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Complete chloroplast genome sequencing and comparative
analysis reveals changes to the chloroplast genome after
allopolyploidization in Cucumis
Yufei Zhai, Xiaqing Yu, Junguo Zhou, Ji Li, Zhen Tian, PanqiaoWang, Ya Meng, Qinzheng Zhao,
Qunfeng Lou, Shengli Du, and Jinfeng Chen

Abstract: Allopolyploids undergo “genomic shock” leading to significant genetic and epigenetic modifications.
Previous studies have mainly focused on nuclear changes, while little is known about the inheritance and changes
of organelle genome in allopolyploidization. The synthetic allotetraploid Cucumis �hytivus, which is generated via
hybridization between C. hystrix and C. sativus, is a useful model system for studying cytonuclear variation. Here,
we report the chloroplast genome of allotetraploid C. �hytivus and its diploid parents via sequencing and compara-
tive analysis. The size of the obtained chloroplast genomes ranged from 154673 to 155 760 bp, while their gene con-
tents, gene orders, and GC contents were similar to each other. Comparative genome analysis supports chloroplast
maternal inheritance. However, we identified 51 indels and 292 SNP genetic variants in the chloroplast genome of
the allopolyploid C. �hytivus relative to its female parent C. hystrix. Nine intergenic regions with rich variation were
identified through comparative analysis of the chloroplast genomes within the subgenus Cucumis. The phyloge-
netic network based on the chloroplast genome sequences clarified the evolution and taxonomic position of the
synthetic allotetraploid C. �hytivus. The results of this study provide us with an insight into the changes of organ-
elle genome after allopolyploidization, and a new understanding of the cytonuclear evolution.
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Résumé : Les allopolyploïdes subissent “choc génomique” menant à d’importants changements génomiques et
épigénétiques. Les études antérieures ont principalement documenté les changements nucléaires, tandis que peu
de choses sont connues de l’hérédité et des changements dans l’organisation du génome des organites lors de
l’allopolyploïdisation. L’allopolyploïde synthétique Cucumis �hytivus, lequel est généré par hybridation entre
le C. hystrix et le C. sativus, est un modèle utile pour étudier la variation cytonucléaire. Dans ce travail, les auteurs
examinent le génome chloroplastique de l’allotétraploïde C. �hytivus et de ses parents diploïdes via le séquençage et
des analyses comparées. La taille des génomes chloroplastiques obtenus variait entre 154 673 et 155 760 pb, tandis
que le contenu génique, leur ordre ainsi que le contenu en GC étaient semblables. Une analyse comparée des
génomes confirme la transmission maternelle du chloroplaste. Cependant, les auteurs ont identifié 51 indels et
292 variants SNP dans le génome chloroplastique de l’allopolyploïde C. �hytivus par rapport à celui du parent femelle
C. hystrix. Neuf régions intergéniques riches en variation ont été identifiées via analyse comparée des génomes chlor-
oplastiques au sein du sous-genre Cucumis. Le réseau phylogénétique fondé sur les séquences de génomes chloroplas-
tiques a clarifié l’évolution et la position taxonomique de l’allotétraploïde C. �hytivus. Les résultats de cette étude
jettent un éclairage sur les changements qui surviennent dans les génomes des organites après allopolyploïdisation
et contribuent à une meilleure compréhension de l’évolution cytonucléaire. [Traduit par la Rédaction]

Mots-clés : allopolyploïdie, génome chloroplastiqu, SNP, analyse phylogénétique, Cucumis.
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Introduction

Allopolyploids, formed by interspecific hybridization
and whole-genome duplication (WGD), have played a
key role in the evolution of plant species (Leitch and
Bennett 1997; Soltis et al. 2009; Wendel 2000). Previous
studies have indicated that all seed plants have under-
gone at least one round of genome doubling in their
ancestry (Jiao et al. 2011). After the union of two differ-
ent sets of genomes, the newly formed allopolyploids
undergo a “genomic shock” (McClintock 1984), which
can result in rapid inheritance, epigenetic, and genomic
changes (Adams and Wendel 2005; Bottani et al. 2018;
Buggs et al. 2012; Flagel and Wendel 2010; Paun et al.
2010; Yu et al. 2018).
The chloroplast genome is independent from the nu-

