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Abstract 

Background  Pitaya is an important tropical fruit highly favoured by consumers owing to its good and juicy char-
acteristics. It contains a large amount of betacyanin, which is a natural food-colouring agent, in the peel and pulp. 
However, few studies have focused on the pitaya chloroplast (cp) genomes.

Results  To explore the genetic differences and phylogenetic relationships among the cp genomes of the six pitaya 
cultivars, we assembled, annotated, and performed a comparative genomic analysis. The cp genomes of the six cul-
tivars exhibited a typical circular structure, ranging in length from 133,146 to 133,617 bp, with a GC content of 36.4%. 
All individual cp genomes were annotated with 123 genes, including 80 protein-coding genes, 38 tRNA genes, four 
rRNA genes, and one pseudogene (ycf68). Six mutated hotspot regions (trnF-GAA-rbcL, trnM-CAU-accD, rpl20-psbB, 
accD, rpl22, ycf1) were detected, which could be considered potential molecular markers for population genetics 
and molecular phylogeny studies. Phylogenetic analysis showed that pitaya cultivars clustered into a single branch 
in the phylogenetic tree of the Cactaceae family. Furthermore, the observed phylogenetic patterns suggest a complex 
genetic basis for colour variation among pitaya cultivars.

Conclusions  The study findings expand our understanding of the cp genome of pitaya and the phylogenetic 
relationships among different cultivars. The genomic data obtained provide important information for the breeding 
and genetic improvement of pitaya.
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Introduction
Pitaya is the fruit of a class of climbing plants belonging 
to the genera Selenicereus and Hylocereus in the fam-
ily Cactaceae. These plants originated from tropical and 
subtropical Central America [1]. Recently, owing to its 
rich nutritional value and pharmacological effects, the 
worldwide cultivation of pitaya has gradually spread from 
the Americas to tropical and subtropical countries such 
as Vietnam and China [2–4]. Based on the colour of the 
fruit peel and pulp, pitaya can be classified into the fol-
lowing three main types: Selenicereus monacanthus with 
red peel and pulp, Selenicereus undatus with red peel and 
white pulp, and Selenicereus megalanthus with yellow 
peel and white pulp [5]. Pitaya is rich in a variety of nutri-
ents such as betaine, polyphenols, flavonoids, and antho-
cyanins [6, 7], which are important for the treatment 
of a variety of diseases such as diabetes, cardiovascular 
disease, and cancer [8–10]. Furthermore, pitaya peel has 
great potential in the food industry, such as food packag-
ing and coatings [11]. Current research on pitaya focuses 
on cultivation techniques [12, 13], nutrient composition 
[6, 14], pests and diseases [15, 16], and medical value 
[9, 10]. Despite the potential economic value and health 
benefits of pitaya, chloroplast (cp) genomics research 
on pitaya still lags behind that of some traditional fruits. 
Currently, plant breeding is gradually moving toward the 
4.0 era, and the addition of big data and artificial intel-
ligence will provide more efficient and accurate methods 
for plant breeding [17, 18]. Adequate genomic data is 
the important foundation for realising “smart breeding”, 
so we still need to obtain more abundant genomics data 
including cp genomes to form a more systematic data-
base [19].

The species classification of the genera Hylocereus and 
Selenicereus is controversial. Britton and Rose separated 
these two genera based on morphological differences 
[20]. However, because most fruits of plants in both gen-
era are edible, natural hybridisation between the genera 
occurs. Some hybridised individuals possess characteris-
tics of both the genera Hylocereus and Selenicereus, pre-
senting significant taxonomic difficulties; therefore, 
researchers have suggested merging these two genera 
[21]. Korotkova et al. [22] conducted a molecular phylo-
genetic with four plastid region segments and supports 
the taxonomic treatment of transferring all species of 
Hylocereus to Selenicereus. The chloroplast is important 
organelle for photosynthesis in plants, and comparative 
analysis of plant cp genomes is important for the study 
of evolutionary relationships between relatives and spe-
cies identification [23, 24]. In recent years, only two arti-
cles have been published on the complete cp genome of 
pitaya, revealing the cp genome sequences of five Selen-
icereus species and determining the taxonomic positions 

of these plants in Cactaceae [25, 26]. Adding the com-
plete cp genomic information of different pitaya species 
can help expand the database of pitaya genomes and bet-
ter explore the genome evolution of individuals within 
Selenicereus and their phylogenetic relationships.

In this study, we analysed the sequence structure of six 
pitaya cultivars cp genomes and performed compara-
tive genomic and phylogenetic studies to investigate the 
genetic differences and relationships among cp genomes 
across various cultivars. This study’s findings contribute 
to our understanding of chloroplast genomes and evolu-
tion within the genus Selenicereus and related species in 
Cactaceae, while providing a valuable genomic resources 
that could contribute to future pitaya breeding programs. 
The identified highly variable sites and SSR sites identi-
fied through screening could serve as molecular markers 
for molecular-assisted selection in cultivar development. 
Meanwhile, comparative genetic analysis of cultivars may 
enable targeted screening of superior germplasm and 
optimize hybridization strategies for trait improvement.

