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Abstract: Globally, the genus Dendrobium (Family: Orchidaceae) exhibits widespread distribution, predominantly 
occupying the tropical and subtropical areas of Asia. Although the chloroplast genomes (cpDNAs) of certain Dendrobium 
species have been documented, the evolutionary relationships among these species remain largely unexplored. In this 
pioneering investigation, a comprehensive analysis of the complete cpDNAs from Dendrobium species is presented, 
including Dendrobium flexicaule along with three closely related taxa (D. nobile, D. officinale, and D. huoshanense). 
The size of the novel complete cpDNAs ranged from 150,529 to 152,588 bp, and their cpDNA structure exhibits a 
unique quadrifoliate structure reminiscent of female quadrivalents, including large single copy, small single copy 
(SSC), and inverted repeat regions. A total of 175 simple sequence repeats were identified in the D. flexicaule cpDNA. 
A few pseudogenes of the NA(D)H dehydrogenase-like (NDH) genes were found in the annotated cpDNAs of the four 
Dendrobium species. Within the shared pseudogenes ndhF and ndhG, ndhF frequently undergoes mutations. Additionally, 
the phylogenetic analysis showed that D. flexicaule and D. scoriarum were close sister species. The research findings 
provide crucial genetic information for the molecular phylogenetic system of D. flexicaule.
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1. Introduction
Chloroplasts are essential organelles in plants that play a vital role in producing energy for the whole organism 
as a part of the photosynthetic process [1]. Moreover, chloroplast genomes (cpDNAs) possess abundant genetic 
information of a self-replication mechanism, are highly conserved, and slightly more variable than nuclear 
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genomes, which are usually used to investigate the evolutionary history of plants and analyze plant taxonomy 
and phylogeography [2–4]. Previous studies revealed that most of the cpDNA was highly conserved, with a length 
ranging from 120 to 160 kb [5–6]. The structure of the cpDNA comprises four parts: a large single copy (LSC), 
a small single copy (SSC), and a pair of inverted repeats (IRa and IRb) [5,7]. The majority of the protein-coding 
genes (PCGs) in the cpDNA are involved in photosynthesis and other biochemical pathways [8]. There is partial 
PCG loss, during migration from the chloroplast to the mitochondrial organelles, or alteration to pseudogenes 
in the evolution of cpDNA. Noncoding DNA sequences from numerous regions of the cpDNA have provided 
a significant source of characteristics for phylogenetic studies in seed plants [9–10]. Besides, research suggested 
several genetic mutations in cpDNA, such as gene or intron sequence loss, divergence owing to the expansion 
or contraction of partial sequences, as well as size variation and gene rearrangements in IR regions, which 
makes the cpDNA an effective tool for phylogenetic studies among the plant species [11–14].

Dendrobium flexicaule, an intricate member of the Dendrobium genus, is widely distributed in China on 
wet cliffs at an elevation of 1200–2000 m [15]. However, overcollection of Dendrobium species due to its vital 
economic, medicinal, and nutritional benefits for human beings has destroyed its wild resources. In addition, 
climate change is impacting Dendrobium species survival, and thus, it has been listed as a nationally protected 
endangered wild plant [16]. Meanwhile, the morphological traits of D. flexicaule bear high similarity with 
Dendrobium huoshanense, Dendrobium officinale, and Dendrobium moniliforme; thus, it is a challenge to 
differentiate them and ensure their safety and efficacy for medicinal use [17]. Currently, the majority of reports 
on D. flexicaule focus on the basic biological characteristics, tissue culture, DNA molecular evidence, and 
sterile germination of seeds. For example, Zhang et al. reported that factors, such as temperature, humidity, 
terrain, and companion plants, influence the cultivation and survival of D. flexicaule [18]. Some studies have 
improved the rapid propagation system of D. flexicaule [19]. Studies have reported divergence in polysaccharide 
composition and D-mannose content to allow the identification of D. flexicaule and its relative species [20]. 
Based on recombinant DNA internal transcribed spacer sequences and morphological features, D. flexicaule, 
and other Dendrobium species were accurately identified via sequence alignment [17]. Although several research 
reports exist on D. flexicaule, the genetic information on the cpDNA of D. flexicaule remains inadequate. 
Moreover, compared with other Dendrobium species, D. flexicaule is distributed at higher altitudes, making it 
an ideal material for studying the evolution and adaptability of cpDNA in the genus Dendrobium. 