clear genome and exhibits semi-autonomous genetic
character (Reyes-Prieto et al. 2007). Chloroplast genome
has been commonly used for phylogenetic analyses and
species identification because of its slow evolution and
sequence conservation (Huang et al. 2016). During allo-
polyploidization, not only two different nuclear genomes
collide but also chloroplast and mitochondrial genomes
from different sources interact in the same cell. Given the
complex coordination between the nuclear and organelle
genomes (Taylor 1989), cytonuclear coevolution is an im-
portant aspect of allopolyploidization. So far, cytonuclear
evolution has only been studied in relation to cytonuclear
co-encoded protein complexes in a few allopolyploid
plant systems (Gong et al. 2014; Wang et al. 2017). While
nuclear–chloroplast incompatibility and altered cyto-
nuclear interactions have been reported in interspecific
hybrids and allopolyploid species (Sharbrough et al. 2017;
Ferreira de Carvalho et al. 2019), the chloroplast genome
evolution after allopolyploidization has rarely been sys-
tematically studied.
An interspecific cross was successfully made in Cucumis

between awild species of Cucumis, C. hystrix Chakr. (HH, 2n =
2x = 24), and cultivated cucumber, C. sativus L. ‘BeijingJietou’
(CC, 2n = 2x = 14) (Chen et al. 1997). The chromosome
numbers of the C. hystrix � C. sativus F1 interspecific
hybrid (HC, 2n = 19) were then doubled through soma-
clonal variation using embryo culture technique, and
the synthesized allotetraploid species C. �hytivus Chen
and Kirkbride (HHCC, 2n = 4x = 38) was obtained (Chen
and Kirkbride 2000). The allotetraploid can self-pollinate and
is cross-compatible with C. sativus, which provides a unique
system to reveal the complicated processes in the forma-
tion and evolution of polyploid species. More importantly,
it can serve as a genetic bridge to broaden the gene pool of
cucumber by introgressing genes fromwild relative species
(Chen et al. 2003; Chen andKirkbride 2000).
The genome of cucumber has three different inheri-

tance modes, in which the chloroplast genome, mito-
chondrial genome, and nuclear genome are maternally,
paternally, and biparentally inherited, respectively (Havey
et al. 1998; Shen et al. 2015). For C. �hytivus, Shen and

colleagues concluded that mitochondrial DNA was pater-
nally inherited, while chloroplast DNA was maternally
inherited between species of Cucumis (Shen et al. 2013). In a
previous study on the cytonuclear-encoded RuBisCO com-
plex in C. �hytivus, we found that the rbcL gene encoded
by the chloroplast is consistent with its maternal rbcL
sequence, and the nuclear-encoded rbcS gene inherits
the copy type of both parents (Zhai et al. 2019). How-
ever, studies of individual genes or complexes are not
sufficient to characterize the evolution of the whole
genome. In this study, the chloroplast genomes of
C. �hytivus and its diploid parents were sequenced and
comparatively analyzed to identify the genetic variations
of chloroplast under the impact of allopolyploidization.

Materials andmethods

Plantmaterials and chloroplast DNA isolation
Three species of Cucumis were used for this study, the

cultivated cucumber C. sativus ‘BeijingJietou’ (2n = 14, ge-
nome CC), the self-cross plants (14th self-pollinated gen-
eration, S14) of a synthesized new allotetraploid species
C. �hytivus (2n = 38, genome HHCC), and the wild species
C. hystrix (2n = 24, genome HH). The two diploid parental
plants used in this experiment are the inbred lines used
for the interspecific cross. The individual plant used for
sequencing was randomly selected from inbred lines.
About 10 g of fresh leaveswere sampled fromadult plants

of three species ofC. hystrix,C.�hytivus, andC. sativus, respec-
tively, for chloroplast DNA isolate. Total chloroplast DNA
was isolated using improved sucrose gradient centrifuga-
tion method (Diekmann et al. 2008). The quality of chloro-
plast DNA was checked by monitoring the ratios of A260/
A280 (DU800, Beckman Coulter, USA) and TBE polyacryl-
amide gel electrophoresis.

