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Abstract. Sianipar NF, Muflikhati Z, Rahmat E, Reflinur, Assidqi K, Widyaningrum D. 2025. Chloroplast genome variation and 

phylogeny of mutant Typhonium flagelliforme (Araceae) from Indonesia. Biodiversitas 26: 5703-5713. Typhonium flagelliforme (rodent 

tuber) is an indigenous Indonesian medicinal plant valued for its anticancer properties. Mutation induced by gamma irradiation have 

produced mutant accessions with enhanced bioactivity, yet the underlying genetic basis remains poorly understood. To address this gap, 

we conducted a comparative analysis of complete chloroplast genomes from wild-type and mutant T. flagelliforme. Both genomes 

displayed a typical quadripartite structure, with lengths of 167,195 bp (wild-type) and 167,204 bp (mutant). Gene annotation revealed 

118 genes in the wild-type, but only 116 in the mutant, with the absence of psaL and petN, genes related to photosystem I and the 

cytochrome b6f complex. In addition to both accessions preferring A/U-ending codons, simple sequence repeat (SSR) profiling 

identified 131 motifs in the wild type and 132 in the mutant. Divergent hotspot analysis detected high nucleotide diversity in loci, such 

as ndhE and ccsA. Phylogenetic reconstruction confirmed that both accessions form a monophyletic clade closely related to T. blumei, 

reinforcing their genetic proximity within the genus. These findings demonstrate that induced mutation results in localized plastome 

alterations without disrupting overall structural stability, thereby providing valuable genomic resources for phylogenetic inference, 

biodiversity conservation, and marker-assisted breeding in Typhonium and related Araceae taxa. 
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INTRODUCTION 

Typhonium flagelliforme (G.Lodd.) Blume, commonly 

known as rodent tuber, is a medicinal plant native to 

Indonesia that has long been used in traditional health 

practices. Its pharmacological importance is mainly 

associated with bioactive compounds that exhibit anti-

inflammatory, anticancer, and antimicrobial activities (Lai 

et al. 2008). Extracts from this species have been shown to 

induce apoptosis and inhibit tumor growth in various cell 

lines, which underscores its potential in the development of 

novel therapeutic agents (Mohan et al. 2010; Nobakht et al. 

2014). Due to its ethnomedicinal relevance, T. flagelliforme 

has attracted attention not only from local communities but 

also from researchers focusing on phytopharmaceuticals. 

Mutation breeding strategies, such as somaclonal 

variation and gamma irradiation have been applied to 

enhance the medicinal value of T. flagelliforme (Sianipar et 

al. 2013; Sianipar and Purnamaningsih 2018). These 

approaches have generated mutant lines with higher 

concentrations of secondary metabolites and stronger 

cytotoxic effects compared to wild-type plants (Sianipar et 

al. 2023). Sianipar et al. (2024) reported that induced 

mutations can alter metabolic pathways, leading to increase 

the levels of fatty acid, terpenoid, and alkaloid production 

in mutant accessions. Despite these promising results, the 

genetic mechanisms underlying such improvements remain 

largely unexplored. Without a molecular understanding, 

efforts to optimize breeding, conservation, and utilization 

of T. flagelliforme remain constrained. 

Chloroplast genomes (cpDNA) provide an important 

entry point for investigating plant evolution, diversity, and 

biosynthetic potential (Yan et al. 2025). In angiosperms, 

cpDNA is maternally inherited and exhibits a conserved 

quadripartite structure comprising Large Single-Copy (LSC) 

and Small Single-Copy (SSC) regions flanked by two 

Inverted Repeats (IRs) (Wang and Lanfear 2019). While 

chloroplasts do not directly encode complete secondary 

metabolic pathways, they contribute precursors, energy, 

and regulatory signals essential for metabolite biosynthesis 

(Cackett et al. 2022). This makes cpDNA variation highly 

relevant to the study of medicinal plants, as structural or 

sequence differences may affect traits linked to bioactive 

compound production. 

Advances in high-throughput sequencing have enabled 

the assembly and comparative analysis of complete cp 

genomes in diverse plant taxa. For instance, comparative cp 

genomics in members of Lamiaceae, Asteraceae, and 

Poaceae has revealed divergence hotspots that serve as 

molecular markers for phylogenetic resolution and species 

authentication (Zhao et al. 2021; Song et al. 2023). Within 

the family Araceae, cp genomes of Colocasia gigantea, 
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Caladium bicolor, and Xanthosoma sagittifolium have been 

reported, revealing structural diversity and variation in 

gene content (Hu et al. 2023). However, despite Indonesia’s 

status as a center of Araceae diversity, genomic resources 

for many indigenous medicinal species remain scarce. 

