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Abstract

Background
In the �eld of Heliconia phylogeny, the analysis has traditionally relied on the use of partially conserved
chloroplast and nuclear genes, which serve as important markers for studying coevolution. However, the
lack of complete chloroplast genomes for Heliconia species has posed a challenge in achieving a more
comprehensive understanding of Heliconia chloroplast genomes and developing speci�c molecular
markers for conducting in-depth phylogenetic studies within the genus.

Results
In this study, we performed sequencing and assembly of the complete chloroplast genomes of four
representative Heliconia species of the Zingiberales order: Heliconia bihai, Heliconia caribaea, Heliconia
orthotricha, and Heliconia tortuosa. The chloroplast genomes of these Heliconia species exhibited the
typical quadripartite structure and ranged in length from 161,680 bp to 161,913 bp, all containing 86
protein-coding genes. Comparative analysis between the Heliconia chloroplast genomes and those of
Zingiberales species revealed a high overall similarity in chloroplast genome structure. However, we
observed signi�cant variability in the single-copy (SC) regions and noticed a high degree of A/T base
preference. Additionally, there were variable ampli�cations in the inverted repeat (IR) regions. While no
genes with high nucleotide diversity were identi�ed, three positively selected genes in Heliconiaceae,
including ndhD, rpl2 and ycf2, were discovered when compared to other Zingiberales plants. Moreover,
phylogenetic analysis provided strong support for the formation of a monophyletic clade consisting of
Heliconiaceae species. This clade was nested within the tribe Heliconiaceae of the Zingiberales order,
with high bootstrap support, reinforcing their evolutionary relatedness.

Conclusions
The results of this study have offered insights into the chloroplast genomes of Heliconia, and the dataset
produced by our research serves as a valuable resource for subsequent studies on the Heliconia
evolutionary trajectory.

Background
Heliconia, a genus belonging to the Heliconiaceae family, is a unique group of �owering plants
comprising nearly 200 species [1, 2]. These plants are primarily found in tropical America and certain
islands in the western Paci�c [3]. The in�orescences of Heliconia consist of upright or drooping cone-like
structures, from which emerge the vibrant and eye-catching bracts. The colorful portions that catch our
attention are waxy bracts, while the slender sections within these bracts house the true �owers of the
Heliconia plant. Heliconiaceae holds great signi�cance not only in the international fresh-cut �ower
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market, where its exotic �oral bracts are highly sought after [2], but also in the realm of studying
coevolution between plants and animals [4]. A well-known previous study investigated the relationship
between hummingbirds and their Heliconia food plants across the Lesser Antilles islands [5], which
offered valuable insights into the intricate relationships between �owering plants and their avian
pollinators. By delving into the intricate evolutionary processes within the Heliconiaceae family, we can
contribute to a better understanding of the broader phenomenon of coevolution. In this aspect, previous
studies on Heliconia species evolution can date back to the 1980s when the cladistic morphological
analyses contributed to understanding on Heliconia infrageneric taxonomic systems [6–9]. The
taxonomic and morphological aspects of the genus, as well as its ecological signi�cance in tropical
forests, have garnered considerable interest.

Genetic makers from plastid and nuclear genomes were used to analyze Heliconia evolution, revealing
that the diversity of Heliconia originated in the Late Eocene (39 million years ago) and experienced rapid
diversi�cation during the Early Miocene[1]. However, studies focusing on the molecular diversity of
Heliconia are relatively infrequent, majorly utilizing genetic makers to study species level and population-
level evolution [10–15]. Previous studies utilized Ampli�ed Fragment Length Polymorphism (AFLP)
makers to study cultivated Heliconia species[16] and the genetic diversity of H. bihai populations [17].
Random Ampli�ed Polymorphic DNA (RAPD) markers were also applied to study evolutionary
relationship among Heliconia species, revealing the monophyletic nature of the Heliconia genus [15].
Furthermore, In the larger group of Zingiberales order, to which Heliconia belongs, more genetic makers or
representative whole chloroplast genomes were utilized to depict the evolutionary process of Zingiberales
species, indicating Heliconia as the sister group to the remaining families in Zingiberales [18, 19]. To
attain a comprehensive understanding of the correlation between morphological and molecular diversity
in Heliconiaceae, it is essential to gather more extensive molecular data and conduct comparative
analyses with other species within the Zingiberales order. This will be instrumental in elucidating the
evolutionary patterns and relationships among Heliconia species and its coevolutionary dynamics with
hummingbirds.

