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Abstract

The Zingiberaceae family represents one of the most diverse monocot lineages in trop-
ical Asia; however, the species delimitation of Amomum s.I. remains challenging due to
morphological convergence and limited molecular evidence. This study analyzed tran-
scriptomic data from seven Amomum s.l. species in Peninsular Malaysia to evaluate
their evolutionary relationships and examine variation across chloroplast genes. RNA
sequencing and de novo assembly identified 85 chloroplast protein-coding genes, of
which 43 complete genes were retained for subsequent analyses. Comparative assess-
ment revealed conserved genome features, including GC content ranging between 37.4%
and 38.0%, alongside lineage-specific divergence in codon usage bias and expression
profiles. Heatmap clustering of normalized gene expression patterns indicated distinct
transcriptional signatures, particularly in A. elan, suggesting species-specific regulatory
divergence. Nucleotide diversity (i) analysis identified hotspots in ndhJ, psbT, psbZ, and
rps14, highlighting their potential as molecular markers for improving species delimita-
tion, whereas core genes such as rbcL and psbA remained highly conserved, reducing
their effectiveness in distinguishing species-level variation. Phylogenetic reconstruc-
tion using Bayesian inference (BI) and maximum likelihood (ML) approaches, based on
43 concatenated chloroplast genes (28,794 bp), supported the paraphyly of Amomum
s.l, with Peninsular Malaysian species distributed across multiple clades. Amomum
trilobum showed a closer association with Wurfbainia than with Amomum~-Alpinia,
suggesting the possible transfer of the species to Wurfbainia with further taxonomic
evaluation. These findings highlight the important roles of genomic and morphological
datasets in understanding the evolutionary relationships in Amomum s.l. and offer new
molecular insights into the evolution of Zingiberaceae in Peninsular Malaysia.
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Introduction

The Zingiberaceae family, which belongs to the order Zingiberales, is recognized
as the largest family within the order and is predominantly distributed across
tropical and subtropical regions (Sirirugsa 1999). Renowned for its medicinal,
culinary, and aromatic uses, the family is widely represented throughout the
Malesian bioregion, which includes Indonesia, Malaysia, Singapore, the Philip-
pines, Brunei, and Papua New Guinea. With over 57 genera and more than 1600
species documented globally, the family reflects remarkable taxonomic diversity
(Saensouk and Saensouk 2021). Among these, Amomum stands out for its value
as a spice and its extensive use in traditional medicine (Xia et al. 2004; Lamxay
Lamxay and Newman 2012). This genus is primarily found in India, Indochina,
and Sumatra, with its distribution extending from the Himalayas to the southern
and southeastern regions of Asia and with a few species reported in northern
Australia and Papua New Guinea (Ye et al. 2018). In Peninsular Malaysia, a no-
table diversity of 150-180 ginger species from 23 genera has been recorded
(Holttum 1950; Habsah et al. 2000; Mabberley 2008; Govaerts et al. 2015).

Amomum sensu lato (s.l.), established by Roxburgh (1820), belongs to the
subfamily Alpinioideae and tribe Alpinieae. The use of sensu lato (s.l.) indi-
cates a broader taxonomic sense that encompasses Amomum and its related
genera, such as Wurfbainia and Meistera. In the economic context, Amomum
also shares a close affinity with economically important spice crops within the
Zingiberaceae, such as ginger (Zingiber officinale), turmeric (Curcuma longa),
cardamom (Elettaria cardamomum), galangal (Alpinia galanga or ‘Lengkuas’;
A. officinarum), and white ginger (Kaempferia galanga or ‘Cekur’) (de Boer et al.
2018). In Southeast Asia, Amomum species have long been used as a substi-
tute for cardamom and are used as food condiments and in traditional reme-
dies (Xia et al. 2004; Lamxay and Newman 2012; Leong-Skorni¢kova and New-
man 2015). They include epiphytic forms as well as small terrestrial species
with few-bladed shoots that grow on the forest floor (Xia et al. 2004).

Despite its ecological and ethnobotanical importance, the taxonomy of Amo-
mum s.l. has historically been problematic. Borneo hosts the greatest diversity,
with 36 species documented (de Boer et al. 2018). Holttum’s (1950) morpholog-
ical study in Peninsular Malaysia identified several key features, such as elon-
gated pseudostems and inflorescences, the absence of involucre bracts, and
a broad yellow-and-white labellum with small red markings, the latter being the
most characteristic feature (Syazana et al. 2018). However, species identification
remains challenging due to considerable morphological variation, particularly in
inflorescence characteristics, which often bloom only once or twice a year (Negi
et al. 2018; Nontasit et al. 2014). A taxonomic revision of the Zingiberaceae of
Peninsular Malaysia and Singapore conducted by Holttum (1950) listed 19 spe-
cies. Subsequently, Newman et al. (2004) recorded 22 Amomum species in their
checklist for the flora of Malesia. Locally, Amomum species are generally tall, her-
baceous plants found from lowlands to highlands, typically in the understories
of tropical forests near streams or rivers, often growing in forest gaps, although
some species also grow abundantly at forest margins, in disturbed habitats, or
within secondary forests (Xia et al. 2004; Leong-Skorni¢kova and Newman 2015).