Previous studies on T. flagelliforme have primarily 

focused on its phytochemical composition and cytotoxicity 

properties, such as Sianipar et al. (2016, 2017, 2023, 2024) 

and Purnamaningsih et al. (2018), while cp genome aspects 

remain largely unexplored in mutant T. flagelliforme. 

Currently, only one cp genome sequence of T. flagelliforme 

is available in public databases, representing a single 

accession. No comparative studies have examined cp 

genome differences between wild-type and mutant lines, 

even though mutation breeding is widely applied to 

enhance its medicinal traits. Gamma irradiation may induce 

genomic changes affecting photosynthesis-related genes, 

codon usage, and repetitive sequences, which could influence 

secondary metabolism (Jeong et al. 2024). Therefore, 

comparative chloroplast genomics between wild-type and 

mutant accessions could reveal genomic variation relevant 

to both evolution and phytochemical potential. This study 

presents the first comparative analysis of complete 

chloroplast genomes from Indonesian wild-type and 

gamma-irradiated mutant T. flagelliforme. This study 

aimed to characterize plastome structure and gene content, 

analyze codon usage and SSR profiles, identify divergence 

hotspots, and infer phylogenetic relationships with related 

Typhonium species. The findings provide new genomic 

resources to support biodiversity conservation, molecular 

breeding, and phytopharmaceutical development of T. 

flagelliforme and related taxa of Araceae. 

MATERIALS AND METHODS 

Plant materials 

Wild-type and mutant Typhonium flagelliforme plants 

were cultivated in a controlled greenhouse at Universitas 

Bina Nusantara, Bekasi, West Java, Indonesia, under standard 

horticultural conditions. Mutants were generated through 

somaclonal variation and gamma irradiation (Sianipar and 

Purnamaningsih 2018), while wild-type plants were 

collected from a natural population at Universitas Bina 

Nusantara. The mutant variety Tipobio holds Plant Variety 

Protection rights (No. 00489/PPVT/S/2020) with voucher 

specimens TYFL001.  

Procedures 

Chloroplast DNA extraction 

Young leaves (<3 weeks old) were harvested during the 

dry season to minimize polysaccharide contamination, flash-

frozen in liquid nitrogen, and ground into a fine powder. 

Total genomic DNA was extracted using the Quick-DNA 

Plant Kit (Zymo Research, USA) following the 

manufacturer’s instructions. DNA quality and concentration 

were assessed using a NanoDrop 2000 spectrophotometer 

(Thermo Scientific, USA), Qubit dsDNA HS Assay Kit 

(Thermo Scientific, USA), and 1% agarose gel electrophoresis. 

DNA integrity and fragment size distribution were 

evaluated on the 4150 TapeStation (Agilent Technologies, 

USA). 

Chloroplast genome sequencing 

High-quality DNA (1 µg) was used for library 

preparation and sequenced on the PromethION platform 

(Oxford Nanopore Technologies, UK). Sequencing proceeded 

until 50× coverage was achieved for all regions. Base 

calling was performed with Dorado v0.5.1 in high-accuracy 

mode.  

Data analysis 

Sequence raw data processing 

Raw reads were quality-checked using NanoPlot 

v1.41.0 (De Coster et al. 2018) and mapped to the T. 

flagelliforme chloroplast genome (GenBank OR583019.1) 

with minimap2 v2.26 (Li 2018). Mapped reads were 

extracted using SAMtools v1.17 (Danecek et al. 2021). De 

novo assembly was performed with Flye v2.9.3 (Kolmogorov 

et al. 2019) and polished using Medaka v1.11.0 (Oxford 

Nanopore Technologies). Assembly completeness was 

evaluated with QUAST v5.2.0 (Gurevich et al. 2013) and 

Qualimap v2.2.2 (Okonechnikov et al. 2016). Annotation 

was carried out using GeSeq (Tillich et al. 2017) and 

genome maps were generated with OGDRAW v1.3.1 

(Greiner et al. 2019). Species identity was verified with 

BLASTn against the NCBI nr/nt database. Coverage and 

GC content were calculated using SAMtools, and circular 

genome visualization was performed with Circos v0.69-9 

(Krzywinski et al. 2009). The annotated genome sequences 

were deposited in GenBank under accession numbers 

PV929714.1 and PV929715.1. 

