTCCCAAAGCT R:TCCACTCTCCATCCATCCCA
F:ACTTTTGCATCCGAACTGCG R:TCGACGAAATTCCCCGAAGT
F:ATGGGAGAATGAGCTTCGGC R:ACCCAAGAGATGCAAGCACA
F:GGGAGGAGCGATTTCACTCC R:GTTCTCGCTCTCGGCAAGA
F:GCCCCATGTGCTGTCCTATT R:AGGTAGGCTGTTTTTGGGGG
F:GGTACGTGCGTATAGTTTGCG R:TTCACTTTTGACGGCGTTCG
F:CCGGTTTGGCTGCTCCTTAA R:ACCAGTAGGAGGCGTAGAGG
F:TCCAAAATGGAGGCATTGCC R:AGTTGATGGGGTAAGGCCTC
F:AGCTCACCGTCGACAAGTAC R:TAGATCCAGTTCACCGTCGC
F:GCCCCATCAACCCCAAAAAT R:ACTCAACTAGTTGGCTCGGC

F:GTCACTTAACCCCCTGTGCC R:AATGCGCTCAGAGCTAGTCG
F:AGGTAGCTAAGGCGCTAAGC R:GCCGACCGCGATGTAATAGT

F:AGCAAGATGAGGCAAAGGGG R:GCTGCCTGCCTTTAATTCGG
F:AATTGGCTTGGTGGGGAGAG R:TTCTCCTGCTCCGCTCATTG
F:CAGCACAGGGAAGGGACAAA R:CTCAAGGGAATCGGCGTTCG

F:CTCGCAAGTTGCACTCCCTA R:GCCACCCTCGATCTCATCTT

F:CGATGCGCAAGACAACGTC R:CATGCTTCCGCGATTGAACG

F:ATCCCTGTGGCATCCTCCTA R:GACGTACCGAGTCCTTGAGC

F:GTGTGACTTTCGAACCGGGA R:CACTAGCGCTAACTCCCACC
F:TTGCTTCGGTGAGTGTCCTC R:GGGGGTGGAGTGTAATACCAG

F:GGAGTTCTCAAGACGGGTGG R:CCCCTACCCCTCTCTTCCTC

F:GTTTAGGTTGGTGCAAAAGGC R:AGTTCATCCTGTGCTCGCTC

F:ACTCGTGGGTGAGAGCAAAG R:CATGCAGCAGACGAAAGCAA
F:TCCTCTTACGGAGTTCATCCCT R:GCCACTTCATCTCTTTTGCCG

F:CAGGATCACCGTGAAACCT R:GTTGTCTCAAGCAGCCACAG

F:CGTTAGCTACACATCGGGCT R:CATCCACTCCCAAGTCCCAA
F:TTGGTGTGACTTTCGGACCG R:TCCACACTCAGACAGCACTG
F:TCGACCAAACGGAAGGAACG R:CTGTTGGCCAAGTGGAGGAA
F:AAATGGGATGGACAGGGGTG R:GGGGGTGGAATGTAATACCAGT

Primer sequence (50 –30 )

(CT)12
(ATT)5
(GA)7
(AGC)5
(TC)6
(ATGT)5
(TCT)5
(AG)7
(ACC)5
(CT)6

(CT)6
(GGTGGA)6

(GGC)7
(TC)10ttactgtctctctcactctcat(TC)6
(CCA)6

(AG)20

(GA)8

(TGC)5

(CT)9
(CT)6ac(CT)7

(CGC)5

(GCG)5

(TCT)7
(ATAA)5

(GTT)6

(TA)6
(CT)6
(CTT)5
(CT)6ag(CT)7

Repeat motif

Table 1. Characteristics of 48 polymorphic STMS markers identiﬁed and validated in D. falcatum.

210
180
174
180
188
197
177
180
198
196

178
191

173
210
196

171

182

189

188
194

185

212

161
197

186

177
194
175
210

Product size (bp)