Although morphological approaches have long been used, classification
within Amomum s.I. remains challenging due to characteristic variation and
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morphological convergence, and a lack of comprehensive herbarium speci-
mens containing both vegetative and reproductive material has hindered ac-
curate species delimitation. These challenges, particularly the difficulty in col-
lecting specimens during short flowering and fruiting periods, underscore the
limitations of morphology-based taxonomy. As Holttum (1950) noted (cited by
de Boer et al. 2018), when no single morphological character can reliably dis-
tinguish Amomum s.I. from closely related genera, molecular approaches offer
a powerful alternative and become essential.

Phylogenetic relationships within the Zingiberaceae family have therefore
been investigated using molecular markers such as internal transcribed spacer
(ITS), matK, and rbcL (Xia et al. 2004; de Boer et al. 2018; Cui et al. 2019). Previ-
ous molecular phylogenetic studies of Amomum s.I. confirmed the genus to be
paraphyletic (Kress et al. 2002; de Boer et al. 2018). A comprehensive re-evalu-
ation of the genus and its allies by de Boer et al. (2018) led to a major taxonom-
ic revision, resulting in significant changes to the classification of Amomum s.|.
Three previously recognized genera — Conamomum, Meistera, and Wurfbainia
— were resurrected, while three new genera, Epiamomum, Lanxangia, and Sun-
damomum, were described within this new generic framework.

This reclassification led to an updated list of Amomum species in Peninsular
Malaysia, comprising 28 species, with one species excluded (Sundamomum
macroglossa) and two species (A. macrodons and A. cephalotes) classified as
‘uncertain’ (de Boer et al. 2018). The revised classification now encompass-
es five genera: Amomum s.s. (14 species), Conamomum (six species), Wurf-
bainia (five species), and Meistera (three species). Additionally, approximately
30 species previously classified under the genus Elettariopsis (Saensouk and
Saensouk 2021), originally described by Baker (1892), were incorporated into
Amomum s.|. based on molecular evidence (Kress et al. 2007; de Boer et al.
2018; Saensouk and Saensouk 2021). Despite these advancements, resolution
at the species level remains insufficient, especially among Peninsular Malay-
sian taxa, where morphological convergence is common. Thus, although con-
siderable progress has been made, a comprehensive phylogenetic framework
for Amomum s.l. is still lacking.

In this context, chloroplast phylogenomics is a particularly effective tool for
resolving species-level relationships within Amomum s.I. The relatively con-
served structure and slower mutation rates of chloroplast genes make them
reliable for resolving evolutionary relationships across taxonomic levels (Gong
et al. 2022). Additionally, the use of chloroplast genes in phylogenomic analy-
ses has several advantages, including their uniparental inheritance, high copy
number, and relatively conserved gene order (Zhou et al. 2021). Furthermore,
chloroplast genes are involved in essential biological processes, such as pho-
tosynthesis and metabolism, making them particularly informative for under-
standing the evolution of plant lineages and their adaptation to diverse envi-
ronments (Daniell et al. 2016). Overall, the inclusion of chloroplast genes in
phylogenomic studies enhances the accuracy and resolution of evolutionary
relationships among plant species, contributing to a better understanding of
their evolutionary history and biodiversity.

Transcriptome-based analysis uses high-throughput RNA sequencing to re-
construct evolutionary relationships using expressed genes. Transcriptomic
analysis allows the recovery of many expressed genes for multi-locus phyloge-
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nomic inference and offers insights into gene evolution, including chloroplast-re-
lated genes. Previous studies have demonstrated the utility of chloroplast mark-
ers in phylogenetic research, but plastome-level data for Amomum species of
Peninsular Malaysia remain limited. A study by Gong et al. (2022) provides a
comprehensive chloroplast genome analysis for Amomum s.l., offering valu-
able insights into their evolutionary history and species identification. However,
this research does not include the Peninsular Malaysian taxa.

This gap in the existing literature underscores the need for broader taxon
sampling, including Peninsular Malaysian species. The present study aims to
fill this void by conducting a phylogenetic analysis of Amomum s.l. from Penin-
sular Malaysia based on transcriptome-derived chloroplast gene data. By ana-
lyzing chloroplast-related genes from the transcriptomes of selected Amomum
s.l. species, this study aims to clarify their interspecific and intergeneric rela-
tionships, offering a clearer understanding of their evolutionary history. This
research is expected to provide valuable insights into the taxonomy and clas-
sification of Amomum s.l., with broader implications for its conservation and
ethnobotanical utilization.

