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Efficient genetic transformation and CRISPR/Cas9-mediated
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Cucurbitaceae is an important family of flower-
ing plants containing multiple species of important food
plants, such as melons, cucumbers, squashes, and pump-
kins. However, a highly efficient genetic transforma-
tion system has not been established for most of these
species (Nanasato and Tabei, 2020). Watermelon (Citrul-
lus lanatus), an economically important and globally
cultivated fruit crop, is a model species for fruit quality
research due to its rich diversity of fruit size, shape,
flavor, aroma, texture, peel and flesh color, and nutri-
tional composition (Guo et al., 2019). Through pan-
genome sequencing, many candidate loci associated
with fruit quality traits have been identified (Guo
et al.,, 2019). However, few of these loci have been
validated. The major barrier is the low transformation
efficiency of the species, with only few successful
cases of genetic transformation reported so far (Tian
et al., 2017; Feng et al., 2021; Wang JF et al., 2021;
Wang YP et al., 2021). For example, Tian et al. (2017)
obtained only 16 transgenic lines from about 960 cot-
yledon fragments, yielding a transformation efficiency
of 1.67%. Therefore, efficient genetic transformation
could not only facilitate the functional genomic studies
in watermelon as well as other horticultural species,
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but also speed up the transgenic and genome-editing
breeding.

Reprograming the cell fate of explants in tissue
culture is regulated by genes related to plant develop-
ment. Previous studies have identified numerous genes
that can promote or reprogram cell fate, which are
known as developmental regulators (DRs) (Méndez-
Hernandezl et al., 2019). Several DRs have been re-
ported to improve the regeneration efficiency of vari-
ous plant species in tissue culture (Méndez-Hernandez1
et al., 2019; Zhang et al., 2021). For example, the
overexpression of APETALA2/ethylene responsive
element-binding factor (AP2/ERF) family transcrip-
tion factor BABY BOOM (BBM) can promote cell pro-
liferation and ectopic embryo formation in the cotyle-
dons and leaves of Arabidopsis. The co-expression of
BBM with the shoot apical meristem identity regulator
WUSCHEL (WUS) could greatly improve the in vitro
transformation efficiency of various monocot species,
including maize inbred lines, rice, and sorghum
(Lowe et al., 2016). However, the constitutive overex-
pression of both BBM and WUS causes severe growth
defects, such as the abnormal development of vegeta-
tive and reproductive organs and infertility. There-
fore, the expression of these DRs needs to be restrict-
ed or the genes need to be eliminated during or after
tissue culture (Lowe et al., 2016). Plant-specific tran-
scription factor proteins, called growth-regulating fac-
tors (GRFs), have also been reported to boost the re-
generation and genetic transformation efficiency of
various crop plants. Stably expressed GRF'5 from Ara-
bidopsis accelerates shoot organogenesis and increases
the genetic transformation efficiency of soybean,
canola, and sunflower (Kong et al., 2020). Similarly,
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the overexpression of a chimeric protein consisting of
the wheat GRF4 and rice GRF-interacting factor 1
(GIF1) improves the regeneration efficiency and re-
generation speed in wheat, triticale, and rice, and also
increases the number of transformable wheat geno-
types (Debernardi et al., 2020). Therefore, we test-
ed the effects of these DRs on watermelon genetic
transformation.

To improve the transformation efficiency of water-
melon, we first established a fast and simple detection
system for the genetic transformation. Both the neo-
mycin phosphotransferase Il (nptll) gene, which con-
fers kanamycin (Kan) resistance to transgenic
plants, and the hygromycin (Hyg) phosphotransferase
Il (hptll) gene, which confers Hyg resistance, have
been used as the selectable markers in watermelon tissue
culture. Hyg causes more severe damage than Kan
during watermelon tissue culture (Park et al., 2005),
and the time required for tissue culture in Hyg medium
is usually longer than that required for Kan; therefore,
nptll was chosen as the selectable marker. In addition,
given the high frequency of false positive plants ob-
tained after Kan selection (Park et al., 2005), the red
fluorescent protein DsRed2, which can be easily ob-
served using the LUYOR-3415RG hand-held lamp
(Luyor Corporation, Shanghai, China), was introduced
into the binary vector as another marker to visually
identify stable transgenic events. The reporter vector
was named as pW501 (Fig. 1a).

