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Abstract. Kamarudin NB, Aziz MA, Othman AS, Rosazlina R. 2025. Development and validation of novel microsatellite markers of a
potentially invasive fern Dicranopteris linearis var. linearis. Biodiversitas 26: 46-54. Dicranopteris linearis is a forked fern native to
Peninsular Malaysia. Recently, it has been recognized for its invasive potential in the ecosystem of Peninsular Malaysia due to its
abundance, rapid spread, aggressive growth pattern, and competition for resources available to other native plants and crops. Despite its
abundance and invasive potential, little is known about the potential domination mechanism and influence of genetic diversity on its
establishment. Addressing this knowledge gap requires population genetic analysis, yet the fern has limited genomic information and
molecular markers available. Hence, we aimed to develop novel microsatellite markers from D. linearis var. linearis using whole genome
sequencing (WGS) data for preliminary population genetic analysis. Our analysis identified 879 simple sequence repeats (SSRs),
predominantly trinucleotide repeats (AAC/GTT). Out of 462 primer pairs designed, 20 were randomly selected for validation, leading to
eight markers verified as polymorphic across 30 tested individuals from the Batu Ferringhi population. These markers showed a moderate
level of genetic variation (Na= 3.5, He= 0.4884) between individuals. Furthermore, these markers achieved successful amplification in
six related species with transferability rates between 75% and 100%. The SSR markers developed in this study can be applied for future
population-level studies to ascertain factors that may be driving diversity that enables the survival, adaption, and domination of the

potentially invasive fern and its related species in the ecosystem of Peninsular Malaysia.
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INTRODUCTION

Dicranopteris Bernh. is a genus of forked ferns in the
family of Glecheniaceae (Filicopsida), with about 20 species
distributed in the pantropical regions (PPG | 2016; Wei et al.
2022). Species in the genus can reproduce sexually via
spores and vegetatively via clones (Yang et al. 2021). The
genus is characterized by its pseudo-dichotomous branching
pattern, producing a forked structure and the presence of
buds on older branches, resulting in characteristics of
indeterminate leaf growth (Marpaung and Susandarini
2021). Among the Dicranopteris species, D. linearis
(Burm.f.) Underw. is the most common species, widely
distributed in areas with humid climates, including the
Pacific, Asia, Polynesia, Africa, and Europe (Russell et al.
1998; Baharuddin et al. 2021). It is recognized as a species
complex with a high morphological variation and different
chromosome numbers of n =39, n =40, n =78, and n = 80
(Lima et al. 2021; Wei et al. 2022). About 13 varieties have
been found in Southeast Asia, with at least seven varieties
reported in Peninsular Malaysia, namely var. alternans
(Mett.) Holtt., var. altissima (Holtt.) Holtt., var. inaequalis
(Rosenst.) Holtt., var. linearis, var. montana (Holtt.) (Holtt.)
Holtt., var. subpectinata (H.Christ) Holtt., and var.
subspeciosa Holtt. (Go et al. 2012).

D. linearis is a sun-loving fern that grows abundantly in
open and disturbed habitats such as road cuts, landslides, and
degraded forest areas (Mai et al. 2019). It is actively studied

for its phytochemical research and is considered a potential
wild medicinal plant with anti-cancer properties (Baharuddin
et al. 2021). Since most studies focus on phytochemical
research, concerns about its widespread distribution and the
impact of its dominance on other native plant species and
crop plantations are often overlooked. In Peninsular
Malaysia, the fern has been identified as potentially weedy
due to its abundance in forest floors and disturbed sites
(Zakaria and Akomolafe 2019). The domination of native
ferns has also been reported to affect forest regeneration and
soil edaphic properties negatively (Liyanage et al. 2021;
Takeshige et al. 2023). In addition, it is on the list of noxious
weeds that need to be eradicated due to the fierce
competition for nutrients and water sources with crops
(Ruzlan and Hamdani 2020).