62
49.1
62
62.3
62.3
61.5
49
61.5
62
57

60.1
62

62
62
62.3

62

61.5

62

62
60.7

60.7

62

54
56

55.6

62
56
62
62

Tm
(°C)
Not found
Not found
Not found
Oryza sativa Japonica group
retrotransposon protein, putative,
Ty3-gypsy subclass
Panicum miliaceum
uncharacterized protein
C2845_PM01G27960
Not found
O. sativa Japonica group
apoptotic chromatin condensation
inducer in the nucleus
P. miliaceum
hypothetical protein
C2845_PM13G24640
Sorghum bicolor
pentatricopeptide repeat-containing
protein At2g37230
Not found
O. sativa Japonica Group
retrotransposon protein, putative,
Ty3-gypsy subclass
P. miliaceum
hypothetical protein
C2845_PM08G05200
Alphaproteo bacteria bacterium
ABC transporter permease
P. miliaceum
uncharacterized protein
C2845_PM01G04140
Not found
Not found
Hordeum vulgare
hypothetical protein D1007_28192
Not found
Alcaligenes sp. RS4
D-2-hydroxyacid dehydrogenase
Not found
Not found
Not found
Not found
Not found
Not found
Not found
Not found
Not found
Not found

Putative function

–
–
–
–
–
–
–
–
–
–

–
7.6

–
–
2e-15

7e-04

2.7

0.36

1e-10

8e-42

3e-120

–
4e-44

1e-18

–
–
–
1e-11

Evalue
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DfStm-1193
DfStm-1213

DfStm-1220
DfStm-1303

DfStm-1374
DfStm-1439
DfStm-1445
DfStm-1476
DfStm-1578
DfStm-1630
DfStm-1638

DfStm-1644
DfStm-1709
DfStm-1712

DfStm-1782
DfStm-1795

DfStm-1800
DfStm-1825
DfStm-1838

30
31

32
33

34
35
36
37
38
39
40

41
42
43

44
45

46
47
48

Locus name

Table 1. continued

F:CCGGTAACTGCATGCATTGT R:CGAGCTATAGTGCCTGCTCC
F:TCCCACACCAGCACCTTAAC R:GCGGTGAGAGAGAGTGAGTG
F:ACTCTGGGTCAACAAGTGGAG R:GCGGCTGAGGAAGTAAAGGT

F:ACCCTGACCGGAGTTCTTCT R:CTCCCCTTGACTCCGGTGAT
F:CAGTTCTGACAACACCAAGCG R:GCTAGGATTGCACCCTGCTT
(AG)9
(TC)7
(CCA)5

(AGG)5
(AAC)5

(CT)7
(CTG)9
(TC)6

(AG)6
(TC)7
(TTCC)6
(ACG)5
(GAG)6
(TC)14
(TG)8

(CTCC)5
(CT)8

(TC)9
(CT)6

Repeat motif

209
183
205

186
173

199
201
191

198
160
189
197
180
175
214

193
179

187
199

Product size (bp)

55
62.3
62

62.3
62

56
44.2
62

58.5
61.9
62
56.1
61.5
61.9
62

57.1
58.3

62.3
54.6

Tm
(°C)
Not found
Nostoc sp. NIES-4103
IS630 family transposase
Not found
O. sativa Indica Group
hypothetical protein OsI_31860
Not found
Not found
Not found
Not found
Not found
Not found
O. sativa Japonica Group
putative polyprotein
Not found
Not found
Brachypodium distachyon
psbQ-like protein 3, chloroplastic
Not found
P. miliaceum
uncharacterized protein
C2845_PM04G22750
Not found
Not found
Aegilops tauschii subsp. tauschii
uncharacterized protein LOC109765684

Putative function

–
–
1e-68

–
2e-05

–
–
0.020

–
–
–
–
–
–
1e-13

–
3e-11

–
2.2

Evalue
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F:ATGCCACGCAACTCCTTCA R:GACCAAGTCGCCGGAGATAG
F:CGGATTAGACGAGAGCTGCG R:GCTTTCTCACAGCGGAAAGC
F:CTCGTTCCTCTCGCGTTGTA R:TGTCTCCTCTGGTGTAGGCA

F:GGCCTAGGACTTTAGTGGGC R:TCCCGATCGCCAAACACTTA
F:GTATATACGCGGGTCCCACC R:TGGTGAACTCCTGGTTGTCG
F:TAGTACTGTTACCCC GCTGC R:AGTAGGTCATCATGCATGCTTG
F:CGCAATAGCATTACGCACCC R:CTCTGTCCATCCGTGACCTC
F:CCGTATTTGGGGACGACGAT R:CTACTCATGTTGCCGCAAGC
F:CCTGGCGCCCTTCAATCATA R:TGCCTAAGGGAGCTAGGGTT
F:CTTTTAGTGGGAGGCGACGT R:TCATACAGGACCGGAATCCC

