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Abstract

Less-seed and seedless traits are desirable characteristics in watermelon (Citrullus lanatus). Hybridization between watermelon
chromosomal translocated lines and wild lines significantly reduced seed counts in the hybrid fruits, approaching even seedless.
However, the allelic relationships and the chromosomal translocation breakpoints from different sources are unclear, which limits their
utility in breeding practices. This study focused on three groups of chromosomal translocation materials from different sources and
conducted inheritance and allelic relationship analysis of translocation points. The results from third-generation genome sequencing
and fluorescence in situ hybridization (FISH) revealed that the specific translocations in the naturally mutated material MT-a involved
reciprocal translocations between Chré and Chr10. The Co®0y radiation-induced mutant material MT-b involved reciprocal transloca-
tions between Chrl and Chr5, Chr4 and Chr8. The Co®y radiation-induced mutant material MT-c involved complex translocations
among Chrl, Chr5, and Chr11. Cytological observation showed that heterozygous translocation hybrids showed chromosomal synapsis
abnormalities during meiotic diakinesis. Further, dominant and codominant molecular markers were developed on both sides of
the translocation breakpoints, which could facilitate rapid and efficient identification of chromosome translocation lines. This study
provides technical guidance for utilizing chromosomal translocation materials in the development of less-seed watermelon varieties.

Introduction

Seedless watermelons have gained immense popularity among
consumers due to their exceptional qualities, making them a pri-
mary focus in watermelon breeding and production. In the 1950s,
the triploid seedless watermelons were rapidly promoted by artifi-
cially induced tetraploid watermelon plants using colchicine and
crossed with diploid watermelon [1]. Triploid seedless watermelon
varieties became widely adopted in the USA, South America,
and Europe, dominating watermelon production [2]. However, in
recent years, the production of triploid seedless watermelons
has declined in East Asia, particularly in China. Despite signifi-
cant improvements in breeding and seed propagation techniques
for triploid seedless watermelons, several production challenges
persist in seedless watermelon production [3]. These challenges
include low seed production, low germination rates, poor seedling
establishment, and suboptimal fruit sets.

Additionally, in the 1980s, the introduction of the plant growth
regulator CPPU facilitated the induction of parthenocarpy in
seedless or less-seed watermelons, while posing potential risks
in green watermelon production [4]. Recently, the creation of

less-seed watermelon traits through the use of chromosomal
translocation materials has introduced a new direction in
breeding seedless or less-seed watermelons. This technique does
not rely on exogenous growth regulators and overcomes the
challenges faced by triploid seedless watermelon production. In
China, the selection and application of translocation less-seed
watermelon began in the early 1970. A series of diploid heterozy-
gous translocation less-seed watermelon varieties, such as “less-
seed Xiaofeng”, “Yihong No. 1” and “Jinhua No. 4” were cultivated
successively. The popularization and development of transloca-
tion less-seed watermelons enriched the watermelon market.
The less-seed trait is produced by crossing a diploid translo-
cation line with a diploid wild type. During the first meiosis,
chromosomal pairing occurs between translocated and normal
chromosomes. Subsequent unequal chromosome segregation
leads to the loss of genetic material in some gametes, causing
the partial abortion of ovules and pollen and resulting in
the less-seed phenotype [5]. Previous studies on the creation
of translocation materials have utilized X-ray radiation to
induce mutagenesis to create unsuitable translocation materials.
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F1 hybrids of translocation lines and normal wild types lead to
the formation of “ring” or “chain” of different chromosomes [6, 7].
Some other researchers have used different doses of Co®y
radiations on diploid watermelon seeds and demonstrated the
induction of chromosomal translocations [8]. There are also
naturally occurring translocation materials. For example, a study
in 2021 identified a chromosomal breakpoint within a 2.09-
Mb region on Chr6 in a natural, spontaneous watermelon line
showing the less-seed trait. The hybrid translocation individuals
showed abnormal chromosomal segregation during meiosis,
resulting in the less-seed phenotype [9]. However, in the artificially
induced translocation lines and the naturally existing mutations,
the specific recombination band type and the exact translocation
relationship remain unclear.

Previous studies on translocation materials have not explained
the underlying mechanism of translocation thatinduces less-seed
traits. Researchers have described the less-seed traits resulting
from chromosomal translocations, but the exact mechanisms
behind these traits remain unknown. Initially, G-band karyotyping
was used [10], followed by the widespread adoption of fluores-
cence in situ hybridization (FISH) [11] which allows the cytological
validation and chromosome-level localization of translocation
points. Advancements in third-generation sequencing tech-
nologies, especially long-read sequencing (LRS) methods, have
significantly enhanced the detection of genomic structural
variations. LRS, particularly after the advent of HiFi reads, has
greatly improved accuracy, enabling studies in pan-genomics
[12], complex genome structural variations [13], and chromosome
rearrangement detections [14].

This study aimed to elucidate the genetic relationships
of allelic variations by crossing three different translocation
source materials with normal materials and observing the
pollen abortion, ovule development, seed counts in fruits, and
progeny segregation in the F; generation. Furthermore, third-
generation genome sequencing was used to sequence and
assemble the genomes of the three translocation materials
and related wild types. PCR sequencing and FISH were used
to identify the translocation regions. Cytological observation
was used to confirm abnormal chromosomal synapsis during
diakinesis in heterozygous translocation materials. Molecular
markers developed on either side of the translocation breakpoints
enhanced the identification and breeding efficiency of chromo-
somal translocation lines, laying the theoretical groundwork for
future artificial chromosome engineering in watermelons.