Materials and methods
Plant materials
The six different pitaya cultivars samples for the study 
were provided by the Guangxi Institute of Botany, 
namely Selenicereus megalanthus  ’Yanwoguo’  and Sele-
nicereus megalanthus  ’Wucihuanglong’  with yellow peel 
white pulp, Selenicereus monacanthus  ’Sijihong’  and 
Selenicereus monacanthus  ’Jingduyihao’  with red peel 
red pulp, Selenicereus undatus  ’Putongbairou’  and Sele-
nicereus undatus  ’Baishuijing’  with red peel white pulp. 
Voucher specimens (voucher numbers: GZ202302401 – 
GZ202302406) were identified by Shuhua Lu and depos-
ited at the herbarium of the Guangxi Institute of Botany, 
Guilin, China.

DNA extraction and sequencing
Total genomic DNA was extracted from the stems of 
fresh plants. After DNA extraction, samples from the 
six pitaya cultivars were sent to the Anhui Double Helix 
Gene Technology Company (Anhui, China) for genomic 
library construction and Illumina sequencing. Illumina 
paired-end libraries (150 bp read length) were generated 
in a single lane on an Illumina HiSeq2500 (2500 Illumina 
Way, San Diego, USA), and the paired-end raw reads 
were processed using Trimmomatic v0.39 [27] to remove 
adapters and low-quality reads to produce high-quality 
clean data.

Chloroplast assembly and annotation
The genome assembly and annotation processes were 
conducted using well-established bioinformatics tools, 
ensuring reliable and high-quality results for all six pitaya 
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cultivars. Red peel white pulp pitaya Selenicereus unda-
tus (Haw.) D. R. Hunt (GB: NC.053698) was downloaded 
from the National Center for Biotechnology Information 
(NCBI: https://​www.​ncbi.​nlm.​nih.​gov/) as a reference 
sequence, and high-quality resequencing data obtained 
by screening were assembled using GetOrganelle v1.7.5 
[28] with the parameters set to -R 15 -k 21, 45, 65, 85, 
105, 127 -F embplant_pt. The completed assembled 
sequences were preliminarily annotated using Geseq [29] 
and CPGAVAS2 [30]. The annotation results were manu-
ally corrected using Geneious Prime v2024.0.5 [31] to 
obtain the complete cp genome. Finally, the cp genomes 
of these six pitaya cultivars were circularly mapped using 
OGDRAW v1.3.1 (https://​chlor​obox.​mpimp-​golm.​mpg.​
de/​OGDraw.​html) [32]. All fully annotated cp genome 
sequences were uploaded to the NCBI GenBank database 
under the accession numbers PQ824054 – PQ824059.

Structural characterization of the chloroplast genome
The total length and guanine-cytosine (GC) content of 
the cp genome, large single-copy region  (LSC), inverted 
repeat regions (IRs) and small single-copy region (SSC), 
and gene composition were analysed using Geneious 
Prime v2024.0.5.

Repeat sequence analysis
Online software MISA-web (https://​webbl​astipk-​gater​
sleben.​de/​misa/.) was used to identify simple sequence 
repeats (SSRs) in the target sequences [33], and the 
thresholds for mono-, di-, tri-, tetra-, penta-, and hexa-
nucleotide repeat sequences were set to 10, 5, 4, 3, 3, and 
3, respectively.

Dispersed repetitive sequences of the cp genome, 
including forward, reverse, complementary, and palin-
dromic repeats, were identified using REPuter (https://​
bibis​erv.​cebit​ec.​uni-​biele​feld.​de/​reput​er/) [34]. The 
parameters were set as follows: minimum sequence 
length was 30 bp; Hamming distance was 3, maximum 
number of computed repeats was 5000 bp. Finally, the 
number of dispersed repeat sequence types and the dis-
tribution of cp genomes were obtained.

Analysis of IRs contraction and expansion
The boundaries of the LSC, IRb, SSC, and IRa regions 
among six pitaya cultivars cp genomes were visualised 
using the CPJSdraw tool [35] to analyse the contraction 
and expansion of four regions in different pitaya cultivars 
as well as the correlation between the boundary regions 
and the genes.

Genomic variation analysis
To explore the genomic sequence variation in the 
cp genome of pitaya, the mVISTA program (http://​

genome.​lbl.​gov/​vista/​index.​shtml) was used to analyse 
the genomic variation of different pitaya cultivars using 
Selenicereus megalanthus (GB: NC.087625.1) as a refer-
ence in the Shuffle-LAGAN mode for sequence similar-
ity comparison of cp genomes of different pitaya cultivars 
[36].

Nucleotide diversity analysis
To assess the nucleotide diversity (Pi) among the cp 
genomes of the six pitaya cultivars, the sequences of the 
six cp genomes were aligned using the MAFFT function 
in Geneious Prime v2024.0.5. The genome-wide nucleo-
tide diversity was subsequently computed using a sliding 
window of DnaSP v6.12.03, with a window length of 600 
bp and a step size of 200 bp [37].