F:CCCTCATCTCCCCTCTCCTT R:GTCGCTCCGTCTGATCTCAT
F:TCATGCTTCCTTGCTCCAGC R:GCGTGACTTCGACCAGAGAA

F:TTCATTGCTGCGCCATTGTG R:GATGACCTCGTCGAGCATGA
F:CGGACCGGCAAAAATGGAAA R:AGAAGCTCCGTTGGTTCACA

Primer sequence (50 –30 )
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Figure 2. Banding pattern generated with polymorphic STMS markers in D. falcatum. The numbers depicted in the above gel image
represent the corresponding marker given in table 1. M, 100-bp DNA ladder.

dinucleotide repeats were most abundant (52.95%) followed by trinucleotides (41.17%), tetranucleotides (2.42%),
hexanucleotides (2.16%) and pentanucleotides (1.29%).
The frequency of different repeat motifs in each repeat
class were also calculated and are represented in pictorial
form (ﬁgure 1). The results were largely in concurrence to
the tropical woody bamboo species D. hamiltonii except
highest frequency recorded for dinucleotides instead of
trinucleotides in genic SSRs by Bhandawat et al. (2019). In
D. falcatum, most abundant dinucleotide and trinucleotide
repeat motifs were AG/CT and CCG/CGG, respectively. As
inferred by Bhandawat et al. (2019) the GC-rich repeats
were highly predominant in bamboo, stands true for this
study also. Among tetranucleotide and hexanucleotide
repeats, ACGC/CGTG and AGGCGG/CCGCCT motifs
were most dominant, while in pentanucleotide repeats two
motifs, namely AAAGG/CCTTT and AGAGG/CCTCT
were equally present. The primer pairs were successfully
designed for 1123 microsatellite loci with repeat length
C12 bases and optimal ﬂanking regions; and the markers
were preﬁxed as ‘DfStm’ that stands for ‘Drepanostachyum

falcatum Sequence tagged microsatellite’ marker. The
details of mined out repeat motifs and STMS markers are
provided in table 1 in electronic supplementary material at
http://www.ias.ac.in/jgenet/.

Primer validation, polymorphism and cross-transferability

To validate through PCR ampliﬁcation, 106 markers loci
were selected as per the proportional distribution of repeats
in genome, i.e. 57 for dinucleotide, 40 for trinucleotide,
seven for tetranucleotide and two for hexanucleotide repeats.
Of these, 77 loci were ampliﬁed successfully producing
amplicons of expected size range, and 48 of these displayed
polymorphic banding patterns (table 1). Initially each marker
was tested for polymorphism across 20 diverse genotypes
but for representation, these were reampliﬁed in three
genotypes and resolved on 4% gel of high-resolution agarose
(ﬁgure 2). Further, all the 106 markers were tested for their
cross-ampliﬁcation in other temperate bamboo species distributed in same geographical area, which revealed a good

28

Page 8 of 10

Rajendra K. Meena et al.

Table 2. Marker attributes and diversity measures estimated using 10 STMS markers in D. falcatum populations.

Pop 1: DFUK01_Munsiyari (n=30)
Locus name
1
2
3
4
5
6
7
8
9
10

DfStm-133
DfStm-263
DfStm-341
DfStm-368
DfStm- 762
DfStm-1303
DfStm-1445
DfStm-1638
DfStm-1795
DfStm-1800
Mean

Na
12.00
7.00
8.00
16.00
12.00
13.00
6.00
6.00
3.00
6.00
8.90

Pop 2: DFUK02_Kapkot
(n=30)

Ho

He

Na

Ho

He

PIC

FST

FIS

0.778
0.533
0.448
0.893
0.593
0.926
0.393
0.120
0.000
0.400
0.508

0.830
0.757
0.792
0.921
0.865
0.835
0.614
0.706
0.304
0.764
0.739

17.00
7.00
6.00
9.00
10.00
22.00
7.00
9.00
2.00
8.00
9.70

0.700
0.276
0.828
0.800
0.357
0.893
0.304
0.833
0.000
0.333
0.532

0.891
0.760
0.754
0.691
0.839
0.931
0.741
0.843
0.483
0.798
0.773

0.928
0.903
0.927
0.908
0.926
0.957
0.858
0.905
0.712
0.867
0.889

0.053
0.027
0.128
0.057
0.019
0.045
0.048
0.127
0.073
0.034
0.061

0.141
0.467
0.175
-0.051
0.443
-0.030
0.485
0.385
1.000
0.530
0.355

Na, number of alleles; Ho, observed heterozygosity; He, expected heterozygosity; PIC, polymorphism information content; FST, measure of
genetic differentiation; FIS, inbreeding coefﬁcient.