This study completed the sequencing, assembly, and annotation of the complete cpDNA of the four 
Dendrobium species (D. flexicaule, D. officinale, D. nobile, and D. huoshanense) and analyzed basic 
characteristics, relative synonymous codon usage, IR boundaries, simple sequence repeats (SSRs), nucleotide 
polymorphism, and nonsynonymous/synonymous substitution rate (Ka/Ks). The primary objectives of this 
study were as follows: to further differentiate D. flexicaule from other Dendrobium species and to reconstruct 
the phylogeny of D. flexicaule. This study provides a molecular basis for Dendrobium species identification 
and a valuable resource of genetic history, thereby developing an understanding of the breeding, protection, and 
basic biological characteristics of D. flexicaule.

2. Materials and methods
2.1. Collection of the plant materials and DNA extraction
The plant material of the four Dendrobium species (D. flexicaule, D. huoshanense, D. nobile, and D. 
officinale) was acquired from the Chengkou Dendrobium species base (31° 95 N, 108° 67 E), Chongqing 
Province, China. The voucher specimens with accession numbers of the four Dendrobium species (D. 
flexicaule, 500229210731001LY; D. huoshanense, 500229210731002LY; D. nobile, 500229210731003LY; 
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and D. officinale, 500229210731004LY) were deposited at the Chongqing Institute of Traditional Chinese 
Medicine, Chongqing, China. Fresh leaves were stored in liquid nitrogen at -80°C until further use. The 
cetyltrimethylammonium bromide method was used to extract the cpDNA of Dendrobium species [21]. The 
quality and concentration of the DNA samples were evaluated using 0.75% agarose gel electrophoresis, a 
NanoDrop One spectrophotometer (Thermo Fisher Scientific), and a Qubit 3.0 Fluorometer (Life Technologies, 
Carlsbad, CA, USA). 

2.2. Sequencing, assembly, and annotation of the chloroplast genome 
A total genome sequencing with paired-end (PE) 150 bp was performed using the Illumina Hiseq-2500 platform 
to acquire a complete cpDNA sequence. The SOAPnuke v. 1.3.0 was used to filter the raw data and the SPAdes 
v. 3.13.0 was performed to assemble clean reads. The final sequence was obtained using the Gapcloser v. 
1.12 to fill the gap. Then, the annotation of the complete cpDNAs was performed using the PGA program [22]. 
The annotated results were manually checked and the annotated cpDNA was visualized online using the 
OrganellarGenomeDRAW (OGDRAW) [23]. The final assembly and annotation of the cpDNA were deposited 
in NCBI (Accession No: D. flexicaule, OQ360111; D. huoshanense, OR387325; D. nobile, OR387323; and D. 
officinale, OR387324).

2.3. Codon usage and IR boundary analysis
The CodonW software v.1.4.2 with default parameters was used to calculate the codon usage number and 
obtain the relative synonymous codon usage (RSCU) value for the four Dendrobium cpDNAs [24]. An RSCU 
= 1 indicates that the codon has no preference; an RSCU > 1 indicates that the codon is more frequently used; 
and an RSCU < 1 indicates the codon is less frequently used [25]. The effective number of codons (ENC) was 
calculated using the CodonW1.4.2 software. In the ENC plot, the two-dimensional scatter plot was mapped 
using ENC values as the longitudinal coordinate and guanine and cytosine content at the third codon position 
(GC3) values as the horizontal coordinate, and these points (or genes) on the standard curve calculated with the 
formula ENC = 2 + GC3 + 29/[GC32 + (1 − GC3)2] were used to determine the codons influenced by natural 
selection based on whether the gene falls above or slightly below the standard curve [26]. The CPJSdraw was 
used to draw the IR boundaries map of the four Dendrobium species to visualize the cpDNA [27]. 