Analysis of the codon usage bias
The coding sequence (CDS) genes in the cp genomes of 
six pitaya cultivars were extracted using PhyloSuite v1.2.3 
software [38]. According to a previous research method 
[39], one of the genes with duplicates or gene < 300 bp 
in length were eliminated, and genes with ATG as the 
start codon and TAA\TAG\TGA as the stop codon were 
selected. Finally, 45 gene sequences were used for sub-
sequent codon usage bias analysis, and these 45 CDSs 
were integrated into one sequence for relative synony-
mous codon usage (RSCU) analysis. The codon usage 
frequency and RSCU values of different pitaya cultivars 
were calculated using CodonW v1.4.2 [40]. Finally, the 
results were visualised using TBtools v2.154 [41].

Phylogenetic analysis
To construct a phylogenetic tree of Cactaceae, we down-
loaded 40 cp genomes of Cactaceae plants from the 
NCBI, together with six fully assembled pitaya from this 
study and one outgroup of Portulacaceae (Portulaca oler-
acea, GB: NC.036236). The 45 shared CDSs from these 
47 species were selected to construct the maximum like-
lihood (ML) and Bayesian inference (BI) trees. Phylo-
genetic analysis of the genus Selenicereus was based on 
the six pitaya cultivars used in the current study and the 
four complete cp genomes of pitaya available in the NCBI 
database. Two data matrices (complete cp genomes and 
63 shared CDSs) were selected for ML and BI analyses, 
with Carnegiea gigantea (GB: NC.027618) as the out-
group. The GenBank numbers and classifications of the 
cp genome sequences downloaded from the NCBI data-
base are shown in Table S1.

Shared single-copy CDSs were identified and 
extracted using PhyloSuite v1.2.3. Before constructing 
the phylogenetic tree, both the extracted shared CDSs 
and the complete cp genome sequences were aligned 
using MAFFT v7.505 [42] in PhyloSuite v1.2.3. These 
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aligned nucleotide sequences were rejoined, and una-
ligned sequences were clipped using Gblocks [43], and 
phylogenetic trees were created based on the optimised 
data using the ML method of IQ-TREE v2.2.2.6 [44], 
with the bootstrap (BS) parameter set to 1000, and 
Modelfinder v2.2.0 [45] to determine the best alterna-
tive model.

BI analysis was performed using MrBayes v3.2.7a 
Markov chain Monte Carlo method row [46], and the 
best alternative model was determined using Modelfinde 
software and run for 200,000 generations, sampling the 
tree every 1000 generations. The first 20% of the trees 
were discarded as aged, and the remaining trees were 
used to generate consensus trees. Finally, the phyloge-
netic tree was visualised using FigTree v1.4.4 (http://​tree.​
bio.​ed.​ac.​uk/​softw​are/​figtr​ee).

Results
Characteristics of the chloroplast genome
In this study, the complete cp genomes of six pitaya cul-
tivars with typical tetrameric structures were assembled, 
including an LSC region, two IR regions (IRa and IRb), 
and an SSC region. Based on consistent gene content, 
order, and orientation, we use one cp gene map to rep-
resent all six pitaya cultivars cp genomes map (Fig.  1). 
The complete cp genome of pitaya ranged in size from 
133,146 to 133,617 bp. The total GC content of the cp 
genome was 36.4% in both cases. The size of the LSC 
region ranged from 68,076 to 68,528 bp, with a GC con-
tent ranging from 36.2% to 36.3%. The size of the SSC 
region ranged from 21,716 to 21,808 bp, with a GC 
content ranging from 39.6% to 39.7%. The size of the IR 
region ranged from 21,677 to 21,806 bp, with a GC con-
tent from 34.9% to 35.0%. Among the samples examined, 
S. megalanthus  ’Wucihuanglong’  exhibited the largest 
cp genome, while S. monacanthus  ’Jingduyihao’  had the 
smallest (Table S2).

In each of the six pitaya cultivar genomes, we iden-
tified 123 genes, including 80 protein-coding genes 
(PCGs), 38 tRNA genes, four rRNA genes, and one 
pseudogene (ycf68) (Table S2). The gene structures and 
contents of the six pitaya cp genomes are highly con-
served. The number of genes in the six pitaya cultivars 
was counted, and 19 duplicated genes were identified in 
the IR regions, including nine tRNA genes and 10 PCGs 
(rps16, atpA, atpF, psbA, psbI, psbK, clpP, matK, ycf1, 
and ycf2). The identified genes could be categorized into 
four groups according to their functions: the first group 
was photosynthesis-related genes totalling 35  types; the 
second group was self-replication-related genes total-
ling 57  types; the third group was other genes totalling 

6 types; the fourth group was unknown genes totalling 6 
types (Table 1).