Results

The fruits of heterozygous F1 hybrids displayed
less-seed phenotype

When homozygous translocation lines were hybridized with
homozygous normal self-crossed lines, there was a significant
reduction in the number of seeds in heterozygous F; hybrids.
To further investigate the impact on male and female gametes,
we used the homozygous translocation line “Zhongyo-10” as the
translocation chromosome donor parent and the homozygous
wild-type material WT-a as the recurrent parent to produce the
homozygous translocation near-isogenic line MT-a by continuous
backcrossing. Moreover, using the homozygous translocation line
“Huazhi A” as the translocation donor parent and the homozygous
wild-type WT-b,WT-c as the recurrent parents, we developed the
homozygous translocation near-isogenic lines MT-b and MT-c.
We hybridized homozygous wild types (WT-a, WT-b, WT-c)
with homozygous translocation lines (MT-a, MT-b, MT-c) to

obtain the heterozygous translocation lines Fi-a (WT-a x MT-a),
F1-b (WT-b x MT-b), and F;-c (WT-c x MT-c) (Fig. 1A). The pheno-
type of female gametophytes (unfertilized ovules, seeds after
fertilization) and male gametophytes (pollen grains) of the
parental materials and their F, generations were observed. The
probability of female and male gamete sterility was statistically
analyzed.

The average seed numbers per fruit were analyzed statistically.
The average seed number of single fruit of WT-a was 231, and MT-a
was 250, with no significant difference. In comparison, the average
seed number of a single fruit in their F; (F;-a) was 123. In F;-a,
the seed quantity decreased by an average of 48.51% compared to
the parental lines (WT-a and MT-a) with a decrease of 46.5% and
50.52%, respectively. The seed number of a single fruitin WT-b was
281, and in MT-b was 313. In contrast, the average seed number of
F1-b was 110. In F1-b, the seed quantity decreased by an average
of 62.90% compared to the parental lines WT-b (60.91%) and MT-
b (64.88%). Similarly, the average seed number of single fruit of
WT-c and MT-c was 172 and 174, respectively, with no significant
difference. But the average seed number of their F; (F;-c) fruit was
116. In F1-c, the seed quantity was decreased by an average of
32.56% compared to the parental lines WT-c (32.17%) and MT-c
(32.95%) (Fig. 1B, E).

Alexander staining of mature pollen grains of homozygous
wild types (WT-a, WT-b, WT-c), homozygous translocation lines
(MT-a, MT-b, MT-c), and their hybrids (Fi-a, Fi-b, F1-c) revealed
that the fertile pollen grains developed red colors, while sterile
pollen grains developed green (Fig. 1C). Statistical analysis showed
that over 95% of the pollen grains from the three wild types and
homozygous translocation line displayed a red color, indicating
normal morphology, with less than 5% of sterile pollen grains.
In contrast, the three heterozygous translocation lines, Fi-a, Fi-
b, and F;-c exhibited a pollen sterility rate of 48.07%, 74.29%, and
73.38%, respectively (Table 1).

Histological observations of unfertilized ovules from female
flowers opened on the same day for homozygous wild types
(WT-a, WT-b, WT-c), homozygous translocation lines (MT-a, MT-b,
MT-c), and their hybrids (F;-a, F;-b, F;-c) materials showed a
comparison of the number of intact ovules in a single longitudinal
section. Both homozygous wild types and homozygous translo-
cated lines showed an average of 70-90 intact ovules. However, in
the three heterozygous translocation lines, the average number
of intact ovules in a single longitudinal section ranged from 25
to 65 (Fig. 1D). Further, examination of longitudinal sections of
ovules revealed a significant reduction in the number of ovules in
translocated heterozygous lines compared to the parental lines.

Phenotypic analysis of the number of seeds, pollen grains, and
unfertilized ovules indicated a normal development in homozy-
gous wild types and homozygous translocation lines, while the
heterozygous translocation lines showed a significant reduction
in the average number of seeds, pollen viability, and the number
of ovules compared to the parental lines.

Allelic relationship and inheritance pattern of
three translocation materials

To identify the allelic relationship among these three translocated
materials (MT-a, MT-b, MT-c), we performed pairwise crossing
experiments among the three translocation lines (MT-a, MT-b,
MT-c) (Fig. 2A). The results showed that the F; pollen sterility
rate of MT-a x MT-b reached 87.63%, with an average seed reduc-
tion of 83.61%, MT-b x MT-c resulted in a pollen sterility rate of
71.21% with an average seed reduction of 43.81%, and MT-a x MT-c
resulted in a pollen sterility rate of 89.33% with an average
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F . Total pollen Fertilisy srliey Pollen fertility Pollen sterility
Lines pollen pollen
numbers (%) (%)
numbers numbers
WT-a 6358 6162 196 96.92 3.08
MT-a 5964 5732 232 96.11 3.89
WT-a X MT-a, F; 6724 3492 3232 51.93 48.07
WT-b 5637 5392 245 95.65 4.35
MT-b 4968 4781 187 96.24 3.76
WT-b X MT-b, F, 5967 1534 4433 25.71 74.29
WT-c 5567 5295 272 95.11 4.89
MT-c 6324 6017 307 95.15 4.85
WT-c X MT-c, F, 8203 2184 6019 26.62 73.38

Figure 1. Seed fertility phenotypic analysis of WT (a, b, c), MT (a, b, ¢), and F; (a, b, ). (A) Fruits and cross sections of WT (a, b, c), MT (a, b, ¢), and F;

(a, b, €). Scale bars =3 cm. (B) Mature seeds in single fruit of WT (a, b, ¢), MT (a, b, ¢), and F; (a, b, ¢). Scale bars=1 cm. (C) Alexander’s staining of pollen
grains in WT (a, b, ¢), MT (a, b, ¢), and F; (a, b, ). Scale bars =100 um. (D) Ovary longitudinal sections in WT (a, b, ¢), MT (a, b, ¢), and F1 (a, b, ¢). Scale
bars=0.5 mm. (E) The seed numbers of single fruitin WT (a, b, c), MT (a, b, c), and F1 (a, b, c). Values represented the mean of three replicates + SE. The
statistical data were analyzed with a one-tailed Student’s t test to evaluate significance. **P < 0.01. (F) Statistical analysis of the pollen abortion
phenotypes. Green and red marks showed F1(a, b, ¢) pollen have different rates of abortion.

seed reduction of 77.80% compared to the parents on average
(Fig. 2B, C). These results revealed a less-seed phenotype in all
three hybrid combinations of Fy, indicating no allelic relationship
among the three translocated materials belonging to different
sources of translocated mutants.