Methods
Plant material

Fresh plant material of accessible and flowering Amomum s.l. specimens in
Peninsular Malaysia was collected during targeted fieldwork. Field sampling
was conducted at type localities identified from herbarium records or previ-
ously published sources, representing either the original collection sites or the
nearest documented localities. Herbarium voucher specimens were prepared
from portions of the collected material and deposited at the Kepong Herbarium
(KEP), Forest Research Institute Malaysia.

A total of seven Amomum s.I. species were analyzed in this study, each rep-
resented by two biological replicates obtained from two clumps. The sampled
species and their localities in Peninsular Malaysia were as follows: Wurfbainia
testacea (Ridl.) Skorni¢k. & A.D.Poulsen (Batu Caves, Selangor), Wurfbainia
uliginosa (J.Koenig) Giseke (Forest Research Institute Malaysia (FRIM), Selan-
gor), Amomum curtisii (Baker) Skorni¢k. & Hlavata (the foothills of Penang Hill,
Penang), Amomum smithiae (Y.K.Kam) Skorni¢k. & Hlavata, Amomum trilobum
Gagnep., Meistera aculeata (Roxb.) Skorni¢k. & M.F.Newman, and Amomum
elan (C.K.Lim) Skorni¢k. & Hlavatéa (Penang Botanic Gardens, Penang) (Table 1).

For each flowering specimen, species identity was confirmed prior to col-
lection. Fresh leaves, stems, roots, and rhizomes were collected, rinsed in dis-
tilled water, dried, cut into small pieces, and immediately preserved in RNAlater
solution (Thermo Fisher Scientific, USA). Samples were subsequently ground in
liquid nitrogen and stored at =80 °C until further processing.

Tissues were harvested at equivalent developmental stages to ensure com-
parability across species. For example, the second leaf from the branch apex
was consistently sampled, and stem tissues were collected from the same
branch at an equivalent distance from the apex. Sampling was conducted
between March and April 2022, during the flowering season, between 08:00
and 10:00 AM.
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Table 1. List of the seven Amomum s.I. species sampled from Peninsular Malaysia, including their collection localities,
voucher accession numbers, and GPS coordinates.

Species Location Accession number GPS coordinates

Amomum testaceum Batu Caves, Selangor FRI97708 3°14.00'N, 101°37.00'E, elevation: 210 ft
(syn. W. testacea)

Amomum uliginosum | Forest Research Institute of Malaysia, Selangor FRI69087 3°08.53'N, 101°24.78'E, elevation: 260 ft
(syn. W. uliginosa)

Amomum smithiae Penang Botanic Gardens, Penang PBG 19005137 5°26.42'N, 100°17.32'E, elevation: 200 ft
Amomum aculeatum Penang Botanic Gardens, Penang PBG 19005063 5°26.50'N, 100°17.12'E, elevation: 310 ft
(syn. M. aculeata)

Amomum curtisii Penang Hill, Penang PBG 19005181 5°25.15'N, 100°15.87'E, elevation: 300 ft
Amomum trilobum Penang Botanic Gardens, Penang PBG 20240120 5°26.50'N, 100°17.29'E, elevation: 280 ft
Amomum elan Penang Botanic Gardens, Penang PBG 19005014 5°26.50'N, 100°17.12'E, elevation: 200 ft

In this study, species belonging to the broadly circumscribed Amomum com-
plex (Amomum s.l.), including taxa currently recognized under segregate gen-
era such as Wurfbainia and Meistera, as mentioned above, are referred to using
their original Amomum names for consistency with field records, sequence
datasets, and analytical workflows (Table 1).

RNA extraction and sequencing

RNA was extracted using the Macherey and Nagel NucleoSpin RNA Plant kit
with minor modifications to the manufacturer’s protocol (Fareed and Singaram
2023). The RNA was subsequently used for cDNA library preparation and Illu-
mina sequencing by Apical Scientific Sdn. Bhd., Malaysia. In addition, 93 ac-
cessions and two outgroups, Hedychium coronarium NC045863 and Roscoea
humeana NC046582, were downloaded from the National Center for Biotech-
nology Information (NCBI) to provide a comprehensive phylogenomic analysis.
The selected taxa are appropriate outgroups because they belong to distinct
lineages within Zingiberaceae and fall outside the target group being studied.

RNA sequencing, assembly, and annotation

RNA samples with a minimum RNA integrity number (RIN) value of 6.5, high
purity ratios (A, ., ~ 2.0), and acceptable A260/230 values ranging from 2.0
to 2.2 were selected to ensure high-quality RNA. These samples, derived from
pooled leaf, stem, and root tissues for each of the seven Amomum species,
were sent to Apical Scientific Sdn. Bhd., Malaysia, for cDNA library construction
and Illumina RNA-seq. Prior to downstream analyses, raw reads were subject-
ed to quality assessment using FASTQC (Bioinformatics 2011) to identify and
eliminate low-quality reads. Cleaned reads were then assembled de novo using
Trinity v2.6.6 (Grabherr et al. 2011).