Analyses of simple sequence repeats and dispersed 
repeats
Overall, 66–69 SSRs were identified in the cp genomes of 
the six pitaya cultivars. S. megalanthus  ’Yanwoguo’  had 
the highest number of repeat sequences (69), followed 
by S. undatus  ’Putongbairou’  with 67. The remaining 
cultivars contained 66 SSRs. All six pitaya cultivars con-
tained mono-, di-, tri-, tetra-, penta-nucleotide repeat 
sequences. With the exception of two red peel white 
pulp cultivars (S. undatus  ’Putongbairou’  and S. unda-
tus  ’Baishuijing’) which did not have hexanucleotide 
repeats, hexanucleotide repeats were identified in all the 
remaining individuals. The identified SSR exhibited the 
highest number of mononucleotide repeat sequences, 
followed by di-, tetra-, tri-, penta-, and hexa-nucleotide 
repeat sequences (Fig.  2A). Mononucleotide repeat 
sequences consisting of A/T motifs were the most preva-
lent, accounting for 73.75%. This was followed by dinu-
cleotide repeat sequences based on AT/AT motifs, which 
accounted for 13.5% (Fig. 2B). Further statistics revealed 
that, among these six pitaya plants, most of SSRs were 
distributed in the LSC region, followed by the IR region, 
and were least distributed in the SSC region (Fig. 2C).

In this study, we analysed repetitive sequences of more 
than 30 bp in all samples, and these repetitions appeared 
in a dispersed form in the genome. We found that the 
presence of 1,097 dispersed repeat sequences in the cp 
genomes of the six pitaya cultivars. The cultivar S. unda-
tus  ’Putongbairou’  exhibited the highest number of dis-
persed repeat sequences, with a total of 214. In contrast, 
S. monacanthus  ’Jingduyihao’  had the lowest number, 
with 161 dispersed repeat sequences. The analysis identi-
fied four distinct categories of dispersed repeat sequences 
in all six pitaya cultivars: forward, reverse, palindromic, 
and complementary. The six cultivars under considera-
tion had the highest number of forward repeats (96–152), 
and the lowest number of complementary repeats, with 
only one identified in each cultivar (Fig. 2D). Further sta-
tistical analysis revealed that most of the identified dis-
persed repeat sequences were less than 50 bp in length 
(98–151), followed by a range of 50–99 bp (30–43) 
(Fig. 2E).

IRs contraction and expansion
In this study, we compared the contraction and expansion 
of the IR/SC boundaries in the cp genomes of six pitaya 
cultivars. The analysis revealed a high degree of similar-
ity between the six pitaya cultivars. Both the SSC and IR 
regions of S. megalanthus ’Yanwoguo’ showed expansion 

http://tree.bio.ed.ac.uk/software/figtree
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compared to the other five cultivars, with the IR region 
being 21,806 bp in length and SSC region being 21,808 
bp in length, respectively (Fig.  3). In six cultivars, both 

copies of the ycf1 gene span the IR/SSC border regions. 
The ycf1 gene in the IRb/SSC border region extended 
from the IRb region to the SSC region, with extensions 

Fig. 1  Gene map of the chloroplast genome among six pitaya cultivars. The direction of gene transcription is counterclockwise on the outside 
of the circle and clockwise on the inside of the circle. Genes of different functional types are indicated by different colours. The dark gray colour 
in the inner circle corresponds to GC content
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ranging from 4,076 to 4,127 bp. Simultaneously, the ycf1 
genes in the SSC/IRa border region both have 45 bp 
extensions into the SSC region.

Comparative analysis of chloroplast genomes
In this study, published Selenicereus megalanthus (GB: 
NC.087625) was used as a reference, and the mVISTA 
online tool was used to conduct a genome-wide com-
parative analysis of the cp genomes of the six pitaya 
cultivars. These six pitaya cultivars were similar to the 
reference sequence in terms of gene structure and align-
ment order, and the variant sites were mainly found 
in the LSC region, followed by the SSC region, with 
no obvious variation in the IR regions. The genes with 
more significant variations in the protein-coding region 
were accD, rps18, rpl22, rps19, and ycf1, with the high-
est degree of sequence variability found in the accD gene. 
More sequence variation were found in the non-coding 
regions than in the protein-coding regions, such as atpH-
atpI, trnF(GAA)-rbcL, trnM(CAU)-accD, trnL(CAA)-
ycf1, ndhD-ccsA, ycf1-trnL(CAA), and trnL(CAA)-ycf2 
intergenic regions all showed variability (Fig. 4A).

To elucidate the level of sequence variation, Pi analy-
sis of the six pitaya cultivars was performed in this study 
using DnaSP software, and the Pi values among the 
sequences were calculated. The results showed that the 
Pi values ranged from 0.00000 to 0.08511 with an aver-
age value of 0.00363, and the maximum peak appeared 
in the accD gene (Fig. 4B). The LSC region had the high-
est average nucleotide diversity (Pi = 0.00481), followed 
by the SSC (Pi = 0.00405) and IR regions (Pi = 0.00159). 
The highly variable sites were mostly distributed in the 
LSC and SSC regions, whereas the IR region was more 
conserved and had a lower mutation rate, which was 
consistent with the results of genome-wide comparative 
analysis. In this study, six different highly variable sites 
(Pi ≥ 0.015) were screened out, namely trnF-GAA-rbcL, 
trnM-CAU-accD, accD, rpl20-psbB, rpl22, ycf1.