The fern possessed characteristics such as indeterminate
clonal growth type, fierce competition for available resources,
the ability to thrive in nutrient-poor soils, and the production
of an allelopathic effect to suppress the growth of other
species (Russell etal. 1998; Kato-Noguchi 2015; Ruzlan and
Hamdani 2020; Liyanage et al. 2021). These characteristics
of ferns are commonly observed in invasive species.
Therefore, there is concern that these characteristics could
contribute to ferns becoming invasive in the future, as native
plants are also capable of developing adaptive strategies to
cope with current and future environmental changes that
have led to their invasiveness (Zakaria and Akomolafe
2019). Knowledge of the genetic diversity of invasive species
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is crucial for gaining insight into their invasion history and
evolution, as the extent of genetic diversity largely
determines their ability to adapt and evolve to the changing
environment (Dlugosch and Parker 2008; Ward et al. 2008).
In the case of D. linearis, despite its occurrence in the
ecosystem of Peninsular Malaysia, little is known about the
potential domination mechanism and the influence of genetic
diversity on its establishment. Additionally, there are limited
studies on the genetics of the fern population, particularly in
Peninsular Malaysia. This is mainly due to the challenges
associated with fern traits, which tend to have high
chromosome numbers, resulting in larger genome sizes that
are difficult to work with (Leitch 2012; Clark et al. 2016;
Pelosi and Sessa 2021). Consequently, limited genomic
information, reference genomes, and molecular markers are
available for this species.

Previously, molecular markers such as isoenzyme and
inter-simple sequence repeat (ISSR) have been used to
evaluate the genetic diversity of the species and its related
taxa (Russell et al. 1999; Marpaung and Susandarini 2022).
However, these two markers were considered less informative
than simple sequence repeat (SSR) markers in terms of
detecting genetic variation at the population level. SSRs or
microsatellites are short, repeated DNA sequences (1-6 bp)
that are widely distributed in eukaryotic genomes (Karaca
2015). The markers are often used as molecular markers in
population genetics due to the high level of polymorphism,
codominant, locus-specific, and more reproducible (Vieira
et al. 2016). Recently, the markers have been used in the
studies of invasive populations due to their hypervariability,
which is beneficial for tracing the introduction pathway and
assessing their genetic variation (Wu et al. 2018; Hanjali¢ et
al. 2021). Information on genetic variation can help
practitioner managers evaluate invasive potential, analyze
how genetic diversity is distributed throughout populations
of the species, and predict its ability to spread in the
ecosystem for effective planning of management controls
(He et al. 2024). However, the development of SSR markers
can be challenging, especially for non-model plant species,
due to their high cost and need for more information on
reference genomes. With the growing accessibility and
affordability of Next-Generation Sequencing (NGS)
technologies, it is now feasible to efficiently identify a large
number of SSRs from non-model plants with little or no
reference genome (Antunes et al. 2022). Whole genome
sequencing (WGS) is one of the powerful approaches that
NGS technologies offer for the large-scale discovery of SSR
(Taheri et al. 2018). Hence, the aims of our study were (i) to
develop a set of novel SSR markers from one of the D.
linearis common varieties, D. linearis var. linearis, using
WGS data and (ii) to validate the usability of the selected
markers based on the PCR amplification, polymorphism
assessment across 30 individuals of the fern species from
Batu Ferringhi, and their transferability between related
species. Given the limited availability of molecular markers
for this species, the SSR markers developed in this study
would be valuable molecular resources. Notably, the use of
these SSR markers will be beneficial for future assessment
of the genetic variation pattern of potentially invasive ferns
at the population level, opening up exciting possibilities for

predicting the possible route of introduction and primary
means of its domination in the ecosystem Peninsular Malaysia.

MATERIALS AND METHODS

Plant materials and genomic DNA extraction

Fresh young leaves of D. linearis var. linearis were
collected from Bukit Limau, Malaysia (5° 7' 19.4"N 100° 33'
10.7"E) and cleaned with 70% ethanol before drying with
silica gels in a zip lock. The silica-dried samples of D.
linearis var. linearis were stored at -20°C before DNA
extraction. The total genomic DNA of the sample was
extracted from approximately 80 mg of dried leaves sample
using a modified CTAB procedure (Doyle and Doyle 1990)
as described by Jasim et al. (2024).