Codon usage analysis 

Coding sequences were extracted from annotated 

genomes, and codon usage plus Relative Synonymous Codon 

Usage (RSCU) were calculated using MEGA v11.0.13 

(Tamura et al. 2021). Visualization was performed in R 

v4.3.1 (R Core Team 2023) using the ggplot2 package 

v3.4.4 (Wickham 2016). 

Chloroplast SSRs and repetitive sequences 

Chloroplast Simple Sequence Repeats (cpSSRs) were 

identified with MISA-web (Beier et al. 2017) using thresholds 

of ≥10 repeats (mono-), ≥5 (di- and tri-), and ≥3 (tetra-, 

penta-, hexa-nucleotides). Repetitive sequences were detected 

with REPuter (Kurtz et al. 2001) using a minimum repeat 

size of 30 bp and a Hamming distance of 3, and classified 

as forward, reverse, palindromic, or complementary. 

Divergent hotspot and phylogenetic analysis 

Complete chloroplast genome sequences were aligned 

in MAFFT v7.520 (Katoh and Standley 2013). Nucleotide 

diversity (π) was calculated in DnaSP v6.11.01 (Rozas et 

al. 2017) with a sliding window of 600 bp and a 200 bp 

step size. Thirteen complete chloroplast genome sequences, 

including wild-type and mutant T. flagelliforme, were 

aligned in MAFFT v7.520. The best-fit nucleotide 

substitution model was determined in jModelTest v2.1.10 

(Darriba et al. 2012), identifying GTR+G+I as optimal. 
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Phylogenetic trees were constructed using the Maximum 

Likelihood method in MEGA v11.0.13 with 1000 bootstrap 

replicates (Abdullah et al. 2021; Gao et al. 2025). 

RESULTS AND DISCUSSION 

Chloroplast genome characteristics 

The complete chloroplast genomes of wild-type and 

mutant Typhonium flagelliforme were successfully assembled, 

with lengths of 167,195 bp and 167,204 bp, respectively 

(Figure 1). Genes on the inside of each circle are 

transcribed clockwise, while those on the outside are 

transcribed counterclockwise. Functional gene categories 

are color-coded, as indicated in the legend. The innermost, 

darker gray circle represents the GC content. Structural and 

positional comparisons highlight variations between the 

wild-type and mutant chloroplast genomes. 

Quality assessments confirmed high coverage and 

uniform GC distribution, ensuring reliability for 

downstream analyses (Figure 2). From outer to inner rings: 

contig representation (black), sequencing depth (green for 

depth >50; red for depth <50), and GC content (purple for 

GC>50%; brown for GC<50%). The visualization indicates 

overall high sequence quality and uniform coverage across 

both genomes, with minor localized variation in depth and 

GC content. Both exhibited the typical quadripartite 

structure, LSC, SSC, and two IRs with only minor length 

variations between genomes. GC content was identical at 

36.12%, the highest in IRs and the lowest in SSCs (Table 

1). Gene annotation revealed 118 genes in the wild-type 

and 116 in the mutant, including 73 and 71 protein-coding 

genes, respectively. Although the mutant genome was 9 bp 

longer than the wild-type, the GC content remained 

identical (36.12%), because the length difference was 

negligible relative to the ~167 kb plastome, and base 

composition proportions were unchanged; any difference 

would only appear beyond the reported two-decimal 

precision. A total of 118 genes were annotated in the wild-

type chloroplast genome, whereas the mutant genome 

contained 116 genes. Several genes were duplicated within 

the IR regions, including 4 rRNA genes (16S rRNA, 23S 

rRNA, 5S rRNA, 4.5S rRNA), 7 tRNA genes (trnA-UGC, 

trnI-CAU, trnI-GAU, trnL-CAA, trnN-GUU, trnR-ACG, 

trnV-GAC), and 8 protein-coding genes (rpl2, rpl23, rps7, 

rps12, psbM, ndhB, ycf1, ycf2) (Table 2). Additionally, 9 

protein-coding genes (rpl2, rpl16, rps16, rpoC1, atpF, 

ndhA, ndhB, petB, petD) and 6 tRNA genes (trnA-UGC, 

trnG-UCC, trnI-GAU, trnL-UAA, trnK-UUU, trnV-UAC) 

contained a single intron, while 3 protein-coding genes had 

two introns (rps12, clpP, ycf3) (Table 2). The photosystem-

related psaL and petN genes were absent in the mutant, 

potentially affecting photosynthetic efficiency. 
 