Codon usage bias analysis
In this study, six pitaya cp genomes were analysed for 
codon usage, frequency, and preference. A total of PCGs 
> 300 bp in length were encoded by 19,189 (S. monacan-
thus ’Jingduyihao’) to 19,350 (S. megalanthus ’Wucihuan-
glong’) codons, including stop codons. The total number 

Table 1  Gene composition of chloroplast genome of six pitaya cultivars

(X2) indicates that the gene located in the IRs and thus had two complete copies

Gene function Group of gene Gene names Amount

rRNA Ribosomal RNAs rrn16, rrn23, rrn4.5, rrn5 4

tRNA Transfer RNAs trnA-UGC​, trnC-GCA​, trnD-GUC​, trnE-UUC​, trnF-GAA​, trnfM-CAU​, trnG-GCC​
, trnI-GAU​, trnL-UAA​, trnL-UAG​, trnN-GUU​, trnP-UGG​, trnR-ACG​, trnS-GGA​, 
trnS-UGA​, trnT-GGU​, trnT-UGU​, trnV-GAC​, trnW-CCA, trnY-GUA​, trnI-CAU(× 2), 
trnK-UUU(× 2), trnL-CAA(× 2), trnH-GUG(× 2), trnM-CAU(× 2), trnQ-UUG(× 
2), trnR-UCU(× 2), trnS-GCU(× 2), trnT-CGU(× 2)

38

Self replication DNA dependent RNA polymerase rpoA, rpoB, rpoC1, rpoC2 4

Small subunit of ribosome rps11, rps12, rps14, rps15, rps16(× 2), rps18, rps19, rps2, rps3, rps4, rps7, rps8 13

Large subunit of ribosome rpl14, rpl16, rpl2, rpl20, rpl22, rpl32, rpl33, rpl36 8

Gene for photosynthesis Subunits of photosystem I psaA, psaB, psaC, psaI, psaJ 5

Subunits of photosystem II psbA(X2), psbB, psbC, psbD, psbE, psbF, psbH, psbI(X2), psbJ, psbK(X2), psbL, 
psbM, psbN, psbT, psbZ

18

Subunits of cytochrome b/f complex petA, petB, petD, petG, petL, petN 6

Subunits of ATP synthase atpA(X2), atpB, atpE, atpF(X2), atpH, atpI 8

Subunit of rubisco rbcL 1

Subunits of NADH-dehydrogenase ndhB, ndhD 2

Other gene Maturase matK(X2) 2

Envelop membrane protein cemA 1

c-type cytochrom synthesis gene ccsA 1

Subunit of Acetyl-CoA-carboxylase accD 1

Protease clpP(X2) 2

Translational initiation factor infA 1

Unknown Conserved open reading frames ycf1(X2), ycf15, ycf2(X2), ycf3, ycf4 7

pseudo ycf68 1

Total 123
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Fig. 2  Analysis of SSRs and Dispersed repeats in the chloroplast genomes of six pitaya cultivars. A Number of different types of SSRs; B Percentage 
of different SSRs motifs; C Percentage of SSRs in LSC, SSC, and IR regions; D Number of different types of Dispersed repeats; E Number of Dispersed 
repeat types by length. Mono = mononucleotide repeat, Di = dinucleotide repeat, Tri = trinucleotide repeat, Tetra = tetranucleotide repeat, Penta 
= pentanucleotide repeat, Hexa = hexanucleotide repeat
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of codons did not change significantly and the types of 
codons were consistent with the types of amino acids. 
Leucine (Leu: 1898–1932 codons) was the most abundant 
amino acid, whereas cysteine (Cys: 230–243 codons) was 
the least abundant (Fig. 5A and Table S3). Based on the 
results of the RSCU analysis, it was shown that among 
the 64 codons identified, RSCU values ranged from 0.33 
to 1.88 (Fig.  5B). Among the six analysed sequences, 
UUA and CUC encoding leucine showed the largest and 
smallest RSCU values, respectively. The RSCU value of 
1.00 for Met and Trp indicated no bias in methionine 
and tryptophan codons. The number of high-frequency 
codons (RSCU > 1) was 31, with 29 ending in A or U 
bases. Furthermore, three stop codons, UAA, UAG, and 
UGA, were present. The RSCU value of UAA was > 1, 
suggesting that the stop codons preferred UAA in the 
analysed sequences.

Phylogenetic analysis
To clarify the phylogenetic relationships of pitaya in 
the Cactaceae, we performed a phylogenetic analy-
sis of 46 species (Fig.  6A and Fig.  6B). Phylogenetic 

analysis of ML and BI yielded the same topology, with 
the results presented in the form of a single tree. As 
shown in the tree topologies, Cactaceae was divided 
into three major clades representing the subfamilies 
Cactoideae, Opuntioideae, and Pereskioideae. The 
nine pitaya cultivars formed a monophyletic clade 
within the Hylocereeae tribe. They are sister groups 
of the tribe Echinocereaea, and all belong to the larg-
est subfamily, Cactoideae. To show the phylogenetic 
relationships of the different pitaya cultivars with 
different peel and flesh colours more clearly, we per-
formed phylogenetic analyses of the 10 pitaya culti-
vars based on their complete cp genomes (Fig.  6D) 
and CDSs (Fig. 6E). The ML and BI trees constructed 
based on these two datasets exhibited completely con-
sistent topologies. In the phylogenetic tree, the red 
peel red pulp of S. monacanthus  ’Sijihong’, S. mona-
canthus  ’Jingduyihao’  and S. sp. fenhonglong were in 
the same branch. Furthermore, the published Selen-
icereus undatus with red peel white pulp did not form 
a separate branch with S. undatus  ’Baishuijing’  and 
S. undatus  ’Putongbairou’, which are the red-peel 
white pulp cultivar, but rather served as the sister of 

