
Page 1/33

First Insights into Genetic Diversity of Indonesian
Typhonium flagelliforme Using Transcriptome-
Based EST- SSR Markers
Devit Purwoko 

National Research and Innovation Agency
Siti Zulaeha 

National Research and Innovation Agency
Gemilang Rahmadara 

National Research and Innovation Agency
Suparjo Suparjo 

National Research and Innovation Agency
Teuku Tajuddin 

National Research and Innovation Agency
Ani Kurniawati 

IPB University
Willy Bayuardi Suwarno 

IPB University
Sobir Sobir 

IPB University

Research Article

Keywords: genetic diversity, marker development, microsatellite, roddent tubber, transcriptome assembly

Posted Date: October 29th, 2025

DOI: https://doi.org/10.21203/rs.3.rs-7790550/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

Additional Declarations: No competing interests reported.

https://doi.org/10.21203/rs.3.rs-7790550/v1
https://doi.org/10.21203/rs.3.rs-7790550/v1
https://doi.org/10.21203/rs.3.rs-7790550/v1
https://creativecommons.org/licenses/by/4.0/


Page 2/33

Abstract
Typhonium flagelliforme, an Araceae species recognized for its anticancer metabolites distributed
throughout its roots, tubers, stems, and leaves, remains underexplored at the molecular level. In this
study, we developed expressed sequence tag–simple sequence repeat (EST-SSR) markers from the T.
flagelliforme transcriptome and evaluated their utility in assessing the genetic diversity of Indonesian
germplasm as well as their transferability to other Araceae species. Transcriptome assembly yielded
41,392 unigenes, of which 9,868 were successfully annotated. Mining of 18,225 unigenes identified
24,404 potential EST-SSRs, with an overall frequency of one SSR per 4.36 kb and di-nucleotide repeats
(45.83%) being the most abundant motif. From these, 38 primer pairs were randomly selected, and 32
produced clear amplicons, of which 23 (60.5%) were polymorphic across 14 accessions. A total of 15
alleles were detected, with an average of 2.87 alleles per locus. The mean observed and expected
heterozygosity were 0.238 and 0.620, respectively, while the polymorphism information content (PIC)
ranged from 0.416 to 0.580, with an average of 0.515, indicating a moderate level of polymorphism.
Genetic structure analysis and principal coordinate analysis (PCoA) consistently grouped the accessions
into three distinct genetic clusters, underscoring the effectiveness of the developed markers in resolving
population structure. To our knowledge, this represents the first genetic diversity analysis of Indonesian
T. flagelliforme germplasm using EST-SSR markers. The newly developed resources provide a valuable
foundation for molecular characterization, germplasm conservation, and breeding applications in T.
flagelliforme and potentially related Araceae species.

Introduction
Typhonium flagelliforme is recognized for its remarkable pharmacological potential, primarily attributed
to its anticancer metabolites. Notably, bioactive compounds with anticancer properties are distributed
throughout the plant, including the roots, tubers, stems, and leaves (Choo et al. 2001). Phytochemical
investigations have revealed the presence of diverse classes of compounds such as alkaloids, steroids,
flavonoids, glycosides (Sianipar et al. 2023), and glycolipids (Huang et al. 2004). Among its major
metabolites, β-sitosterol and phytol have been highlighted as key contributors to the inhibition of cancer
cell growth (Setiawati et al. 2016). In addition to its anticancer potential, T. flagelliforme exhibits a broad
spectrum of pharmacological activities, including antioxidant, antimicrobial, and anti-inflammatory
properties (Mohan et al. 2011; Farida et al. 2014; Mirgane et al. 2020; Septaningsih et al. 2021). However,
despite its therapeutic promise, the broader cultivation and application of this species remain
constrained. A key limiting factor is the scarcity of genomic and genetic resources, which impedes
breeding programs and the development of value-added products. Although previous studies have
predominantly focused on phytochemical profiling and assessments of biological activity,
comprehensive molecular characterization, especially the development of genetic markers, remains
limited and underexplored.

Various molecular markers have been developed and widely used for genetic diversity analysis, DNA
fingerprinting, cultivar identification, marker-assisted breeding, genetic linkage mapping, and quantitative



Page 3/33

trait locus mapping (Bidyananda et al. 2024; Abdul Aziz and Masmoudi 2025). Among these markers,
simple sequence repeats (SSRs) are known to have a high level of polymorphism, are informative, and
are widely distributed throughout the plant genome (Senan et al. 2014; Vieira et al. 2016). The
advantages of SSRs include high information content, good reproducibility, locus specificity, ease of
analysis, high intraspecific polymorphism, multiallelic nature, and wide genome coverage (Umang et al.
2022; Srivastava et al. 2023; Alves et al. 2024). SSR markers have been widely applied in the evaluation of
genetic structure and diversity (Purwoko et al. 2019) and are classified into two categories based on their
source, namely expressed sequence tag–SSR (EST–SSR) derived from transcribed RNA sequences, and
genomic SSR (g–SSR) derived from genomic sequences (Purwoko et al. 2025). Compared with g-SSRs,
EST-SSRs generally have a higher degree of interspecies transferability, are easier to identify, are more
evolutionarily conservative, and are often associated with specific phenotypes (Purwoko et al. 2021;
Topu et al. 2023). Previous studies on the diversity and characterization of T. flagelliforme have primarily
relied on morphological traits (Erdayani et al. 2023), molecular approaches using SRAP (Erdayani et al.
2023) and RAPD markers (Nurhasanah et al. 2024). The discovery, characterization, and validation of
simple sequence repeats (SSRs) from the de novo transcriptome assembly of T. flagelliforme were
recently reported by Purwoko et al. (2025). However, these efforts have not yet been extended to explore
their application in assessing the genetic diversity of T. flagelliforme or their transferability to related
species.