The quality and the quantity of the genomic DNA sample
were then assessed using NanoDrop1000 spectrophotometry
(Thermo Scientific) and by electrophoresis on 0.8% agarose
gel. Approximately 6 g of genomic DNA pooled from six
replicates of the same individual was sent to Macrogen Inc.
(Seoul, Korea) for library preparation and genome
sequencing.

Additionally, 30 individuals of D. linearis var. linearis
and six other taxa namely D. curranii, D. linearis var.
alternans, D. linearis var. inaequalis, D. linearis var.
subpectinata, D. linearis var. tetraphylla, and D. pubigera
were collected from Batu Ferringhi, Malaysia (5° 27' 39.8"N
100° 14' 33.2"E) for SSR markers validation and cross-
transferability test, respectively. Next, to avoid sampling the
same clone, two individuals of D. linearis var. linearis were
collected at least 3 m apart. The same DNA extraction was
performed as previously described, and the extracted DNA
samples were diluted to approximately 20 ng/pL for SSR
markers validation and cross-transferability test.

Whole genome sequencing

For whole genome sequencing, library preparation and
paired-end sequencing were provided by Macrogen Inc.
(Seoul, Korea) using an Illumina NovaSeq 6000 platform.
The NGS library with 150-bp inserts was prepared using the
TruSeg Nano DNA library prep kit (Illumina, USA) and the
library was sequenced using paired-end reads following the
manufacturers' specifications. The quality of raw data reads
was analyzed using FastQC (Andrews et al. 2010). Reads
from the raw data that contained adapters and low-quality
bases (below Phred quality score Q20) were trimmed using
Trimmomatic (Bolger et al. 2014). FastQC was also used to
check the quality of Q20 (the sequencing error rate of 1%),
Q30 (the sequencing error rate of 0.1%), and the GC content
of the trimmed data. Trimmed reads were then, de novo
assembled using the Platanus-allee version 2.2.2 (Kajitani et
al. 2019) using default parameters to generate contigs.

SSR mining and primer design

Potential SSR markers were mined and identified among
the de novo assembled contigs using the MicroSAtellite
(MISA) tool (Beier et al. 2017). SSRs with motifs ranging
from dinucleotides to hexanucleotides in size were
identified. Mononucleotide repeats were not included. The
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minimum of repeat units was set as follows: six repeats for
dinucleotides and four for tri-, tetra-, penta-, and hexa-
nucleotides (Gupta et al. 2020). Primer pairs were designed
using Primer3 (Untergasser et al. 2012) with the following
criteria: 100-500 bp amplicon sizes, 20 bp optimum primer
length, 54-60°C melting temperature (Tr), and 50% optimum
GC content. Compound SSRs were not considered for the
primer design.

SSR markers validation and polymorphism

Twenty primer pairs were randomly selected from SSRs
and synthesized at First BASE Laboratories, Apical
Scientific Sdn. Bhd. (Selangor, Malaysia). These 20 primer
pairs were used to amplify ten individuals of D. linearis var.
linearis collected from the Batu Ferringhi population.
Polymerase chain reactions (PCR) were performed in a 25
ML reaction volume containing 12.5 pL Taq Il PCR Master
Mix (2X), 2 pL (10 mg/mL) bovine serum albumin (BSA),
1.25 pL dimethyl sulfoxide (DMSO), 2 pL (20 ng) DNA
template, 0.5 pL (0.2 uM) each primer, and 6.25 pL sterile
distilled water. The PCR reaction was performed using
Biometra TAdvance PCR thermocycler programmed at 95°C
for 2 min, followed by 35 cycles of 95°C for 30 s, 50-60°C
for 1 min, 72°C for 1 min, and a final extension of 72°C for
10 min followed by a holding temperature of 4°C.