Fig. 3  Comparison of the LSC, IR, SSC junction positions among six pitaya cultivars cp genomes. JLB: junction of LSC and IRb; JSB: junction of SSC 
and IRb; JSA: junction of SSC and IRa; JLA: junction of LSC and IRa. Boxes above and below the mainline indicate the adjacent border genes. The 
gaps between the genes and the boundaries are indicated by the base lengths (bp)
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S. sp. fenhonglong. The yellow peel white pulp culti-
var S. megalanthus  ’Yanwoguo’  was clustered with 
the published Selenicereus megalanthus, but the S. 

megalanthus  ’Wucihuanglong’  showed similarities to 
the red peel white pulp of S. undatus  ’Baishuijing’ and 
S. undatus ’Putongbairou’.

Fig. 4  Comparative analysis of the chloroplast genomes of six pitaya cultivars. A Comparison of the chloroplast whole genomes of seven pitaya 
cultivars using Selenicereus megalanthus annotation as a reference. Vertical scale depicts sequence similarity in aligned regions with percentage 
identity ranging from 50%− 100%; B Sliding window analysis of the chloroplast genomes of six pitaya cultivars. X-axis: position of the midpoint 
of the window; Y-axis: each window’s nucleotide diversity. Highly variable sites (Pi ≥ 0.015) are labelled above the corresponding positions
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Discussion
Characteristics of the chloroplast genome
Understanding plant cp genomes provides an important 
basis for species identification, evolutionary relation-
ships, genetic engineering and other research [47, 48]. We 
analysed the cp genomes of six pitaya cultivars and the 
results indicated a 471 bp discrepancy in the sequences 
under consideration. No substantial rearrangement was 
observed between pitaya, the difference in sequence 
length was minimal, and all sequences exhibited a char-
acteristic tetrameric structure. This finding indicates that 
the structure of six pitaya cp genomes is similar to most 
angiosperm cp genomes and that the genomes are largely 
conserved [2, 49]. Notably, we observed that specific IR 
boundary expansions in the cp genome of S. megalan-
thus  ’Yanwoguo’  may indicate potential adaptive evolu-
tion in this cultivar. These differences in length may be 
related to the contraction and expansion of the IR region 
or variability in the non-coding region [50, 51], warrant 
further validation through functional studies.

We identified a total of 123 genes in the sequence, of 
which four single-copy rRNAs are one of the character-
istics shared by Cactaceae [52]. Plastid ndh genes and 
peptides encoded by nuclear genes form a higher plant 
NADH dehydrogenase complex, which provides energy 
for the recycling pathway in photosynthesis [53]. How-
ever, only two ndh gene family genes (ndhB and ndhD) 
were found in the pitaya PCGs, which is consistent with 
previous studies [26] and confirms the existence of a large 

number of loss events in the ndh gene family in the pitaya 
genome. One hypothesis posits that the absence of plas-
tid ndh genes in certain plants may be attributed to their 
translocation from plastids to nuclear genes, a phenom-
enon that occurs in response to adverse environmental 
conditions, or to ensure the continuity of photosynthesis, 
a process vital for plant growth [54, 55]. Alternatively, 
complex alternative pathways within the nucleus may 
facilitate the loss of plastid ndh genes [56]. Additionally, 
extant angiosperms devoid of the ndh gene may repre-
sent an evolutionary endpoint on the phylogenetic tree, 
with plants lacking the ndh gene being progressively 
eliminated during evolution [57]. Further research is nec-
essary to elucidate the molecular regulatory mechanisms 
that ensure normal growth despite the substantial loss of 
the ndh gene family in pitaya plastids.

Repeat sequences
SSRs, also known as microsatellite sequences, comprise 
1–6 bp nucleotides that appear multiple times in succes-
sion, thus forming short tandem repeat sequences. This 
type of sequence offers certain advantages including 
marker abundance, high repetitiveness, and co-occurring 
inheritance. Therefore, it is often used as a molecular 
marker, and is of great significance in the studies of spe-
cies identification, genetic map construction, and popula-
tion polymorphism [58–60].

A total of 400 SSRs were identified in this study, and 
the SSRs detected in the cp genomes of pitaya of different 

Fig. 5  Codon usage of six pitaya chloroplast genome. A Proportion of amino acids and stop codons in the protein coding genes. B Codon 
preference heat map of six pitaya chloroplast genome. The RSCU values of codons were used as the basis for tree clustering. As the red colour 
deepens, the RSCU value increases. As the blue colour deepens, the RSCU value decreases
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colours exhibited minimal variation in number. Single-
nucleotide SSRs were the most prevalent repeats in all 
samples, and the A/T motif was the most common. 
This is one of the reasons for the enrichment of AT in 
cp genome sequences, which is in agreement with the 
results of studies on plant cultivars [61, 62]. Localisa-
tion of SSRs revealed that they were predominantly dis-
tributed in the LSC region, followed by the IR and SSC 

regions. This distribution is inconsistent with that of the 
SSRs in LSC > SSC > IR found in most plants. The differ-
ences in the number and distribution of SSRs might be 
related to genetic variants or the contraction and expan-
sion of the reverse repeat region [52]. This was confirmed 
in a study of S. megalanthus ’Yanwoguo’, which had a sig-
nificantly expanded IR region and the highest number of 
SSRs. Furthermore, The unique repetitive elements in S. 