 

Table 1. Comparative features of the chloroplast genome of wild-

type and mutant Typhonium flagelliforme 

 

Species Wild-type Mutant 

Size (bp) 167,195 167,204 

LSC (bp) 89,538 89,540 

SSC (bp) 14,521 14,521 

IRA (bp) 31,567 31,570 

IRB (bp) 31,569 31,573 

Genes 118 116 

CDS 73 71 

tRNA 37 37 

rRNA 8 8 

GC% 36.12 36.12 

AT% 63.88 63.88 

 

 

 
 

Figure 1. Circular gene map of chloroplast genomes from Typhonium flagelliforme: A. Wild-type (167,195 bp), and B. Mutant 

chloroplast genome (167,204 bp) 

A B 
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Table 2. Comparison of gene content and function between the mutant and wild-type Typhonium flagelliforme chloroplast genome 

 

Category 
Group of 

genes 
Name of genes in the mutant sample Name of genes in the wild-type sample 

Self-replication Large subunit 

of ribosomal 

proteins 

rpl2a(2), rpl14, rpl16a, rpl20, rpl22, rpl23(2), 

rpl32, rpl33, rpl36 

rpl2a(2), rpl14, rpl16a, rpl20, rpl22, rpl23(2), 

rpl32, rpl33, rpl36 

Small subunit 

of ribosomal 

proteins 

rps2, rps3, rps4, rps7(2), rps8, rps11, rps12b(2), 

rps14, rps15, rps16a, rps18, rps19 

rps2, rps3, rps4, rps7(2), rps8, rps11, rps12b(2), 

rps14, rps15, rps16a, rps18, rps19 

DNA-dependent 

RNA 

polymerase 

rpoA, rpoB, rpoC1a, rpoC2 rpoA, rpoB, rpoC1a, rpoC2 

Ribosomal 

RNA genes 

16S rRNA(2), 23S rRNA(2), 5S rRNA(2), 4.5S 

rRNA(2) 

16S rRNA(2), 23S rRNA(2), 5S rRNA(2), 4.5S 

rRNA(2) 

Transfer RNA 

genes 

trnA-UGCa(2), trnC-GCA, tRNF-GAA, trnG-

GCC, trnG-UCCa, trnI-CAU(2), trnI-GAUa(2), 

trnL-CAA(2), trnL-UAAa, trnL-UAG, trnM-CAU, 

trnN-GUU(2), trnR-ACG(2), trnR-UCU, trnS-

GGA, trnT-GGU, trnV-GAC(2), trnD-GUC, trnE-

UUC, trnH-GUG, trnK-UUUa, trnP-UGG, trnQ-

UUG, trnS-GCU, trnS-UGA, trnT-UGU, trnV-

UACa, trnW-CCA, trnY-GUA, trnfM-CAU 

trnA-UGCa(2), trnC-GCA, tRNF-GAA, trnG-

GCC, trnG-UCCa, trnI-CAU(2), trnI-GAUa(2), 

trnL-CAA(2), trnL-UAAa, trnL-UAG, trnM-CAU, 

trnN-GUU(2), trnR-ACG(2), trnR-UCU, trnS-

GGA, trnT-GGU, trnV-GAC(2), trnD-GUC, trnE-

UUC, trnH-GUG, trnK-UUUa, trnP-UGG, trnQ-

UUG, trnS-GCU, trnS-UGA, trnT-UGU, trnV-

UACa, trnW-CCA, trnY-GUA, trnfM-CAU 

Genes for 

photosynthesis 

Photosystem I psaA, psaB, psaC, psaJ psaA, psaB, psaC, psaJ, psaL 

Photosystem II psbA, psbB, psbC, psbD, psbE, psbF, psbH, psbI, 

psbJ, psbK, psbL, psbM(2), psbN (pbf1), psbT, psbZ 

psbA, psbB, psbC, psbD, psbE, psbF, psbH, psbI, 

psbJ, psbK, psbL, psbM(2), psbN (pbf1), psbT, psbZ 

RUBISCO rbcL rbcL 

Subunits of 

ATPsynthase 

atpA, atpB, atpE, atpFa, atpH, atpI atpA, atpB, atpE, atpFa, atpH, atpI 

Cytochrome b/f 

complex 

petA, petBa, petDa, petG, petL petA, petBa, petDa, petG, petL, petN 

Other genes Protease clpPb clpPb 

Maturase matK matK 

Envelope 

membrane 

protein 

cemA cemA 

Translation 

initiation factor 

infA infA 

C-type 

cytochrome 

synthesis gene 

ccsA ccsA 

Subunit of 

Acetyl-CoA-

carboxylase 

accD accD 

Genes of 

unknown 

function 

Conserved 

hypothetical 

chloroplast 

ycf1(2), ycf2(2), ycf3b (pafI), ycf4 (pafII) ycf1(2), ycf2(2), ycf3b (pafI), ycf4 (pafII) 