To explore the inheritance patterns of less-seed phenotypes
in heterozygous translocated lines from different sources, we
statistically analyzed the pollen sterility in F, populations. In
WT-a x MT-a, F, populations, the ratio of normal pollen to sterile
pollen was 112:125. Upon x? test, it conformed to a 1:1 Mendelian
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Table 1. The pollen abortion isolation in F, population

F; line Plants number Normal pollen Sterility pollen x2 Mendelian segregation
WT-axMT-a 237 112 (47.3%) 125 (52.7%) 0.713 11
WT-b x MT-b 182 46 (25.3%) 136 (74.7%) 0.007 1:3
WT-c x MT-c 173 65 (37.6%) 108 (62.4%) 14.583 13

The x? test was used to test for quasi-Mendelian segregation of the pollen abortion. XZO.OS,l =3.84.

= 400 = -

B H H E o Total Fertility  Sterility  Pollen Pollen
2 300 g § Lines pollen pollen pollen fertility sterility
g g Has numbers numbers numbers (%) (%)
3 :
g % £ 100 MT-a X MT-b, F, 3104 384 2720 12.37 87.63
£ 100 £ £
£ ; g g MT-b X MT-c, F, 3745 1078 2667 28.79 7421

0
MT-aX MT-c, F, 2821 301 2520 10.67 89.33

Figure 2. Allelic analysis among MT-a, MT-b, MT-c, and statistical analysis of the pollen abortion phenotype. (A) Mature seeds and pollen fertility of MT
(a, b, c) and F1(MT-a x MT-b), F1(MT-a x MT-c), F1(MT-b x MT-c). Scale bars of mature seeds and pollen fertility were 1 cm and 100 um. (B) The single
fruit seed number of MT (a, b, c) and F1(MT-a x MT-b), F1(MT-a x MT-c), F1 (MT-b x MT-c). Values represented the mean of three replicates + SE. The
statistical data were analyzed with a one-tailed Student’s t test to evaluate significance. *P <0.05, **P < 0.01. (C) Statistical analysis of the pollen
abortion phenotypes. Green and red marks showed F1(a, b, c) pollen have different rates of abortion.

segregation ratio. In WT-b x MT-b, F, populations, the ratio of nor-
mal pollen to sterile pollen was 46:136. Upon x? test, it conformed
to a 1:3 Mendelian segregation ratio. Similarly, for WT-c x MT-c,
F, populations, the ratio of normal pollen to sterile pollen was
65:108, but upon x? test, it was inconsistent with a 1:3 Mendelian
segregation ratio. Further, the WT-c x MT-c, F, segregating popu-
lation showed distorted Mendelian segregation (Table 1).

Identification of translocated regions based on
third-generation genome sequencing

The genomes of three wild-type materials (WT-a, WT-b, WT-c)
and three translocated mutant materials (MT-a, MT-b, MT-c)
were sequenced using Pacific Biosciences (PacBio) sequenc-
ing, resulting in 9.07~15.82 G bps HiFi reads, representing
21.1~36.8x coverage of their genomes. Chromosome-scale
assemblies were obtained for each genome, with an assembly
size of 370.88 ~373.48 Mb, contig N50 length of 27.99~32.47 Mb,
and an average of 99.3% sequences were anchored to the
11 pseudochromosomes, with an average of 1.7 contigs per
chromosome. The base quality was ~66 on average, and the

genome completeness was estimated as 99.2%-99.4% by Merqury
and around 99.1% by BUSCO analysis. Taken together, the high-
quality, chromosome-scale genome assemblies assured the
accurate identification of the inter-chromosome translocation.
(Supplementary Table S1). Chromosomal alignment analysis was
conducted between WT-a vs MT-a, WT-b vs MT-b, and WT-c
vs MT-c. The results revealed two pairs of chromosomes, Chr6
and Chr10, undergoing translocation in MT-a (which we denoted
as Chr6' and Chr10°). In MT-b, Chr1l and Chr5 (Chr1°, Chr5'),
Chr4 and Chr8 (Chr4®, Chr8?%), two sets of two chromosomes
undergoing translocation were identified. In MT-c, and Chrl
and Chr5 (Chr1®, Chr5?Y), Chr5 and Chr11 (Chr11® and Chr5'')
undergoing translocation were identified, suggesting a potential
continuous composite translocation involving in Chr1, Chr5, and
Chr11 (Fig. 3A). The specific translocation regions are detailed in
the figure (Fig. 3B).