2.4. Pseudogenes of the NDH gene
This study downloaded eight published Cymbidium species (Cymbidium aloifolium_ON943060, Cymbidium 
ensifolium_KT722983, Cymbidium faberi_KR919606, Cymbidium goeringii_KT722982, Cymbidium 
kanran_MK848038, Cymbidium sinense_MW582689, Cymbidium tracyanum_OP142287, and Cymbidium 
wenshanense_MK848057) and seven published Dendrobium species (Dendrobium densiflorum_MW007719, 
Dendrobium longicornu_MN227146, Dendrobium moschatum_OM161978, Dendrobium sinense_OM792979, 
Dendrobium thyrsiflorum_MN306203, Dendrobium williamsonii_OK173601, and Dendrobium heterocarpum_
OM049526) from NCBI, with cpDNAs of Dendrobium heterocarpum_OM049526 as a reference sequence. 
The Geneious software was used to select pseudogenes within the annotated cpDNAs of the four Dendrobium 
species. Then, the same approach was applied to select for pseudogenes in the other 13 species. Functional 
protein-coding genes (PCGs) were aligned using Geneious with the translation align option [28–29]. Then, the 
variations in these functional PCGs were determined using the Annotate and Predict option in Geneious.

2.5. Simple sequence repeats analysis
MISA software was used to detect SSRs, with the following parameter settings: (1) mononucleotides ≥10; (2) 
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dinucleotides ≥5; (3) trinucleotides, tetranucleotides, pentanucleotides, and hexanucleotides ≥3. The minimum 
distance between the two SSR sites was set to 100 bp [30]. MISA (https://webblast.ipk-gatersleben.de/misa/), 
TRF (https://tandem.bu.edu/trf/trf.unix.help.html), and REPuter network server were used for the analysis of 
short tandem repeats, tandem repeats, and dispersed repeats, respectively [31–33]. The Origin 2018 software was 
used to visualize the map [34].

2.6. Comparative and phylogenetic analyses of the chloroplast genome
The cpDNAs of the four Dendrobium species were compared using the online comparison tool mVISTA in 
Shuffle LAGAN mode with default parameters, and the complete cpDNAs of D. officinale, D. flexicaule, and 
D. nobile were compared with the complete cpDNA of D. huoshanense as a reference. DnaSP v.6.0 was used to 
calculate the nucleotide diversity values (Pi) among the cpDNAs [35]. The Ks and Ka substitution rates for the 
shared PCGs of the four Dendrobium species were calculated using the KaKs_Calculator v.2.0 [36]. The map was 
visualized using Origin 2018.

The study downloaded the complete cpDNAs of 31 Dendrobium species and 11 orchid complete cpDNAs 
from the NCBI database. Then, the MATTF software with the default parameters was used to conduct the 
whole-genome sequence alignment with the newly sequenced four Dendrobium species cpDNA, and the 
MEGA-X tool was used to construct the Neighbor-Joining (NJ) phylogenetic tree [37–38]. The resulting NJ tree 
was visualized using the ITOL software v.4.0 [39].

3. Results 
3.1. Basic structural features of the chloroplast genomes
Based on the Illumina sequencing technology, the cpDNAs of the four Dendrobium species (D. flexicaule, D. 
nobile, D. huoshanense, and D. officinale) were sequenced and assembled. The cpDNA structure exhibited 
a typical quadrifoliate structure and the size ranged from 150,602 to 152,588 bp, including large single copy 
(LSC, 84,781–85,270 bp), small single copy (SSC, 13,799–14,634 bp), and a pair of inverted repeat regions 
(IR, 51,566–52,684 bp) for the four Dendrobium species (Figure 1). The GC content ranged from 37% to 38%, 
which indicated extremely conserved regions among the four Dendrobium species (Table 1). A total of 493 
predicted functional genes were obtained from the cpDNAs of the four Dendrobium species, ranging from 75 to 
81 in PCGs, with the same number of transfer RNA (tRNA: 38) and ribosomal RNA (rRNA: 8, 16S, 23S, 4.5S, 
and 5S). The ndhG and ndhF pseudogenes were present in the cpDNAs of D. nobile.

A total of 122 PCGs were identified in the cpDNA of D. flexicaule, including 58 PCGs and 19 tRNA genes 
in the LSC region, six PCGs (ndhB, rpl2, rpl23, rps7, rps19, and ycf2), eight tRNA genes (trnA-UGC, trnE-
UCC, trnH-GUG, trnL-CAA, trnM-CAU, trnN-GUU, trnR-ACG, and trnV-GAC), four rRNA genes (rrn4.5, 
rrn5, rrn16, and rrn23), and ten PCGs and one tRNA gene were identified in the SSC region. The GC content 
in the different regions of the chloroplast genome was <50%, which indicated that D. flexicaule cpDNA has a 
tendency for A/T bases and A/T end codons usage. 
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Figure 1. Chloroplast genome map of D. flexicaule