Note: (2) indicates the number of the repeat unit is 2, a indicates one intron containing genes, b indicates two intron-containing genes 

 

 

 

Codon usage frequency and amino acid composition 

A total of 28,274 codons were identified in the 

complete chloroplast genome of wild-type T. flagelliforme 

and 29,079 codons in the mutant line (Figure 3). The data 

show a strong codon usage bias, particularly favoring 

codons ending with A or T, which is typical for chloroplast 

genomes. Comparative analysis between wild-type and 

mutant forms reveals slight variations in codon preference 

that may reflect underlying genomic changes associated 

with the mutation. In both genomes, the most frequently 

used codon was UUU (phenylalanine), accounting for 

4.16% of all codons in the wild-type and 4.16% in the 

mutant. The second-most abundant codon was AAA (lysine), 

with proportions of 4.15% and 4.16%, respectively. By 

contrast, CGC (Arginine) was the least represented codon 

in both genomes (0.38% in the wild-type; 0.37% in the 

mutant). Relative Synonymous Codon Usage (RSCU) 

analysis revealed a pronounced bias toward codons ending 

in A or U. In the wild-type genome, 30 codons displayed 

strong bias (RSCU>1), whereas 29 codons were weakly 

preferred (RSCU<1); the mutant showed a similar pattern 

with 31 and 28 codons, respectively. Two codons—AUG 

(methionine) and UGG (tryptophan)—exhibited no bias 

(RSCU ≈ 1) in either genome. None of the codons tested 

(UUU, AAA, CGC) show statistically significant differences 

in Relative Synonymous Codon Usage (RSCU) between 

wild-type and mutant genomes (p>0.94). 
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Figure 2. Sequence quality validation of chloroplast genomes from Typhonium flagelliforme using circos plots: A. wild-type, and B. mutant 

 

 

 
 

Figure 3. Codon usage frequency distribution in the chloroplast genome of Typhonium flagelliforme: A. Wild-type, and B. Mutant. The 

x-axis represents amino acids and their corresponding codons, while the y-axis indicates the proportion (%) of each codon used for 

encoding a particular amino acid 

A B 

A 

B 
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Figure 4. Relative amino acid abundance in the chloroplast genomes of various Typhonium species. The bar chart displays the 

percentage of each amino acid encoded across five samples: wild-type, mutant Typhonium flagelliforme, Typhonium blumei, and 

Typhonium trifoliatum. The x-axis represents individual amino acids, while the y-axis indicates their relative abundance as a percentage 

of the total amino acid content 

 

 

The distribution of amino acids mirrored the codon 
preferences (Figure 4). The results reveal conserved patterns 

of amino acid usage across species, with notable variations 
in residues such as Leucine, Serine, and Proline, suggesting 

potential links to codon usage bias and chloroplast gene 

expression dynamics. Phenylalanine was the most abundant 
amino acid, representing 9.3% of total residues in the wild-

type and 9.4% in the mutant. Leucine (8.0% and 7.9%) and 
isoleucine (7.5%) followed in frequency. The least 

represented amino acid was methionine, comprising only 

1.5% (wild-type) and 1.4% (mutant) of the total. Overall, 
the amino-acid composition and codon-use profiles of the 

mutant closely resemble those of the wild-type, indicating 

that the observed genomic alterations have minimal impact 
on translational preferences within the chloroplast genome. 

In addition to coding sequence preferences, examining 
repetitive elements, such as Simple Sequence Repeats 

(SSRs) provides valuable information about plastome 

stability and potential mutational events in the mutant line. 

Repetitive sequence and divergent hotspot analysis 

Both genomes were rich in A/T mononucleotide SSRs, 

a common feature in plant plastomes. The wild-type 

harbored 131 SSRs and the mutant 132 SSRs, with nearly 

identical motif distributions. In the chloroplast genome of 

wild-type T. flagelliforme, a total of 131 SSRs were 

identified, including 88 mononucleotides, 18 dinucleotides, 

2 trinucleotides, 19 tetranucleotides, and 4 pentanucleotides 

(Figures 5.A, 5.B). The predominance of A/T mononucleotide 

repeats is consistent with the AT-rich nature of plant 

plastomes. The elevated occurrence and diversity of 

repetitive elements in the mutant genome suggest potential 

post-mutation structural variations, which could serve as 

valuable targets for polymorphism-based molecular marker 

development, comparative plastome analysis, and studies on 

chloroplast genome evolution in Typhonium and related taxa. 