EST-SSR development has been carried out in various plant species (Liu et al. 2021; Gao et al. 2022;
Kapoor et al. 2023; Mortazavian et al. 2024; Ren et al. 2025). The use of Next Generation Sequencing
(NGS) technology enables the rapid, efficient, accurate, and relatively low-cost acquisition of large-scale
genomic data (Satam et al. 2023; Panahi et al. 2024). NGS-based de novo transcriptome sequencing has
become a leading method for functional gene identification, differential gene expression analysis,
transcriptome profiling, and molecular marker discovery in non-model species (Kapoor et al. 2023;
Scholpp et al. 2024). Before the advent of NGS, SSR marker development was a time-consuming,
expensive, and labor-intensive process, including the identification of SSR motifs, which requires
significant economic investment (Squirrell et al. 2003; Merritt et al. 2015).

Currently, the availability of molecular markers for T. flagelliforme is still very limited (Purwoko et al.
2025), and reports on the development of polymorphic SSRs in this species are lacking. These limitations
have become obstacles in the genetic study of T. flagelliforme. With the advancement of NGS
technology, especially RNA-Seq which is starting to replace the microarray platform (Gao et al. 2025),
various studies have successfully developed RNA-Seq-based SSR markers in Cephalotaxus oliveri (Liu et
al. 2021), Paris polyphylla (Gao et al. 2022), Phyllanthus emblica (Kapoor et al. 2023), Pseudostellaria
heterophylla (Xu et al. 2023), Cuminum Cyminum (Mortazavian et al. 2024), and Radix Ardisia (Ren et al.
2025). Therefore, the development of RNA-Seq-based SSR markers to support T. flagelliforme breeding
strategies is urgently needed. In this study, SSRs were mined, developed and validated a genic SSR
marker asset for T. flagelliforme from previous transcriptomic data, followed by the characterization and
development of 15 EST-SSR markers. These newly developed markers were applied to assess genetic
variation and elucidate the phylogenetic relationships among 14 T. flagelliforme germplasm accessions.
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In addition, their cross-species transferability was evaluated in other members of the Araceae family.
This report expected to provide important genetic resources for genetic diversity analysis and strengthen
breeding efforts for this species.

Materials and Methods

Plant Material
All plant materials used in this study were domesticated wild accessions maintained under controlled
conditions in the experimental screenhouse of the Biotechnology Laboratory Facility, Habibie-BRIN
Science and Technology Area (KST), Setu, South Tangerang, Indonesia (6°21′33″S, 106°39′50″E). The
cultivated plants were no endangered or protected species were involved. To assess microsatellite
variation of the EST–SSR markers developed in this study, 14 accessions (Supplementary Table 1) were
analyzed, comprising 11 individuals from Java (5 from West Java, 4 from Central Java, and 1 from East
Java), one accession from Bali, one from South Sumatra, and one from East Borneo (Fig. 1).

Sequence Assembly, EST SSRs Identification and Primer Design
The raw dataset from leaf transcriptome sequencing, used for SSR development in this study, was
previously generated in our laboratory by Purwoko et al. (2025). The raw Illumina transcriptome
sequence reads of T. flagelliforme are available in the Sequence Read Archive (NCBI/SRA) under
BioProject number PRJNA1142076, accessible at the following link:
https://www.ncbi.nlm.nih.gov/sra/PRJNA1142076. The sequencing data were downloaded in the form of
raw reads, then examined using FastQC. Trimmomatic was then used to filter the sequencing data by
removing low-quality data, adapter sequences, and contaminants, resulting in high-quality reads (v0.39).
The high-quality reads were then assembled into transcripts using rnaSPAdes v3.15.3. The assembled
FASTA sequences were subsequently utilized for SSR identification, primer design, and functional gene
analysis. SSR primers were designed from transcriptomic sequences using PrimerPro version 1.0
(http://webdocs.cs.ualberta.ca/∼yifeng/primerpro/), with parameters adapted from Worth et al. (2019).

Functional Annotations and Classification of EST-SSRs
Sequences containing SSRs with a minimum motif length of 20 bp were then subjected to synteny
analysis against Oryza sativa chromosome data. To predict putative gene functions, SSR-containing
sequences were compared against the non-redundant Arabidopsis protein database available in The
Arabidopsis Information Resource (TAIR; http://www.arabidopsis.org/index.jsp) using BLASTx with an e-
value cut-off of 10 − 3. GO analysis based on biological process, molecular function and cellular
component categorization was done using ShinyGO 0.80 (http://bioinformatics.sdstate.edu/go/) (Ge et
al. 2020). Furthermore, pathway enrichment was conducted using the KEGG database (Kanehisa et al.
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2025), and the distribution of enriched pathways, including those associated with SSR-containing
sequences, was illustrated through bar plots generated in ShinyGO (Ge et al. 2020).

DNA extraction, Validation and EST-SSR Marker Amplification
Genomic DNA was extracted from fresh leaf tissues using the Genomic DNA Mini Kit for plants
(Geneaid™, GP100). Primers were designed based on the following parameters: annealing temperature
(55–60°C), GC content (40–60%), primer length (18–20 bp), and target PCR product size (100–500 bp).
EST-SSR primer validation was carried out on Serpong, Tanjung Bungkak and Karang Anyar accessions
using PCR amplification with a total composition of 25 µL/reaction consisting of GoTaq® Green Master
Mix, 2X (12.5 µL), 10 µM Forward primer (1 µL), Reverse primer (1 µL), 50 µM DNA template (5 µL) and
sterile H2O to a volume of 25 µL. Amplification was carried out using a Tommy PCR machine. The
program used was as follows: one cycle of 95°C for 15 minutes, 94°C for 30 seconds, 30 cycles, 52°C for
90 seconds and 72°C for 60 seconds and a final extension of 60°C for 60 minutes and ended with a
temperature of 4°C. Successfully validated primers will be used to identify the genetic diversity of the
mouse ear plant. Amplification separation using 1.5% agarose in 0.5X TAE buffer at 50 V for 45 minutes
electrophoresed with eXU MUPID. DNA standards (100bp ladder) were used so that the size of the
sample DNA could be estimated. The agarose gel was stained with sybr safe® and then observed with a
Vilber Lourmat UV transilluminator and documented using a digital camera.