In this study, we assembled the chloroplast genomes of four representative Heliconia species, including
Heliconia bihai [20], Heliconia caribaea [21], Heliconia orthotricha [22], and Heliconia tortuosa [23] (Pic.
S1). We conducted a comprehensive examination of the complete chloroplast genome structures of these
species, undertaking a detailed analysis and comparison of their structural and genomic features with
those of other Zingiberales species. With the chloroplast genomes, our research aims to contribute to a
deeper understanding of the phylogenetic relationships within the Heliconiaceae family.

Materials and methods

Plant materials and DNA sequencing
Four representative Heliconia species, namely Heliconia bihai, Heliconia caribaea, Heliconia orthotricha,
and Heliconia tortuosa, were selected for our study. H. bihai, H. caribaea, and H. tortuosa samples were
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collected from tropical America by Kress lab, while H. orthotricha was obtained from the Guangdong
Flower Market. Fresh leaves were carefully collected and immediately snap-frozen in liquid nitrogen. The
samples were then stored at -80 ℃ until DNA extraction. DNA extraction was performed using the
modi�ed CTAB method [24]. Subsequently, the DNA samples were sequenced on BGISEQ-500 platforms
(MGI, Shenzhen, China) using the whole genome strategy at BGI Research Qingdao lab, following the
manufacturer instructions [25] .

Chloroplast genome assembly and annotation
The de novo assembly of four chloroplast genomes was performed using NOVOplasty (version 4.3.3) [26]
with parameters of “Genome Range: 150,000-190,000; K-mer: 31; Seed Input: Heliconia collinsiana;
Combined reads: All clean reads”. For the homology-based assembly of the chloroplast genomes,
MITObim version 1.9.1 (relies on MIRA 4.0.2) (https://github.com/chrishah/MITObim) was utilized with
parameters of “Read Pool: Extracted all clean reads with a depth of 20X; -quick Heliconia collinsiana” [27].
The resulting assemblies from both methods were then aligned and re�ned against the reference
chloroplast genome of Heliconia collinsiana (NC_020362.1). Finally, we conducted manual curation to
derive circular sequences. To visualize the chloroplast genome maps, the online program OGDRAW v1.3.1
[28] (https://chlorobox.mpimp-golm.mpg.de/OGDraw.html) was employed.

Chloroplast genome analysis and statistics
The identi�cation of simple sequence repeats (SSRs) was performed using the online MISA-web tool [29,
30]. The minimum number of repeats was set to 10, 5, 4, 3, 3, and 3 for mononucleotide (mono-),
dinucleotide (din-), trinucleotide (tri-), tetranucleotide (tetra-), pentanucleotide (penta-), and hexanucleotide
(hexan-) SSRs, respectively [31]. Tandem repeat sequences were detected using Tandem Repeats Finder
with default parameters [32]. The parameters used were 2, 7, and 7 for weights of match, mismatch, and
indels, respectively. The detection parameters were set to 80 for the matching probability (Pm), 10 for the
indel probability (Pi), a minimum alignment score of 50, and a maximum period size of 500. Long repeat
sequences were analyzed using REPuter [33]. The analysis identi�ed forward (F), reverse (R), complement
(C), and palindromic (P) repeats with default parameters. The parameters used were, ‘-f’ to compute
maximal forward repeats, ‘-p’ to compute maximal palindromes, ‘-h’ to search for repeats up to the given
hamming distance, and ‘-l’ to specify the desired length of repeats. Codon usage was analyzed using
MEGA11 [34], and the relative synonymous codon usage (RSCU) and amino acid frequencies were
calculated with default settings. Additionally, the GC content of the three positions was analyzed using
CUSP in the EMBOSS program [35].

Comparative analysis of the chloroplast genomes
Signals of natural selection were evaluated for all protein coding genes. The non-synonymous (Ka) and
synonymous (Ks) substitution ratio (Ka/Ks) of each gene was calculated in the background of different
species in Zingiberales. The protein sequences of protein coding genes in each pair of the species were
aligned using MAFFT (v7.407) [36]. Subsequently, the coding DNA sequences (CDS) were converted into
codon alignments based on the protein sequence alignment using the Perl script pal2nal (v14) [37]. The
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KaKs calculator (v2.0) [38], utilizing its model-averaging method, was employed to compute the values
for Ka (non-synonymous substitutions), Ks (synonymous substitutions), and the Ka/Ks ratio.

