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Abstract
Background Loche (Cucurbita moschata) is a pre-Columbian squash that is cultivated exclusively in the northern coast of
Peru, Lambayeque. This crop is notable for the presence of warts in its skin and for its vegetative reproduction as it
commonly lacks of seeds in fruits. Currently, loche may be considered a new product for international markets, recognizing
the gastronomy of Lambayeque in the world and dynamizing the Peruvian agro-export area. However, genomic information
about this squash is very limited.

Results In this study, the complete chloroplast (cp) genome of loche from Lambayeque was sequenced and annotated.
Clean reads were obtained by PE 150 library and the Illumina HiSeq 2500 platform. The complete chloroplast (cp) genome
of C. moschata has a 157,592 bp in length with typical quadripartite structure, containing a large single copy (LSC) region
(88,192 bp) and 18,181 bp small single-copy (SSC) region, separated by two inverted repeat (IR) regions (25,613 bp). The
annotation of C. moschata cp genome predicted 81 protein-coding genes (CDS), 8 ribosomal RNA (rRNA) genes, 38
transfer RNA (tRNA) genes and 01 pseudogen. A total of 59 simple sequence repeats (SSR) of this cp genome were
divided into mononucleotide (43), dinucleotide (7), trinucleotide (2), tetranucleotide (6), and hexanucleotide (1). The
highest percentage of identity was observed for C. moschata and C. maxima (0.99) while the lowest for C. moschata and
Cucumis sativus (0.68). Cucurbita pepo is the closest relative to loche.

Conclusions The cp genome of loche is similar to other cucurbit species and possesses 127 genes in total. Moreover, a
total of 59 SSR were identified in this cp genome. A higher percentage of identity is evidenced between C. moschata and C.
maxima whereas higher divergence values with Cucumis sativus. This study reports for the first time the genome
organization, gene content, and structural features of the chloroplast genome of a Peruvian squash landrace, that is
commonly cultivated in a restricted area in northern Peru, providing valuable information for genetic and evolutionary
studies in the genus Cucurbita.

Background
Cucurbitaceae are among the most economically, nutritionally important and large plant families (100 genera and 1000
species) [1][2]. This family includes cucumber, melon, watermelon, pumpkins and squashes [3]. Cucurbita genus contains
earliest domesticated plant species [4], like C. moschata Duchesne, C. maxima Duchesne and C. pepo L. These species are
appreciated due to their nutritional and medical properties as they are able to reduce the risk of coronary heart disease, as
well as blood glucose and serum cholesterol levels [5]. This is due to the presence of phytoconstituents such as tannins,
flavonoids, and terpenoid cucurbitacins, which provide them with antioxidant, anti-inflammatory, antidiabetic, and other
properties [6]. Although the primary and most consumed part of the plant is the mature fruit, the leaves, flowers, and
shoots are also used for culinary purposes [7]. Additionally, the seeds are an important source of protein, essential fatty
acids, and linoleic acid [8]. Moreover, plants belonging to the Cucurbitaceae family are used as a nutritional supplement in
livestock, poultry, and aquaculture [9].

Cucurbita moschata is an important vegetable in America. It was cultivated since the pre-Colombian era and probably was
domesticated in Mexico and South America independently [10]. Currently, it constitutes an important part of the traditional
polyculture systems in Mexico and Peru together with corn, beans, among others. In Peru there is a squash landrace called
“loche”. This landrace has been cultivated at least since the Chimú culture, and currently is grown exclusively and
traditionally in the north coast of Peru, in the geographical departments of Lambayeque and is unknown elsewhere (Andres
et al., 2006). Interestingly, this squash is vegetatively propagated, possesses low genetic diversity, and mostly lacks of
seeds in fruits and also presents warts in its skin [12]. In addition, this crop represents an important component in the
northern Peruvian gastronomy, and is also part of the economy and culture of northern Peru.