Library construction, genome sequencing, and assembly
The chloroplast DNA of each sample was randomly

fragmented by sonication, and then the resulting DNA
fragment was subjected to end-repair and phosphoryla-
tion using T4 DNA polymerase, Klenow DNA polymer-
ase, and T4 PNK. After this, an ‘A’ base was inserted at
the 30 ends of the repaired DNA fragment, and then the
Solexa adaptors at Illumina paired-end were attached to
these DNA fragments to distinguish the different sequenc-
ing samples. Finally, the three paired-end libraries were
sequenced using Illumina HiSeq™ 2000 according to the
manufacturer’s instructions (Illumina, San Diego, CA).
In total, 1132, 2499, and 999 Mb paired-end clean reads
(150 bp average read length) were obtained for C. sativus,
C.�hytivus, andC. hystrix, respectively.
Raw data were cleaned in several steps, including

removing reads with unknown bases call (N)>10%, remov-
ing reads with 20 bp low-quality bases (≤Q20), removing
adaptor contamination, and removing duplicated reads.
The filtered reads were de novo assembled by SOAPdenovo
v2.04 (Luo et al. 2015), and GapCloser v1.12 (Li et al. 2008)
software was used to close gaps and finally remove the
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redundant segment sequence to get the final assembly
results. The chloroplast genome sequences obtained
were used for the following analyses and are avail-
able in GenBank under the following accession num-
bers: MH424440 (C. sativus L. ‘BeijingJietou’), NC_033871
(C.�hytivus), andMH427087 (C. hystrix).

Chloroplast genome annotation
Following functional annotation using homologous

alignment methods, the assembled sequences were com-
pared with NR (Sayers et al. 2020) and Swiss-Prot (Magrane
and Consortium 2011) databases using BLAST software
(Altschul et al. 1990) to obtain functional annotation infor-
mation for the encoded genes. Since each sequence align-
ment result may exceed one, to ensure its biological
significance, the annotation retains an optimal match
result as a comment for the gene.The chloroplast genome
circularmapwas drawn using OGDraw (Lohse et al. 2007).

SNP and indel analysis
Chloroplast genome sequences were used to analyze

the sequence polymorphism between allotetraploid
C. �hytivus and its diploid parents. Single nucleotide
polymorphism (SNP) was detected from pairwise align-
ments using MUMmer alignment software (Kurtz et al.
2004). MUMmer was run on the complete chloroplast
genomes to generate pairwise sequence alignments
against the reference chloroplast genome using a sliding
window to detect the potential SNP. A 100 bp sequence on
each side of each potential SNP was extracted and then
BLAT software was used to compare the extracted
sequence with the assembly result to verify the SNP. If the
length of the comparison was less than 101 bp, then it was
considered an unreliable SNP and was removed. Finally,
BLAST, TRF, and RepeatMask software were used to pre-
dict the repeat region of the reference sequence, and the
SNPs in the repeat region were filtered to obtain reliable
SNPs. Insertion and deletion (indel) analyses were carried
out by alignment with the reference genome using LASTZ
software (Harris 2007).

Repeat elements analysis
REPuter was used to identify repeat sequences, includ-

ing four repeat types: palindromic, reverse, forward, and
complement repeat (Kurtz et al. 2001), in which a mini-
mum repeat size of 30 bp, 90% or greater sequence iden-
tity, and the Hamming distance of 3 were selected,
respectively (Saski et al. 2005).

Comparative genome analysis of the chloroplast genome
of species of subgenus Cucumis
The complete chloroplast genomes of seven species

within the subgenus Cucumis, including allotetraploid
C. �hytivus and its diploid parents, C. hystrix and C. sativus,
and four published C. sativus chloroplast genomes, which
were downloaded from the NCBI Organelle Genome

Resource database (Table S11), were comparatively com-
pared using the mVISTA program in a Shuffle-LAGAN
mode (Frazer et al. 2004). Conserved regions on C.�hytivus
were identified through global alignment with the other
six chloroplast genomes of species of subgenus Cucumis.
DNA polymorphisms of nucleotide diversity (Pi) at the
intraspecific level of C. sativus and the interspecific level
of C. sativus and C. hystrix were calculated using DnaSP
5.10.01 (Librado and Rozas 2009).

Phylogenetic analysis
To illustrate the phylogenetic relationship of species

of the family Cucurbitaceae, 13 chloroplast genomes
were aligned using MAFFT v7 (Katoh and Standley 2013)
and adjusted manually, including three newly assembled
chloroplast genomes of species of subgenus Cucumis and
10 completed chloroplast genome sequences downloaded
from the NCBI Organelle Genome Resource database
(Table S11). The aligned sequences were saved in PHYLIP
and NEXUS format to generate a phylogenetic tree. The
phylogenetic network was constructed with SplitsTree 5
(Huson and Bryant 2006) using the Neighbor-Netmethod.