The pairwise alignments and sequence divergence analysis were conducted for H. bihai, H. caribaea, H.
orthotricha, and H. tortuosa, along with seven additional Zingiberales species, namely Canna indica
(MK561603), Costus pulverulentus (KF601573), Musa acuminata (NC_058940), Orchidantha �mbriata
(KF601569.1), Thaumatococcus daniellii (KF601575.1), Ravenala madagascariensis (NC_022927.1), and
Zingiber o�cinale (NC_044775). The alignments and sequence comparisons were performed using the
mVISTA tool with LAGAN and Shu�e-LAGAN modes [39]. The analysis was carried out to assess the
contraction and extension of the inverted repeat (IR) borders across the four major regions
(LSC/IRa/SSC/IRb) in the chloroplast genome sequences of all eleven species. This assessment was
carried out using the web tool IRSCOPE [40].

Phylogenetic analysis
We obtained 22 chloroplast genomes from the NCBI database, including Oryza sativa(NC_031333.1),
Canna indica (MK561603.1), Costus pulverulentus (KF601573.1), Heliconia acuminata (MH603423.1),
Heliconia collinsiana (NC_020362.1), Heliconia meridensis (MH603426.1), Heliconia nutans
(MH603425.1), Orchidantha �mbriata (KF601569.1), Thaumatococcus daniellii (KF601575.1), Ensete
glaucum (LC610748.1), Musa acuminata (NC_058940.1), Musa balbisiana (NC_028439.1), Ravenala
madagascariensis (NC_022927.1), Amomum compactum (NC_036992.1), Amomum krervanh
(NC_036935.1), Curcuma roscoeana (MT395652.1), Kaempferia elegans (NC_040852.1), Lanxangia tsao-
ko (MK937808.1), Roscoea schneideriana (MZ569051.1), Wurfbainia compacta (MG000589.1), Zingiber
o�cinale (NC_044775.1), and Zingiber spectabile (NC_020363.1). In addition to the seven species from
Heliconiaceae family, we included 18 additional species and used the monocotyledonous plant rice
(Oryza sativa) as an outgroup. To align the chloroplast genome single-copy sequences, we employed the
MAFFT software [36], and we then used Gblocks (Version 0.91b,
http://molevol.cmima.csic.es/castresana/Gblocks_server.html) for extracting conserved sites from the
multiple sequence alignment. Subsequently, we extracted the Fourfold Degenerate Third Codon
Transversion (4dtv) sites for the construction of the phylogenetic tree. Maximum likelihood (ML) analysis
was performed using the RAxML program [41] with the parameter ‘-N 1000 -m GTRGAMMAI -f a -x 123 -p
123 -k -O -o Oryza_sativa’ as the nucleotide substitution model. MEGA11 [34] was used with default
parameters to construct the Neighbor-Joining evolutionary tree. To visualize the phylogenetic
relationships, we utilized the iTOL online tool (https://itol.embl.de/) [42].

For the analysis of shared genes among the 26 species, we generated a high-quality alignment �le using
the MAFFT [36] with default parameters. These alignment �les, along with the chloroplast genome
sequences, were used as input �les for codeml. In the initial run, the ctl �le parameters were set to
‘runmode = 0, CodonFreq = 2, and model = 0’. In the second run, the parameters were adjusted to ‘mode = 
2’, focusing on the Heliconiaceae family as the foreground branch, allowing for the calculation of
different evolutionary rates [36]. The DnaSP v5 software [43] was employed to compare the aligned
sequences, calculate nucleic acid diversity, and obtain the value of π.
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Results
Assemble the Heliconia chloroplast genomes