The most prevalent SSR motif was the A/T mononucleotide 

repeats (86 occurrences), followed by the AT/AT dinucleotide 

motif (17 occurrences). SSRs were widely distributed across 

different regions of the wild-type chloroplast genome, with 

the majority located in the palindromic repeats (31.6%), 

followed by forward repeats (29.1%), reverse repeats 

(20.9%) and complementary repeats (18.4%) (Figure 5.C). 

SSRs occurred mainly in palindromic and forward repeats, 

indicating structural stability despite mutation. Sliding 

window analysis across T. flagelliforme variants and 

related Typhonium species identified highly variable loci, 

particularly ndhE and ccsA, with the highest nucleotide 

diversity (π ≈ 0.196 and 0.191, respectively). The co-

occurrence of SSRs in or near variable coding regions 

suggests potential mutational hotspots. These loci represent 

strong candidates for species-level phylogenetic markers and 

for tracking plastome evolution under induced mutation. 

In comparison, the mutant T. flagelliforme chloroplast 

genome contained 132 SSRs, consisting of 88 

mononucleotides, 18 dinucleotides, 2 trinucleotides, 20 

tetranucleotides, and 4 pentanucleotides (Figures 6.A, 6.B). 

The most prevalent SSR motif was the A/T mononucleotide 

(86 occurrences), followed by the AT/AT dinucleotide 

motif (17 occurrences). The predominance of A/T-rich 

mononucleotide SSRs reflects a common feature of plant 

plastomes, while the relatively higher total SSR count in the 

mutant compared to the wild-type may indicate structural 

variation induced by mutation. These SSR-rich and repeat-

dense genomic regions represent valuable targets for 

developing polymorphism-based molecular markers, enabling 

comparative genomic analyses and evolutionary studies 

within Typhonium and related Araceae taxa. SSRs were 
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widely distributed across different regions of the mutant 

chloroplast genome, with the majority located in the 

palindromic repeats (30.4%), followed by forward repeats 

(29.8%), reverse repeats (21.5%) and complementary 

repeats (18.3%) (Figure 6.C). These SSR distributions 

suggest that mononucleotide A/T-rich regions dominate the 

repetitive landscape in both chloroplast genomes, which is 

a common feature of plant chloroplast genomes. Overall, 

the mutant has a slightly higher number of SSRs, which 

may indicate post-mutation structural variation. While repeat 

elements reveal structural characteristics, the identification 

of divergent hotspot regions facilitates the detection of 

highly variable loci important for molecular marker 

development and comparative analysis. Therefore, the co-

occurrence of SSRs and divergent hotspots strengthens 

their value as combined targets for developing polymorphism-

based molecular markers and for investigating plastome 

evolution resulting from induced mutation in the mutant 

line (Figure 7). Peaks correspond to highly variable 

genomic regions, with the most divergent loci annotated. 

These regions are potential candidates for molecular marker 

development, phylogenetic resolution, and functional studies. 

The analysis reveals substantial sequence variation not only 

between the wild-type and mutant T. flagelliforme, but also 

among other Typhonium species, providing insight into 

evolutionary divergence within the genus. 

Phylogenetic analysis 

Phylogenetic analysis of 13 chloroplast genomes 

positioned Typhonium flagelliforme from the wild-type 

(PV929714.1) and mutant (PV929715.1) in a well-

supported monophyletic group, closely allied to T. blumei 

(MT872311.1, NC_051872.1), while T. trifoliatum 

(MW451769.1) was more distantly related within the genus. 

Other Araceae genera (Pinellia ternata (MT193722.1, 

ON462056.1, PQ644294.1), Dieffenbachia seguine 

(NC_027272.1), Arisaema prazeri (NC_072165.1), Arisaema 

nepenthoides (MW338731.1)) formed separate clades, with 

Arabidopsis thaliana (NC_000932.1) as an outgroup 

(Figure 8). Bootstrap values (out of 100) are shown at each 

node and represent the proportion of replicate trees in 

which the associated taxa clustered together, with higher 

values indicating stronger branch support. Branch lengths 

are measured in substitutions per site, reflecting the amount 

of evolutionary change along each branch, as indicated by 

the scale bar (0.02). The close clustering of the wild-type 

and mutant accessions confirms their shared evolutionary 

lineage, while branch length variation highlights genetic 

divergence within the Typhonium clade. This topology 

mirrors divergence patterns observed in the hotspot analysis, 

reinforcing the utility of ndhE, ccsA, and associated SSRs 

as phylogenetically informative regions for Typhonium and 

related taxa. 
 