All PCR products were first analyzed on 2% agarose gel,
then detected on 6% non-denaturing polyacrylamide gel
electrophoresis (PAGE) and viewed under UV transilluminator
after staining with Redsafe™. Only those potentially
polymorphic primers were evaluated for polymorphism
across 30 individuals of D. linearis var. linearis using
forward primers labeled with the fluorescent dyes FAM and
HEX. This was done in a multiplex PCR of five primer pairs
per group. All the PCR products were then sent to First
BASE Laboratories for fragment analysis and sequenced
using ABI 3730XL automated sequencer (Applied
Biosystems).

Cross-species transferability

The transferability of the newly developed primers was
also tested on the following six taxa, namely D. curranii, D.
linearis var. alternans, D. linearis var. inaequalis, D.
linearis var. subpectinata, D. linearis var. tetraphylla, and
D. pubigera. The same DNA extraction and PCR conditions
were performed as previously described to amplify the loci
of these six taxa. The PCR products were viewed on 2%
agarose gel stained with the Redsafe™: and if a clear band
of the expected size was observed, the amplification was
considered successful.

Data analysis

Peakscanner version 1.0 (Applied Biosystems) was used
for DNA fragment genotyping using GeneScan-500 LIZ as
the standard size. The number of alleles (Na), observed
heterozygosity (Ho), expected heterozygosity (He), fixation
index (F), test of deviation from Hardy-Weinberg
equilibrium (HWE), and linkage disequilibrium of each
locus was determined by using Arlequin version 3.1
(Excoffier et al. 2005). CERVUS version 3.0.3 (Kalinowski et
al. 2007) was used to calculate the polymorphic information

content (PIC) of each SSR marker. The occurrence of null
alleles, allelic dropout, and possible genotyping errors were
checked using MICROCHECKER (Van Oosterhout et al.
2004). If present, the frequency of null alleles (NAF) was
estimated using the Brookfield 1 method.

RESULTS AND DISCUSSION

Whole genome sequencing

In this study, a total of 75,881,688 raw reads were
generated from the whole genome sequencing of D. linearis
var. linearis. After quality check and data filtering, a total of
68,182,786 high-quality clean reads were obtained with the
Q20 (the sequencing error of 1%), Q30 (the sequencing error
of 0.1%), and GC content percentages of 98.95%, 95.44%,
and 41.76% respectively. After the de novo assembly, a total
of 35,550 contigs were obtained. The filtered raw data
obtained was deposited in the NCBI database (SRA accession:
PRINA1026717).

SSR mining and primer design

All 35,550 assembled contig sequences were used to
mine out potential SSRs, and a total of 781 sequences
containing 879 SSRs were identified. Of these, 66 sequences
containing more than one SSR and five SSRs were present
in a compound formation (Table 1). Among the 879 SSRs
identified, trinucleotides were the most common repeat
motif (578; 65.76%), followed by dinucleotides (151;
17.18%), hexanucleotides (121; 13.77%), tetranucleotides
(15; 1.71%), and pentanucleotides (14; 1.59%) (Figure 1).
Furthermore, AG/CT (73; 8.3%) was the common motif
among the dinucleotide repeats, followed by AC/GT (53;
6.03%) and AT/AT (25; 2.84%) (Figure 2). Among the
trinucleotide repeats, AAC/GTT (194; 22.07%), followed by
AAG/CTT (173; 19.68%), ATC/ATG (126; 14.33%),
AGCICTG (39; 4.44%), AGG/CCT (31; 3.53%), AAT/ATT
(8; 0.91%), ACCI/GGT (5; 0.57%), and ACT/AGT (2; 0.23%)
(Figure 2). Tetra-, penta-, and hexanucleotide repeats
accounted for 17.06% of the total SSRs (Figure 2). With the
five compound SSRs removed, 874 SSRs remain for primer
design. Using the Primer3 tool with the defined parameters,
462 SSR primer pairs were successfully designed, while the
412 remaining loci were not considered due to the lack of
flanking sequences. From these, we randomly selected 20
primer pairs for SSR marker validation.