Table 1. Comparison of the characteristics of the chloroplast genome structure of the four Dendrobium species

Genomic features D. flexicaule D. officinale D. huoshanense D. nobile

Accession number OQ360111 OR387324 OR387325 OR387323

Total genome length/bp 152,588 152,213 150,529 150,602

LSC region length/bp 85,270 85,146 84,792 84,781

Length of SSC region/bp 14,634 14,449 14,171 13,799

IR region length/bp 52,684 52,618 51,566 52,022

Total number of genes 122 121 123 127

Number of PCGs 76 75 77 81

Number of tRNA genes 38 38 38 38

Number of rRNA genes 8 8 8 8

GC content 37% 37% 38% 38%

GC content in the LSC region 35% 35% 35% 35%

GC content in the SSC region 30% 30% 30% 30%

GC content in the IR region 43% 43% 43% 43%
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3.2. Analysis of codon usage bias based on the PCGs
The 76 PCGs of the D. flexicaule cpDNA included 50,862 codons. Leucine (Leu, 5,005), arginine (Arg, 3,229), 
and serine (Ser, 4,784) were the most abundant amino acids, accounting for 9.841.% (Leu), 6.35% (Arg), and 9.4% 
(Ser) of the codons, whereas tryptophan (Trp) was the rare amino acid, with 703 (1.38%) codons. Moreover, the 
relative synonymous codon usage (RSCU) value proved codon usage bias (Figure 2), with 33 codons having an 
RSCU > 1, except tryptophan. Most of the amino acids of D. flexicaule cpDNA have at least one codon, and Leu 
has six codons. To further investigate whether codon usage bias occurred among Dendrobium species, PCGs from 
the other three Dendrobium species, including D. nobile (50,200), D. officinale (50,737), and D. huoshanense 
(50,176) were identified. The RSCU values indicated a similar tendency to D. flexicaule, which suggested the 
conservation of codon usage preference in the Dendrobium species.

The ENC plots showed the main factors that influence codon usage preference. To determine the role of 
natural selection and mutation in the evolution of the cpDNA and codon usage pattern, PCGs of the cpDNAs 
of the four Dendrobium species were analyzed (Figure 3). The ENC plots indicated that the PCGs of the four 
Dendrobium species clearly showed a similar distribution in the plots. Most of the genes were distributed below 
the curve, whereas a small portion of the genes were distributed above the standard curve. This result indicated 
that the pressure of natural selection was the main factor that influenced codon usage preference in the cpDNA 
evolution of the Dendrobium species. Meanwhile, the distribution of a few genes on both sides of the standard 
curve suggested the involvement of other factors influencing codon usage bias.

Figure 2. RSCU value map for the Dendrobium flexicaule (A), Dendrobium huoshanense (B), Dendrobium nobile (C) and 
Dendrobium officinale (D)
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Figure 3. ENC-plot analysis of the Dendrobium flexicaule (A), Dendrobium huoshanense (B), Dendrobium nobile (C), and 
Dendrobium officinale (D); the small circles represent protein-coding genes

3.3. IR boundary expansion and contraction in the Dendrobium species
cpDNA was constructed from the LSC/IRb (JLB), IRb/SSC (JSB), SSC/IRa (JSA), and IRa/LSC (JLA) 
boundaries/junctions of the four Dendrobium species, and it was extremely conserved with minor variation 
among the four Dendrobium species (Figure 4). The lengths of LSC, SSC, and IRs from the chloroplast 
genomes of the four Dendrobium species were similar. However, the IRb/SSC boundaries of the D. nobile 
cpDNA species were distributed with rpl32 genes in the SSC region that were different than those in the 
other three Dendrobium species. Further analysis revealed that the ndhF gene had become a pseudogene in 
the evolution of the chloroplast genome of D. nobile. trnN and ndhF were mainly distributed on the two sides 
of the IRb/SSC boundary lines or on the IRb/SSC boundary lines of the other three Dendrobium species. In 
contrast, the sizes of ndhF and ycf1 genes of the other three Dendrobium species underwent varying degrees of 
expansion and contraction in the IRb/SSC, SSC/Ira, and IRa/psbA regions.
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Figure 4. IR boundary expansion and contraction of the four Dendrobium chloroplast genomes