Using the generated sequencing data, we successfully assembled the chloroplast genomes of four
Heliconia species, including H. bihai, H. caribaea, H. orthotricha, and H. tortuosa (Table S1). The
chloroplast genomes of these four Heliconia species exhibited signi�cant similarity. The sizes of the
chloroplast genomes were as follows, 161,745 bp for H. bihai, 161,908 bp for H. caribaea, 161,689 bp for
H. orthotricha, and 161,672 bp for H. tortuosa. A total of 132 genes were identi�ed in these chloroplast
genomes, comprising 86 coding sequences (CDS), 8 ribosomal RNAs (rRNAs), and 38 transfer RNAs
(tRNAs) (Fig. 1a, Table 1, S2). Among these genes, 18 were identi�ed as splitting genes in H. bihai, H.
orthotricha, and H. tortuosa, with 16 of them containing a single intron each, while two genes (clpP and
ycf3) had two introns each. Notably, H. caribaea had 19 splitting genes, including the unique presence of
accD, which sets it apart from other species in terms of splitting genes (Table S3). The chloroplast
genomes of these Heliconia species displayed a quadripartite structure, similar to the majority of
angiosperms. This structure consisted of a large single-copy (LSC) region (89,772 bp for H. bihai, 89,861
bp for H. caribaea, 89,734 bp for H. orthotricha, and 89,775 bp for H. tortuosa), a small single-copy (SSC)
region (18,757 bp for H. bihai, 18,779 bp for H. caribaea, 18,704 bp for H. orthotricha, and 18,656 bp for H.
tortuosa), and two inverted repeat (IR) regions (26,608 bp for H. bihai, 26,634 bp for H. caribaea, 26,617
bp for H. orthotricha, and 26,629 bp for H. tortuosa) (Fig. S1). The GC content in the LSC, SSC, and IR
regions of all four chloroplast genomes was 35.4%, 31.3%, and 42.8%, respectively (Table 1), re�ecting a
notable bias toward the usage of A/T bases in the Heliconia chloroplast genome.
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Table 1
General characteristics of four Heliconia chloroplast genomes.

Charateristics and
parameters

Heliconia
bihai

Heliconia
caribaea

Heliconia
orthotricha

Heliconia
tuotorsa

Total cp genome size
(bp)

161,745 161,908 161,689 161,672

LSC length (bp) 89,772 89,861 89775 89,734

SSC length (bp) 18,757 18,779 18656 18,704

IR length (bp) 26,608 26,634 26629 26,617

Total number of genes 132 132 132 132

CDS genes 86 86 86 86

rRNAs genes 8 8 8 8

tRNAs genes 38 38 38 38

Total GC content (%) 37.36 37.34 37.36 37.36

GC content for LSC (%) 35.39 35.36 35.39 35.38

GC content for SSC (%) 31.29 31.27 31.29 31.34

GC content for IR (%) 42.82 42.83 42.82 42.82

Coding GC (%) 38.17 38.17 38.18 38.13

1st letter GC (%) 45.74 45.75 45.82 45.68

2nd letter GC (%) 38.41 38.41 38.47 38.40

3rd letter GC (%) 30.37 30.35 30.24 30.30

Heliconia chloroplast repeat sequence features

Much like the role of mitochondrial genomes in vertebrate genetics, chloroplast genomes serve as a
common tool for resolving phylogenetic and evolutionary debates [44]. Three main types of repeat
sequences were found in organelle genomes, including simple sequence repeats (SSRs) [45], tandem
repeats (TRs), and dispersed repeats (DRs). Among these, SSRs exhibited high variability within a
species, making them valuable markers for population genetics and phylogenetic analyses [46]. In the
case of Heliconia chloroplasts, we observed similarities but not complete consistency in repeat
sequences. Focusing on SSRs, we found minimal variation in their numbers among the four Heliconia
genomes, with 73 in H. bihai and H. caribaea, 71 in H. tortuosa, and 68 in H. orthotricha. Despite the
similarity in the number of encoded genes, notable differences in SSR types were observed as well.
Speci�cally, H. bihai and H. caribaea featured monomeric, dinucleotide, trinucleotide, tetranucleotide, and
pentanucleotide SSR types, while H. tortuosa and H. orthotricha additionally included the hexanucleotide
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SSR type in the SSC region (Table S4). Most SSRs were concentrated in the LSC regions, with only one
SSR located within coding genes across all four Heliconia species. By comparing the chloroplast genome
data of other species within the Zingiberales order that have been sequenced to date (Fig. 1b), we found
that the presence of both ACT and AATC types of SSRs in the genome could potentially serve as an
indicator for classifying a species as belonging to the Heliconia genus (Table S5). Shifting our focus to
tandem repeats (TRs), our detailed analysis revealed that most repeat units were predominantly
composed of A or T, with the longest repeat sequence spanning approximately 120 base pairs (Table S6).
Transitioning to dispersed repeats (DRs), H. bihai exhibited two types (forward repeat and reverse repeat,),
while H. caribaea and H. tortuosa showed three types (forward repeat, reverse repeat, and palindromic
repeat). H. orthotricha, on the other hand, possessed all four types of dispersed repeats (forward repeat,
reverse repeat, complemented repeat and palindromic repeat) but had a comparatively lower quantity of
DRs. Overall, we identi�ed repeat features in the Heliconia chloroplasts, which might be used as genetic
markers for distinguishing Heliconia species among themselves and from other species.