We first tested the genetic transformation of the
watermelon cultivar WWI50, the female parental line
of the widely grown cultivar “Xinong No. 8,” which
is relatively recalcitrant to transformation. The vectors
were introduced into three widely used laboratory Agro-
bacterium strains, EHA105, GV3101, and LBA4404,
and then delivered to cotyledonary fragments using
the established Agrobacterium-mediated transforma-
tion method (Tian et al., 2017). Calli were induced
after co-cultivation and growth on selection medium
containing 50 mg/L Kan for two weeks (Fig. 1b). After
about 70 d of selection, adventitious shoots and roots
were regenerated, and positive transformation events
could be easily detected by a hand-held fluorescent
lamp (Fig. 1b). The transgene-specific polymerase chain
reaction (PCR) result with primers specific to DsRed
also demonstrated that the transfer DNA (T-DNA)
fragment was integrated into the watermelon genome
in DsRed fluorescent positive lines (Fig. S1a).

The transformation frequencies were determined
by counting the number of calli showing at least one
regenerated adventitious bud with a DsRed fluores-
cent signal out of the total number of inoculated cot-
yledonary fragments. Among the three tested Agro-
bacterium strains, EHA105 had the highest transfor-
mation efficiency of 0.92%, which was comparable
with the efficiency reported in previous studies (Tian
et al, 2017), while the efficiency was 0.88% for
GV3101 and no positive transformation events were
detected using LBA4404 (Fig. S1b).

We assumed that the low transformation efficiency
might be mainly due to the low regeneration efficiency
of transgenic cells. Several DRs were reported to
boost the regeneration efficiency or transgenic effi-
ciency of various plant species in tissue culture (Lowe
et al., 2016; Méndez-Hernandez1 et al., 2019; Deber-
nardi et al., 2020; Kong et al., 2020; Zhang et al.,
2021). To test the effects of DRs on watermelon gen-
etic transformation, we added several DR genes indi-
vidually and in combination to the binary vector pW501.
The expression of all DR genes was driven by the
Arabidopsis UBQ10 promoter, except for WUS, whose
expression was driven by the Nos promoter as previ-
ously described (Lowe et al., 2016) (Fig. 1a).

All of the vectors were introduced into the 4gro-
bacterium strain GV3101 and then transformed into
the watermelon cultivar WWI150. Some of the DR genes
successfully boosted the transformation efficiency of
WWI50 (Fig. 1c). Among the vectors carrying DR
genes, pW502, which overexpresses Arabidopsis thali-
ana GRFS5 (AtGRF5), resulted in the highest transfor-
mation efficiency (24.73%). pW503, which overex-
presses the chimeric 7aGRF4-OsGIF1 gene (GRF4
from wheat and GI/FI from rice), and pW505, which
overexpresses ZmWUS plus ZmBBM (WUS and BBM
from maize), also dramatically enhanced the transfor-
mation with efficiencies of 13.78% and 22.10%, respec-
tively. The ZmWUS gene alone (pW504) or ZmWUS
plus the isopentenyl transferase from Agrobacterium
(ipt) (pW506) resulted in very weak or no increases in
the transformation efficiency (Fig. 1c). We observed
numerous growth abnormalities in plants overexpress-
ing ZmWUS plus ZmBBM, including abnormal leaf
development, expansion of the stem, and the lack of
an obvious stem apical meristem (pW505); however,
we did not detect obvious growth defects when over-
expressing AtGRF5 (pW502) on the tissue culture
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0 Vector DR gene(s) Number of explants trar?s?ts)irtx:nts Efficiency (%)
pW501 114 1 0.88
pW502 AtGRF5 368 91 24.73
pW503 TaGRF4-OsGIF1 370 51 13.78
pW504 ZmWuUS 285 5 1.75
pW505 ZmWUS+ZmBBM 267 59 22.10
pW506 ZmWUSH+ipt 327 0 0
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Fig. 1 Effects of developmental regulators (DRs) on watermelon transformation. (a) Schematic diagrams of constructs
with DRs used in this study. (b) Genetic transformation of the watermelon cultivar WW150. b1, watermelon seeds after
sterilization; b2, 4-d-old watermelon seedlings; b3, cotyledon fragments after co-cultivation; b4, callus formed on the
selection medium after two weeks; b5, adventitious buds on the callus; b6, adventitious root formed on the regenerated
plants; b7, seedlings with roots on the rooting medium (left is a transgenic plant; right is a non-transgenic plant); b8, the
same plants as in b6 with the picture taken under a hand-held florescence detection device. Scale bars=0.5 cm. (c) The
transformation efficiencies of watermelon cultivar WW150 obtained using the indicated constructs. Positive transformation
events were defined as calli showing at least one regenerated adventitious bud expressing the DsRed fluorescent signal.
(d) Representative images of adventitious shoots generated by the indicated vectors (upper panels). The fluorescent DsRed2
signals are shown in the lower panels. Scale bars=0.5 cm. (e) The growth phenotype of a watermelon plant transformed
with the pW502 vector two weeks after being transferred to soil. Scale bar=4 cm. RB: right border; LB: left border.
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plates and in the seedling stages in the soil (Figs. 1d
and le). Thus, we concluded that AfGRF5 is a suit-
able gene for increasing the transformation efficiency
in watermelon.