3.4. Pseudogenization and evolutionary history of Dendrobium
Partial pseudogenes were identified through the annotation of the cpDNAs for the four Dendrobium species, 
including D. flexicaule (ndhA, ndhD, ndhE, ndhF, ndhG, ndhH, ndhJ, and ndhK), D. huoshanense (ndhD, 
ndhE, ndhF, ndhG, ndhH, ndhJ, and ndhK), D. officinale (ndhA, ndhD, ndhF, ndhG, ndhH, ndhJ, and ndhK), 
and D. nobile (ndhF and ndhG). Among these, the majority of the pseudogenes located in the SSC region of 
the cpDNA showed great divergence in size according to the IR boundaries (Figure 4). In contrast, ndhA was 
functional only in D. huoshanense and D. nobile. ndhE gene was functional only in D. nobile, and D. officinale. 
ndhD, ndhF, ndhG, ndhH, and ndhJ genes were functional only in D. nobile. Moreover, ndhK was lost in D. 
nobile. A comparison of the cpDNAs of the two different genera within the Orchidaceae family (18 species) 
showed substantial variations based on the number and length of the NDH pseudogenes. An in-depth analysis 
of the pseudogenes ndhF and ndhG, shared among the four Dendrobium species, has unveiled intriguing data. 
In the context of D. nobile, ndhF exhibits five notable mutations in the coding DNA sequence (CDS): aAa 
(phenylalanine)-aTa (tyrosine), CgA (alanine)-AgT (serine), aTA (tyrosine)-aAG (phenylalanine), TTa (aspartic 
acid)- GAa (leucine), and AGG (serine)-GAA (leucine). Remarkably, ndhG in D. nobile not only demonstrates 
a substantial number of gene mutations but also manifests certain amino acid changes, resulting in premature 
termination codons. Notably, ndhG undergoes both insertions and deletions in the other three Dendrobium 
species, further emphasizing its dynamic nature and evolutionary significance.

3.5. Sequence repeat identification
A total of 175 SSRs from the cpDNA of D. flexicaule were obtained. Among these, most of the SSRs were 
mainly A/T (107, 61.14%), C/G monomeric repeats (4, 2.29%), dimeric repeats (54, 30.86%), trimeric repeats 
(4, 2.29%), tetrameric repeats (5, 2.86%), and hexameric repeats (1, 0.57%) (Figure 5). The longest monomeric 
repeats were 14 bp (ycf1) in the SSC region. The pentameric repeats were not identified in the cpDNA. 
Moreover, 39 dispersed repeats were observed in the cpDNA, with the majority of them located in the LSC 
and IR regions. A total of 16 forward repeats were identified with the longest being 39 bp (ycf3-intron1 and 
IGS: rps12, trnV-GAC). Twenty-one palindromic repeats were identified, with the longest being 59 bp and 
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located in the IGS (rps19-2, psbA) from the LSC region. Two reverse repeats were identified from the LSC 
and SSC regions of the cpDNA, including 31 bp (IGS: rpl32 and trnL-UAG) in the SSC region and 30 bp 
(IGS: rbcL and accD) in the LSC region. The complementary repeats were not identified in the D. flexicaule 
cpDNA. To identify variation in the sequence repeats of the Dendrobium species, repeat fragments of the 
other three Dendrobium species were identified by comparing them with those of D. flexicaule. The number 
of SSRs ranged from 163 to 175. The nucleotide repeat types were similar to D. flexicaule, suggesting that 
sequence repeats were conserved in the evolution of the cpDNA. Ninety-nine dispersed repeats from the three 
Dendrobium species were identified, including palindromic repeats (18-23), forward repeats (7-10), and reverse 
repeats (2-2). The four complementary repeats were only observed for the D. officinale (1) and D. huoshanense 
(3) cpDNA in the LSC region. 