Chloroplast plays an import role into vital metabolic events, including photosynthesis, lipid synthesis and amino acid.
Angiosperm plastid genomes exist in linear form and most commonly circular form [13]. Its size varies between 120 ± 150
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kb, with a quadripartite structure containing a large and small single copy regions (LSC and SSC) separated by two inverted
repeats regions (IRA and IRB). The chloroplast includes 110 ± 130 genes involved in photosynthesis, translation and
transcription [14]. Due to conserved gene, content, organization and order makes them well suited for evolutionary studies
[15], phylogenetic analyses [16], population structure [17], structural rearrangements, pseudogenes or additional mutation
events [15] and genetic engineering studies [18]. Currently, most cp genomes of important Cucurbitaceae species were
sequenced. Cong et.al [19] revealed that C. ficifolia possesses 157,533 bp in length, a pair of inverted repeats regions (IRs)
of 25,639 bp, separated by large single copy (LSC) (88,112 bp) and small single copy (SSC) (18,143 bp). This cp genome
encodes 86 protein-coding genes, eight rRNA genes and 36 tRNA genes. Finally, maximum likelihood phylogenetic analysis
revealed that C. ficifolia is a base clade of genus Cucurbita and closer to C. maxima. Cucumis melo ‘Shengkaihua’ is
another important species whose cp genome has already been revealed. Using next-generation sequencing, the entire cp
genome was obtained, possessing 156,017 bp in length with typical structure: LSC (86,335 bp), SSC (18,088 bp), separated
by a pair of 25,797 bp (IR regions). This genome contained 133 genes, including 88 protein-coding genes, 37 tRNA genes,
and eight rRNA genes. The GC content of the genome is 36.9%. The phylogenetic tree reconstructed by 24 chloroplast
genomes revealed that C. melo is most related to Cucumis melo var. inodorus.

The increased use of next-generation sequencing technologies has allowed access to a large amount of nucleotide data,
facilitating comparative studies to better understand phylogenetic hypotheses [20]. Zhang et al. [21] pointed out that
Cucurbitaceae is the fourth most important economic plant family, mainly distributed in tropical and subtropical regions.
They compared and described the complete cp genome sequences of ten representative species from Cucurbitaceae. The
cp genomes of the ten species ranged from 155,293 bp (C. sativus) to 158,844 bp (M. charantia). Phylogenetic analysis
strongly supported the position of Gomphogyne, Hemsleya, and Gynostemma as the relatively original lineage in
Cucurbitaceae. On the other hand, [22] carried out a comparative analysis of the cp genome of nine varieties of Cucumis
melo, which represented the morphological diversity of two subspecies, Cucumis melo ssp. melo and C. melo ssp.
agrestis. This study demonstrated that the cp genome of melon is relatively conserved, and the phylogenetic results
indicated that ssp. melo and ssp. agrestis formed a monophyletic group, providing a quick and simple method to identify
and differentiate them. Therefore, large-scale comparisons of cp sequences are of great interest, as they provide solid
evidence for taxonomic studies, species identification, and understanding the mechanisms underlying evolution in
Cucurbitaceae.

To date, C. moschata is still considered a neglected crop [23] because the agricultural, economic and biological
importance of this cucurbit is still unknown. Here we sequenced for the first time the complete cp genome of this Peruvian
orphan crop and compared it with other eight important species within the Cucurbitaceae family. This work adds valuable
information to the complete chloroplast genomics of Cucurbitaceae, providing a solid foundation for the development of
DNA barcoding at the species level, the use of microsatellites (SSRs) as polymorphic molecular markers, as well as for
studies on the evolution and molecular identification of C. moschata cultivars.

Results
C. moschata chloroplast genome organization and features

Complete cp sequence of C. moschata exhibits 157,592 bp in size and has a quadripartite structural organization
containing a large single copy (LSC, 88,192 bp), a pair of inverted repeats (IRa and IRb 25,613 bp each) and small single
copy (SSC, 18,181 bp) (Table 1 and Fig. 1). The percentage of GC of the IR region was 43.03%, which is higher than that of
LSC and SSC regions with 35.90% and 32.02% respectively (Table 1). In the C. moschata cp genome, 127 genes were
predicted in total; 81 were protein-coding genes, 38 transfer RNA (tRNAs) genes, eight ribosomal RNA (rRNAs) genes, and
one pseudogene (Table 2). Of these, six protein coding genes, four rRNAs, and eight tRNAs are duplicated in the IR regions.
A total of ten protein-coding genes and eight tRNAs genes contained a single intron, whereas three genes exhibited two
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introns each. The rpsl2 gene was predicted to be trans-spliced with its 5-end located at the LSC region and the 3- ends with
a copy located in each of the two IR regions.