Phylogenetic, Population Genetic Structure, and Transferability in
Cross-Species
We used the 15 EST-SSR markers to analyze genetic diversity among 14 individual accessions and three
different species: Alocasia cucullata, Xanthosoma undipes K.Kock, and Metroxylon sagu, were used to
analyze the transferability of the 15 EST-SSR markers. The number of observed alleles (Na), expected
heterozygosity (He), effective alleles (Ne), Shannon’s information index (I) and Polymorphism information
content (PIC) values were computed using Cervus version 3.0.7 (Kalinowski et al. 2007). The dissimilarity
matrix calculation in this study was based on allele data, assuming a diploid ploidy level, using a simple
dissimilarity index approach. To ensure the accuracy of the results, the analysis was supplemented with
1,000 bootstrap iterations. A phylogenetic tree was constructed using the Neighbor Joining method
based on the previously calculated dissimilarity matrix. The entire analysis process, from dissimilarity
matrix creation, bootstrap analysis, factorial analysis, to phylogenetic tree construction, was performed
using DARwin software version 6.05 (Perrier & Jacquemoud-Collet, 2006), available at
http://darwin.cirad.fr/darwin. Population genetic structure among the 14 T. flagelliforme individuals was
inferred using STRUCTURE software version 2.3.4. To determine the most likely number of genetic
clusters (K), ten independent simulations were performed for K values ranging from 1 to 7. Each run
consisted of a burn-in period of 10,000 iterations followed by 10,000 Markov chain Monte Carlo (MCMC)
repetitions to ensure convergence and accuracy. The optimal K value was identified using the ΔK method
implemented in the online program Structure Selector (Li and Liu 2018). The resulting population
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stratification patterns were visualized based on the optimal K value, as described previously (Evanno et
al. 2005; Purwoko et al. 2019; Zulaeha et al. 2023).

Results

Statistic De novo Assembly and EST SSRs Mining
The assembled transcriptome comprised a total of 116,877 sequences with an overall length of
117,819,065 bp. The sequence size ranged from 40 bp to 15,253 bp, with an average length of 1,008 bp.
The assembly quality was further supported by an N50 of 1,947 bp and an N90 of 341 bp, indicating a
relatively robust representation of transcript sizes. From the 115,035 sequences examined for EST-SSRs,
covering a total length of 55,951,160 bp, a total of 24,404 SSRs were identified. Among these, 18,225
sequences contained at least one SSR, while 4,483 sequences carried more than one motif. In addition,
3,444 SSRs were found in compound formation, suggesting notable complexity in the SSR distribution
across the transcriptome (Table 1).

Table 1
De novo assembled EST-SSRs for T. flagelliforme

Category Items Numbers

Assembly statistic Total sequence number 116,877

Total sequence base 117,819,065

Largest 15,253

Smallest 40

Average 1,008

N50 (bp) 1,947

N90 (bp) 341

EST-SSRs Total number of sequences examined 115,035

Total size of examined sequences (bp) 55,951,160

Total number of identified SSRs 24,404

Number of SSR containing sequences 18,225

Number of sequences containing more than 1 SSR 4,483

Number of SSRs present in compound formation 3,444

Based on the sequence length distribution illustrated in the graph, the assembled unigenes exhibited a
declining trend in number with increasing sequence length. The category of 200–299 bp contained the
highest number of unigenes, followed by the 300–399 bp and 400–499 bp categories. The number of
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unigenes then gradually decreased across the medium-length range (500–999 bp) and further into
sequences exceeding 2000 bp. Overall, the distribution indicates a predominance of short- to medium-
length unigenes, with a relatively small proportion exceeding 2 kb. This pattern is consistent with the
typical characteristics of de novo transcriptome assemblies, in which shorter transcripts are more
frequently detected compared to longer ones. The number of assembled unigenes decreased
progressively with increasing sequence length (Fig. 2).

Frequency and Distribution of EST-SSRs
The distribution of identified SSR motifs revealed a predominance of dinucleotide repeats, which
accounted for 11,184 loci (45.83%) of the total SSRs (Fig. 3). Mononucleotide motifs represented the
second most abundant category, followed by trinucleotide repeats, together comprising the majority of
SSRs. In contrast, tetranucleotide, pentanucleotide, and hexanucleotide repeats were detected at much
lower frequencies, indicating their relatively minor contribution to the overall SSR composition. This
pattern suggests that short repeat motifs, particularly di- and mononucleotides, dominate the SSR
landscape of the transcriptome.

Analysis of SSR motif types demonstrated that dinucleotide repeats were the most abundant, with AG/CT
motifs showing the highest frequency (7,149), followed by AT/AT (2,710) and AC/GT (1,248). Among
trinucleotide motifs, AAG/CTT was the most common (993), while other motifs such as AAT/ATT,
ACC/GGT, ACG/CTG, and AGC/CGT occurred at relatively lower frequencies (ranging from 240 to 474).
Notably, the trinucleotide motif CCG/CGG was also highly represented (2,034), ranking among the top
abundant classes. In contrast, motifs such as CG/CG and AAC/GTT were rarely detected, with only 77
and 72 instances, respectively. Overall, the motif distribution highlights the dominance of AG/CT
dinucleotide repeats and the presence of a few highly abundant trinucleotide motifs, suggesting a non-
random pattern of SSR occurrence within the transcriptome (Fig. 4).

The distribution of tetranucleotide SSR motifs showed a clear predominance of AGCT/ATCG repeats,
which were the most abundant with 45 occurrences (Fig. 5). Other frequently detected motifs included
AATT/ATTT (37), ACGT/ATGC (36), and AGAT/ATCT (28). Several motifs such as AAAC/GTTT,
AAAG/CTTT, ACAT/ATGT, and AGGG/CCTT were represented at intermediate frequencies (ranging from
20 to 31). In contrast, pentanucleotide and hexanucleotide occurred at low frequencies, each with fewer
than 10 instances. Overall, the results indicate that tetranucleotide, pentanucleotide and hexanucleotide
SSRs were less abundant than di- and trinucleotide repeats, but specific motifs such as AG/CT and
CCG/CGG exhibit strong enrichment, suggesting possible functional or structural preferences in the
transcriptome.