SNP validation analysis
The polymerase chain reactions (PCRs) and direct

sequencing were performed to verify the six SNPs iden-
tified in exons between the chloroplast genomes of
C. �hytivus and C. hystrix. Primers used are tabulated in
Table S21. The PCRs products were sequenced (TSINGKE,
Beijing, China). We randomly selected five individuals of
C. �hytivus and five individuals of C. hystrix for PCR verifi-
cation, and to exclude the possibility of PCR recombina-
tion and sequencing artifacts, we required that each
sequence be detected thrice.

Results

Chloroplast genome structural features and gene content
of C.�hytivus and its parents
The assembled chloroplast genomes of three species

of Cucumis ranged from 154 673 to 155 760 bp in length,
with the allopolyploid C. �hytivus being the largest and
C. hystrix the smallest. The three chloroplast genomes of
species of subgenus Cucumis showed a typical quadripar-
tite structure of angiosperm chloroplast DNA consisting
of a pair of inverted repeat (IR) regions (50374–50432 bp),
a large single copy (LSC) region (86 247–87004 bp), and a
small single copy (SSC) region (17 996–17324 bp). The total
guanine-cytosine (GC) content of each genome was �37%
(Table 1; Fig. 1).
The three chloroplast genomes mapped to a circular

molecule containing 113 unique genes and 17 duplicated
genes, for a total of 130 genes; three chloroplast
genomes were identical in gene arrangement and gene
composition (Table 2; Fig. 1). Seven tRNA genes, four
rRNA genes, and six protein-coding genes (ndhB, rps7,
rps12, rpl2, rpl23, and ycf2) were completely duplicated in

1Supplementary data are available with the article at https://doi.org/10.1139/gen-2020-0134.
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Table 1. Size comparison of three chloroplast genomic regions of Cucumis.

C. hystrix C.�hytivus C. sativus

Total chloroplast genome size (bp) 154 673 155 760 155 526
Large single copies in bp (% of genome) 86 247 (55.76%) 87 004 (55.86%) 86 878 (55.86%)
Inverted repeats in bp (% of genome) 50 430 (32.60%) 50 432 (32.38%) 50 374 (32.39%)
Small single copies in bp (% of genome) 17 996 (11.63%) 18 324 (11.76%) 18 274 (11.75%)
GC content (%) 37.00% 36.92% 36.94%
Protein-coding genesa 79 (85) 79 (85) 79 (85)
rRNA genesa 4 (8) 4 (8) 4 (8)
tRNA genesa 30 (37) 30 (37) 30 (37)

aFirst value excludes duplicates; value in parentheses includes them.

Fig. 1. Chloroplast genome map of Cucumis hystrix, C. �hytivus, and C. sativus. Genes on the outside of the large circle are
transcribed counterclockwise and those inside are transcribed clockwise. The genes are color-coded based on their function.
Dashed area represents the GC composition of the chloroplast genome.
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the IR regions. One copy of ycf1 gene was a pseudogene
because the normal copy of ycf1 was incompletely dupli-
cative at the IRa and SSC boundary (Fig. 1). Eighteen
genes contained introns among the 113 unique genes,
12 of which were from protein-coding genes and six
were from tRNAs. The rps12 gene was encoded as trans-
spliced with a single 5 0 end in the LSC region and a
repeated 3 0 end in both IR regions, which is generally
found in many other land plants (Hildebrand et al. 1988;
Schmitz-Linneweber et al. 2006).