SSR marker validation and polymorphism

Thirteen out of the 20 primer pairs successfully
amplified the DNA samples with the expected PCR product
size, while the remaining seven primer pairs were discarded
because they failed to amplify. The 13 SSR sequences were
deposited in the GenBank (Accession number: PP972062-
PP972074). After the preliminary testing of polymorphism
on the 6% non-denaturing PAGE, ten of the 13 primer pairs
were selected for further screening of polymorphism in the
30 individuals of D. linearis var. linearis. Of the ten primer
pairs sent for the fragment analysis, two were monomorphic,
leaving only eight for the final analysis. The characteristics
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of these eight polymorphic SSR markers are summarized in
Table 2.

Cross-species transferability

The degree of cross-amplification success was determined
by estimating the transferability rate of the eight loci to all
six taxa. Our results showed the estimated transferability
rate of the set of loci in the six taxa: 87.5% in D. curranii,
75% in D. linearis var. alternans, 87.5% in D. linearis var.
inaequalis, 100% in D. linearis var. subpectinata, 75% in D.
linearis var. tetraphylla, and 87.5% in D. pubigera (Table
3). This suggests that the use of these SSR loci should be
useful for assessing genetic diversity in other related species.

Genetic characterization of SSR loci

A total of 28 alleles were detected in 30 individuals of D.
linearis var. linearis based on the eight SSR loci. The
number of alleles (Na) ranged from 2 (DL11) to 5 (DL2),
with a mean value of 3.5 alleles per locus (Table 2). The
observed (Ho) and expected (He) heterozygosity ranged
from 0.1333 (DL11 and DL4) to 1.0000 (DL6) and from
0.1266 (DL11) to 0.7141 (DL2), with a mean value of
0.6417 and 0.4884, respectively (Table 2). Seven loci (DL1,
DL2, DL5, DL6, DL7, DL11, and DL16) deviate
significantly (P<0.05) from HWE in the Batu Ferringhi
population except for one locus (DL4), while some pairs of
the loci were in significant (P<0.05) linkage disequilibrium.
The fixation index (F) ranged from -0.7865 (DL6) to 0.2564
(DL2), with a mean value of -0.2869 (Table 2).
MICROCHECKER results suggested that no allelic dropout
and possible genotyping error were found across all loci. The
null allele frequency (NAF) estimated using Brookfield
method 1 ranged from -0.2839 (DL6) to 0.0992 (DL2), with
a mean value of -0.1040 (Table 2). The polymorphic
information content (PIC) of each SSR loci ranged from
0.117 (DL11) to 0.654 (DL2), with a mean value of 0.418
(Table 2).

Discussion

Non-model plant species often lack genetic information
and genomic resources, making it difficult to develop the
molecular markers for the species (Unamba et al. 2015).

Frequency of SSR motif types (%)

This has become particularly problematic for invasive
species since 55% of them still lack reference genomes
(Matheson and McGaughran 2022). However, with the
advent of NGS technologies, it is now possible to efficiently
sequence and develop molecular markers of such species.
The Illumina NovaSeq 6000 is one of the latest sequencing
platforms that can generate large-scale sequencing data with
high quality at a reasonable cost (Jones et al. 2023).
Recently, it has been employed in the whole genome
sequencing (WGS) of plants (Vats et al. 2023; Kim et al.
2024).

Table 1. Summary of SSR mining identified from D. linearis var.
linearis

Parameter Number
Total number of sequences 35,550
Total size of examined sequences (bp) 7,919,725
Total number of identified SSRs 879
Number of SSR-containing sequences 781
Number of sequences containing more than 1 SSR 66
Number of SSRs present in compound formation 5

1.59
1.71

= Dinucleotides = Trinucleotides Tetranucleotides

= Pentanucleotides * [Hexanucleotides

Figure 1. Distribution of SSR repeat types identified from D. linearis
var. linearis

17.06

Motif types

Figure 2. Frequency of SSR motif types identified from D. linearis var. linearis
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Table 2. Characteristics of eight loci isolated from D. linearis var. linearis across 30 individuals obtained from Batu Ferringhi with locus name (ID), fluorescent-dyed forward
(F) and reverse (R) primer sequences, SSR motif, annealing temperature (Ta), allele size range in base pairs (bp), GenBank accession number, number of alleles (Na), observed
(Ho) and expected (He) heterozygosity, polymorphic information content (PIC), fixation index (F), and null allele frequency (NAF) from Brookfield method 1