EST SSRs Functional Annotation and Classification
From the 18,225 detected SSRs, a total of 88 primer pairs were successfully designed, excluding
mononucleotide repeats due to their high PCR error rate. Of these, 38 primer pairs were randomly
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selected and synthesized by Macrogen Inc. (Seoul, Korea) for the development of polymorphic EST-SSR
markers. Functional annotation of 38 sequences was performed using similarity searches against the Nr,
Swiss-Prot, GO, eggNOG, KEGG, and Pfam databases via the BLASTx algorithm, applying a stringent E-
value cut-off of 1 × 10⁻3 (Table 2). Among them, 36 unigenes (94.74%) were successfully annotated in the
Nr database, while 30 (78.95%) showed matches in Swiss-Prot. GO annotation assigned terms to 25
unigenes (65.79%), and 24 (63.16%) were associated with Pfam protein families. Notably, the highest
coverage was obtained from eggNOG, with 35 unigenes (92.11%) assigned, whereas KEGG pathway
mapping yielded the lowest representation, with only 12 unigenes (31.58%) annotated. Collectively, these
results highlight the broad functional coverage achieved, with Nr and eggNOG contributing the most
comprehensive annotations.

Table 2
Summary of functional annotation results of 38 unigenes in T.

flagelliforme transcriptome.
Annotated Database Number of Unigene Percentage (%)

Nr 36 94.74

Swiss-Prot 30 78.95

GO 25 65.79

eggNOG 35 92.11

KEGG 12 31.58

Pfam 24 63.16

Total Unigene 38 100

Functional annotation of SSR-containing unigenes showed that out of 38 sequences analyzed, 32
produced BLAST hits, 28 were successfully mapped to GO terms, and 25 received GO annotations.
Additionally, all 38 sequences were annotated through InterProScan, indicating complementary
functional insights from domain-based analysis. These results suggest that a substantial proportion of
SSR-associated unigenes can be functionally characterized, reinforcing the reliability of the transcriptome
dataset for downstream functional and comparative genomics studies.

Gene Ontology (GO) classification of SSR-containing unigenes revealed a wide functional distribution
across the three major categories: biological process, cellular component, and molecular function
(Fig. 6). Within the biological process category, the majority of unigenes were enriched in metabolic and
cellular processes, particularly organic substance metabolism, nitrogen compound metabolism, and
regulation of biological processes. For the cellular component category, the most highly represented
terms included intracellular membrane-bounded organelles, cytoplasm, and plasma membrane,
indicating that many unigenes are associated with fundamental cellular structures. In the molecular
function category, unigenes were predominantly involved in catalytic activity and binding functions, with
strong representation in transferase, hydrolase, and nucleotide-binding activities. Collectively, these
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results highlight that SSR-associated unigenes are functionally diverse and play roles in essential
biological, structural, and molecular activities.

The annotated unigenes were categorized into three main GO domains: cellular component, molecular
function, and biological process, covering 578 functional groups (Fig. 7). Within the cellular component
category, the most abundant terms were intracellular membrane-bounded organelle (1,917 unigenes,
14.69%) and cytoplasm (1,756, 13.46%), followed by membrane (1,448, 11.10%). For molecular function,
the largest groups were anion binding (1,788, 5.56%) and small molecule binding (1,782, 5.54%), while
specialized functions such as squalene monooxygenase activity, auxin influx transmembrane transporter
activity, oxidoreductase activity, and ligand-gated cation channel activity were represented by a smaller
proportion (6, 0.02%).

In the biological process domain, most unigenes were associated with organic substance metabolic
process (1,906, 3.20%) and cellular metabolic process (1,862, 3.13%), reflecting the prominence of
fundamental metabolic and cellular activities in T. flagelliforme. Other highly represented processes
included primary metabolic process (1,860, 3.13%), nitrogen compound metabolic process (1,788,
3.00%), and macromolecule metabolic process (1,689, 2.84%). A smaller subset of unigenes was linked
to mitotic DNA replication (6, 0.01%), regulation of gene silencing by miRNA (6, 0.01%), and peptidyl-
threonine phosphorylation (6, 0.01%), potentially relating to fundamental cell cycle regulation, with
phosphorylation being a key mechanism for controlling DNA replication and cell division, and miRNAs a
mechanism to fine-tune gene expression in processes like the cell cycle and DNA damage response
(Song et al. 2023; Quévillon Huberdeau and Simard 2019; Garcia-Garcia et al. 2016). These processes are
interconnected, as phosphorylation regulates critical proteins involved in DNA replication, and miRNAs
can respond to DNA damage, influencing cell cycle progression.

KEGG pathway enrichment analysis of SSR-containing unigenes showed that they were distributed
across several essential biological pathways (Fig. 8). The most significantly enriched pathways included
endocytosis and the plant MAPK signaling pathway, each containing a large number of genes. Other
important pathways represented were ABC transporters, phagosome formation, homologous
recombination, phosphatidylinositol signaling, and plant–pathogen interaction. Pathways with moderate
unigene representation included DNA replication, ribosome biogenesis, and RNA degradation. These
findings suggest that SSR-associated unigenes are functionally diverse and may play key roles in cellular
transport, signaling, genetic stability, and defense responses.

The mitogen-activated protein kinase (MAPK) signalling cascade plays a pivotal role in regulating diverse
aspects of plant biology, including growth, development, yield formation, and responses to both abiotic
and biotic stresses (Jagodzik et al. 2018; Manna et al. 2023). Owing to its central regulatory function, this
pathway represents a critical target for genetic and molecular interventions aimed at crop improvement.
KEGG pathway enrichment analysis revealed the mitogen-activated protein kinase (MAPK) signalling
cascade as a key regulatory network in T, flagelliforme (Fig. 9). Several genes associated with MAPKKK,
MAPKK, and MAPK modules were significantly mapped (highlighted in red), indicating their involvement
in multiple biological processes, including pathogen infection and defense responses, hormone-mediated
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signalling (ethylene, jasmonate, and abscisic acid), abiotic stress tolerance (cold, salt, and drought), and
developmental regulation such as root growth and stomatal development. The enrichment of these
signalling components highlights the central role of MAPK cascades in integrating environmental cues
with plant growth and defense mechanisms.