Analysis of the chloroplast genomes of C.�hytivus and its
parents: SNP, indels, and repeat elements
Sequence alignment between allotetraploid C. �hytivus

and its diploid parents revealed a total of 292 SNPs and
51 indels in C. hystrix versus C. �hytivus, and 861 SNPs and

122 indels in C. sativus versus C.�hytivus (Table 3). This result
supports maternal chloroplast inheritance, that is, the
chloroplast of C. �hytivus is derived from its maternal
ancestor, C. hystrix, and it also revealed the genetic varia-
tion of chloroplast genome after allopolyploidization in
Cucumis. Further, DNA polymorphism of chloroplast ge-
nome at the intra- and interspecific levels was calculated
using DnaSP 5.10.01 (Librado and Rozas 2009). The results
showed that the nucleotide diversity (Pi) was 0.00531
between C. sativus and C. hystrix, which was higher than
that in C. sativus (Pi = 0.00001 � 0.00024). While the nucleo-
tide diversity between C. �hytivus and C. hystrix (Pi = 0.00211)
was between the interspecific level (C. hystrix vs.
C. sativus) and the intraspecific level (C. sativus), indicat-
ing increased molecular diversity of the chloroplast ge-
nome after allopolyploidization.

Table 2. Genes identified in the chloroplast genomes of Cucumis hystrix, C.�hytivus, and C. sativus.

Category for genes Group of gene Name of gene

Photosynthesis-related
genes

Photosystem I psaA, psaB, psaC, psaI, psaJ
Photosystem II psbA, psbB, psbC, psbD, psbE, psbF, psbH, psbI, psbJ, psbK, psbL, psbM, psbN,

psbT, psbZ
Cytochrome b/f compelx petA, *petB, *petD, petG, petL, petN
ATP synthase atpA, atpB, atpE, *atpF, atpH, atpI
Cytochrome c synthesis ccsA
Assembly/stability of
photosystem I

*ycf3, ycf4

NADPH dehydrogenase *ndhA, *ndhB (2�), ndhC, ndhD, ndhE, ndhF, ndhG, ndhH, ndhI, ndhJ, ndhK
Rubisco rbcL

Transcription- and
translation-related
genes

Transcription rpoA, rpoB, *rpoC1, rpoC2
Ribosomal proteins rps2, rps3, rps4, rps7 (2�), rps8, rps11, *rps12 (2�), rps14, rps15, *rps16, rps18,

rps19, *rpl2 (2�), rpl14, *rpl16, rpl20, rpl22, rpl23 (2�), rpl32, rpl33, rpl36

Other genes RNA processing matK
Translational initiation factor infA
Carbonmetabolism cemA
Fatty acid synthesis accD
Proteolysis *clpP

Genes of unknown
function

Conserved reading frames ycf1, ycf2 (2�)

RNA genes Ribosomal RNA rrn5 (2�), rrn4.5 (2�), rrn16 (2�), rrn23 (2�)
Transfer RNA *trnA-UGC (2�), trnC-GCA, trnD-GUC, trnE-UUC, trnF-GAA, trnfM-CAU, *trnG-UCC,

trnG-GCC, trnH-GUG, trnI-CAU (2�), *trnI-GAU (2�), *trnK-UUU, trnL-CAA (2�),
*trnL-UAA, trnL-UAG, trnM-CAU, trnN-GUU (2�), trnP-UGG, trnQ-UUG,
trnR-ACG (2�), trnR-UCU, trnS-GCU, trnS-GGA, trnS-UGA, trnT-GGU, trnT-UGU,
trnV-GAC (2�), *trnV-UAC, trnW-CCA, trnY-GUA

Note: Intron-containing genes are marked by an asterisks (*); Duplicated genes are marked by (2�) behind genes (genes present in the IR
regions).

Table 3. SNP and Indel analysis between the chloroplast genomes of Cucumis hystrix, C.�hytivus, and C. sativus.

SNP Synonymous Nonsynonymous Total CDS SNP Intergenic Total SNP

C. hystrix vs. C.�hytivus 5 1 6 286 292
C. sativus vs. C.�hytivus 93 106 200 661 861

Indel Insertion Deletion CDS with Indel Intergenic Total Indel

C. hystrix vs. C.�hytivus 27 24 3 48 51
C. sativus vs. C.�hytivus 74 48 2 120 122
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Of the 51 indels identified in C. �hytivus relative to
C. hystrix chloroplast genomes, 27 were insertions and
24 were deletions (Fig. 2A; Table S31). These indels were
all present in non-coding regions, 48 in intergenic
spacer regions, and 3 in the intron regions of ycf3 and
rpoC1. Most of them (40/51) were located in the LSC
region, and a few were located in the SSC region (7/51)
and the IR region (4/51) (Fig. 2B). The majority of SNPs
(269/292) were located in intergenic spacer regions,
while only 17 and six SNPs were located in introns

and exons, respectively (Fig. 2C). Of the total 292 SNPs,
79 and 213 were transitional (Ts) and transversional
(Tv) changes, respectively, showing a lower Ts/Tv bias
(�0.37) (Fig. 2C), and 162 of them were located in the LSC
region, and 130 were located in the SSC region (Fig. 2D;
Table S41).
The six SNPs in exons were verified by PCR and direct

sequencing, five C. �hytivus individuals and five C. hystrix
individuals were randomly selected for PCR validation,
and the results confirmed the effectiveness of