Based on the sequencing results, we identified the chromoso-
mal translocation regions and designed specific PCR primers on
both sides of the nonrecombinant and translocated recombinant
chromosome translocation breakpoints (Supplementary Table S2;

202 AInF 20 uo 1s8nB Aq 9G£9G9///809BUN/G/|, L /AI01HE/IU/WO0"dNO"0lWSpEdE//:SARY WOy papeojumoq


https://academic.oup.com/hr/article-lookup/doi/10.1093/hr/uhae087#supplementary-data
https://academic.oup.com/hr/article-lookup/doi/10.1093/hr/uhae087#supplementary-data

Jiaoetal. | 5

>

5 WT-a Chr10 £ £ WT-cChril /
o2 MT-: Ch:6 / a2 WT-b Chr08 ;e MTc ChrOSr»/
LE Ty 5 MT-b Chr04 8
i WT-b Chr05 % Wi chros WT-c chr05
g N *|gg MT-b Chro1 *1¢8 MT-c Chro1 MT-c Chr11
2 e f v WT-b chroa 5 v Ry
: 2 ehrog i T MTbchros g |
£ MT-a Chr10 |z8
g ol g WT-c Chr01
E 5 MT-c Chr1l
£8 : WT-b Chr01 £5 .
= : / *4 MT-b chros = / i
&5 I |58
B Material Translocation chromosome Break point Break point Break point Break point
MT-a T6-10 Chr6: 19789025 Chr10:9191514
MT-b T1-5,T4-8 Chrl: 35653742 Chr5: 4269076 Chr4: 24188581 Chr8: 18782895
MT-c T1-5-11 Chrl: 35653742 Chr5: 4269076 Chr5: 8409920 Chr11: 7918802
c BP: 19789025 BP: 24188581 BP: 4269076 BP: 35653742 BP: 8409920
WT-F/R  MT-F/R WT-F/R MT-F/R  WT-F/R MT-F/R WT-F/R MT-F/R  WT-F/R MT-F/R

M 9 10 11 12 13 14 15 16

M 25 26 27 28 29 30 31 32

1500bp—3-
1500bp
90050 —3>
70059 —3»

500bp.
200bp

900bp
7008p.
500bp.
400bp

2000p—3> 2006p

M 1 2 3 4
LV Y
& & E

R 0 R d R R R ad L

SFELE e FEEE & EEs
BP: 9191514 BP: 35653742 BP: 18782895 BP: 7918802 BP: 4269076
WT-F/R  MT-F/R WT-F/R MT-F/R  WT-F/R MT-F/R WT-F/R MT-F/R  WT-F/R MT-F/R

M 5 6 7 8

M 17 18 19 20 21 22 23 24 M 33 34 35 36 37 38 39 40

1500bp 3
900bp 3

\é\« % Y & ° 0 (9 [ < 19 19 [9 19

& I P R SR SR R £ kg kE

FEFEEFEEESs & &&EEy

D WT-a MT-a WT-b MT-b WT-c MT-c
I 1 I 1 I I 1 I 1 I 1
Chré Chr10 Chr61 Chr106 Chrl Chrs Chra Chr8 Chr1s Chr51 Chr4®  Chrs? Chrl Chr5  Chril Chrl5  Chr511 Chr111*s

4269076
7918802 4269076

S
AN

8409920 4269076
7518902

9191514
8409520

IO
T

Figure 3. Genome sequencing and translocation region validation. (A) Genome alignment of WT (a, b, ¢) and MT (a, b, ¢). Red arrows and red/blue
boxes show the same chromosomal translocation region as WT and MT. (B) Chromosomal translocation breakpoint specific location in MT (a, b, c).

(C) PCR verification of chromosomal translocation using translocation breakpoints. (1-8) PCR amplification results of WT-a and MT-a in break point:
19789025, 9191 514 amplification of nonrecombinant primer (WT-F/R) and recombinant primer (MT-F/R). (9-24) PCR amplification results of WT-b and
MT-b in break point: 24188581,4 269 076, 35 653 742, 18 782 895 amplification of non-recombinant primer (WT-F/R) and recombinant primer (MT-F/R).
(25-40) PCR amplification results of WT-c and MT-c in break point: 35653742, 8409 920, 7 918 802, 4 269 076 amplification of non-recombinant primer
(WT-F/R) and recombinant primer (MT-F/R). (D) Diagram of chromosomal translocation occurrence pattern, with numbers representing the physical
location of chromosomal translocation breakpoints.
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Supplementary Fig. S1). Subsequently, the translocation break-
points were validated using PCR-based amplification. The genome
sequencing results revealed two pairs of chromosomes, Chr6 and
Chr10, undergoing translocation in MT-a (which we denoted as
Chr6'® and Chr10°). Chrl and Chr5, Chr4 and Chr8, undergoing
translocation in MT-b (which we denoted as Chr1® and Chr5?,
Chr4® and Chr8*). MT-c contained Chr1 and Chr5, Chr5 and Chr11
undergoing translocation (which we denoted as Chr1® and Chr5%;
Chr11° and Chr5™) (Fig. 3C). Further, the sequence amplification
of the recombinant chromosomes confirmed the occurrence of
chromosomal translocation events. Chromosomal translocations
of the three translocation lines are shown in the figure (Fig. 3D).

By comparing the sequence information on both sides of the
translocation breakpoints between homozygous wild-type and
homozygous translocation mutants, it was found that WT-a had
a 5'-Nucleotid (5 nt) micro-homologous sequence (TTTAT) on one
side of the Chr6 and Chr10 breakpoints. Post-translocation, MT-
a showed 3 nt deletions in recombinant chromosomes Chr6*
and Chr10°. MT-b exhibited a 25 nt deletion in recombinant
chromosome Chr1°, 24 nt deletion in Chr5?, 4 nt deletion in Chr43,
and a 4 nt deletion in Chr8* after translocation. MT-c displayed a
25 nt deletion in recombinant chromosome Chr1°, 24 nt deletion
in Chr5!, 1 nt deletion in Chr5'?, and a 4 nt deletion in Chr11°
after translocation. Sequence alignment results indicated 1-25 bp
(base pair) deletions in the recombinant sequences at the translo-
cation breakpoints of both naturally mutated MT-a and radiation-
induced MT-b and MT-c translocations. While MT-a had a micro-
homologous sequence on one side of the translocation break-
point, the sequences at the junctions of MT-b and MT-c did not
match in a sticky-end manner after the alignment of homologous
sequences. Based on the sequence information, it was inferred
that the sequence connections at the breakpoint locations were
all formed by flat-end joining (Supplementary Fig. S2).