Partial chloroplast gene analysis

For visualization of gene expression across species, heatmaps were generat-
ed using FPKM values derived from the transcriptome assemblies. Expression
matrices were normalized using log, (FPKM + 1) transformation to stabilize
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variance and minimize the influence of highly expressed genes (Anders and
Huber 2010; Conesa et al. 2016). Hierarchical clustering was performed using
Euclidean distance and average linkage to reveal expression-based relation-
ships among species, following approaches commonly applied in plant tran-
scriptomics and plastid expression analyses (Wicke et al. 2011). Heatmaps
were generated using Seaborn’s clustermap function in Python, where red indi-
cates high expression and green indicates low expression. Genes with zero or
missing values across all species were excluded from the final heatmap prior
to the log, (FPKM + 1) transformation.

Chloroplast gene maps were visualized using OrganellarGenomeDRAW
(OGDRAW) v1.3.1 (Greiner et al. 2019). Gene coordinates were extracted from
BLAST alignments of chloroplast reference genes against the transcriptome
assemblies of each species. Nucleotide diversity () was calculated to as-
sess the level of sequence polymorphism across the chloroplast regions of
the seven Amomum species. A total of 43 genes were aligned using ClustalW
in BioEdit v7.2.5 (Hall 1999) with default parameters. The resulting multiple
sequence alignment served as input for sliding-window analysis in DnaSP
v6.12.03 (Rozas et al. 2017), applying a window size of 600 bp and a step size
of 200 bp to compute m values across the alignment. Nucleotide positions were
plotted against rr values to visualize regions of high and low diversity. Gene
boundaries were annotated on the graph using custom Python scripts (Suppl.
material 1) to facilitate the identification of polymorphism hotspots associated
with specific chloroplast genes.

Phylogenetic analyses

To complement the transcriptomic data, available complete chloroplast ge-
nomes of closely related species within the genera Amomum s.l., Kaempferia,
Alpinia, and Zingiber were retrieved from NCBI (Suppl. material 1: table S4). Two
additional species, namely Hedychium coronarium NC045863 and Roscoea
humeana NC046582, were included as outgroups. Phylogenetic reconstruction
was conducted using two commonly employed methods: Bayesian inference
(BI) and maximum likelihood (ML) (Huelsenbeck and Ronquist 2001; Stamat-
akis et al. 2008).

Bayesian analysis was performed using MrBayes v3.2.6 on XSEDE (Huelsen-
beck and Ronquist 2001) via the CIPRES portal on XSEDE. jModelTest2 was
used to select the best-fit nucleotide substitution model for the dataset. The
analysis used three substitution schemes, unequal base frequencies, gam-
ma-distributed rate variation among sites with four rate categories, and Akaike
information criterion (AIC) and AIC corrected for small samples (AlCc) (de Boer
et al. 2018). Both AIC and AICc selected GTR+G as the best-fit model. Each
run consisted of three incrementally heated chains and one cold Markov chain
Monte Carlo (MCMC) chain, with a temperature parameter of 0.2, executed for
1 x 10° generations and sampled every 1000 generations. All other parameters
were maintained at default settings. Resulting phylograms were visualized and
edited in FigTree (Rambaut 2007) with outgroup rooting applied to produce a
50% maijority-rule consensus tree showing Bayesian posterior probability val-
ues on branches. ML analysis was performed using RAXML version 8 on the
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CIPRES portal on XSEDE, using the GTRGAMMA model with 500 bootstrap rep-
licates mapped onto the best-scoring tree (Stamatakis et al. 2008). The result-

ing ML tree was visualized using FigTree (Rambaut 2007).

Results

Partial chloroplast gene analysis

The transcriptomic sequencing results generated approximately 170 GB of raw
data. A total of 85 chloroplast genes were identified in the seven Amomum s.I.
species from Peninsular Malaysia. In this study, 43 genes were analyzed, and
the remaining 42 genes were excluded because they were short sequences or
incomplete. Table 2 shows a summary of sequence-variability information for
the seven species, and Table 3 shows the genes found in all seven samples and

their categories.

The total length of the concatenated sequences ranged from 27,414 bp (A.
aculeatum) to 27,500 bp (A. curtisii and A. testaceum). The overall GC content
across species was relatively low, ranging from 37.4% to 38.0%. Across the
seven Amomum species, A+T content was consistently elevated at all three
codon positions of the chloroplast protein-coding genes. For all species, the
first codon position exhibited the highest A+T content, ranging from 64.5% to
64.9%, while the second codon position showed the lowest, ranging from 60.5%
to 61.1%, consistent with stronger evolutionary constraint at this position. The
third codon position displayed moderately high A+T content, ranging from
60.9% to 62.0%, indicative of relaxed selective pressure and a higher likelihood
of synonymous substitutions. Fig. TA-G shows partial chloroplast genes of
seven Peninsular Malaysian Amomum species.