Fig. 2. Distribution, type, and presence of indels and SNPs identified in the chloroplast genomes of Cucmis �hytivus relative to
C. hystrix. (A) The distribution of indels in the chloroplast genomes. (B) Presence of indels in the large single copy (LSC), small
single copy (SSC), and inverted repeat (IR) regions. (C) The distribution and type of SNPs in the chloroplast genomes. (D) Presence
of SNPs in the LSC, SSC, and IR regions. (E) Schematic representations of the six substitution events identified located in exons
regions, among which one induced nonsynonymous (rpoC1) and five induced synonymous (matK, petA, clpP, rpl32, and ndhH).
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sequencing (Fig. 2E). Five out of six SNPs induced synon-
ymous substitution (matK, petA, clpP, rpl32, and ndhH),
while only one induced nonsynonymous substitution
(rpoC1, Glu to Ala) (Fig. 2E).
A total of 50, 162, and 71 repeats were detected in the

chloroplast genomes of C. hystrix, C. �hytivus, and C. sativus,
respectively, using REPuter, including forward, reverse,
complement, and palindromic repeats (Table S51). Forward
repeats were the most common, followed by complement
repeats. Only one palindromic repeat in C. hystrix and
C. �hytivus, two in C. sativus, and one and three reverse
repeats were identified in C. hystrix and C. �hytivus, but
none were identified in C. sativus (Fig. 3). In these chloro-
plast genomes, a minority of repeats were found in coding
regions, while the majority were located in noncoding
regions (Table S51).

Comparative analysis of the chloroplast genomes of
species of subgenus Cucumis
Conservative areas and rich variation regions in chlor-

oplast genome are useful for species identification and
understanding of the functions of particular DNA area
or the mechanisms for cpDNA evolution (Cartwright
2005; Shaw et al. 2007). mVISTA (Frazer et al. 2004) was
used to study the chloroplast genome sequence varia-
tions in the species of subgenus Cucumis, C. �hytivus,
C. hystrix, C. sativus ‘BeijingJietou’, C. sativus ‘Chipper’,
C. sativus ‘Baekmibaekdadagi’, C. sativus ‘GY14’, and C. sativus
var. Hardwickii, of which C. �hytivus was set as a refer-
ence. Broadly, the result shows that the IR region was
higher conserved than the LSC and SSC regions, and the
coding region was found to be higher conserved than
the non-coding regions (Fig. 4). Conserved regions on
C. �hytivus were identified through global alignment
with the other six chloroplast genomes of subgenus
Cucumis (Table S61). The intergenic regions of rps16-trnQ,
rpl32-trnL, trnK-rps16, trnT-psbD, ndhF-rpl32, psbE-petL, petA-
psbJ, rbcl-accd, and rpl16-rps3 were highly variable in
subgenus Cucumis, seven of which were included in the
13 hotspots reported in the genomes of several plants

(Shaw et al. 2007), the other two (rbcl-accd and rpl16-
rps3) areas displayed specificity to subgenus Cucumis,
which can be used for molecular studies at low taxo-
nomic levels.

Phylogenetic analysis of chloroplast genome sequences
within the family Cucurbitaceae
The phylogenetic network was built in SplitsTree5

(Huson and Bryant 2006) using the Neighbor-Net method
based on the chloroplast genome sequences of 13 taxa.
As shown in Fig. 5, C. �hytivus and C. hystrix, along with
C. sativus, are members of the subgenus Cucumis. The
phylogenetic relationship of the chloroplast genome in
other species of Cucurbitaceae is consistent with their
botanical classifications (Fig. 5). Splits in the phyloge-
netic network are a result of reticulate events such as
hybridization, horizontal gene transfer, or recombi-
nation (Huson and Bryant 2006); the cyclic split of
C. �hytivus, C. hystrix, and C. sativus may correspond to
the interspecies hybridization event in C. hystrix and
C. sativus.