The cp genome of “loche” possesses in its IR region 18 duplicated genes: five protein-coding genes such as rpl2, rpl23,
rps7, rps12, and ndhB; seven tRNAs as trnI-CAU, trnL-CAA, trnV-GAC, trnI-GAU, trnA-UGC, trnR-AGC, and trnN-GUU; four
rRNAs genes as rrn23, rrn16, rrn5, rrn4.5 (Fig. 1), and the 5´-end of ycf1 gene. The SSC region contained 12 protein-coding
and one tRNA gene, whereas. LSC region contained 69 protein-coding and 22 tRNAs.

Table 1
Chloroplast genomes of “loche” (C. moschata) and seven Cucurbitaceae species

Genome

Characteristics

Citrullus
lanatus

Cucumis
melo

Cucumis
sativus

Cucurbita
ficifolia

Cucurbita
maxima

Cucurbita
moschata

Cucurbita
pepo

Cyclanthera
pedata

Genome Size
(bp)

156,906 155,402 155,293 157,533 157,204 157,592 157,343 155,027

SSC length
(bp)

86,845 86,287 89,668 88,113 87,652 88,182 87,971 84,165

LSC length(bp) 17,896 18,086 22,910 18,143 18,039 18,181 18,167 18,289

IRA length (bp) 26,081 25,513 21,356 25,637 25,755 25,613 25,601 26,285

IRB length (bp) 26,081 25,513 21,356 25,637 25,755 25,613 25,601 26,285

No. of
different
protein-coding
genes

81 81 81 81 81 81 81 81

No. of
different rRNA
genes

8 9 10 8 8 8 9 8

No. of
different tRNA
genes

38 38 41 38 38 38 38 41

No. of
different genes

127 128 132 127 127 127 128 130

No. of
different genes
with introns

9 9 9 9 9 9 9 9

No. of codons 26,370 25,309 26,052 25,545 26,626 26,625 25,275 26,588

Coding
sequence
length (bp)

79,110 75,926 78,155 76,634 79,879 79,876 75,826 79,765

No. of genes
present in both
IR

23 26 20 23 23 23 22 23

%GC content
in LSC

34.94 34.67 35.03 34.90 34.85 34.89 34.91 35.28

%GC content
in SSC

31.54 30.94 33.47 31.55 31.47 31.44 31.44 30.95

%GC content
in IR

42.84 42.79 43.32 43.00 42.95 43.01 43.05 42.80



Page 5/17

Comparative analysis of genome structure
The structural characteristics of the cp genome of C moshata was explored, and compared it with other seven
Cucurbitaceae species: Citrullus lanatus, Cucumis melo, Cucumis sativus, Cucurbita ficifolia, C. maxima, C. moschata, C.
pepo and Cyclanthera pedata. The cp genomes of these species differed in 686 pb, 2,190 pb, 2,299 pb, 59 pb, 388 pb, 249
pb, and 2565 pb, respectively (Table 1). Using mVISTA program, the divergence in the chloroplast genomes of seven
cucurbit species was identified. The identity between the sequences and colored regions of high conservation is visualized
in Fig. 2. As expected, the IR regions showed less divergence than the SSC and LSC regions. An identity analysis between
the cp of C. moschata and seven closely related species showed higher percentage of identity is evidenced between C.
moschata and C. maxima (0.99) and higher divergence values with Cucumis Sativus (0.68) (Figure S1).