Agrobacterium strain dependence is a key factor
affecting transformation efficiency. To identify the
most suitable Agrobacterium strain, we introduced
the pW502 vector into three Agrobacterium strains,
GV3101, EHA105, and LBA4404. Compared with
the transformation efficiency obtained with GV3101,
which was used in the experiments described above
(about 25.00%), that obtained using strain EHA105
was much lower (6.90%). Moreover, we found that
LBA4404 failed to generate any positive transforma-
tion events (Fig. Slc). These results indicated that
Agrobacterium strain selection is an important consid-
eration for watermelon transformation, and that, among
the three strains we tested, GV3101 was the most suit-
able one to deliver pW502 (4tGRFY5) for watermelon
genetic transformation.

Many Agrobacterium-mediated plant transforma-
tion systems exhibit genotype dependence (Zhang et al.,
2021). Thus, we evaluated the effects of the preferred
design on transformation in another watermelon culti-
var, 83166, which is the female parental line of the hy-
brid “Jingxin.” The Agrobacterium strains GV3101,
EHA105, and LBA4404 were separately used to de-
liver pW501 (control vector) and pW502 (4¢GRFY) to
cotyledon fragments. Different from the watermelon
cultivar WWI50, the transformation efficiencies with-
out the help of a DR gene were 7.56% and 9.90% when
pW501 was delivered by strains GV3101 and EHA105,
respectively, suggesting that 83 166 is not highly recal-
citrant to transformation (Fig. S1d). Compared with
the other combinations, GV3101 carrying pW502 gave
the highest transformation efficiency (20.72%). We also
observed that LBA4404 failed to generate any posi-
tive transformation events in cultivar 83166 (Fig. S1d).
This result confirmed our prior conclusions that the
AtGRFS gene is a robust tool that facilitates watermelon
transformation, and that GV3101 is the preferred
Agrobacterium strain to deliver these vectors.

Targeted mutagenesis using genome-editing tools
such as the clustered regularly interspaced short palin-
dromic repeats (CRISPR)/CRISPR-associated protein
9 (Cas9) system is a new breeding technology that
can efficiently produce the desired mutations in the
target gene, and it has been applied in multiple crop

species including watermelon (Tan et al., 2020; Tian
et al.,, 2017; Wang JF et al., 2021; Wang YP et al.,
2021). Therefore, we tested the compatibility of
AtGRF5-mediated transformation using genome-editing
tools in watermelon. The existence of two Bsal re-
striction enzyme recognition sites in the original
AtGRFS5 gene hampered its application in CRISPR/
Cas9-mediated genome editing, since many CRISPR/
Cas9 genome-editing vectors are constructed using
Golden Gate Assembly that requires the use of the
type IIS Bsal enzyme. Thus, we added the codon-
optimized version of AtGRFS5, which lacks the Bsal
recognition sites (Table S1), to the CRISPR/Cas9
genome-editing plasmid pHSE401 (Xing et al., 2014),
thus generating the pZHW512 vector (Fig. 2a). Two
previously designed spacers (T1 and T2) targeting the
watermelon phytoene desaturase gene C. lanatus phy-
toene desaturase (PDS) (CIPDS) (Cla97C07G142100)
were chosen for this step (Tian et al., 2017). PDS is
widely used to quickly demonstrate the feasibility of
CRISPR/Cas9, since its mutation causes photobleach-
ing or an albino phenotype (Tian et al., 2017). The re-
sulting genome-editing plasmid was transformed into
WW150 cotyledon fragments. All 11 positive trans-
genic plants recovered were verified by Sanger se-
quencing. Among the 11 plants, three had mutations (#1,
#5, and #9), giving a mutation efficiency of 27.27%
(Fig. 2b). Only one mutation type, a 1-bp deletion
(D1), was detected at the T1 site in #9. Meanwhile, at
the T2 site, mutations were detected in three plants (#1,
#5, and #9), with one heterozygous mutation and two
biallelic mutations (Figs. 2¢ and 2d). As expected, the
biallelic mutant exhibited an evident pure albino phe-
notype (Fig. 2e). These results suggested that the DR
gene AtGRFS5 could facilitate the generation of desired
mutations via the CRISPR/Cas9 system.