ID Primer sequence SSR motif  Ta (°C)  Allele size range (bp) GenBank Na Ho He PIC F NAF

DL1* F: FAM-TCAAGGGTCACAAGGTTCAGG (AAATCA)4 55 191-200 PP972062 4 0.9667 0.6254 0.538 -0.5603 -0.2178
R: CCAAGGTGCGTTTTCTTGTGT

DL2* F: FAM-AAAAATCGCATCGGGCAAGG  (CAA)s 51 194-206 PP972063 5 0.5333 0.7141 0.654 0.2564 0.0992
R: CCTCTGCATCAAGCTCCTCA

DL4 F: FAM-CCACATATGTTGCAAGGGTTGA (TTCT)4 51 157-179 PP972065 3 0.1333 0.1283 0.121 -0.0404 -0.0064
R: AGGCATCATCAGTGCACTTCA

DL5* F: HEX-GTCCCGTTGTATCCAGGAGG  (GTT)a 55 236-253 PP972066 4 0.6333 0.5780 0.495 -0.0976 -0.0414
R: GGAGGGGGATCTAGGTGAGA

DL6* F: HEX-GAGGCAGCGCAAAGAAGAAG  (GAGTGA)s 51 171-183 PP972067 3 1.0000 0.5672 0.460 -0.7865 -0.2839
R: CCGTGAAGGAGCTCGATACC

DL7* F: HEX-TGGTGTGGTAGGACTTATGGC (GTT)s 51 189-206 PP972068 3 0.8667 0.6266 0.535 -0.3924 -0.1550
R: CCTCAGCCAACAAGCTCTGA

DL11* F:FAM-ATGGGCCTGTTCACCACTTT (ATC)4 55 203-231 PP972071 2 0.1333 0.1266 0.117 -0.0546 -0.0079
R: GTGAGGAGCATTGCAGATGC

DL16* F:FAM-TGAACAAGAAGGGAGATTCCA (TCTCAC)s 55 156-168 PP972073 4 0.8667 0.5407 0.422 -0.6198 -0.2187
R: TCTGATTTGTACATCTTCATGCG

Mean 3.5 0.6417 0.4884 0.418 -0.2869 -0.1040

Note: *Not in Hardy-Weinberg equilibrium (P<0.05)

Table 3. Transferability across six taxa of Dicranopteris species using the eight SSR markers validated in this study

Loci D. curranii D. linearis D._Iinearis _ D. Iinear_is D. linearis D. pubigera
) var. alternans var. inaequalis var. subpectinata var. tetraphylla )

DL1 - + - + - -
DL2 + + + + + +
DL4 + - + + - +
DL5 + + + + + +
DL6 + + + + + +
DL7 + - + + + +
DL11 + + + + + +
DL16 + + + + + +
Transferability rate (%) 87.5 75 87.5 100 75 87.5

Note: A positive (+) sign indicates a successful locus amplification and a negative (-) sign indicates failed locus amplification in the species
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In this study, we used the Illumina NovaSeq 6000
platform to sequence the WGS data of D. linearis var.
linearis for the development of SSR markers. To the best of
our knowledge, this is the first report using this approach to
develop SSR markers for the forked fern species. Until
recently, the fern lineage received little attention in genomic
research due to its genome complexity (Pelosi and Sessa
2021). This subsequently led to a lack of available genomic
information on ferns, thus limiting our comparisons of WGS
data with other fern species. After thorough quality control
and data filtering, high-quality clean reads were obtained
based on the high-quality scores of Q20 and Q30. The high-
quality scores obtained indicate the high accuracy and
reliability of the WGS data sequenced for de novo assembly
(Xiong et al. 2021).