A genome-wide analysis by sliding window assessment to detect hotspot regions in Cucurbita cp genomes was
conducted. By applying a Pi-value cut-off threshold of 0.055, it was possible to detect six gene regions with a high degree
of variability. Of these, three regions were located within the LSC (trnG-TCC, trnT-GGT and ndhC) and three within the SSC
(ndhF, rpl32 and ycf1) region (Fig. 3). Noncoding regions included: trnT-GGU–psbD, trnR-UCU–atpA, trnL-UAA–trnF-GAA,
accD–pasI, and ndhF–rpl32, atpH–atpI (Fig. 2).
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Table 2
List of genes found in cp genome of “loche”, C. moschata

Category Function Genes

RNA genes Transfer RNA trnH-GUG, trnK-UUUb, trnQ-UUG, trnS-GCU, trnG-UCCb, trnR-UCU, trnC-
GCA, trnD-GUC, trnY-GUA, trnE-UUC, trnT-GGU, trnS-UGA, trnG-GCC,
trnfM-CAU, trnS-GGA, trnT-UGU, trnL-UAAb, trnF-GAA, trnV-UACb, trnM-
CAU, trnW-CCA, trnP-UGG, trnI-CAU (x2), trnL-CAAb(x2), trnV-GAC (x2),
trnI-GAUb (x2), trnA-UGCb (x2), trnR-ACG (x2), trnN-GUU (x2), trnL-UAG

Ribosomal RNA rrn23 (x2), rrn16 (x2), rrn5 (x2), rrn4.5(x2)

Transcription and
translation related
genes

Transcription and
splicing

rpoA, rpoB, rpoC1b, rpoC2

Ribosomal protein
large subunit

rpl2b (x2), rpl14, rpl16b, rpl20, rpl22, rpl23 (x2), rpl32, rpl33, rpl36

Ribosomal protein
small

subunit

rps2, rps3, rps4, rps7 (x2), rps8, rps12ac (x2), rps11, rps14, rps15,
rps16b, rps18, rps19

Photosynthesis ATP synthase atpA, atpB, atpE, atpFb, atpH, atpI

Photosystem I psaA, psaB, psaC, psaI, psaJ

Photosystem II psbA, psbB, psbC, psbD, psbE, psbF, psbH, psbI, psbJ, psbK, psbL,
psbM, psbT, psbZ

Cytochrome complex petA, petBb, petD, petG, petL, petN

Calvin cycle rbcL

NADH dehydrogenase ndhAb, ndhBb (x2), ndhC, ndhD, ndhE, ndhF, ndhG, ndhH, ndhI, ndhJ,
ndhK

Miscellaneous
group

Translation initiation
factor IF1

infA

Acetyl-CoA
carboxylase

accD

Maturase matK

ATP-dependent
protease

ClpP1a

Inner membrane
protein

cemA

Cytochrome c
biogenesis

ccsA

Photosystem
assembly/stability
factors

Pbf1, pafIb, pafII

Other genes Conserved
hypothetical
chloroplast ORF

ycf1, pseudogen ycf1, ycf2 (x2)

aGene containing two introns; bGene containing a single intron; cGene divided into two independent transcription units

Simple sequence repeats identification
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We identified microsatellites or simple sequence repeats (SSRs) in the cp genome of seven related species of
Cucurbitaceae. In C. moschata, a total of 59 SSR were identified. Mononucleotide repeats (43) were the most abundant,
followed by tetranucleotide (6) and dinucleotides (7) SSR with trinucleotides (2), and hexanucleotide (1) repeat motifs were
recognized in less quantity. On the other hand, most of the mononucleotide repeats were A/T motifs, while AT/TA motifs
from dinucleotide repeats (Fig. 4).

Similarly, 47, 73, 68, 65, 56, 61 and 40 SSRs were found in Citrullus lanatus, Cucumis melo, Cucumis sativus, Cucurbita
ficifolia, Cucurbita maxima, C. moschata, C. pepo and Cyclanthera pedata, respectively (Table S1). On the other hand, only
Cucumis melo and Cucurbita moschata presented hexanucleotide repeats. In addition, C. maxima, C. moschata, C. pepo
and Cyclanthera pedata did not present pentanucleotide repeats. We also identified the distribution of SSRs in LSC, IR and
SSC regions. Most of the repeats were located in the LSC region, varying from 14 in Cyclanthera pedata, 15 in Citrullus
lanatus, 17 in Cucurbita maxima, 19 in Cucumis pepo, 20 in C. moschata, 21 in C. ficifolia, 23 in Cucumis melo, to 24 in C.
Sativus, followed by the IR regions (9 and 7 in C. moschata) and SSC region (Fig. S2).