Table 2. Summary of sequence-variability information of seven Amomum s.l. species.

Type A. aculeatum | A. trilobum

Total length (bp) 27414 27499
Number of genes 43 43
Protein coding genes 43 43
Total GC (%) content 37.4 38
CDS.AT1 64.9 64.9
CDS.AT2 61 61
CDS.AT3 62 61.3

Table 3. Genes present in all seven species.

Gene category
Photosystem |
Photosystem Il
ATP synthase
NAD(P)H dehydrogenase
Cytochrome b6f
Ribosomal proteins
Other

A. uliginosum
27499

43
43
37.7
64.5
60.5
61
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A. elan A. smithiae
27499 27499
43 43
43 43
37.8 37.7
64.6 64.7
61.1 61
61.2 61.2
Gene names
psaJ

ndhE, ndhJ, ndhK
petA, petL

cemaA, clpP, ycf4, ycf9, ycf10, ycf68, rbel

A. curtisii
27500

43
43
379
64.7
60.7
60.9

A. testaceum
27500

43
43
37.4
64.7
61
62

psbA, psbB, psbD, psbE, psbF, psbG, psbH, psbl, psbJ, psbK, psbM, psbN, pshZ
atpA, atpF, atpH, atpl

rpl2, rpl14, rpl16, rpl20, rpl33, rpl36, rps3, rps7, rps8, rps11, rps14, rps16, rps19
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Figure 1. A. Partial chloroplast genes of Amomum uliginosum; B. Partial chloroplast genes of Amomum trilobum; C. Partial
chloroplast genes of Amomum testaceum; D. Partial chloroplast genes of Amomum smithiae; E. Partial chloroplast genes
of Amomum elan; F. Partial chloroplast genes of Amomum curtisii; G. Partial chloroplast genes of Amomum aculeatum.
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The hierarchical clustering heatmap of normalized (log,(FPKM + 1)) chlo-
roplast gene expression data for six Amomum species is shown in Fig. 2, and
A. uliginosum was excluded due to poor alignment during gene expression
quantification. Additionally, the elimination of genes with zero or nearly zero
expression across all species was an essential filtering step in log-transformed
transcriptome datasets to avoid artificial clustering biases. Both divergent and
conserved gene expression patterns were identified across species. Several
genes exhibited species-specific overexpression, but the majority of genes
displayed moderate to low expression across species. Notably, genes ycf68,
ycf4, rpl33, and rps14 showed the highest expression levels in A. elan, where-
as A. aculeatum and A. trilobum generally displayed lower expression levels
across these genes. While A. elan formed a separate cluster, indicating a dis-
tinct chloroplast transcriptional landscape, A. trilobum and A. testaceum were
closely clustered according to the clustering analysis, suggesting similar ex-
pression profiles. These trends highlight potential species-specific functional
divergence within Amomum s.I. chloroplast genomes.

Fig. 3 shows the results of the sliding-window analysis of nucleotide diversity
(1) across the concatenated chloroplast genes. It demonstrated that the seven
selected Amomum species have varying degrees of sequence polymorphism.
Overall, the dataset showed moderate nucleotide variation, with it values ranging
from 0 to approximately 0.030. The ndhJ gene region exhibited the highest nu-
cleotide diversity, followed by elevated mt values close to psbT, psbZ, and rps14.
These areas might be hotspots for variation in the chloroplast and could be used
as molecular markers for evolutionary research or species differentiation. Con-

PhytoKeys 276: 151-174 (2026), DOI: 10.3897/phytokeys.276.192768 161



Fathmath Shaman Fareed et al.: Plastid Phylogenomics of Amomum s.|

' ' '
A. aculeatum A. lestaceum A. trilobum A. smithiae A. curtisii A.elan

Figure 2. Hierarchical clustering heatmap of normalized (log,(FPKM + 1)) expression values of chloroplast genes across

six Amomum species. The tree on the left indicates the hierarchical clustering dendrogram of the genes (rows), while the
tree on top indicates the dendrogram of the species (columns).
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versely, genes such as rbcL, psbA, and atpl, which are known to be highly con-
served and functionally limited across plant lineages, were found in conserved
regions with low mt values. These patterns reflect a combination of evolutionary
forces, whereby some genes accumulate mutations more frequently, such as
ndhJ, psbT, and rps14, while others, such as rbcL, psbA, and atpl, remain highly
conserved due to essential photosynthetic or housekeeping functions.

Phylogenetic analysis

This study presents a comprehensive chloroplast phylogenomic analysis of the
seven selected Peninsular Malaysian Amomum species, aimed at resolving their
phylogenetic relationships within the family Zingiberaceae based on transcrip-
tomic data. Although the Amomum s.I. chloroplast genome generally contains
approximately 110—130 genes (Wu et al. 2017), only 43 chloroplast genes out of
the 85 transcribed chloroplast genes were successfully extracted from the tran-
scriptomic datasets and retained for subsequent analysis. Bl and ML (RAXML)
analyses were performed using 102 samples comprising 28,794 aligned posi-
tions and 43 concatenated chloroplast genes. Of these 102 samples analyzed,
seven represented the Peninsular Malaysian species studied, 93 were related
taxa downloaded from NCBI GenBank, and two were outgroups (Hedychium coro-
narium NC045863 and Roscoea humeana NC046582). Taxonomic names for ref-
erence sequences obtained from NCBI GenBank were retained according to their
original database annotations and currently accepted generic classifications.