Recently, another research group reported the im-
provement of watermelon transformation by utilizing
the DR gene CIGRF4-CIGIFI in eight watermelon
genotypes, including non-transformable watermelon
varieties (Feng et al., 2021). Considering this study
and our research, both proved the values of DRs in
watermelon transformation, such as GRF4-GIF1. Also,
both experiments successfully generated watermelon
mutants through the CRISPR/Cas9 genome-editing
system with the assistance of DR gene. Feng et al.
(2021) reached an efficiency of 47.02% using the water-
melon GRF4-GIF1 in the cultivar TC, which is much
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Fig. 2 AtGRF) facilitates the CRISPR/Cas9-mediated genome editing of CIPDS. (a) Schematic diagrams of the genome-
editing vector pZHWS512. (b) Summary of the C/IPDS genome-editing results. D indicates deletion. (¢) Summary of the
mutation types at two target sites in the CIPDS gene. The PAM sequences for the two target sites are highlighted in red.
(d) Results from Sanger sequencing of the two target sites in the wild type (WT) and editing line #9. (¢) Phenotype of the
genome-edited C/PDS mutant plant. Scale bar=2 cm. AtGRF5: Arabidopsis thaliana growth-regulating factor 5; CRISPR:
clustered regularly interspaced short palindromic repeats; Cas9: CRISPR-associated protein 9; CIPDS: Citrullus lanatus
phytoene desaturase; PAM: protospacer adjacent motif. RB: right border; LB: left border.

higher than that in our experiments. This may be
caused by the different GRF4-GIF1 gene from dif-
ferent plant species, which may cause variation in the
activity and stability of our desired genes in watermelon.
The cultivar we used also plays vital roles in deter-
mining transformation efficiency. Both experiments
achieved different transformation efficiencies in dif-
ferent cultivars. In addition, it is well known that plant
transformation efficiency varies between different labs.
Furthermore, we tested five different DRs in water-
melon, and found out that At\GRF5 stands out from
other genes in watermelon transformation. Also, we
revealed that the Agrobacterium strain GV3101 is
more suitable to deliver the DR genes compared with
EHA105, while EHA105 gives a slightly higher trans-
formation efficiency in transforming a traditional vector
without DRs (the pW501 vector). The EHA105 strain
is commonly used in watermelon transformation, in-
cluding the recently published high-efficiency water-
melon transformation system (Tian et al., 2017; Feng
et al., 2021). Thus, it can be expected that the combin-
ation of our strategies and these transformation sys-
tems could reach higher transformation efficiencies.

In summary, we have conclusively shown that
the expression of DR genes, particularly AtGRF5, sig-
nificantly improves the transformation efficiency of
watermelon without obvious negative effects on plant
growth. Among the three tested Agrobacterium strains,
GV3101 was found to be the most suitable one for the
genetic transformation of watermelon. Using GV3101
to deliver the pW502 (4tGRF5) vector, we successfully
achieved high transformation efficiencies of >20% for
two watermelon cultivars. We believe that this strategy
will facilitate the delivery of CRISPR/Cas9-based
genome-editing tools in watermelon, advancing gene
functional studies and molecular breeding in this crop
species. We also conjecture that similar strategies using
DRs could be employed to overcome the transform-
ation barriers in many other Cucurbitaceae species.

Materials and methods
Detailed methods are provided in the electronic supple-
mentary materials of this paper.
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