Heliconia chloroplast codon usage features

Codon usage bias refers to the uneven utilization of different codons that encode the same amino acid
within a genome. Research on codon usage bias contributes to our understanding of genome evolution,
gene expression regulation, and the adaptability of organisms to environmental changes [47]. In our
analysis of the 86 CDS in chloroplast genomes, we computed the frequency of codon usage and relative
synonymous codon usage (RSCU) (Fig. 1c and Table S7). The CDS in these chloroplast genomes encode
20 amino acids using 64 codons, including the termination codon. Among these 64 codons, 30 of them
exhibit an RSCU value greater than 1, with 29 of them ending with an A or T bases. This observation
indicates a preference for A or T endings in the codons of the Heliconia chloroplast genomes, which is
consistent with the previously mentioned decrease in GC content at the third position of codons (30.3%)
compared to the �rst (45.7%) and second (37.4%) positions. Regarding the codon usage bias among the
four chloroplast genomes, there are six codons each for arginine (Arg), leucine (Leu), and serine (Ser),
while only one codon each is present for methionine (Met) and tryptophan (Trp). Within the spectrum of
amino acids, Isoleucine (Ile) stands out as the most frequently occurring amino acid, predominantly
encoded by the ATT codon with a frequency of 41%. Conversely, cysteine (Cys) is the least common
amino acid, with the TGC codon having the lowest frequency at 3%, across four chloroplast genomes.
Except for methionine (Met) and tryptophan (Trp), nearly all amino acids are encoded by 2–6
synonymous codons. Our analysis reveals a codon usage bias favoring A or T endings in the codons of
Heliconia chloroplast genomes, highlighting the signi�cance of studying codon usage patterns in
understanding genome evolution and gene expression regulation.

Positively selected genes in Heliconia chloroplast genomes

In addition to repeat features, we also investigated the chloroplast genes to reveal possible genes
associated with the visual diversity of Heliconia and its thriving presence in tropical forest ecosystems.
Our selective pressure analysis reveals insights into the chloroplast genes under selection and nucleotide
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diversity within speci�c genes in the chloroplast genomes. During the positive selection analysis of the
genes used in constructing the phylogenetic tree, we observed that Heliconia, as a foreground branch, did
not undergo signi�cant positive selection. However, within the Heliconiaceae family, three genes (ndhD,
rpl2, and ycf2) showed a trend of positive selection (Ka/Ks > 1) (Table S8). This suggests their potential
biological roles in the evolution of these plants. Additionally, focusing on protein-coding genes, we
analyzed nucleotide diversity in a total of 12 species from the Zingiberales order (Table S9). Among these
genes, the ndhD gene exhibited notably high nucleotide diversity, with a PAI (per-site average information)
value exceeding 0.2. Several other genes, including ccsA, cemA, infA, matK, ndhD, rpl, rpo, rps also
displayed PAI values greater than 0.05. However, among the Heliconia species, we did not observe coding
genes with high nucleotide diversity (Table S10). By considering selective pressures and nucleotide
diversity in speci�c chloroplast genes, our study provides valuable insights into the genetic dynamics and
adaptive processes within Heliconia and related species.

Structural conservation and variations in Heliconia chloroplast genomes

In our comparative analysis of Heliconia chloroplast genomes alongside �ve closely related species
(Canna indica, Costus pulverulentus, Musa acuminata, Ravenala madagascariensis, Zingiber o�cinale),
we observed a signi�cant degree of structural conservation in the overall chloroplast architecture.
Speci�c structural variations were identi�ed at distinct boundaries, including LSC/IRb, IRb/SSC, SSC/IRa,
and IRa/LSC (Fig. 2). These boundary regions in the four Heliconia species remained consistent yet
exhibited unique features, setting them apart from other plants in Zingiberale. Noteworthy is the absence
of the rps19 gene in the IR region of Heliconia chloroplasts, distinguishing it from other Zingiberales
plants where the IR region includes the rps19 gene. Furthermore, an elongated separation of
approximately 150 base pairs at the boundary between the inverted repeat B (IRb) and the small single-
copy region (SSC) in the Heliconia chloroplast genomes for the ndhF gene was noted. This contrasts with
other species, where the distance typically falls within the range of approximately 10 to 60 base pairs.