Taxonomical relationships
There is a high percentage identity between genera Cucurbita and Citrullus, ranging from 0.98 to 0.99. On the contrary, the
identity between genera Cucurbita and Gynostemma revealed minor percentage of identity, 0.33 to 0.34. However, the
species that showed the lowest percentage of identity is Cyclanthera pedata with: (i) Gynostemma pentaphyllum, (ii)
Hemsleya zhejiangensis, (iii) G. pentaphyllum, (iv) Gynostemma microspermum, (v) Gynostemma compressum and (vi)
Gynostemma cardiospermum (Fig. S3).

Phylogenetic inference of loche, C. moschata

The maximum likelihood tree showed all nodes possess 100% bootstrap support (BS), except for three (98%, 76% and
54%). Members of the Cucurbitae section were clustered into one group with 100% BS. Similarly, the seven species of the
Benincaseae section were placed within one cluster with very high BS. Loche landrace (C. moschata) was sister species
with C. pepo with 100% BS (Fig. 5).

Discussions
In this study, the cp genome of a Peruvian landrace of C. moschata, “loche” was sequenced using Illumina sequencing
technology. This analysis showed that the cp genome of “loche” conserves a typical quadripartite structure: LSC, SSC
separated by inverted repeats regions IRa and IRb. The cp genomes are highly conserved in such features as genomic size
and structure [24]. The organization and structure of the C. moschata is similar to other sequenced Cucurbitaceae [21]. The
size of the cp genome is 157,592 bp very similar to C. ficifolia with only 59 bp difference [19]. In most studied species the
size of the genome varies significantly in the LSC region, in comparison with the IR regions [19, 21] which are highly
conserved. The stability of the IR regions maybe is due to their important role in the recombination process; indeed,
recombination is implicated in the replication and repair of organelle genomes. Alteration in the cycle of the recombination
in organelles produces genomic instability, often accompanied by adverse consequences for plant fitness [25].

The IR region revealed low differentiation among species analyzed (0.96–1), except between Cucumis melo and C. sativa
(0.78), which also differed in 4,157 bp in that region (Table 1). This high degree of differentiation would be supported by
integrating different clades shown in phylogeny analyzes [19]. As expected, in agreement with most angiosperms, IRs and
coding regions were more conserved than no coding regions [26]. This was consistent with our results based on sequence
identity where the variations in the IRs were smaller than the non-coding regions. The alignment of the seven cp genome
revealed variable regions which included trnH-GUG - psbA, rps16 - trnQ, trnC - petN, trnL - trnF, rps15 - ycf1, rps12 - trnV,
trnL - trnA. These regions may be used as makers for identification of Cucurbitaceae species as well as resolving
phylogenetic relationships in the family.
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The cp genomes of the genus Cucurbita encoded 127 genes (except C. pepo), containing 81 protein-coding genes, 38 tRNA
genes, eight rRNA genes, and one pseudogene. Similar to previously published work in other cucurbits [27, 28, 29], the cp
genomes of all Cucurbita species possessed a GC content that ranged 34.67–35.28% in the LSC region, 30.94–33.47 in
SSC region and 42.80-43.32% in IR region. Cucumis sativus and Cyclanthera pedata presented the highest GC content;
35.03% and 35.28%, respectively. The highest percentage of GC in the IR region is possibly due to the presence of rRNA in
this region. On the other hand, C. moschata has one pseudogene, ycf1, in the IRb region. This is considered a pseudogene
in the chloroplast of many flowering plants because stop codon is absent, therefore it lost its ability to code a protein [30].
This feature differentiates the distribution of single-copy genes and inverted repeat borders. Zou et al [31] suggested that
pseudogenes provided important information about gene history and genome evolution as they were evolutionary
molecules of functional components in the genome.