Figure 5. Comparative analysis of the types of sequence repeats among the four Dendrobium species

3.6. Comparative analysis of the chloroplast genome of D. flexicaule with the other three 
Dendrobium species 
The cpDNAs from the four Dendrobium species were used to gain insight into the distinction of the four 
regions in the genomes using the mVISTA program according to the alignment of the four sequences, with D. 
huoshanense cpDNA as a reference sequence (Figure 6). The final alignment results showed that variation in 
IR regions was lower than in SSC and LSC regions, and the coding regions of the four Dendrobium cpDNAs 
were more highly conserved than the conserved noncoding regions. The different regions in the exons rarely 
exhibited any difference in the sequences of the four Dendrobium species. 
In addition, the Pi of the cpDNA for the four Dendrobium species was analyzed to determine the divergence 
in the cpDNAs (Figure 7). The Pi plot indicated that the LSC and SSC regions had more variation than 
the IRs regions, and the LSC region was hypervariable compared with the SSC region. Moreover, the four 
hypervariable sites were distributed in different regions, including psbI-trnS-GGA (LSC region), trnL-UAA (LSC 
region), rbcL (LSC region), and ycf1 (SSC region). The highest Pi was 0.25667 in rbcL. These hypervariable 
sites might undergo rapid nucleotide substitution, which is also used for the identification of molecular markers 
and the construction of the phylogenetic tree.
To further investigate the influence of the environment in the evolution of the cpDNA of D. flexicaule, 17 
shared functional genes (accD, atpB, ccsA, matK, psaB, rbcL, rpl20, rpl22, rpoA, rpoB, rpoC1, rpoC2, rps16, 
rps2, rps8, ycf1, and ycf2) among the four Dendrobium species with D. officinale as a reference were identified 
using the Ka/Ks substitution rate (Figure 8). Among them, the Ka/Ks ratio of matK, rpoC2, ycf1, and ycf2 
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genes was > 1, which suggested that these genes were under positive selection in the evolution of cpDNA. The 
Ka/Ks ratio of the remaining 13 PCGs (accD, atpB, ccsA, psaB, rbcL, rpl20, rpl22, rpoA, rpoB, rpoC1, rps16, 
rps2, and rps8) was < 1, suggesting that these PCGs were under purifying selection during evolution. The above 
results show that PCGs under selection pressure in Dendrobium cpDNAs are mainly attributed to maturase, 
DNA-dependent RNA polymerase, and conserved open reading frames, which are closely related to RNA 
transcription and translation. Moreover, the Ka/Ks ratio of D. huoshanense (matK, ycf1, and ycf2), D. flexicaule 
(ycf1), and D. nobile (rpoC2, ycf1, and ycf2) genes was>1, suggesting that the cpDNA of the four Dendrobium 
species was under positive selection.

Figure 6. Visualization of the chloroplast genome sequence differences between Dendrobium flexicaule and its relatives

Figure 7. Nucleotide variation values in each region of the four Dendrobium species
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Figure 8. Ka/Ks ratio based on the shared PCGs of the four Dendrobium species

3.7. Phylogenetic analysis of Dendrobium species cpDNA
An NJ phylogenetic tree was constructed using 42 Orchidaceae species, 2 Amaryllidaceae species (Allium 
ovalifolium and Allium tuberosum), and 2 outgroup species (Phoenix canariensis and Phoenix rupicola) to gain 
further insight into the successive sister relationship of D. flexicaule with the Dendrobium genus (Figure 9). 
With the exception of D. flexicaule, D. nobile, D. huoshanense, and D. officinale, complete cpDNA sequences 
of the other 42 species were downloaded from the NCBI database.
The Orchidaceae species were categorized into three separate clades: the Cypripedium clade, the Calanthe 
clade, and the Dendrobium clade. Calanthe and Cypripedium were found to be successive sister clades, whereas 
Calanthe was distantly related to Dendrobium. Furthermore, the Dendrobium species were divided into multiple 
clades. Among these clades, D. flexicaule and D. scoriarum were closely related with strong support (Bootstrap 
= 1), whereas D. huoshanense was successively related to D. wilsonii. However, D. officinale and D. nobile 
formed two separate clades, indicating that different geographical locations and ecological environments may 
be the primary factors contributing to this divergence.
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Figure 9. Phylogenetic tree construction based on the complete chloroplast genomes of the 46 Orchidaceae species