 

 

 
 

Figure 5. Distribution of Simple Sequence Repeats (SSRs) and repetitive elements in the chloroplast genome of Typhonium flagelliforme: 

A. Frequency of SSR motifs, showing mononucleotide repeats primarily A/T-rich as the most abundant type (86 occurrences), followed 

by AT/AT dinucleotide motifs (17 occurrences). Tri-, tetra-, and pentanucleotide repeats occur at much lower frequencies, B. 

Classification of SSR types, with palindromic repeats (31.6%) being the most common, followed by forward repeats (29.8%), reverse 

repeats (20.3%), and complementary repeats (18.4%), C. Pie chart illustrating the proportional distribution of repetitive sequence types 

A 

B 

C 
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Figure  6. Distribution and classification of Simple Sequence Repeats (SSRs) and repetitive sequences in the chloroplast genome of 

mutant Typhonium flagelliforme: A. Frequency of SSR motifs, showing mononucleotide repeats, particularly A/T-rich motifs, as the 

most abundant (86 occurrences), followed by dinucleotide repeats (17 occurrences), with lower counts for trinucleotide, tetranucleotide, 

and pentanucleotide motifs, B. Classification of repeats by type, revealing palindromic repeats as the most frequent (30.4%), followed 

by forward repeats (29.8%), reverse repeats (21.5%), and complementary repeats (18.3%), C. Proportional distribution of repetitive 

sequence types across the chloroplast genome 

 

 

 

 
 

Figure 7. Divergent hotspot plot showing nucleotide diversity (Pi) across the complete chloroplast genomes of Typhonium species, 

including wild-type Typhonium flagelliforme, gamma-irradiated mutant T. flagelliforme, Typhonium blumei, and Typhonium trifoliatum. 

The x-axis represents aligned nucleotide positions along the chloroplast genome, and the y-axis indicates total nucleotide diversity (Pi) 
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Figure 8. A maximum likelihood phylogenetic tree was reconstructed from complete chloroplast genome sequences of 13 species 

within the genus Typhonium and the family Araceae, using Arabidopsis thaliana as the outgroup. The analysis includes wild-type 

(PV929714.1) and gamma-irradiated mutant Typhonium flagelliforme (PV929715.1) from Indonesia 

 

 

 

Discussion 

High-throughput sequencing has accelerated research 

on chloroplast genomes, providing complete plastome 

assemblies and revealing structural variation across 

angiosperms (Li et al. 2022; Hu et al. 2023). The wild-type 

T. flagelliforme plastome sequenced in this study displayed 

a conserved quadripartite structure typical of Araceae and 

monocots (Abdullah et al. 2021; Yin and Gao 2023; Li et 

al. 2024). Interestingly, the mutant plastome was slightly 

larger (+9 bp), but exhibited gene losses, specifically psaL 

and petN. Such deletions are not uncommon, as structural 

changes including insertions and rearrangements frequently 

occur in plant plastomes (Cauz-Santos et al. 2020; Qin et 

al. 2025). The absence of psaL, a subunit of photosystem I 

crucial for state transitions, and petN, a cytochrome b6f 

component linking PSI and PSII, likely reflects 

mutagenesis effects of somaclonal variation and gamma 

irradiation (Sianipar et al. 2016). Despite their functional 

importance, mutants often maintain or even improve 
phenotypic performance compared to wild type (Matsuo et 

al. 2005; Daniell et al. 2016). These findings highlight 

plastome plasticity, suggesting that T. flagelliforme can 

tolerate gene loss while maintaining metabolic and 

physiological competence. Additionally, several genes 

were duplicated in the IR regions, and intron-containing 

genes followed common chloroplast patterns, with rps12 

identified as a trans-splicing gene, consistent with other 

Araceae plastomes (Abdullah et al. 2021; Yin and Gao 

2023; Li et al. 2024).  

Beyond photosynthesis, chloroplasts contribute to 

pathways generating terpenoids, flavonoids, alkaloids, and 

phenolic compounds, all central to the medicinal activity of 

T. flagelliforme. Prior studies reported anticancer lectins, 

antioxidant alkaloids and flavonoids, and apoptosis-

modulating terpenoids in this species. The ability of mutant 

plastomes to sustain or enhance such biosynthesis despite 

gene loss may reflect adaptive reprogramming of metabolism. 