Fig. 6  Phylogenetic tree of plant chloroplast genomes. Phylogram A and Cladogram B of 46 Cactaceae species inferred from 45 shared coding 
sequences (CDSs); C Phylogram of ten pitaya cultivars inferred from whole chloroplast sequences; Cladogram constructed based on the whole 
chloroplast sequences D and 63 shared CDSs E of the ten pitaya cultivars, with Camegiea gigantea as the outgroup. Branch lengths of phylogram 
represent evolutionary divergence, with longer branches indicating greater genetic change and shorter branches indicating higher conservation. 
The newly sequenced pitaya cultivars in this study are indicated by different colours of bold font. Red: red peel red pulp pitaya; Pink: red peel white 
pulp pitaya; Yellow: yellow peel white pulp pitaya. The branch nodes numbers represent the Bootstrap (BS) and Posterior Probability (PP) values
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megalanthus  ’Yanwoguo’  consist of C/G base pairs and 
AATGA/ATTTC base pairs. These SSR sites can be used 
to identify S. megalanthus ’Yanwoguo’ in the future [63].

The distribution and variation of dispersed repeat 
sequences in the genome can reveal genetic differences 
between cultivars and provide important information for 
genetic diversity studies [64]. Dispersed repeat sequence 
analysis of the six pitaya cp genomes revealed that for-
ward and palindromic repeats were the most abundant, 
a phenomenon that is common in most plants [26, 62]. 
All four repeat types were present in the six pitaya cp 
genomes, but there were some differences in their num-
bers. One of the most interesting things to study is the 
fact that the reverse repeat sequences of the S. megal-
anthus  ’Yanwoguo’  showed a significant reduction, with 
only one identified, which may be related to the occur-
rence of sequence rearrangements [65, 66].

IRs contraction and expansion
Contraction and expansion of the IR regions is one of the 
reasons for the variation in the length of the cp genome, 
which is commonly observed in the subfamily Cactoideae 
[52]. Analysis of the IR boundaries revealed that the IR/
SC boundaries were highly conserved in the cp genomes 
of the six pitaya cultivars. The IR-SSC boundary posi-
tions were spanned by the ycf1 gene. Furthermore, rpl2 
and atpF were found in the neighbouring positions of the 
boundary of the LSC and IRb (JLB) and the boundary of 
the LSC and IRa (JLA), respectively. Only these bounda-
ries and the positions of neighbouring genes away from 
the boundaries differed slightly. This result is consistent 
with the cp genomes of four Selenicereus spp. studied 
by Qin et  al. [26]. The analysis of the IR region’s length 
revealed that, the IR regions in the five cultivars exhibited 
high conservation, except for the expansion observed in 
the IR region of S. megalanthus ’Yanwoguo’. This suggests 
that S. megalanthus  ’Yanwoguo’  may have undergone a 
distinct evolutionary trajectory, resulting in the expan-
sion of the IR regions.

Comparative genome analysis
A full sequence comparison of the six pitaya cp genomes 
revealed that these sequences were highly conserved. 
Most of the sites with variability were distributed in non-
coding regions, with the coding regions showing more 
conservation, as demonstrated previously for several spe-
cies [67]. accD, ycf1, and rpl22 are highly variable sites 
that have been widely used in species identification and 
phylogenetic studies of various angiosperms [68–70]. 
A substantial body of research has identified the preva-
lence of repeat sequences upstream of the accD gene in 
cactus. These repeat sequences have been shown to influ-
ence the rearrangement of plastid genes, resulting in high 

variability [52]. In our study, we also found high variabil-
ity in accD, which may have facilitated the rearrangement 
of the cp genome in pitaya, and thus had some effect on 
fruit pericarp flesh colour. Organelle genome mutation 
is a complex process that is influenced by multiple fac-
tors, which may also be interconnected and influenced by 
each other [71]. Therefore, further experimental studies 
are still needed to explore the mutation mechanism and 
evolutionary significance of organelle DNA in pitaya in 
the future.

To further analyse these highly variable sites, we cal-
culated the Pi values of the six pitaya cp genomes. The 
results also verified a previous statement that more highly 
variable sites were found in the LSC and SSC regions of 
the pitaya than in the IR region. Among the six highly 
variable sites screened, trnM-CAU-accD, rpl20-psbB, and 
rpl22 have not been reported in the genus Selenicereus. 
These have been identified as highly variable sites suit-
able for developing specific DNA barcodes for the iden-
tification of Selenicereus spp. [62, 72]. To further verify 
the value of these sites for Selenicereus species identifi-
cation, it will be necessary to collect additional genetic 
resources and conduct molecular experiments. Fur-
thermore, the highly variable sites identified may reflect 
adaptive evolution driven by environmental pressures. 
For instance, the polymorphism in accD, a gene critical 
for fatty acid synthesis, could enhance chloroplast mem-
brane stability under drought conditions by regulating 
lipid composition[73]. Similarly, the variability in ycf1, a 
multifunctional gene associated with stress resistance, 
might contribute to oxidative stress tolerance [74]. These 
adaptive mutations could underlie the ecological success 
of pitaya in tropical and subtropical regions. Future stud-
ies combining selection pressure analysis and functional 
assays are needed to validate the adaptive significance of 
these genomic regions.