4. Discussion
As a vital organelle in seed plant cells, chloroplasts play a crucial role in photosynthesis, carbon dioxide 
fixation, and energy transformation [40]. The majority of the research reports indicated that the complete cpDNA 
has a typical quadripartite structure and conserved coding sequences in terrestrial plants [41]. In this paper, 
cpDNAs of D. flexicaule and its related species (D. nobile, D. officinale, and D. huoshanense) were sequenced, 
assembled, and annotated, and they exhibited similar structure as shown in previous studies, with size ranging 
from 150,529 to 152,588 bp. The length of D. flexicaule cpDNA was larger than that of its related species. 
Moreover, all of the 493 PCGs were found in the four Dendrobium species cpDNA. Among them, the total 
number of genes, GC content, and GC content in different regions (LSC, SSC, and IRs) had a similar tendency, 
which suggested that the genetic evolution of cpDNA was highly conserved in flowering plants (Table 1) [42]. 
Further investigation on the gene distribution in D. flexicaule cpDNA revealed that of 122 PCGs, 77 functional 
genes were distributed in the LSC region, accounting for 63% of the total PCGs. Then, comparative analysis 
of the GC content in the four Dendrobium species cpDNA revealed a tendency in the usage of A/T bases and 
A/T end codons that accounted for 61%–62%, which was similar to previous reports of cpDNA of Panicum 
miliaceum and Amaranthus hypochondriacu [43–44]. 

GC content and codon usage preference are closely related to the adaptability and frequency of tRNA 
usage. Codon usage bias was regarded as a response to adapt to the environment in evolutionary history [45]. 
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As a common characteristic in terrestrial plants, reports have revealed codon usage bias of crucial value to 
investigate the mechanism of molecular evolution [46–47]. A total of 50,862 codons of PCGs were obtained from D. 
flexicaule cpDNA. Among them, 33 had codon usage preference (RSCU < 1), and UGG (tryptophan) indicated 
no codon usage bias (RSCU = 1). Notably, the comparative analysis of codon usage bias in cpDNAs of D. 
flexicaule with the other three Dendrobium species suggested they exhibited a similar tendency, demonstrating 
that codon usage preference was highly conserved among the Dendrobium species cpDNAs. The ENC-plot 
analysis of the four Dendrobium species cpDNA indicated consistency in the distribution of the functional 
genes in the standard curve, and the majority of the PCGs were distributed below the standard curve, which 
suggested that natural selection was responsible for the codon usage pattern. Additionally, some other factors 
influenced codon usage preference as few genes of the cpDNAs of the four Dendrobium species were identified 
on both sides of the standard curve, consistent with previous research reports [48]. It is necessary to understand 
the molecular mechanism of biological adaption and the evolutionary status of flowering plants to explore and 
gain insight into the different factors that impact codon usage patterns [49].

Repeat sequence in partial seed plants accounted for 90% of the genome length, which generated major 
divergence in genomes and showed evolutionary distances among seed plants [50]. Moreover, reports indicate 
that frequent recombination in the genome was mediated by the repeats [51]. Studies have revealed that SSRs in 
the cpDNA of seed plants are greatly hypervariable and have been used for population genetic and phylogenetic 
analyses at the intraspecific and interspecific levels [52–53]. The complete cpDNA of D. flexicaule revealed 175 
SSRs and 39 dispersed repeats with 16 forward repeats, 21 palindromic repeats, and 2 reverse repeats. The 
majority of the SSRs were identified in the LSC regions. The repeat sequences of the other three Dendrobium 
species exhibited similar tendencies with mainly A/T SSRs types, indicating that the cpDNA was highly 
conserved in evolution. These findings were consistent with a previous study [54]. The four complementary 
repeats were only observed in the cpDNAs of D. officinale and D. huoshanense in the LSC region. An 
insight into the evolutionary origin, distribution, and chromosomal position in repeat sequences is vital to 
understanding the evolution, behavior, and organization of repetitive fragments in flowering plants [50]. 