Cytological verification of chromosomal
translocations

To further validate the translocation pattern in three different
sources of less-seed mutant translocations. The chromosomal
morphology during pollen mother cell meiosis of homozygous
wild-type (WT- a, b, c), homozygous translocation mutants
(MT-a, b, ¢), and heterozygous translocation mutants (F;-a, F;-
b, F1-c) was evaluated. The result showed that the chromosomal
morphology and behavior were normal at every stage of the first
meiosis in three wild-type materials and three translocation
mutant materials. All chromosomal displayed 11 bivalents at
diakinesis (Fig.4A). The heterozygous translocation mutants
Fi-a displayed 9 bivalents and 1 quadrivalents at diakinesis.
Two pairs of chromosomes showed intertwined configurations,
which formed a “ring 4”. (Fig. 4A). Heterozygous translocation
mutants F;-b displayed seven bivalents and two quadrivalents at
diakinesis, with two pairs of two chromosomes connected in a
chain-like pattren (Fig. 4A). Similarly, heterozygous translocation
mutants F;-c displayed seven bivalents and two quadrivalents
at diakinesis, with two pairs of two chromosomes connected
and forming two “ring 4" (Fig. 4A). The results of cytological
observations indicated abnormal chromosomal synapsis during
diakinesis in the three heterozygous translocation materials.
Using a BAC library constructed from the watermelon genome,
FISH was employed for cytological validation of chromosomal
translocations. Specific probes were selected (Supplemen-
tary Table S3) based on the genomic sequence inside and outside
the translocation breakpoints [26]. As shown in Fig. 5, in the
wild-type WT-b, the signals of BAC 51 M23 and BAC 30P14 were

co-located on Chr 1, while BAC 30 L12 and BAC 20E09 signals
were co-located on Chr 5. However, in the translocation mutant
MT-b, BAC 30 L12 and BAC 51 M23 were positioned on the
same chromosome, whereas BAC 30P14 and BAC 20E09 were
on another chromosomes. Therefore, FISH analysis indicated a
mutual translocation between Chr 1 and Chr 5 in MT-b (Fig. 4B).

Verification and application of chromosomal
translocation recombinant markers in the F,
population

Chromosomal translocated heterozygous plants exhibit a
less-seed phenotype. Thus, the less-seed phenotype caused
by chromosomal translocation can be considered a domi-
nant gene in genetics. Based on the third-generation genome
sequencing results, we obtained the translocation breakpoints.
Through multiplex PCR amplification of nonrecombinant and
translocated recombinant chromosome breakpoints, we were
able to differentiate between chromosomal recombination/
nonrecombination types. Therefore, these differentiations can
be used as dominant/codominant markers to detect whether
translocation has occurred and is linked to the heterozygous
dominant less-seed trait in breeding practices.

To validate the marker accuracy, we used the F, population
for genotype and phenotype verification. We conducted marker
detection analysis on 237 individual plants of WT-a x MT-a in the
F, population. The ratio of homozygous wild-type to heterozygous
translocation and homozygous translocation was 1:2:1 upon x?
test, which was consistent with Mendelian segregation ratio.
Further, the genotype and phenotype were completely linked and
co-segregated (Table 2). In WT-b x MT-b with 182 individual plants
in the F, population, the ratio of homozygous wild-type: het-
erozygous translocation: homozygous translocation upon x? test
confirmed to 1:2:1 Mendelian segregation ratio, a 99.45%
genotype-phenotype fit in individuals (Table 2). Similarly, the
WT-c x MT-c 173 individual plants in the F, population showed a
1:2:1 segregation ratio upon x? test analysis, a 99.42% genotype-
phenotype fit in individuals (Table 2). These results collectively
confirmed that nearly all heterozygous recombinant types
detected by the markers underwent pollen sterility, which
evidenced a close linkage between chromosomal transloca-
tion recombinant markers and the less-seed phenotype in
watermelon.

In breeding practices, in order to introduce the translocated
chromosome into normal wild-type watermelon varieties, the
translocated line MT-a was crossed as the parent with the
wild-type material “HMF” which is a East Asian cultivated type
materials. The resulting F; hybrids were backcrossed with “HMF”
as recurrent parents (RPs) for four generations and then self-
crossed (Fig. 5A). Throughout the backcrossing, marker-assisted
selection (MAS) was performed using markers for Chrl0 non-
recombinant type (Chr10-F/Chr10-R) and Chr10+ Chré recombi-
nant type (Chré’-F/Chr10-R) (Fig. 5B). We selected heterozygous
translocated recombinant types in the BC;-BC4 backcrossed
generations. Genetically suitable homozygous translocation
lines were selected from self-pollinated BC4F, progeny base on
the molecular markers (Fig. 5B). Eventually, we obtained the
homozygous translocation line “HMF-TL”". Utilizing the wild-type
“HMM” and homozygous translocation line “HMF-TL” as parental
lines, hybrid combinations of “Less-seed HM F;” were created. In
comparison to hybrid combinations of “CK HM F,’created using
the wild-type ‘HMM' and wild-type ‘HMF” as parental lines, the
number of seeds in “Less-seed HM-F;” was significantly decreased
(Fig. 5C).
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Chr5-30L12
Chr5-20E09
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Figure 4. Cytological observation and FISH verification of chromosomal translocation. (A) Cytological behavior of chromosomes during meiosis in WT
(a,b,c),MT (a, b, ), and F1(a, b, c). Abnormal chromosome coupling dissociation occurs during diakinesis. The arrow indicates the conformation of the
chromosome where the abnormal behavior occurs. Scale bars = 10 pm. (B) FISH analysis of WT-b and MT-b. The BAC 51 M23 and 30P14 stained with red
fluorescence were located at Chr 1. The BAC 30 L12 and 20E09 stained with green fluorescence were located at Chr 5. In MT-b, BAC 30 L12 and 51 M23
were located at Chr 5%, and BAC 30P14 and 20E09 were located at Chr 1°. Scale bars =10 pm.