The phylogenetic trees derived from both BI (Fig. 4) and ML analyses (Fig. 5)
offer insights into the divergence and relatedness of these species and related
genera. Both analyses revealed two major, well-supported clades, Clade A and
Clade B, each with strong Bayesian posterior probability percentage (BPP) val-
ues of 100. Clade A primarily comprised species from the genera Zingiber and
Kaempferia and was further divided into two well-supported clades. Subclade
A1 (BPP = 100) included 21 Zingiber species, whereas subclade A2 (BPP =
100) consisted of three Kaempferia species. The Kaempferia subclade formed
a sister lineage to the Zingiber species.

Clade B comprised taxa belonging to the Amomum-Alpinia complex, includ-
ing representatives of Amomum, Wurfbainia, Lanxangia, and Alpinia. Lanxangia
tsao-ko formed a strongly supported sister lineage to the remaining taxa within
Clade B (BPP = 100). Subclade B1 showed moderate support (BPP = 68) and
included three Peninsular Malaysian species, A. curtisii, A. elan, and A. smithiae,
together with Amomum longipetiolatum, A. cinnamomeum, and A. maximum.
Within this subclade, A. curtisii and A. elan clustered together with strong sup-
port (BPP = 100), while A. smithiae formed a sister lineage to this grouping.
Amomum velutinum and A. petaloideum were resolved as sister species to sub-
clade B1. These taxa collectively formed a sister clade to two Alpinia species:
Alpinia nigra and Alpinia galanga.

Subclade B2 (BPP = 100) comprised the remaining Alpinia species and taxa
associated with Amomum and Wurfbainia. Alpinia ligulata formed a sister lin-
eage to two major clusters: one consisting of A. katsumadae, A. kwangsiensis,
A. officinarum, and A. oxyphylla and the other comprising A. pumila, A. japonica,
and A. chinensis. The Alpinia cluster formed a sister clade to taxa comprising
Amomum and Wurfbainia species. Within this lineage, the two Peninsular Ma-
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Figure 4. Bayesian inference phylogram showing evolutionary relationships among the sampled Amomum species.
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Figure 5. Maximum likelihood phylogram showing the evolutionary relationships among the sampled Amomum species.
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laysian species Amomum testaceum (syn. Wurfbainia testacea) and A. trilobum
formed a well-supported clade sister to Amomum krervanh (syn. Wurfbainia
vera (Govaerts et al. 2021)) and Amomum compactum (syn. Wurfbainia com-
pacta). In addition, A. uliginosum (syn. Wurfbainia uliginosa) and A. aculeatum
(syn. Meistera aculeata) from Peninsular Malaysia formed a separate, highly
supported clade (BPP = 100) positioned closely to Wurfbainia villosa, W. longili-
gularis, and W. neoaurantiaca.

The ML analysis using RAXML recovered a topology largely congruent with
the Bayesian tree. Two major clades, A and B, were supported by strong boot-
strap values of 98 and 100, respectively. Clade A was further divided into sub-
clades A1 and A2, which were well resolved with bootstrap values of 100. The
relationships among taxa within Clades A and B were generally consistent with
those recovered in the Bayesian analysis, including the placement of the Pen-
insular Malaysian Amomum species. In both the Bl and ML trees, all sampled
Peninsular Malaysian Amomum species (highlighted in blue), except A. tri-
lobum and A. aculeatum (syn. Meistera aculeata), were recovered within the
Amomum-—Alpinia lineage.

Discussion
Partial chloroplast gene analysis

The comparative chloroplast transcriptome analysis of Amomum species
from Peninsular Malaysia revealed both conserved and divergent patterns in
gene structure and expression. Gene exclusion is a common feature of tran-
scriptome-derived plastid analyses and typically results from degraded RNA,
incomplete assemblies, or low transcription abundance (Shi et al. 2012; Li et
al. 2014). The overall structural conservation of the partial plastome was in-
ferred based on the relatively constant length range of the concatenated genes
(27,414-27,500 bp). The consistently low GC content observed in this study is
characteristic of the A+T-biased plastid genomes of monocots (Morton 1998;
Daniell et al. 2016). Codon position analyses further suggest purifying selec-
tion at the first codon position, stronger evolutionary constraint at the second,
and relaxed selection at the third, enabling synonymous substitution and con-
tributing to evolutionary plasticity (Zhang et al. 2006; Smith 2012).