Discussion

In this study, we used a synthesized Cucumis allopoly-
ploid as a model system to explore chloroplast genome
variation. For the first time, complete chloroplast genome
sequencing and sequence alignment demonstrated chloro-
plast maternal inheritance and revealed the genetic varia-
tion sites of chloroplast genome in Cucumis allotetraploid.
Our researchmay contribute to reveal the evolutionary fea-
tures of allopolyploid organelles genome.

Chloroplast genome inheritance after allopolyploidization
The genome of cucumber has three different inheri-

tance modes, in which the chloroplast genome, mito-
chondrial genome, and nuclear genome are maternally,
paternally, and biparentally inherited, respectively (Havey
et al. 1998; Shen et al. 2015). Shen and colleagues found
that some chloroplast DNA fragments in the allotetraploid
werematernally inherited (Shen et al. 2013). Whole chloro-
plast genome sequencing and sequence alignment in this
study supports maternal inheritance of chloroplast in
C. �hytivus (Table 3). The allotetraploid chloroplast ge-
nome of Cucumis is 155 760 bp in length, which shows a
trend toward increased genome size, and is larger than
its male and female parents (155 526 and 154 673 bp),
likely owing to differences of repeated elements and
insertions and deletions in intergenic regions (Fig. 3;
Tables S3, S51). The allotetraploid chloroplast DNA is
highly similar to its parents and also similar to previ-
ously published chloroplast genomes of species within
Cucurbitaceae in structure and gene order (Kim et al.
2006; Plader et al. 2007; Rodriguez-Moreno et al. 2011),
suggesting a high level of genetic conservative in
Cucurbitaceae.
Previous investigation of reciprocal crosses showed

that when C. hystrix was used as the female parent, the
diploid hybrid (2n = 19, HC) and allotetraploid (2n = 38,

Fig. 3. Repeated elements analysis in the chloroplast
genome of three species of Cucumis.
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HHCC) hadmore fruit sets, whereas when the cucumber
was used as the female parent, both diploid hybrid (2n = 19,
CH) and allotetraploid (2n = 38, CCHH) were highly sterile
with very low fruit sets (Chen et al. 2002b). That explains

why no genetic anti-cross validation was included in this
experiment. Allopolyploid plants often encounter many
genetic and epigenetic variations, which leads to various
phenotypic variation. Cucumis �hytivus showed complex

Fig. 4. Visualization of alignment of the genome of Cucumis �hytivus and other published chloroplast genomes in the
cucumber subgenus using VISTA. Gray arrows indicate the position and direction of each gene. Blue and red areas indicate
genic and intergenic regions, respectively. Y-axis indicates the range of identity (50%–100%).
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phenotypic variation (e.g., flowering time, fruit shape,
and yellow-green leaf color), while some of the traits
of C. �hytivus plants are similar to the female parent
C. hystrix, such as multiple-branching habit, ovate fruit,
and densely brown hairs (Chen et al. 2002a; Yu et al. 2015).
These matroclinous phenotypes of C. �hytivus presumably
could be contributed by the maternal inheritance of
chloroplast and (or) nuclear–cytoplasmic interactions
during the process of allopolyploidization.

The effect of allopolyploidization on chloroplast genomes
Almost all seed plants have experienced polyploidy in

their evolutionary history (Chen et al. 2002b). The early
evolution of polyploid genome is the epitome of the evo-
lution of the plant genome. Through the comparison of
genomic data, the study of biological evolution brought
by WGD has been a hot topic in the study of plant poly-
ploid genome. Duplicated nuclear genes after allopoly-
ploidy may take different evolutionary pathways, including
gene loss, pseudogenization, de novo functionalization
or subfunctionalization, and redistribution of duplicate
copy expression between tissues or developmental stages
(Grover et al. 2012). Whereas the uniparentally inherited
organelle genome lacks systematic study, some previous
studies used chloroplast genes instead of the whole chlor-
oplast genome to track nuclear–cytoplasmic evolution
(Gong et al. 2012, 2014; Wang et al. 2017; Zhai et al. 2019).
Organelle genome sequence analysis of synthetic allopo-
lyploid systems can lay the foundation for further investi-
gation of cytonuclear evolution.
Nucleotide substitutionand indel (insertionsanddeletions)