The contraction and expansion of IRs were closely related to divergence in the four regions (LSC, SSC, 
IRa, and IRb) of cpDNA and its size [54–55]. Based on the complete cpDNA of the four Dendrobium species, an 
IR boundary was constructed. Although the four regions of the cpDNA were similar, ndhF was not identified in 
the IRb/SSC region and rpl32 was distributed in the SSC region of D. nobile cpDNA. Then, further annotation 
of ndhF revealed that it had become a pseudogene during the evolution of cpDNA. Ycf1 underwent varying 
degrees of expansion and contraction in length in D. flexicaule, D. huoshanense, and D. officinale. However, 
ycf1 was identified in the relative analysis of the IR boundary. To investigate the variation in the four regions 
of Dendrobium species cpDNA, the sequence alignment suggested that the divergence of SSC and LSC 
regions was higher than IR regions, and the conservation of coding regions was higher than noncoding regions. 
Extensive research has unveiled the pivotal physiological roles of the chloroplast NDH complex. This intricate 
molecular machinery not only participates in the complex process of cyclic electron transfer but also plays a 
vital role in alleviating excessive reduction and oxidative stress within the chloroplast stroma. In this paper, 
different numbers of pseudogenes have been identified in the cpDNAs of the four Dendrobium species. For 
example, eight pseudogenes were found in D. flexicaule, seven in D. officinale and D. huoshanense, and only 
two were found in D. nobile. ndhK was lost in D. nobile. Most of these genes were located in the SSC region 
of the cpDNA, with only a few located in the LSC region. This suggests that the structural instability of the 
SSC region might contribute to the accumulation of pseudogenes and subsequent NDH gene loss. Further 
analysis of the shared pseudogenes, ndhF and ndhG, in our Dendrobium species revealed multiple mutations 
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in ndhF of D. nobile, such as aAa (phenylalanine)-aTa (tyrosine), CgA (alanine)-AgT (serine), aTA (tyrosine)-
aAG (phenylalanine), TTa (aspartic acid)-GAa (leucine), and AGG (serine)-GAA (leucine). ndhG in D. nobile 
not only exhibited a substantial number of gene mutations but also showed specific amino acid changes that 
resulted in premature termination codons. Furthermore, ndhG insertions and deletions were also observed 
in the other three Dendrobium species, indicating the dynamic nature and evolutionary significance of NDH 
genes. The random nature of NDH gene decay, its association with genomic rearrangements, and its potential 
adaptive value in specific ecological niches highlight the complex interplay between genomic evolution 
and plant adaptation in the context of photosynthesis. The Pi of the cpDNA of the four Dendrobium species 
was calculated, and it revealed that the LSC region had more hypervariable sites than the SSC region. The 
four hypervariable sites (psbI-trnS-GGA, trnL-UAA, rbcL, and ycf1) were acquired through comparison and 
screening. Among these hypervariable sites, the Pi value (0.25667) of rbcL was the highest. These genes could 
be beneficial for the development of molecular markers in Dendrobium species. Moreover, rbcL was frequently 
used for the identification of the genetic material of traditional Chinese medicinal substances. 
In the current study, 17 shared PCGs (accD, atpB, ccsA, matK, psaB, rbcL, rpl20, rpl22, rpoA, rpoB, rpoC1, 
rpoC2, rps16, rps2, rps8, ycf1, and ycf2) from the four Dendrobium species were identified to calculate the Ka/
Ks ratio. The Ka/Ks value of the four genes (matK, rpoC2, ycf1, and ycf2) was > 1, indicating that these genes 
were under positive selection, whereas the Ka/Ks ratio of the other 13 genes was < 1, which indicated that these 
PCGs were under purifying selection. More than one of four genes was closely associated with the transcription 
and translation of RNA. All the 42 plant species were used to construct the phylogenetic tree. The results 
indicated that two species (D. flexicaule and D. scoriarum) were clustered close to the Dendrobium species.

5. Conclusion
The differences in the cpDNAs between D. flexicaule and its three related species were investigated using 
the comparative analysis of the complete cpDNA sequence. The results showed that there was a preference 
for A/T bases at the SSR sites of single nucleotide repeat and dinucleotide repeat types in the four species of 
Dendrobium. Simultaneously, some differences in the IR/SC boundaries of the four species of Dendrobium 
were also observed. The IRb/SSC nodes of D. officinale, D. flexicaule, and D. huoshanense expanded into 
ndhF, whereas the IRb/SSC nodes of D. flexicaule, D. officinale, and D. nobile were between ycf1 and ndhF. 
Interestingly, ndhF was converted to a pseudogene during the evolution of the D. nobile cpDNA. In addition, 
this study used the Pi value in combination with the mVISTA map to determine four positions with higher 
variation intervals: psbI-trnS-GGA (LSC region), trnL-UAA (LSC region), rbcL (LSC region), and ycf1 (SSC 
region), which can be used as potential sites for the molecular identification of D. flexicaule. The results of the 
phylogenetic analysis showed that D. flexicaule and D. scoriarum clustered together. In summary, the findings 
of the present study provide a new reference for species identification, molecular marker development and 
utilization, and phylogenetic research on D. flexicaule.
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