level of transferability (51 primers were successfully
ampliﬁed in Y. anceps, 44 in H. falconeri, and 29 in T.
spathiﬂorus) but lesser polymorphism (11 in Y. anceps, 13 in
H. falconeri, and 4 in T. spathiﬂorus). The variability in
cross-transferability and polymorphism indicted the genomic
divergence among the morphologically similar bamboo taxa
of same lineage which are growing together in the same or
overlapping geographical range. Further, in silico crossampliﬁcation also revealed poor transferability among the
diverse bamboo taxa. The highest STMS cross-transferability (10.2%) was detected in the genome of P. edulis followed
by B. amplexicaulis (3.03%), G. angustifolia (1.60%), O.
latifolia (0.89%) and R. guianensis (0.36%). In some studies,
however, high cross transferability (60 to 100%) was
observed for the STMS markers but these were originally
derived from conserved genic region, i.e. expressed
sequence tags (ESTs) or transcriptome (Sharma et al. 2009;
Chen et al. 2010; Bhandawat et al. 2014). Contrarily in the
present study, the whole-genome sequence skimmed for high
copy fraction was mined out for the microsatellite repeats,
and therefore, a large set of STMS markers detected here are
expected to be anchored in the organellar genome or nongenic fraction of nuclear genome. The poor cross-transferability displayed by the STMS marker across the bamboo
taxa could be attributed to their organeller or nongenic origin. Since, the D. falcatum shared a common biogeographic
lineage and ploidy with P. edulis, this showed highest crosstransferability. While higher genomic divergence and nonavailability of the high-quality reference genome sequences
led to the poor cross-transferability among other four taxa of
different lineages. Recently, very low transferability (0.75%)
was also recorded for genome-wide Oryza sativa STMS
markers in its wild relative O. brachyantha (Ray et al.
2016). The BLASTX analysis of 48 polymorphic STMS loci
revealed that 17 of these were derived from genic region

(table 1), and these markers could be of paramount importance for studying evolution of genic region, establishing
synteny and collinearity between species, etc. However, a
core set of markers cross-transferable across all the aforementioned bamboo species were not identiﬁed with the data
generated in present study, which could have been accomplished by enhanced genome coverage.

Application of selected markers in population genetic analysis

Ten of theses polymorphic STMS markers were further used
for estimating the genetic diversity measures in populations
of D. falcatum (table 2). A total of 231 alleles were generated through PCR ampliﬁcation in 60 genotypes of two
populations with an average of 23 alleles per locus. All the
tested primers were highly polymorphic with the mean value
0.889 and 0.756 recorded for polymorphism information
content (PIC) and expected heterozygosity (He), respectively. The genetic diversity observed in selected populations
was exceptionally high as compared to other bamboo species, namely D. membranaceus (Yang et al. 2012), Melocanna baccifera (Nilkanta et al. 2017), P. edulis (Jiang et al.
2017) and D. hamiltonii (Bhandawat et al. 2019; Meena
et al. 2019). It could be inferred that the sampled populations
of D. falcatum maintained high diversity because it is
occurring in wild form over very large distribution range
throughout the middle Himalayas (1200–2200 m AMSL)
with negligible manmade or natural disturbances. The high
diversity further provides the sufﬁcient buffering ability to
accommodate the new selection pressure induced by environmental changes or anthropogenic disturbances. The
germplasm across the location are genetically homogenous
and no genetic structuring was observed due to sufﬁcient
gene ﬂow, as indicated by lesser value of genetic
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differentiation (FST=0.061; Nm = 5.445). Analysis of
molecular variance (AMOVA) further revealed that majority
of variance (91%) was conﬁned within the populations and
only 9% was existed between populations.
In conclusion, the present study reports a comprehensive
set of novel STMS markers in D. falcatum, and a small
subset has also been tested for their polymorphism and
transferability in closely related and diverse species.
Although, the estimated diversity measures could be an
important indicator for the populations of D. falcatum, due
to lesser number of experimental populations, data could not
be used directly for ﬁnal implications in conservation and
management strategies of the species. However, for conservation implications, sufﬁcient number of populations
needed to be sampled covering entire distribution range and
analysed with large number of marker loci. Therefore,
STMS markers developed here will be of paramount
importance to future genetic studies in D. falcatum as well as
other temperate bamboo species.
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