Structural variation in plastomes can therefore be harnessed 

as a molecular tool for metabolic engineering, supporting 

the development of high-yield phytopharmaceutical lines. 

The link between plastome evolution and metabolite 

production underscores the dual ecological and medicinal 

importance of T. flagelliforme. 

Genome assembly quality was validated by high 

sequencing depth and consistent GC content, indicating 

reliable results (Moss et al. 2020; Chu et al. 2024). Codon 

usage bias, which influences gene expression and protein 

folding, was broadly conserved between wild-type and 

mutant genomes, with a strong preference for A/U-ending 

codons. The most frequent codons were UUU (phenylalanine) 

and AAA (lysine), while CGC (arginine) was least 

represented, consistent with other plastomes, such as Cocos 

nucifera (Aljohi et al. 2016) and Cycas taitungensis (Chen 

et al. 2011). Minor differences in codon counts and 
Relative Synonymous Codon Usage (RSCU) in the mutant 

may influence translational kinetics and protein stability 

(Kimball and Jefferson 2006). Given the role of chloroplasts 

in supplying precursors for bioactive metabolites, these 

subtle shifts may indirectly impact metabolic pathways, 

reinforcing the functional relevance of codon usage 

patterns. 

Repetitive sequence analysis revealed A/T-rich 

mononucleotide SSRs as the most abundant motifs, 

consistent with the AT-rich plastomes of higher plants (Qin 

et al. 2025). While overall patterns were similar, the mutant 

plastome harbored slightly more tetranucleotide repeats 

than the wild type, possibly reflecting replication slippage 

or post-mutagenesis instability (Kim et al. 2006). SSRs are 

valuable markers for species authentication, germplasm 

identity, and intra-specific diversity assessment. The 
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combined use of SSR profiles and divergence hotspots 

strengthens their application in distinguishing wild-type 

from mutant lines, particularly for breeding programs and 

germplasm conservation. 

Regions exhibiting high nucleotide diversity (π) were 

primarily found in single-copy regions, ndhE, ccsA, ndhF, 

rpl32, ndhD, psaC, and ndhG. Among these, ndhE and 

ccsA showed the greatest variability, aligning with 

divergence patterns observed in other Araceae (Xue et al. 

2019; Li et al. 2022). These regions represent strong 

candidates for molecular marker development, supporting 

phylogenetic resolution, accession identification, and 

breeding applications, as shown in Berberis (Li et al. 2025) 

and Paphiopedilum (Guo et al. 2021). Phylogenetic 

reconstruction placed wild-type and mutant T. flagelliforme 

in a monophyletic clade closely allied to T. blumei, while 

T. trifoliatum appeared more distantly related. Other 

genera, such as Pinellia, Arisaema, and Dieffenbachia, 

formed distinct clades, consistent with earlier Araceae 

phylogenies (Keating 2004; Nauheimer et al. 2012). This 

confirms both the genomic stability of T. flagelliforme 

lineages and the taxonomic robustness of the genus. 

The genomic insights gained here extend beyond 

evolutionary inference. Codon usage and SSR profiles can 

support the authentication of T. flagelliforme germplasm, 

reducing misidentification risks in conservation and 

cultivation. Divergence hotspots such as ndhE and ccsA 

provide reliable markers to distinguish wild-type from 

mutant accessions, valuable for ex situ strategies aimed at 

preserving genetic diversity. These genomic tools also have 

direct applications in in situ conservation by identifying 

populations that represent unique genetic resources. For 

breeding programs, hotspot loci can be prioritized in 

marker-assisted selection, while conservation strategies 

may integrate cpDNA data to optimize propagation and 

safeguard genetic integrity. 

In conclusion, this study presents a comparative 

analysis of complete chloroplast genomes from Indonesian 

wild-type and gamma-irridiated mutant T. flagelliforme. 

Gamma irradiation induces localized plastome alterations 

in T. flagelliforme without disrupting overall genome 

stability. The discovery of gene losses, codon usage 

patterns, SSR variation, and divergence hotspots highlights 

distinct mutational effects while reinforcing conserved 

chloroplast architecture. These comparative insights provide 

foundation for both conservation and breeding applications. 

Integrating these plastome data with nuclear genome 

analyses in the future will help clarify compensatory 

mechanisms and strengthen the genomic basis for 

medicinal plant improvement. 
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