Findings from the partial Amomum chloroplast genes analyzed here align
with patterns reported in complete chloroplast genome studies. Jin et al.
(2020) described the A. villosum plastome (~163.6-164.1 kb) as having a typ-
ical quadripartite structure with ~113 genes, supporting the structural stabil-
ity and conserved gene content across Amomum. Similarly, Cui et al. (2019)
emphasized both conserved inverted repeat (IR) boundaries and divergence
in simple sequence repeat (SSR) content and non-coding regions across three
medicinal Amomum species, highlighting features useful for species authen-
tication. Although the present study does not capture the complete plastome,
expression-based comparisons of conserved protein-coding genes correspond
well with genome-level observations, emphasizing both overall structural con-
servation and gene-specific divergence.

The hierarchical heatmap derived from normalized chloroplast gene expres-
sion (log,(FPKM + 1)) illustrated distinct species-specific transcriptional land-
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scapes across the six analyzed species, excluding A. uliginosum. Filtering out
genes with zero or near-zero expression was essential to avoid artificial clus-
tering biases; hence, not all 43 genes were included in the heatmap (Anders
and Huber 2010). Despite the general pattern of moderate to low expression
across species, several genes exhibited notable species-specific upregulation.
Distinct clustering patterns suggest divergent plastid regulation, with A. elan
showing a particularly unique expression profile. This may reflect lineage-spe-
cific retention or modulation of plastid ribosomal and ycf functions (Wakasugi
et al. 1996; Ueda et al. 2007). The ribosomal gene rp/33 is known to be critical
for ribosome stability and translational initiation under cold stress (Tiller et al.
2012). Although less well understood, the ycf14 and ycf68 genes are frequently
found in plastomes, with ycf68 implicated in tRNA intron splicing in some lin-
eages (Shinozaki et al. 1986; Raubeson and Jansen 2005).

Patterns of functional divergence are further supported by the clustering be-
havior observed. For instance, the close grouping of A. trilobum and A. testa-
ceum (syn. W. testacea) suggests similarities in the regulation of plastid gene
expression. In contrast, the distinct clustering of A. elan supports a trajectory of
lineage-specific plastome expression evolution. Such variation in plastid gene
expression may reflect differences in plastid gene loss and transfer, adapta-
tion to ecological niches, or regulatory changes across lineages (Mohanta et
al. 2020).

Nucleotide diversity (i) analysis revealed a wide range of polymorphisms
across the chloroplast genomes of the Peninsular Malaysian Amomum spe-
cies. The pronounced diversity peak at the ndhJ locus suggests relaxed se-
lection or lineage-specific evolutionary pressure, positioning this region as a
potential candidate for phylogeographic or DNA barcoding applications. Genes
such as ndhF, psbT, and rps74 have similarly been identified as informative
markers for species discrimination and evolutionary inference in other plant
families, including Zingiberaceae and Solanaceae (Shaw et al. 2007; Huang et
al. 2014; Li et al. 2021). Conversely, genes such as atpl, psbA, and rbcL showed
minimal variability, consistent with their highly conserved and essential func-
tions in photosynthesis (Dong et al. 2012; Abdullah et al. 2020). The contrast
between conserved and hypervariable regions highlights the dynamic evolu-
tionary forces influencing the Amomum s.I. chloroplast genome and demon-
strates the utility of sliding-window m analysis in identifying candidate molecu-
lar markers.

Previous work by Jin et al. (2020) and Cui et al. (2019) identified loci such
as ycf4—cemA and other SSR-rich intergenic spacers as promising barcoding
sites. The expression peaks observed in rps14, rpl33, ycf14, and ycf68 in this
study complement those findings. This further suggests that some variable
protein-coding genes may also exhibit regulatory importance. Collectively,
these findings highlight the value of integrating plastome structural features
with transcriptome-based expression profiles to uncover candidate markers
and gain insight into adaptive divergence within Amomum s.I.

Overall, this study demonstrates that chloroplast gene expression patterns
in Amomum s.l. may be shaped by a combination of evolutionary constraint and
species-specific regulatory shifts. Several genes, including rpsi4, rpl33, and
ycf68, emerge as promising candidates for further functional studies aimed at
understanding plastid function, adaptation, and diversification.
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Phylogenetic analysis

Phylogenomic analysis identified two major clades, with all Peninsular Malay-
sian Amomum species consistently placed within Clade B. This topology aligns
with earlier classifications within the Zingiberaceae (Xia et al. 2004; Kress et al.
2002). The strong bootstrap support for the close relationship between Zingib-
er and Kaempferia further confirms previous taxonomic frameworks proposed
by de Boer et al. (2018). In addition, the placement of Lanxangia tsao-ko as a
sister lineage to the remaining taxa within Clade B further reinforces its recog-
nition as a distinct lineage within the family, consistent with the findings of de
Boer et al. (2018). Importantly, the present analyses further affirm the paraphy-
letic nature of Amomum s.l., as observed by de Boer et al. (2018) and Gong et
al. (2022).