events are themajor driving forces of gene and genome
evolution, and whether insertion, deletion, or point
mutation is not random (Kelchner 2000; Massouh et al.
2016; Morton 1995; Yamane et al. 2006). The results of
the validation of SNP and sequencing analysis are

consistent, which indicates that the mutation detected
in C. �hytivus (S14) is reliable. Relative to C. hystrix, all
indels and 97.9% of the SNPs in C. �hytivus are located in
noncoding region, all the SNPs are located in LSC and
SSC regions, and of the 51 indel events, only 7% (4 indels)
are located in IR regions, which ismuch less than 32.38% of
the IR in genome. These results demonstrat that exons and
IR regions of C. �hytivus chloroplast genomes were rela-
tively conservative, but its introns and intergenic spacer
regions were more polymorphic in the process of evolu-
tion. The contraction and expansion events of IR regions
are common in evolutionary history (Wang et al. 2008),
and it plays an important role in stabilizing chloroplast
genome structure (Marechal and Brisson 2010). The base
substitutions, known as SNPs, include transitions (Ts;
A$G, T$C) and transversions (Tv; A$C, A$T, C$G,
G$T). In theory, the Ts/Tv ratio should be 0.5, but due
to the genome content, the genetic characteristics of
codons, and the corresponding pattern of codon replace-
ments, this value is usually higher than that in practice
(Morton 2003). Transitions (A$G, T$C) generally occur
more frequently than transversions (A$C, A$T, C$G,
G$T) among spontaneous mutations because of the dif-
ferent molecular structures of pyrimidines (C, T) versus
purines (A, G) (Wakeley 1996). The relatively higher
ratios of Ts/Tv (1.0, 0.76, and 0.7328) have been found in
the evolution of Morus mongolica, Haloxylon, and rice
chloroplast genome, respectively (Kong and Yang 2016;
Tong et al. 2016). In our case, the ratios in the whole chlor-
oplast genomes, intron, and intergenic spacer regions of
C. �hytivus relative to C. hystrix were 0.37, 0.27, and 0.39,
respectively. In the coding region, the value reached
zero with no transition and six transversions, indicat-
ing that transversions are more frequent in the process
of the chloroplast genome evolution along with Cucumis

Fig. 5. Phylogenetic relationship among the species of Cucurbitaceae based on the complete chloroplast genome
sequences. The scale bar indicates the distance of the edges. The planar graph was constructed with Splits-Tree 5.
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interspecies hybridization and polyploidy differing from
other species. It is concluded that interspecific hybridiza-
tion has an effect on chloroplast genomes, and this
change may be due to exposure to nuclear genomic
shocks as well as altered genomic doses, the relevant
results can be further explored in more allopolyploids.
This is new knowledge to us since chloroplast has been
considered conservative in genetics and evolution. The
relationship between evolutionary mechanisms that
caused the abnormal types of mutations and complex
nuclear–cytoplasmic interactions and incompatibil-
ities in allopolyploid needs further research.

The evolution of species of Cucumis
The family Cucurbitaceae contains many important

cultivated species, including popular vegetables such as
cucumber, pumpkin, melon, and watermelon. Whole
chloroplast genomes of 13 cucurbitaceous plants were
used to analyze their evolutionary relationship. Our
results correspond to earlier studies on the relationship
between cucumber, melon, watermelon, and pumpkin
(Sebastian et al. 2010) (Fig. 5). The evolutionary relation-
ship between two important vegetable crops in the ge-
nus Cucumis, cucumber (C. sativus L. 2n = 14) and melon
(C. melo L. 2n = 24), is controversial, with the following
opposite hypotheses being proposed: a fragmentation
hypothesis from n = 7 to n = 12 and a fusion hypothesis
from n = 12 to n = 7. Cucumis hystrix is a wild species of
Cucumis grouped into the same subgenus as C. sativus,
where it has a chromosome number of 2n = 2x = 24. The
results of phylogenetic network analysis based on
chloroplast genomic sequence in this study and other
molecular phylogenetic studies suggest that n = 12 is
ancestral in the genus Cucumis (Ghebretinsae et al.
2007; Sebastian et al. 2010). More importantly, we demon-
strated increased molecular divergence of the newly syn-
thetic allotetraploid C. �hytivus at the chloroplast genome
level, whichmay be related to allopolyploidization.
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