Discussion

Utilizing chromosomal translocation lines for the study of less-
seed traits in watermelon achieved a significant reduction in
seed at the diploid genetic level. Heterozygosis translocation
lines could overcome the challenges faced in triploid seedless
watermelon production and could hold considerable industrial
application value. In traditional translocation line breeding
applications, the less-seed trait is heterozygously dominant.
Adequate selection of heterozygous translocation materials can
be achieved in backcrossed generations through field phenotype
observations of pollen sterility and reduced seed in the F;
Populations. However, during the selection process of homozygous

translocation lines in self-crossed generations, the phenotype
of homozygous nontranslocated individuals and homozygous
translocated individuals were consistent. Therefore, phenotype
selection cannot be performed in the current generation, and
it can only be tested through test crossings with normal wild-
type hybrids. Thus, the identification of translocation materials
to determine specific translocation regions could facilitate
the accurate and efficient application of markers in breeding
for translocated less-seed traits. Previously, the chromosomal
translocations leading to variable traits have been reported
in watermelon, including gynoecy [28] and less-seed traits
[29]. The identification of the aforementioned translocation
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1500bp .

900bp —|

C

Less-seed HM F1
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Figure 5. The breeding process of MAS for backcrossing to introduce translocation chromosome. (A) HMF was the backcross parent variety. The red
text presented the heterozygous translocation line (Aa) and homozygous translocation line (AA) by MAS in each generation. (B) Heterozygous
translocation lines (Aa) were screened on the BCy population using the translocation recombination marker Chr10+ Chr10°%; Homozygous
translocation lines (AA) were screened on the BC4F, population. (C) Wild-type HMM and homozygous translocation line HMF-TL were used to prepare
the hybrid combination “Less-seed HM F;”. Compared with “CK HM F;”, which used wild-type “HMM” and wild-type “HMF” as the paternal parent to
prepare the hybrid group, the fruit transection section seed number ratio of “Less-seed HM F,” was significantly reduced.

Table 2. Translocation recombination markers were verified in F, generation population

F, line Translocation Codominant Plants number = Homozygous Heterozygous Homozygous TL %2 Mendelian
chromosome  molecular marker WT TL segregation
WT-a x MT-a T6-10 Chré + Chr610 237 51 (21.5%) 125 (52.7%) 61 (25.7%) 1.557 1:2:1
WT-a x MT-a T6-10 Chr10+ Chr10° 237 51 (21.5%) 125 (52.7%) 61 (25.7%) 1.557 1:2:1
WT-bxMT-b  T1-5+T4-8 Chr1+Chr1® 182 52 (28.5%) 89 (48.9%) 41 (22.5%) 1.417 1:2:1
WT-bxMT-b  T1-5+T4-8 Chrs + Chrs? 182 49 (26.9%) 91 (50.0%) 42 (23.0%) 0.538 1:2:1
WT-bxMT-b  T1-5+T4-8 Chr4 + Chr4® 182 54 (29.6%) 88 (48.3%) 40 (21.9%) 2.352 1:2:1
WT-bxMT-b  T1-5+T4-8 Chr8 + Chrg* 182 49 (26.9%) 89 (48.9%) 44 (24.1%) 0.363 1:2:1
WT-c x MT-c T1-5-11 Chr1+Chr1® 173 44 (25.4%) 82 (47.3%) 47 (27.1%) 0.572 1:2:1
WT-c x MT-c T1-5-11 Chr5 + Chrs! 173 44 (25.4%) 82 (47.3%) 47 (27.1%) 0.572 1:2:1
WT-c x MT-c T1-5-11 Chr5 + Chr51? 173 37 (21.3%) 93 (53.7%) 43 (24.8%) 1.393 1:2:1
WT-C x MT-c T1-5-11 Chr11+ Chr11° 173 37 (21.3%) 93 (53.7%) 43 (24.8%) 1.393 1:2:1

The x? test was used to test for quasi-Mendelian segregation of the translocation recombination. X20.05,2 =5.991

lines was conducted through map-based cloning for genetic
linkage. In this study, based on three groups of nearly isogenic
lines, third-generation LRS was performed. Our results iden-
tified naturally occurring and radiation-induced translocation
lines and precisely detected the translocated chromosomes
and translocation breakpoints. Moreover, designing markers
for translocation recombinant types across the translocation
breakpoints provided a molecular foundation for MAS-assisted
selection of heterozygous translocated less-seed traits. The
application of LRS technology could serve as a reference for
identifying chromosomal translocations and inversions in other
crops [30].