The infA gene, located between the rpl36 and rps8 genes in the LSC region, acts as a translation initiation factor 1 and has
RNA chaperone activity in more than 300 diverse angiosperms [32]. However, it is present as a pseudogene in many other
cucurbit cp genomes: Gynostemma yixingense, G. microspermum, Citrullus colocynthis, Cucumis melo [27, 28, 33, 34] or is
lost like in Arabidopsis thaliana and Alstroemeria aurea [35, 36]. Many genes were lost during the early evolution of
photosynthetic eukaryotes, often in parallel in different algal lineages, and some of these losses were the result of gene
transfers to the nuclear genome. It has been shown at least 24 losses of infA in angiosperms [32] and jointly with ndhF are
the only genes that have been lost repeatedly, which probably reflects repeated loss of the entire chloroplast NADH
dehydrogenase subunit complex [33]. Therefore, infA is classified as an unusually unstable gene in the angiosperm
chloroplast, making this gene by far the most mobile chloroplast gene known in plants [32].

Microsatellites are widely used as molecular markers based on their polymorphism leading to sensitive genetic diversity,
population structure, phylogenetic relationship inference at the inter- and intrapopulation levels [37, 38]. Moreover, SSRs are
also related to different types of genome rearrangement, large inversions and recombinations [1]. Thus, “loche” cp SSRs
could contribute to evolutionary and molecular ecological knowledge, which warrants further research. Previous studies
showed that mononucleotide-type sequences were more abundant in the LSC region compared to SSC and IR regions [39].
Furthermore, a greater number of palindromic repeats were found among four types of repeats, while previous studies
revealed that the forward repeats were the most abundant repeats [28]. Phylogenetics guides the study of plant
domestication, as it resolves sister relationships between crops and their wild relatives, thus identifying the ancestors of
cultivated plants [40]. Our ML tree is well resolved and is in agreement with previous phylogenetic work using complete
chloroplast genomes [19, 27, 33, 40, 41]. However, further molecular studies, including additional collections of “loche”
from a wider geographic area, are needed to confirm its origin and domestication process.

The information regarding the genome organization, gene content, and structural variation of loche and other cucurbits will
help in the conservation of this pre-Columbian landrace of C. moschata, which has been cultivated since Chimú culture
(1300–1470 d.c.) [42]. In addition, we expect this work may stimulate other researchers to develop molecular tools for
other Peruvian neglected crops aiming to develop modern breeding programs in order to alleviate poverty of the rural
areas.

Methods

Plant material, DNA isolation and sequencing
Fresh leaves of C. moschata were sampled from a commercial field owned by Manuel A. Mesones Muro, (79° 44' 11'' O, 6°
38' 44'' S) Lambayeque, Peru. The specimen was deposited in the herbarium of Universidad Nacional Mayor de San Marcos
(UNMSM), under the voucher N° 337139. The total genomic DNA was isolated from fresh leaves of “loche” using the CTAB
method [43], with modifications for this specie. DNA quantity and quality was evaluated through 1% agarose and Qubit™4
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Fluorometer (Invitrogen,Waltham, MA, USA), respectively. Pair-end 150 reads were obtained by the Illumina HiSeq 2500
platform using the NexteraXT DNA Library Preparation Kit (Illumina, San Diego, CA, USA).

Genome Assembly and Annotations
Raw reads were filtered with Trim Galore software [44] with default arguments. The cp genome was assembled from high-
quality clean reads using GetOrganelle v1.7.2[45] program with the same parameters as followed by Saldaña et al. 2022
[39], using C. moschata (accession number: NC_036506) as reference. SPAdes v3.11.1 [46], bowtie2 v2.4.2 [47], and
BLAST + v2.11 [48] were also run with default options.