Development and validation of novel EST‑SSRs
Primer design was conducted using Primer3 software, ensuring that all pairs met the established
selection criteria. From the transcriptome of Typhonium flagelliforme, a total of 88 primer pairs for
expressed sequence tag–derived SSRs (EST-SSRs) were successfully identified., providing a useful
genomic resource for future functional and applied studies. A total of 38 primer pairs were randomly
chosen for synthesis and subjected to preliminary polymorphism screening. In this study, a total of 38
EST-SSR primer pairs were randomly selected and tested across three Typhonium flagelliforme
accessions (Serpong, Tanjung Bungkak, and Karang Anyar). Of these, 32 primers successfully produced
amplicons, with 23 being polymorphic and 9 monomorphic. To further evaluate their utility, 15 primers
were applied to 14 additional T. flagelliforme accessions.

A total of 15 EST-SSR primer pairs were successfully designed and characterized from Typhonium
flagelliforme (Table 3). The repeat motifs identified included di-, tri-, and tetra-nucleotide types, with
product sizes ranging from 100 to 300 bp. Several primers were associated with genes encoding proteins
of known biological functions, such as solute carrier family 13 (SSR1), choline transporter-like (SSR2),
deoxyhypusine synthase superfamily (SSR4), decaprenyl diphosphate synthase-like (SSR5), ribonuclease
H domain (SSR6), and peptidase S8/S53 domain superfamily (SSR11). Other primers were linked to
regulatory or stress-responsive genes, including ethylene insensitive 3 (SSR14) and P-type ATPases
(SSR12 and SSR15), suggesting their potential relevance in developmental and adaptive processes. In
contrast, several primers (e.g., SSR3, SSR7, SSR8, SSR10) were associated with hypothetical or
uncharacterized proteins, indicating unexplored functional diversity within the transcriptome. The gene
ontology (GO) annotations revealed varying levels of functional assignment, with the highest GO term
association observed for SSR5 (15 annotations), followed by SSR14 (10 annotations) and SSR11 (8
annotations). Collectively, the characterized primers demonstrate not only structural variation in repeat
motifs but also functional diversity, thereby providing valuable resources for genetic diversity analysis,
functional marker development, and future breeding applications in T. flagelliforme.
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Table 3
List and functional annotation results in T. flagelliforme primers.

No Primer Repeat
Motif

Primer sequence (50 − 30 ) Expected
product
size (bp)

Description of
putative
function

GO

1 SSR 1 (AT)15 F: CTTCCTCTACCCCCTCTTCG 250–273 Solute carrier
family 13

4

      R: ATCGCATCGAATCCACAAA

2 SSR 2 (AT)11 F: GCCCACTTTGATCCTTGAGT 199 − 
150

Choline
transporter-
like

2

      R: TGGCAGACCTTGTGTTATGC

3 SSR 3 (GCT)8 F: TTGGCACATTTGAAGGTGAA 226–250 Nn 0

      R: GGTTGTGCGTGTTCCTACAA

4 SSR 4 (CT)14 F: TGCTCTCTTTCTCTCGTCCC 273–300 Deoxyhypusine
synthase
superfamily

3

      R: CGAAGACAACTCGTCATGGA

5 SSR 5 (GA)23 F: ATCGTCCTCTAGGCCCTTGT 237–250 Decaprenyl
diphosphate
synthase-like

15

      R: CTCTTGCAAGGGGAAGACTG

6 SSR 6 (AT)11 F: TTCTTGTACTGCCTCCCCTG 106–150 Ribonuclease
H domain

2

      R: TGCATGTGCAAAGAGTCTCC

7 SSR 7 (TC)10 F: GTTTTCCCAAGCCTCCCC 263–300 JmjN domain 0

      R: CCAGGAAGGTATTCCAAGCC

8 SSR 8 (TG)12 F: GAAAGGCAAGTTATTGGCGA 179–200 Agenet
domain, plant
type

0

      R: AATTTTCTTCCAGGAACCCG

9 SSR 9 (GAA)10 F: GCCAACACGGGTAGAAGAAC 150–205 L-aspartate
oxidase

7

      R: CGAAAAAGGAATCAAACCCA

10 SSR
10

(TG)12 F: GAAAGGCAAGTTATTGGCGA 150–179 Agenet
domain, plant
type

0

      R: AATTTTCTTCCAGGAACCCG

11 SSR
11

(AG)16 F: TATTCGCGTAGATCGCATGA 100–125 Peptidase
S8/S53
domain
superfamily

8

      R: ACTGGAGTTAAAAGACGCCG

12 SSR
12

(AGA)8 F: TCAAAGCCCTTCCTTCACAC 150–222 P-type ATPase,
subfamily IV

4

      R: GTGCATATCACCACGCAGTC
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No Primer Repeat
Motif

Primer sequence (50 − 30 ) Expected
product
size (bp)

Description of
putative
function

GO

13 SSR
13

(AT)20 F: GGCAGTGCACTAACATTACCA 150–170 Plus3-like
superfamily

3

      R: TTGGCCATAATCAGCATTGA

14 SSR
14

(TAA)8 F: CCCTATACACCCTCACCCTG 200–262 Ethylene
insensitive 3

10

      R: CCTCCCTTGCTTTTGTTGAC

15 SSR
15

(CT)13 F: CACACCCCCTCTTTAAACCC 150–187 P-type ATPase,
cytoplasmic
domain N

4

      R: ACCGTCCAATTACAAGAGCG

Transferability of T. flagelliforme EST-SSR markers in different Araceae plants

To assess the broader applicability of the developed markers, we tested whether primer pairs designed
from EST sequences of T. flagelliforme could reliably amplify the corresponding SSR motifs in other
Araceae species. The cross-transferability of EST-SSR primers was successfully evaluated across three
species of Araceae (Supplementary Fig. 1). As summarized in Table 4, 13 of the 15 EST-SSR markers
successfully amplified fragments of the expected size in Xanthosoma undipes, whereas only 7 and 8
markers were amplifiable in Metroxylon sagu and Alocasia cucullata, corresponding to amplification
rates of 47–87%. These findings indicate clear differences in amplification efficiency across species, with
notably high success in X. undipes and lower rates observed in M. sagu and A. cucullata. While most
markers were consistently amplified, a few, such as SSR2, SSR5 and SSR6, produced amplification only in
Xanthosoma undipes, indicating species-specific variability in marker performance.
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Table 4
Cross-species amplification of the 15 microsatellite loci in Araceae species
Markers Amplification