Natural mutation-induced translocation variations are
widespread and are possibly influenced by external adverse
environmental factors, or the accumulation of reactive oxygen
species, which leads to double-strand breaks (DSB) production
[31]. Translocations induced by radiation occur due to a series
of complex DNA damages caused by ionizing radiation (IR) X-
rays or gamma rays (y-ray) [32], including DSBs, and DSBs on
different chromosomes can lead to translocations. However, the

translocation occurrence site is generally uncertain. In this study,
one type of translocation line was naturally mutated, while
the other was radiation-induced, with two completely different
induced methods leading to chromosome translocations. Due
to varying sources of mutations, it is speculated that natural
translocation lines in watermelon from ancestors to artificial
domestication may have undergone undetected recombination.
The artificially induced heterozygous translocated line “Hua
Zhi A" produced offspring MT-b and MT-c with non-allelic
relationships. “Hua Zhi A” was initially described as a male
sterile line displayed a highly reduced male fertility, as a result
of multiple pairs of chromosomal translocations, which led to
highly sterile male and female gametes. It can be speculated
that the original “Hua Zhi A” heterozygous translocation line may
contain all the mutually translocated chromosomes involved in
MT-b and MT-c T1-5, T4-8, T5-11. MT-b inherited the independent
reciprocal translocation of two pairs of chromosomes in T1-5 and
T4-8. According to classical cytology theory, the F1 generation
self-cross led to homologous chromosome synapsis formed by
two characteristic cross-shaped involving T1-5 and T4-8 at
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pachytene. Each cross-shaped only produced four fertile gametes
by chromosome alternating separation and four abortive gametes
by chromosome adjacent separation. The four fertile gamete
types combine freely to form 16 zygote types. While the two cross-
shaped theoretically produce 1/4 fertile zygote types (homozygous
chromosomes) and 3/4 abortive zygote types (heterozygous
translocation chromosomes). Therefore, the normal seed ratio
in the less-seed phenotype of F, generation is in line with
the Mendelian inheritance 1:3. However, a pair of homologous
chromosomes in the two reciprocal translocations of MT-c are
the same, which may cause the complex translocation of T1-
5-11. Since they are not independent reciprocal translocations,
in the F; self-crossed generation, the homologous chromosome
synapsis formed a complex ring or chain of multiple pairs of
chromosomes. Therefore, the F, population did not conform to
Mendelian inheritance 1:3.

Endogenous and exogenous factors can cause DSBs, and unre-
paired breaks may result in chromosomal translocations. Existing
research has proven that many DSB repair mechanisms require
the end processing of two DSBs for their connection, leading to
modifications or loss of genomic sequences around the break-
point [33]. In this study, through the analysis of sequences near
the breakpoint of the normal wild type and translocation lines. It
was found that the natural mutation translocation line MT-a, the
radiation mutagenesis translocation line MT-b and MT-c, translo-
cation breakpoint sequences were modified to form different
length of base deletion (1-25 bp). The sequence connection form
was a flat terminal junction. Therefore, it can be inferred that both
natural mutation-induced translocations and radiation-induced
chromosomal translocations are forms of direct and rapid non-
homologous end repair (NHE]) [34]. These results were consistent
with other reported results of NHE] as the dominant DSB repair in
plants [35].

Radiation mutagenesis plays an important role in the occur-
rence of free multi-pair recombination of chromosomes and
changes in chromosome structure [36]. However, the resulting
genomic instability and other undesirable mutations were
uncontrollable [37, 38]. Natural mutational translocation has
produced stable genomic features through natural and artificial
domestication, but nondirected translocation recombination
has limited its application in breeding [39]. Human-directed
translocations in plants using the CRISPR system have been
demonstrated in Arabidopsis Thaliana [40], and the extremely
low frequency of translocations is still a major problem limiting
artificially induced chromosomal translocations. Genetic engi-
neering of Cas9 nucleases [41] or repeated cutting of targeted
sites [42] are currently the main research directions for inducing
higher frequency translocations. The application of CRISPR
technology could provide the possibility for us in the future
to induce chromosome breakage and repair, creating artificial
translocations, eliminating harmful genes and assembling target
genes in a specific way.

Materials and methods
Plant materials

Three sets of near-isogenic lines were selected for the current
study. The normal-seed wild type (WT-a) was an East Asian culti-
vated material called “JF”. The translocation mutant type (MT-a)
resulted from several backcrosses between WT-a and “Zhongyu
10" (originally from “Jubilee”, a locally bred variety collected by the
US National Resources Repository which was a natural mutation
translocation line). WT-a and MT-a were near-isogenic lines, which
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were crossed (WT-a x MT-a) to generate the F; (F1-a) and the F
segregation populations (F,-a).

Similarly, WT-b, a normal-seed wild type, was an East Asian
cultivated variety “JM”. The translocation mutant type MT-b,
resulted from several backcrosses between WT-b and “Huazhi
A’ (an artificially radiation-induced translocation heterozygous
mutant obtained by Jinyi Wu of the Guangdong Academy of
Agricultural Sciences through Co®Cy radiation). WT-b and MT-b
were near-isogenic lines, which were crossed (WT-b x MT-b) to
produce the F; (F1-b) and the F, segregation population (F,-b).

Finally, WT-c, a normal-seed wild type, was an American cul-
tivated variety “Sugarlee”. The translocation mutant type MT-c
resulted from several backcrosses between WT-c and “Huazhi
A” (an artificially radiation-induced translocation heterozygous
mutant obtained by Jinyi Wu of the Guangdong Academy of
Agricultural Sciences through Co®y radiation). Likewise, WT-c
and MT-c near-isogenic lines hybrid combination (WT-c x MT-c)
produced Fq (F1-c) and the F, segregation population WT-c x MT-c,
Fy (FZ'C).

The watermelon plants were cultivated in the experimental
field of the Beijing Academy of Agriculture and Forestry Sciences.
In the field, the row-to-row distance of plants was 2 m, and
the plant-to-plant distance was 0.3 m. After cutting the side
branches, only two main vines were maintained for healthy fruits.
Pollination was adopted with the second female flower, using
the hand pollination method. The experiment was performed
with three biological replicates for each material. The plants were
planted continuously for 2 years under natural summer growth
conditions.