Geseq online tool [49] was used to annotate the genes and program tRNAscan-SE ver 1.21 [50] was employed to detect
tRNA genes with default settings. To validate rRNA genes in chloroplast, RNAmmer [51] software was used with default
settings. We included plastid genomes of related species within Cucurbitaceae available at NCBI. The chloroplast genome
of “loche” was manually curated and the architecture of “loche” cp genome was visualized with OGDRAW 1.3.1 [52].

Cucurbitaceae genomes comparison
MVISTA program with Shuffle-LAGAN model [53] was used to align and compare the cp genome of “loche” with seven
species of the Cucurbitaceae family: (i) Citrullus lanatus, (ii) Cucumis melo, (iii) C. sativus, (iv) Cucurbita ficifolia, (v) C.
maxima, (vi) C. moschata, (vii) C. pepo and (viii) Cyclanthera pedada. The annotated genome of C. moschata cp genome
(accession number: NC_036506) was used as reference. An identity matrix was generated. First, independent alignments
of each of the sequences were conducted using MAFFT v7.475 [54], following the same parameters reported by Saldaña et
al. [39]. Manual alignment corrections were performed using MacClade v4.08a software. In order to identify areas of high
mutational frequency within the plastomes of the eight species under study, MAFFT [54] was employed to perform
sequence alignment of the cp sequences. Subsequently, DnaSP v5 [55] was utilized to calculate nucleotide variability (Pi)
among the cp genomes using a window length of 800 bp and a step size of 200 bp. Finally, to determine identity values, an
identity plot was created using the ggplot2 [56], gtext (https://github.com/wilkelab/ggtext/) and ggpubr [57] package in the
R software [58].

SSR analysis in the chloroplast genome of Cucurbitacea
MIcroSAtellite (MISA) [59] software was employed to identify the simple sequence repeats (SSRs) in the seven
Cucurbitaceae cp genomes. The repeats for mononucleotides, dinucleotides, trinucleotides, tetranucleotides,
pentanucleotides, and hexanucleotides were 10, 5, 4, 3, 3, and 3, respectively [60]. Also, a plot with the structure and
location of the SSRs in seven cp genomes was generated using gggenomes (https://github.com/thackl/gggenomes) and
genoPlotR [61] packages in the R software.

Taxonomical relationships
Aiming to investigate the taxonomical relationships within Cucurbitaceae based on the whole plastome sequences, we
employed the average nucleotide identity (ANI) analysis. ANI was calculated for the whole cp genomes using the Pyani
script (Python module) for average nucleotide identity analyses; (https://github.com/widdowquinn/pyani), aligning the
sequences with the MUMmer algorithm [62].

Phylogeny of C. moschata

RAxML v8.2.11 software was used to construct a maximum likelihood (ML) phylogenetic tree with 1000 nonparametric
bootstrap replicates under the GTR + nucleotide substitution model of evolution. The 28 cp genomes selected from the
Organelle Genome Resources of the NCBI were compared and aligned by MAFFT program with “loche” cp genome.
Solanum muricatum (accession number: OK326864) was included as an outgroup. The resulting tree was viewed with
FigTree version 1.4.4 (http://tree.bio.ed.ac.uk/software/figtree/).
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Figure 1

Chloroplast genome map of “loche”, C. moschata. Genes outside and inside the circles are transcribed in counterclockwise
and clockwise direction. Colored bar indicated functional. Grey and light grey color in the inner circle respectively shows
the GC and AT content. LSC indicates large single copy; SSC, indicates small single copy and IR, indicates inverted repeat
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Figure 2

Identity plot comparison of the chloroplast genome of with seven cp genomes. The x-axis represents the coordinate in the
chloroplast genome. The percent identity ranging from 50–100% is presented on the y-axis. Genome regions are color-
coded.
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Figure 3

Sliding window analysis of complete cp genome sequences among species of Cucurbitaceae (window length: 800 bp; step
size: 200 bp)

Figure 4
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Number and types of microsatellites in C. moschata

Figure 5

Maximum likelihood tree of the Cucurbitaceae family based on 21 complete chloroplast genome data. The numbers above
the nodes represent bootstrap values. The outgroup taxon is Solanum muricatum.
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