To further explore functional sequence variations within highly conserved and maternally inherited
chloroplast genomes, which can serve as valuable genetic markers for species differentiation [48], we
conducted a comparative analysis of Heliconia chloroplast genomes to those of related species. We
compared the chloroplast genomes of Canna indica, Costus pulverulentus, Musa acuminata, Orchidantha
�mbriata, Thaumatococcus daniellii, Ravenala madagascariensis, and Zingiber o�cinale from the
Zingiberales order with the reference H. bihai chloroplast genome (Fig. 3). The result illustrates that the
Heliconia chloroplast genomes exhibits no signi�cant differences in the exonic regions. However, in the
conserved noncoding sequences (CNS) region, notable genetic diversity and variation are evident,
primarily occurring in the LSC and SSC regions. The contraction of the inverted repeat (IR) region results
in a slightly smaller chloroplast genome size in Heliconia compared to other species within the
Zingiberales order. Our analysis of Heliconia chloroplast genomes and related species reveals functional
sequence variations in CNS, serving as genetic markers for species differentiation.

Phylogeny of Heliconia species revealed by chloroplast genomes
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The chloroplast genomes, with their maternal inheritance and relatively low mutation rate, are widely used
to investigate phylogenetic relationships among green plants [44]. Analyzing the entire chloroplast
genome yields more reliable results, providing substantial insights into the genetic evolution of plant
species. In our study, we carefully selected 26 diverse plant species, representing major clades of
Zingiberales plants (Fig. 4), and including representatives from different families such as Cannaceae,
Costaceae, and Heliconiaceae, Musaceae, Marantaceae, Lowiaceae, along with Strelitziaceae and
Zingiberaceae. Fourfold Degenerate Third Codon Transversion (4dtv) site mutations from single-copy
genes were employed in constructing evolutionary trees using two different methods. In the maximum
likelihood (ML) tree, Zingiberales diverge from three distinct terminal nodes. Heliconiaceae plants formed
a distinct branch, and emerge as the sister clade to Musaceae, Strelitziaceae, and Lowiaceae. While in the
Neighbor-Joining tree, Zingiberales diverge from two distinct terminal nodes. Musaceae emerged as sister
branches to Heliconiaceae and Strelitziaceae, forming a distinct clade (Fig. S2). Due to incomplete
genomic data for certain species, additional data support is required for the construction of the
phylogenetic tree of the chloroplast genomes of plants in the Zingiberales. Our results highlight the
intricate relationships within the Zingiberales order and underscore the potential in�uence of the chosen
methodology on the inferred evolutionary relationships among the studied species.

Discussion
The high conservation of chloroplast genomes in terrestrial plants encompasses their structure, length,
and gene content. In our study, we successfully assembled complete chloroplast genomes of Heliconia
plants, closely resembling the reported structure of Heliconia collinsiana. However, the analysis of
repetitive sequences, speci�cally SSRs, revealed distinguishable patterns not only among different
Heliconia species but also across genera within the Zingiberales order. Furthermore, the low GC content
observed in both codon positions and repetitive sequences suggests a strong preference for A/T bases in
Heliconia. Compared to other Zingiberales species, the chloroplast genome of Heliconia is slightly shorter,
attributed to a reduction in the length of the IR region and an expansion at the SSC region boundary.
Leveraging the assembled complete chloroplast genomes of Heliconia, we conducted phylogenetic
analyses to determine the relationships among closely related species such as Musa acuminata.

Our study highlighted speci�c genes within the chloroplast genome of Heliconia that exhibit notable
nucleotide diversity, possibly playing crucial roles in chloroplast functionality. Genes such as ccsA, cemA,
infA, matK, ndhD, rpl, rpo, rps encode proteins involved in various biological processes. For instance, ccsA
encodes a crucial component in the synthesis of cytochrome c within the chloroplast [49]. cemA encodes
a subunit of chloroplast ATP synthase involved in energy production during photosynthesis [50], whereas
infA encodes a protein crucial for tRNA processing, contributing to chloroplast protein synthesis [51].
Gene matK encodes a splicing enzyme that facilitates RNA splicing [52], while ndhD is part of the
chloroplast NADH dehydrogenase-like (NDH) complex, which plays a crucial role in photosynthesis,
particularly in electron transport interactions with photosystem I (PSI) [53, 54]. Additionally, ribosomal
proteins encoded by rps18, rps3, rpl22, and rps15 are directly engaged in protein synthesis [55, 56]. These
genes are vital for plant growth, development, and metabolic processes, supporting chloroplast structure
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and function [57]. While the current chloroplast genome offers valuable genetic resources for
understanding the diverse appearances of Heliconia species, future research focusing on complete
nuclear genomes will signi�cantly enhance our understanding and applications related to Heliconia.
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