The present findings are broadly congruent with those of Gong et al. (2022),
although several differences in species relationships were observed. Gong et
al. (2022) identified A. maximum and A. longipetiolatum as sister taxa to Al-
pinia nigra and A. galanga, whereas the present study found Amomum curti-
sii, A. elan, and A. smithiae to be more closely related to A. maximum and A.
longipetiolatum, together forming a sister lineage to the two Alpinia species.
Hlavata et al. (2023) previously grouped A. trilobum with A. aff. elan; however,
the latter represents an uncertain taxonomic identification and may not accu-
rately reflect the true placement of A. elan. In contrast, the present analysis
clearly distinguishes A. trilobum and A. elan as distinct evolutionary lineages.
These differences emphasize the influence of taxon sampling on phylogenetic
resolution and highlight the importance of integrating both morphological and
molecular datasets to refine species boundaries within the Zingiberaceae.

The phylogenetic relationships observed in this study also provide insight
into the biogeographical history of the groups. Divergence patterns within Clade
B, particularly the sister relationships between Peninsular Malaysian Amomum
species and taxa distributed across other regions of Southeast Asia, suggest
that historical geographical barriers may have influenced lineage diversifica-
tion. This observation aligns with previous research indicating that sea-level
fluctuations, mountain formation, and climatic changes have shaped disper-
sal and diversification patterns within the Zingiberaceae throughout Southeast
Asia (Ashokan et al. 2022). The occurrence of closely related taxa across geo-
graphically distinct regions points to historical connectivity and subsequent
regional diversification.

The taxonomic revisions proposed by de Boer et al. (2018) are also support-
ed by the present findings. Amomum uliginosum, previously transferred to Wurf-
bainia uliginosa (J.Koenig) Skornick. & A.D.Poulsen, clustered within the Wurf-
bainia lineage in the present phylogeny. Similarly, Amomum testaceum (syn.
Wurfbainia testacea) resolved in close association with A. compactum (syn. W.
compacta) and A. krervanh (syn. W. vera), further supporting recognition of Wurf-
bainia as a distinct lineage. Based on the present phylogeny, A. trilobum appears
more closely associated with the Wurfbainia lineage than with the core Amo-
mum-Alpinia cluster, suggesting that further taxonomic evaluation of this spe-
cies is warranted. Similarly, A. aculeatum (syn. Meistera aculeata) resolved as a
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distinct lineage sister to the subclade consisting of Amomum and Wurfbainia
species. However, this inference is currently limited by the availability of only a
single representative sequence. The absence of complete plastome records for
additional Meistera species in GenBank further restricts the phylogenetic res-
olution within this lineage and highlights the need for broader taxon sampling.

The consistent detection of paraphyly within Amomum s.l. across multiple
phylogenetic studies (de Boer et al. 2018; Gong et al. 2022) raises important
questions regarding the evolutionary history of this group. Such paraphyly may
reflect complex processes such as incomplete lineage sorting, hybridization, or
retention of ancestral polymorphismes, all of which warrant further investigation
using expanded genomic datasets and broader taxonomic sampling.

Finally, it is important to acknowledge that phylogenies reconstructed based
on individual or reduced chloroplast genes may differ from those inferred us-
ing complete plastome sequences. Whole-plastome analyses generally provide
higher phylogenetic resolution owing to the inclusion of non-coding regions
and additional informative sites. Nevertheless, analyses based on a reduced
set of chloroplast genes, such as those used in the present study, were suffi-
cient to recover robust phylogenetic patterns within the Peninsular Malaysian
Amomum species.

Conclusion

In summary, this study provides the first transcriptome-derived chloroplast phy-
logenomic framework for Peninsular Malaysian Amomum s.I. Using 43 con-
served chloroplast protein-coding genes, the analyses consistently support
the paraphyly of Amomum s.l. and align with recent taxonomic revisions with-
in tribe Alpinieae. All sampled Peninsular Malaysian taxa were placed within
Clade B, highlighting both well-supported and unresolved relationships that
warrant further investigation using nuclear markers and complete plastome
data. Amomum trilobum showed a closer association with Wurfbainia than
with Amomum-Alpinia, suggesting the possible transfer of the species to Wurf-
bainia with further taxonomic evaluation.

Beyond phylogenetic structure, the study also reveals lineage-specific di-
vergence in chloroplast gene expression. Variation in the expression of genes
such as rps14, rpl33, and ycf68 suggests potential functional shifts among spe-
cies, complementing nucleotide diversity patterns that identify both conserved
regions, e.g., rbcL and psbA, and hypervariable hotspots, e.g., ndhJ, psbT, and
rps14. Together, these findings demonstrate the utility of transcriptome-derived
chloroplast data for elucidating evolutionary histories where full plastomes are
unavailable while also identifying promising candidate loci for future barcod-
ing, phylogeographic, and functional studies.
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