Statistics of watermelon fruit seed numbers

The plants were strictly self-pollinated simultaneously under the
same growth conditions. The second female flower was selected
for each plant to ensure plant growth and fruiting node uni-
formity. Eight single melons were randomly selected for each
material, and the average seed number of single melons was cal-
culated. Data were analyzed in Microsoft Excel 2019 and Graph-
Pad Prism 9.0 with default parameters. Significant differences
between groups were determined with one-way analysis of vari-
ance and post hoc Tukey’s multiple comparison test.

Pollen grains Alexander staining

The staining of pollen grains was conducted according to the
method as previously reported [15]. Fresh male flowers on the
main vines (eight flowers per sample) were carefully selected,
and the pollens were collected on slides. Used Alexander staining
solution covered for staining for 5-10 minutes, and then obser-
vations were made under a microscope. Each male flower was
individually prepared on slides, and 5-8 fields were randomly
observed. Pollen grain abortion in watermelons was observed and
recorded. Viable pollen grains stained purple-red and aborted
ones stained green.

Microscopic examination of ovules

Following the previously reported method [16], ovaries from
female flowers on the main vines that bloomed on the same
day were fixed in a 50% Formalin-Aceto-Alcohol (FAA) solution
for 24 hours. Post-fixation, the samples underwent dehydration
in a graded alcohol series, followed by embedding in paraffin.
Longitudinal sections of the ovary were prepared, and the paraffin
sections were dewaxed for water treatment. Samples were
sequentially treated with xylene twice, then socked in anhydrous
ethanol, 75% ethanol, and finally rinsed in distilled water. The
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sections were stained using methylbenzene dye solution and
examined under a microscope to differentiate tissue staining
levels. Subsequently, the slides were air-dried in an oven, and
a transparent coverslip was used for mounting. Microscopic
observation and image acquisition were performed for analysis.

Long read genome sequencing assembly

Plants from each inbred line were grown in a greenhouse until
the four-leaf stage and 30 g of fresh leaves were collected for
DNA extraction following the PacBio standard protocol. The high-
molecular-weight DNA was used to construct SMRTbell libraries
for sequencing on the PacBio Sequel II platform using the circular
consensus sequencing (CCS) mode, resulting in ~10 Gbp (20X)
reads per accession.

The CCS reads were initially processed using the “HiFiAdapter
Filt” software to remove adapter sequences [17]. Subsequently,
“hifiasm” was used for contig assembly with parameters “-1 2-f
0-u” [18], followed by the removal of redundant sequences using
“purge_dups” [19] software and the elimination of contaminant
sequences derived from bacteria, viruses, or organelle genomes
based on Blast N alignment against the NCBI Nt/Nr database
[20]. Finally, the clean genome assembly sequences were anchored
on pseudochromosomes using “RagTag” [21] with the “97103”
genome (version 2) as the reference [22]. The assembled chro-
mosome sequences were aligned with the “97 103” genome using
minimap? to infer chromosomal translocations [23].

DNA extraction and PCR

For each plant in the Py, Py, F1, and F, populations, 1 g leaves
were collected and stored at —80°C before use. Genomic DNA was
extracted using the cetyltrimethylammonium bromide (CTAB)
method. PCR primers were designed using the Premier 5.0 soft-
ware. The PCR reaction mixture consisted of 20 ul total volume,
including 10 pl of PCR Mix buffer (2x), 2 pl DNA (200 ng/ul),
2 pl primer mix (10 uM), and 6 pnl ddH20. PCR amplification
was performed using an Applied Biosystems Veriti™ Dx thermal
cycler, with an initial denaturation at 95°C for 5 minutes, followed
by 35 cycles of denaturation at 95°C for 30 seconds, annealing at
52-55°C for 30 seconds (depending on the primer), extension at
72°C for 1 minute, and a final extension at 72°C for 7 minutes. PCR
products were analyzed using 1% agarose gel electrophoresis.

Chromosome DAPI staining and observation

Following the methods described by Preeda [24], chromosomes
were identified by 4/,6-diamidino-2-phenylindole (DAPI) staining.
Flower buds from the main shoot of the plant, ranging in diameter
from 1.6 to 2.4 mm [25], were collected. The flower buds were fixed
in Carnoy fixative (3:1 ethanol: acetic acid) for about 24 hours.
After fixation, the flower buds were washed with distilled water
several times. Anther were fixed using an enzyme solution con-
sisting of 0.8% pectolyase and 0.8% cellulase at 37°C for 3 h. After
enzymatic hydrolysis, the anther was washed with distilled water
three times, added 60% glacial acetic acid, and covered with a
coverslip to press it down. The sample was put into the —80°C
refrigerator for 10 min, the coverslip was lifted immediately and
then dried at room temperature. Subsequently, the cells were
stained with DAPI, covered with a slide, and observed under a
microscope (ZEISS Imager Z2).

BAC-FISH for the identification of chromosomal
translation

Bacterial Artificial Chromosome (BAC) DNA libraries were con-
structed using the genomic DNA of the watermelon variety 97 103.

Four BAC clones located in the regions associated with chromo-
somal translocations were selected based on the previous report
by Guo et al [26]. BAC DNA was extracted and purified using the
Phase Prep BAC DNA Kit. The qualified BAC DNA was labeled
with digoxigenin or Biotin Nick Translation Mix according to
the instructions. Chromosome slides were prepared from flower
buds, and subsequent hybridization was conducted following the
method reported by Ren et al. [27] with slight modifications.
At least 20 somatic metaphase samples were observed under a
ZEISS Imager Z2 microscope equipped with fluorescent illumi-
nation and appropriate filters for DAPI, fluorescein, and Texas-
Red fluorescence. Images were captured using a cooled black and
white Charge-Coupled Device (CCD) camera (Axiocam 503 color,
ZEISS) and processed with ZEN 2 pro software (ZEISS). Final image
adjustments were made using Adobe Photoshop 6.0.
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