After de novo assembly of WGS data, a total of 879
SSRs were identified in D. linearis var. linearis with five
different SSR repeat types, including di-, tri-, tetra-, penta-,
and hexanucleotide. Since mononucleotides have a low
polymorphism rate and can be the result of sequencing
errors, they were not considered in the mining process (Zhao
et al. 2015; Wang et al. 2018). Among these repeat types,
dinucleotides and trinucleotides were the major repeat types,
with trinucleotide being the most abundant in D. linearis var.
linearis (Figure 1). Our result was consistent with a study by
Li-ting et al. (2016), in which dinucleotides and
trinucleotides were identified as the most common repeat
types, with trinucleotides as the most abundant in the
transcriptome assembly of another Dicranopteris species, D.
dichotoma. The predominant motif in the fern was AG/CT
for dinucleotide repeats and AAC/GTT for trinucleotide
repeats (Figure 2). Victoria et al. (2011) reported that AG/CT
was among the predominant motifs in the dinucleotide repeats
of various plant species. Some studies also reported
AAC/GTT as the predominant motif of trinucleotide repeats
in other vascular plants, such as Paeonia suffructicosa and
Vigna radiata (Gao et al. 2013; Wang et al. 2015). These
findings suggest that these major repeat types and motifs are
not unique to ferns but are common across different plant
species. Since trinucleotides were the major repeat types
with the most abundance in D. linearis var. linearis, their
chances for amplification were expected to be higher.
However, the major repeat types can still vary depending on
the species. For instance, in another invasive species,
Medicago polymorpha, mononucleotides were identified as
the most abundant repeat motifs (Ren et al. 2023), which is
inconsistent with our result. These differences may be due
to the size of the dataset used for each species and the
parameters set for SSR mining, which may affect the
abundance of SSR repeat types found.

In the initial screening, only 13 primer pairs were
successfully amplified with high-quality amplicons of the
expected size. The seven remaining primer pairs could not
be amplified, which may be due to the possible formation of
a secondary structure in the long repeat motif length and
replication slippage during the PCR amplification
(Hosseinzadeh-Colagar et al. 2016; Bhattarai et al. 2021).
After polymorphism screening, only eight loci were
identified as polymorphic. The set of polymorphic SSR loci
was used to verify its usability in the Batu Ferringhi

population based on several genetic parameters.

The Hardy-Weinberg Equilibrium (HWE) test was used
as a quality control measure to ensure that SSR loci
accurately reflect genetic variation and provide reliable data
for the population genetic analysis. Most loci in this study
were found to deviate significantly from HWE in the Batu
Ferringhi population (P<0.05). However, deviations from
HWE are common in wild populations and have been
reported in invasive species (Herndndez-Espinosa et al.
2020; Kim et al. 2020; Sapkota et al. 2021; Jungova et al.
2023). One of the reasons for the significant deviation from
HWE may be due to the presence of linkage disequilibrium
detected in some loci pairs (P<0.05). In addition, an excess
or deficiency of heterozygosity can also lead to deviation
from HWE (Chew et al. 2021). In this study, seven loci
(DL1, DL4, DL5, DL6, DL7, DL11, and DL16) were
detected in heterozygote excess with negative fixation
values, and only one locus (DL2) was detected in
heterozygote deficiency with a positive value. The presence
of null alleles could explain the heterozygosity deficiency
detected in the locus. Our result suggested the possible
presence of null alleles at the DL2 locus, with a moderate
NAF (0.0992). However, no allelic dropout and possible
genotyping error were detected across all loci. According to
Mohd Rodzik et al. (2023), NAF with a frequency greater
than or equal to 0.05 but less than 0.2 (0.05<NAF<0.2) were
considered moderate frequencies, and therefore, all loci
were retained and used in the present study. Since no allelic
dropouts and genotyping errors were detected, the loci set
was considered reliable for the genetic diversity analysis.

The informativeness of the SSR loci was evaluated using
the polymorphic information content (PIC). It is used to
demonstrate its usefulness in genetic diversity analysis.
Zhong et al. (2023) classified SSR loci as highly polymorphic
if the PIC value was greater than 0.5 (PIC>0.5), moderately
polymorphic if it was between 0.25 to 0.5 (0.25<PI1C<0.5),
and as less polymorphic if it was less than 0.25 (P1C<0.25).
In this study, three loci (DL1, DL2, and DL7) were highly
polymorphic, three loci (DL5, DL6, and DL16) were
moderately polymorphic, and only two loci (DL4 and DL11)
were less polymorphic. The mean PIC (0.418) across all loci
suggested that the reported loci set is moderately informative
for assessing the genetic diversity of the species.