Alocasia cucullata Xanthosoma undipes Metroxylon sagu

SSR1 + + +

SSR2 - + -

SSR3 + + +

SSR4 + + -

SSR5 - + -

SSR6 - + -

SSR7 - + +

SSR8 + + +

SSR9 + + -

SSR10 - + +

SSR11 - - -

SSR12 + + -

SSR13 - - -

SSR14 + + +

SSR15 + + +

Total 8 13 7

Genetic diversity analysis of EST-SSR markers
The genetic diversity parameters generated from 15 EST-SSR loci across 14 accessions of Typhonium
flagelliforme are presented in Table 5. The number of alleles per locus (Na) ranged from 2 to 3, with an
average of 2.87 alleles, reflecting moderate allelic richness within the population. Observed
heterozygosity (Ho) varied considerably among loci, from 0.071 (SSR2, SSR8, SSR11, SSR12) to 0.643
(SSR6), with a mean of 0.238. In contrast, the expected heterozygosity (He) was consistently higher,
ranging from 0.537 to 0.677, and averaged 0.620, indicating a substantial proportion of genetic variation
within the accessions. The effective number of alleles (Ne-I) ranged from 0.194 to 0.343 (mean 0.247),
while the Shannon’s information index (Ne-SI) ranged between 0.472 and 0.575 (mean 0.513). The
polymorphic information content (PIC), which reflects marker informativeness, showed values between
0.480 and 0.580, with an average of 0.515, suggesting that the SSR markers employed were highly
informative for genetic diversity assessment. Taken together, these results indicate that the selected EST-
SSR loci are effective for detecting genetic variation in T. flagelliforme, with relatively high expected
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diversity but lower observed heterozygosity, possibly due to limited gene flow or a degree of inbreeding
within accessions.

Table 5
Summary of observed allele number (N), polymorphism information content

(PIC), observed and expected heterozygosity (Ho and He) for 14 T.
flagelliforme transcriptome accession.

No SSR Loci ID N Ho He NE-I NE-SI PIC

1 SSR1 3 0.571 0.677 0.194 0.472 0.58

2 SSR2 3 0.071 0.627 0.224 0.504 0.537

3 SSR3 3 0.214 0.611 0.257 0.52 0.501

4 SSR4 3 0.071 0.548 0.329 0.568 0.421

5 SSR5 3 0.357 0.648 0.217 0.492 0.548

6 SSR6 3 0.643 0.659 0.207 0.484 0.561

7 SSR7 3 0.214 0.648 0.217 0.492 0.548

8 SSR8 3 0.071 0.653 0.215 0.489 0.552

9 SSR9 3 0.286 0.677 0.194 0.472 0.58

10 SSR10 3 0.143 0.624 0.238 0.508 0.523

11 SSR11 2 0.071 0.537 0.334 0.575 0.416

12 SSR12 2 0.071 0.553 0.327 0.565 0.424

13 SSR13 3 0.286 0.593 0.254 0.528 0.501

14 SSR14 3 0.214 0.606 0.259 0.523 0.498

15 SSR15 3 0.286 0.635 0.233 0.502 0.53

  Average 2.867 0.238 0.620 0.247 0.513 0.515

Genetic diversity was assessed using cluster analysis, which groups individuals based on allele patterns
derived from SSR markers, thereby reflecting their genetic similarity or divergence. The clustering results
were visualized in the form of a phylogenetic tree, which revealed three distinct genetic groups among
the 14 accessions (Fig. 10). Cluster I grouped together accessions from West Java (S3, S4, S6, and S7),
Banten (S2), and East Borneo (S14), indicating a high level of genetic similarity across these
geographically separated regions. Cluster II consisted of accessions from Central Java (S10, S11),
Sumatera (S1), East Java (S12), and West Java (S5), highlighting inter-regional genetic relatedness. In
contrast, Cluster III formed a distinct group comprising accessions from Bali (S13) and Central Java (S8,
S9), reflecting unique genetic divergence. Interestingly, the clustering pattern did not always correspond
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strictly to geographic origin, suggesting possible gene flow or shared ancestral variation among
populations from different islands.

Factorial analysis (Axes 1/2) revealed a clear separation of the 14 Typhonium flagelliforme accessions
into three major groups (Fig. 11). The first cluster comprised accessions from Sumatera (S1), West Java
(S5), East Java (S12), and Central Java (S10, S11), which grouped closely along the negative axis. The
second cluster included accessions from Central Java (S8, S9), Bali (S13), and West Java (S4),
positioned on the positive axis. The third cluster was formed by accessions from West Java (S3, S6, S7),
Banten (S2), and East Borneo (S14), separated towards the lower right quadrant. These results
corroborate the UPGMA dendrogram, highlighting both geographic associations and genetic divergence
across regions, while also suggesting that accessions from Java exhibit broader genetic distribution
compared to those from Sumatera and Borneo.

Vertical bar plots with distinct color patterns represent the estimated membership coefficients of each
sample, as calculated by the Q statistic (Fig. 12a). The ΔK estimator, derived from the likelihood
probability [LnP(D)] across K values ranging from 1 to 7 (Fig. 12b), was used to determine the optimal
number of genetic clusters. For T. flagelliforme populations cultivated in Indonesia, K values between 2
and 7 were tested, with each calculation repeated ten times to ensure consistency. The ΔK trend analysis
revealed a distinct peak at K = 3 (Fig. 12c), indicating three major genetic groups. Accordingly, all
samples were assigned to three clusters: Group I (red) comprising seven samples, Group II (green)
comprising two samples, and Group III (blue) comprising five samples. The NJ dendrogram (Fig. 10) and
factorial analysis (Fig. 11) also separated the germplasms into three distinct groups, consistent with the
STRUCTURE-based population stratification results, thereby validating the genetic clustering patterns
observed among the 14 wild T. flagelliforme accessions.