Codon usage bias analysis
Codons are critical in linking genetic material, amino 
acids, and proteins in an organism [75–77]. Gene muta-
tions, translation efficiency, gene expression levels, and 
natural selection pressures have all been suggested to 
contribute to codon usage bias [78, 79]. We found that 
Leu was the most abundant amino acid of the six pitaya 
cp genomes, followed by Ile and then Ser. Calculation of 
RSCU values in the cp genome yielded UUA-Leu as the 
most commonly used codons, followed by AGA-Arg. The 
six pitaya cp genome codons showed a strong preference 
for A/U endings, which also resulted in overall higher 
AT content in the cp genomes, a phenomenon that is 
also prevalent in other angiosperms, showing a broadly 
similar trend in the evolution of plant cp genomes [51, 
61, 80]. In this study, highly similar codon usage patterns 
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were observed in the cp genomes of six pitaya varieties, 
which may be indicative of their close evolutionary rela-
tionships. Studies have shown that codon preference is 
closely related to tRNA abundance [81]. Codon with high 
preference promotes high abundance of the correspond-
ing tRNA, reducing the risk of translation errors, and fast 
ribosomal translational movement thereby increasing the 
efficiency of protein synthesis. This optimisation mecha-
nism essentially reflects the dynamic equilibrium strategy 
developed by organisms during long-term evolution [82]. 
Thus, Codon usage bias in the pitaya cp genome suggests 
potential influences on gene expression and may reflect 
evolutionary pressures, but further studies are needed to 
confirm these associations.

Phylogenetic analysis
Owing to the simple structure and matrilineal inherit-
ance of the cp genome, it is often used to decipher the 
phylogenetic relationships of species [83]. Past research 
has shown that the use of complete cp genome data 
shows higher support and better reflects the phyloge-
netic relationships of some closely related species than 
the construction of phylogenetic trees using data from 
a single or a few cp genes [51, 70, 84]. Phylogenetic 
analysis revealed that the 46 individuals could be classi-
fied into four clades, including the outgroup Portulaca 
oleracea from the Portulacaceae family. Furthermore, we 
explored the positional relationships of pitaya cultivars 
with different peel and pulp colours in the genus Selen-
icereus. Phylogenetic analysis provided valuable insights 
into the evolutionary relationships among pitaya culti-
vars, although some branches require further resolution 
due to paraphyletic patterns and low support values. The 
paraphyletic relationship of yellow peel white pulp and 
red peel white pulp pitaya suggests that the S. megalan-
thus  ’Wucihuanglong’ may be hybridized between the S. 
megalanthus  ’Yanwoguo’  (yellow peel white pulp pitaya) 
and the red peel white pulp pitaya, giving it both a yel-
low peel and a larger fruit size. We suspect that the para-
phyletic relationship in the pitaya cp genome may cause 
by the common interspecific hybridisation events within 
Selenicereus species. Frequent gene flow allows genetic 
introgression in the progeny, resulting in these cultivars 
not being ideally segregated based on their phenotypic 
characteristics [85, 86]. Moreover, due to the limited 
material in this study and the low support for some 
branches, we hope that more complete cp genomic data 
of pitaya will help us better understand the genus Sele-
nicereus and suggest that the evolutionary relationships 
of pitaya populations can be further investigated in the 
future by combining nuclear genomic and biogeographic 
studies.

Conclusion
In this study, we assembled and annotated the cp 
genomes of six pitaya cultivars with three differ-
ent colours types of peel and pule. We analysed the 
basic features of the six cp genomes, including their 
basic structure, gene composition, dispersed repeat 
sequences, and SSR sites. The results showed that the 
cp genomes of six pitaya cultivars were largely con-
served in their overall structure and gene content, 
although variability was observed in several non-cod-
ing regions and hotspot genes such as accD and ycf1. 
A significant reduction in reverse repeat sequences and 
expansion of the IR regions were observed in S. mega-
lanthus  ’Yanwoguo’. mVISTA analysis revealed more 
variable sites in the intergenic regions than in the cod-
ing regions. Calculating the nucleotide diversity val-
ues, we screened six different highly variable sites (Pi 
≥ 0.015) and found three previously unreported highly 
variable sites (trnM-CAU-accD, rpl20-psbB, rpl22) that 
may serve as potential molecular markers for species 
identification and phylogenetic studies, pending further 
validation. The observed phylogenetic patterns sug-
gest a complex genetic basis for colour variation among 
pitaya cultivars, potentially influenced by hybridiza-
tion and gene flow. This study provides valuable infor-
mation for further understanding of the phylogenetic 
relationships and cp genome variation in the genus 
Selenicereus.
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