Furthermore, the polymorphic loci set was able to detect
alleles ranging from two to five per locus. Compared to
another study of the same species using isoenzyme loci
(Russell et al. 1999), only two to three alleles per locus were
detected. In addition, Li-ting et al. (2016) reported that only
five polymorphic EST-SSR loci were detected in the
transcriptome assembly of D. dichotoma. The higher number
of alleles and polymorphic loci detected by the genomic SSR
markers in this study can be explained by their codominant
and hypervariable nature, which allows the detection of a
higher number of alleles and mutations that alter the number
of repeats (Jewell et al. 2006; Al-Faifi et al. 2016). This
result demonstrates the ability of the genomic SSR markers
to detect a higher number of alleles per locus and more
polymorphic loci compared to previous tested codominant
markers, therefore, making them better markers for assessing
genetic variations in the species.
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Additionally, the polymorphic loci set detected a
moderate level of genetic variation among the individuals
from the Batu Ferringhi (He= 0.4884). The mean of the
observed heterozygosity (Ho) was higher than the mean of
the expected heterozygosity (He), suggesting that the fern
population has a higher degree of heterozygosity and thus
genetic variation among the individuals increases. The result
was further supported by the overall negative fixation values
(F), suggesting that the fern population in Batu Ferringhi
exhibits excessive heterozygosity. These results may indicate
that the fern individuals undergo sexual reproduction, which
could contribute to the detected genetic variation and
potentially improve their ability to survive, adapt and
dominate in the study area. In addition, the abundance of
mature sporophytes with sporangia was observed throughout
the study area, further indicating that sexual reproduction is
not uncommon in D. linearis var. linearis. However, the
result of our study contrasted with a study by Russel et al.
(1999) using isoenzyme markers; a low level of genetic
variation was detected in similar fern species in Hawaii, and
vegetative growth was identified as the primary means of its
domination. This contradiction may be explained by the
differences in the environment, which can influence the
mode of reproduction and its genetic diversity. Nevertheless,
further studies are required to assess the genetic variation
patterns at the population level and confirm the possible
introduction route and domination mechanism of the
potentially invasive fern in the ecosystem of Peninsular
Malaysia.

One of the key advantages of SSR markers is the ability
to cross-amplify, which is useful for identifying plant
species with limited genetic information (Geetha and Siril
2022). Our result revealed a high level of transferability rate
in D. linearis var. subpectinata (100%). However, the
transferability rate of the set of loci decreased in the
remaining taxa, ranging from 75% to 87.5%. The genomic
SSRs are known to be more polymorphic, but their less
conserved nature may contribute to lower transferability
efficiency (Aiello et al. 2020). Nevertheless, the set of loci's
overall transferability rate is still high, making it useful for
evaluating related species.

In conclusion, the identification of 879 SSRs from the de
novo assembly of D. linearis var. linearis contigs, using
whole genome sequencing, is a significant step forward in
our understanding of genetic diversity. The fact that
trinucleotide repeats (AAC/GTT) are the most abundant
motifs is a promising discovery. The set of eight
polymorphic loci developed was able to detect a moderate
level of genetic variation among the individuals, possibly
resulting from the sexual reproduction of the fern. The high
levels of transferability of the eight loci tested in six related
taxa further underscore the potential of these SSR markers.
With limited molecular markers available for this species,
these SSR markers will be a valuable molecular resource for
studying the genetic diversity of this potentially invasive
fern and its related species. However, comprehensive
population-level studies are urgently needed to fully exploit
the potential of these markers and investigate possible
factors that could drive diversity and improve the survival,

adaptation and dominance of the potentially invasive fern in
the ecosystem of Peninsular Malaysia.
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