Discussion
Characterization of the Typhonium flagelliforme transcriptome assembly

For species lacking a reference genome, transcriptome sequencing provides one of the most effective
strategies for identifying functional genes and developing novel molecular markers [Unamba et al. 2015;
Zalapa et al. 2012]. To our knowledge, this study represents the first report of EST-SSR marker
development in Typhonium flagelliforme. Publicly available transcriptome data derived from T.
flagelliforme leaves (accession number SRR8752356) were retrieved from the NCBI SRA database for
paired-end sequencing and subsequent assembly. The resulting transcriptome comprised 116,877
sequences, spanning a total of 117,819,065 bp. The assembly quality was reflected in an N50 of 1,947
bp, which is substantially higher than those reported for other members of the Araceae family, including
Amorphophallus konjac (N50 = 381 bp) (Zheng et al. 2013), A. bulbifer (N50 = 372 bp) (Zheng et al. 2013),
Zantedeschia rehmannii (N50 = 1,476 bp) (Wei et al. 2016), Colocasia esculenta (N50 = 1,357 bp) (Wang
et al. 2017), Arum maculatum (N50 = 1,699 bp) (Szenteczki et al. 2022), and Aglaonema commutatum
(N50 = 1,340 bp) (Li et al. 2023).
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Frequency and distribution of EST-SSRs
The rapid development of next-generation sequencing (NGS) technologies has revolutionized the
identification and application of molecular markers, particularly simple sequence repeats (SSRs), in a
wide range of plant species. By providing large-scale sequence information, NGS has facilitated the
efficient discovery of SSRs in both model and non-model plants, including medicinal species. These
advances have expanded the scope of SSR marker applications, from plant breeding and disease
resistance studies to genetic diversity and evolutionary analyzes across diverse crops, vegetables, and
fruits. The codominant nature, reproducibility, and high transferability of SSRs make them particularly
advantageous compared with other molecular markers, thereby strengthening their role as reliable tools
for assessing genetic variation (Vieira et al. 2016; Satam et al. 2023).

Typhonium flagelliforme, a distinctive medicinal herb of the Araceae family, was recognized for its potent
anticancer properties and long-standing ethnomedicinal use in Indonesia. Despite its pharmacological
importance, genomic resources for this species remain scarce, particularly with respect to molecular
markers. This lack of information has limited comprehensive studies on its genetic diversity, population
structure, and evolutionary relationships, thus constraining both conservation and breeding efforts. In the
present study, we addressed this gap by mining expressed sequence tag–simple sequence repeats (EST-
SSRs) from transcriptome data and developing novel genic SSR markers. These markers were validated
and applied to assess the genetic variation among T. flagelliforme accessions, as well as to evaluate
their cross-species transferability within the Araceae family. The outcomes provide new molecular
insights and valuable tools for future genetic, evolutionary, and breeding studies of this underexplored
medicinal plant.

In the present study, a total of 18,225 SSRs were identified from 115,035 asembled sequences of T.
flagelliforme, corresponding to a density of one SSR per 0.326 kb of EST sequence. This frequency is
considerably lower than that reported others in the EST-SSR marker development of medicinal plants,
where averaging one SSR locus per 2.1 KB (Ren et al. 2025). Among the identified motifs, dinucleotide
repeats were the most prevalent (45.83%), a trend consistent with observations in Radix Ardisia (Ren et
al. 2025), Cuminum cyminum (Mortazavian et al. 2024), and Paris polyphylla ESTs (Gao et al. 2022),
where dinucleotide motifs predominated over other repeat classes. In contrast, studies on Phyllanthus
emblica have reported a predominance of trinucleotide motifs (Kapoor et al. 2023). Dissimilar things
were reported in Pseudostellaria heterophylla that trinucleotides predominated compared to others (Xu
et al. 2023). However, the type of dinucleotide motif found to be the most common SSR was AG/CT
(7,149) followed by CCG/CGG (2,034) then AGCT/ATCG (45). This is different to motifs in Pseudostellaria
heterophylla, in which the AT/AT and AAT/ATT motifs are predominant (Xu et al. 2023).

EST SSRs Functional Annotation and Classification
Not all SSRs are suitable for primer design, as some occur at positions that make primer construction
unfeasible, such as near the beginning or end of a sequence. As noted by Feeney et al. (2014), primer
design failure often arises from the absence of suitable clamping regions or constraints related to
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melting temperature. Validation of designed primers is therefore essential to assess their amplification
efficiency. The success of primer amplification depends on multiple factors, including internal stability,
melting temperature, secondary structure formation, and possible competition between primers
(Schoenbrunner et al. 2017). A total of 88 primer pairs were successfully designed, or approximately
0.48% of the 18,225 SSRs detected. This is lower than in its related plants: Colocasia esculenta (150
primer pairs) (Wang et al. 2017) and Zantedeschia rehmannii (200 primer pairs) (Wei et al. 2016).

For annotation analysis, EST sequences with SSR and having a primer (38 sequences randomly selected)
were performed similarity searches against the Nr, Swiss-Prot, GO, eggNOG, KEGG and Pfam databases.
Between 31.58% and 94.74% of the unigenes were successfully annotated in at least one public
database, a proportion consistent with previous reports for leaf unigenes (Liu et al. 2021). The relatively
high proportion of unigenes exceeding 500 bp in length within the assembled transcriptome likely
contributed to the higher annotation success observed. Longer unigenes generally have a greater
probability of producing significant BLAST hits in protein databases (Parchman et al. 2010). This trend
has also been emphasized in earlier studies, which noted that the reliability of sequence similarity
searches is partly influenced by query length, and that shorter reads generated through next-generation
sequencing (NGS) often fail to align with known genes (Novaes et al. 2008). Gene Ontology (GO) analysis
revealed that most SSR-containing unigenes were assigned to categories such as intracellular
membrane-bounded organelle, cytoplasm, anion binding, organic substance metabolic process, cellular
metabolic process and nitrogen compound metabolic process functions that underpin essential
metabolic pathways in plant cells. Complementary KEGG and eggNOG classifications further
demonstrated that SSR-containing unigenes contribute to a wide range of biological processes
associated with the growth and development of T. flagelliforme, underscoring their potential role in key
physiological functions.

Evaluation of genetic diversity and relationships among T. flagelliforme accessions

To assess the utility of EST-SSR markers in detecting polymorphism, three accessions (Serpong, Tanjung
Bungkak, and Karang Anyar) were used for initial validation. Among the 38 primer pairs synthesized, 32
successfully generated amplicons, of which 23 were polymorphic and 9 monomorphic. Of these, 23
primer pairs (60.52%) yielded PCR products of the expected fragment size, and 15 polymorphic EST-SSR
markers were ultimately selected for further screening across 14 accessions. EST-SSRs are
advantageous compared with genomic SSRs located in non-coding regions, as they typically show higher
amplification efficiency and better cross-species transferability (Varshney, Graner, & Sorrells, 2005). The
successful amplification and polymorphism rates obtained in this study (59.3%) were substantially higher
than those previously reported for Zantedeschia aethiopica using Sanger sequencing (Wei et al. 2012),
supporting the accuracy and reliability of de novo transcriptome sequencing via Illumina RNA-seq. For
comparison, in Z. aethiopica, 68 (40.9%) primer pairs amplified in 24 accessions, with 43 (63.2%) being
polymorphic, while considerably higher amplification and polymorphism rates were reported in
Amorphophallus spp. (Zheng et al. 2013), where 270 (84.4%) primer pairs amplified successfully, and 205
(89.1%) were polymorphic across 25 accessions. Lower amplification and polymorphism efficiencies
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observed in T. flagelliforme may be attributed to several factors, including the presence of introns in the
cDNA, primer–template mismatches caused by SNPs or InDels, potential errors during de novo assembly,
and the inherently high heterozygosity of the species’ genome (Varshney et al. 2007). Optimization of
PCR conditions, such as lowering annealing temperatures or employing gradient PCR, may help to
overcome amplification failures.

Earlier studies on T. flagelliforme have used molecular markers such as RAPD and SRAP (Erdayani et al.
2023; Nurhasanah et al. 2024) for cultivar identification and diversity analysis, but the information
generated has been limited and inconsistent. By contrast, EST-SSR markers offer greater resolution for
genetic analysis, as they target coding sequences that are typically more conserved across related taxa
(Filho et al. 2010; Chen et al. 2024). In this study, 43 alleles were detected across 14 accessions using 15
polymorphic EST-SSR markers, with an average of 2.87 alleles per locus. The polymorphism information
content (PIC) ranged from 0.416 to 0.580, with a mean of 0.515, which is higher than the mean PIC
(0.420) reported in Zantedeschia rehmannii (Wei et al. 2016). These results underscore the relatively high
discriminatory power of the markers developed here.

Cluster analysis based on the 15 polymorphic markers grouped the 14 accessions into three distinct
clusters, further supporting the effectiveness of these EST-SSR markers in revealing genetic relationships
and cultivar differentiation within T. flagelliforme. With the growing accessibility of genomic data,
numerous EST datasets have been generated for a wide range of medicinal plants (Liu et al. 2021; Gao et
al. 2022; Kapoor et al. 2023; Xu et al. 2023; Mortazavian et al. 2024; Ren et al. 2025). These resources
have proven effective for developing gene-associated molecular markers that are directly linked to
agronomically important traits (Kapoor et al. 2023; Li et al. 2024). However, only limited efforts have been
made to design and evaluate EST-SSR or other gene-linked markers in T. flagelliforme (Purwoko et al.
2025). This scarcity highlights both the novelty and importance of our findings, underscoring the
opportunity to advance research in marker development for this pharmacologically valuable species. The
development of such markers not only enhances germplasm characterization but also provides valuable
resources for genetic diversity studies, comparative mapping, and marker-assisted selection. Importantly,
as EST-SSRs originate from coding regions, they can be directly associated with functional genes
(Purwoko et al. 2021; Gao et al. 2022), making them particularly valuable for genetic association and
linkage studies.

Conclusion
In this study, we identified 18,225 EST-SSRs from the transcriptome of T. flagelliforme and characterized
their distribution, frequency, genomic locations, and functional annotations. From these, 15 highly
informative EST-SSR markers were developed, displaying abundant polymorphism and revealing a
moderate level of genetic diversity. Both genetic structure analysis and principal coordinate analysis
(PCoA) consistently grouped the accessions into three distinct genetic clusters, underscoring the
effectiveness of the developed markers in resolving population structure. Notably, more than 70% of the
EST-SSRs demonstrated cross-species transferability, highlighting their potential for broader application
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across related taxa. Collectively, these markers represent valuable genomic resources for T. flagelliforme,
providing a foundation for future studies on genetic diversity, population structure, and evolutionary
dynamics, as well as supporting conservation strategies and breeding programs for this important
medicinal plant.
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Figure 1

Map depicting different locations from where experimental material procured in the study.

Figure 2

Sequence length distribution of the assembled unigenes.
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Figure 3

Frequency and Distribution of EST-SSRs in T. flagelliforme
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Figure 4

Frequency of identified EST-SSR motifs: dinucleotide and trinucleotide
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Figure 5

Frequency of identified EST-SSR motifs: tetranucleotide, pentanucleotide and hexanucleotide
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Figure 6

Distribution of SSR-containing unigenes from ShinyGO analysis

Figure 7
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Gene ontology (GO) classification of SSR-containing unigenes.

Figure 8

KEGG pathway enrichment analysis of SSR-containing unigenes.
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Figure 9

KEGG of mitogen-activated protein kinase (MAPK) pathway enrichment analysis of SSR-containing
unigenes.
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Figure 10

An NJ dendrogram of 14 T.  flagelliforme accessions based on 15 polymorphic EST-SSR markers.

Figure 11
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Factorial analysis based on Eigen values calculated from 15 SSR markers.

Figure 12

Results of STRUCTURE analysis for 14 populations T. flagelliforme using 15 EST-SSR markers: (a)
Estimation of population structure based on STRUCTURE analysis. (b) Plot mean likelihood L(K) and
variance per K value. (c) Estimation of population using Delta K value with cluster K ranging from 1 to 7.
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