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Planted to two million ha farmland and yielding more than 
70 million tons per year, watermelon dominates the fruit 
market in China. However, with a low planting density and 
short canopy, field watermelon is severely threatened by 
weeds. Currently, only five herbicides, providing poor or 
no control on broadleaved weeds, are registered for water-
melon weed control in China; therefore, technical solutions 
for broadleaved weed control are greatly needed by water-
melon growers (Grey et al. 2000). Although this issue could 
be well addressed by developing herbicide-resistant water-
melon, no such varieties were commercialized, largely due 

to the difficulties to generate herbicide-resistant watermelon 
germplasm via traditional breeding.

Precise genome editing technologies, especially CRISPR/
Cas9, offer revolutionary solutions to create herbicide-resist-
ant germplasm. By integrating a DNA template that contains 
herbicide-resistant mutations into the DNA double strand 
break (DSB) caused by CRISPR/Cas9, herbicide-resistant 
traits conferred by point mutations were successfully gener-
ated in soybean (Li et al. 2015) and maize (Svitashev et al. 
2015). The difficulties to deliver sufficient template DNA at 
the time of repairing DSB significantly hinder its applica-
tion on plant genome editing. Notably, a novel Cas9 variant 
fused with cytidine deaminase (named BE3) achieved single 
nucleotide conversion at precise positions without incorpo-
rating a donor DNA template (Komor et al. 2016), making 
base editing of plant genome much more feasible to conduct. 
Herbicide-resistant rice (Shimatani et al. 2017) and Arabi-
dopsis (Chen et al. 2017) have been recently obtained via 
base-editing. However, whether this new base-editing sys-
tem could generate herbicide-resistant germplasm in other 
economically important crops needs urgent testing. In this 
report, novel transgene-free herbicide-resistant watermelon 
varieties were created by base-editing with a potential of 
immediate field application to facilitate broadleaved weed 
control.

In this research, we selected watermelon acetolactate 
synthase (ALS) gene as the target for base-editing. ALS 
is the key enzyme for biosynthesis of branched-chain 
amino acids, valine, leucine and isoleucine, in plants. 
Single point mutations at several conserved positions 
of ALS genes are known to confer high level of herbi-
cide resistance in different plant species (Yu and Powles 
2014). Close analysis of watermelon ALS gene, ClALS 
(Cla019277, ICuGI database), revealed that converting C 
to T in the codon of Pro190 (CCG) could result in amino 
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acid change, a mutation likely to confer herbicide resist-
ance in watermelon (Fig. 1a; Fig. S1). The selected target 
sequence (Fig. 1b) was cloned into pBSE901 (Chen et al. 
2017), in which BE3 was driven by double 35S promoter 
(Fig. 1b) and would change C bases at 3–9 positions of the 
target on watermelon genome (Fig. 1a). This binary vector 
was then transformed into cotyledon of watermelon ZG94 
mediated by Agrobacterium strain EHA105 following the 
method described by Tian et al. (2017). ZG94 is an elite 
inbred variety with white flesh and low sugar content for 
production of edible seeds, and it can also be used as a 
parent line to produce commercial hybrid seeds.

A total of 199 transgenic plants were obtained and PCR 
aimed to amplify BE3 and gRNA sequences showed that all 
of the candidate plants contained genes of BE3 and gRNA. 
Primers ALS-F and ALS-R were used to amplify the frag-
ment spanning Pro190 region of ALS gene. All primers used 
in this report are listed in Table S1.

Sanger sequencing results revealed that 45 out of 199 
transgenic plants had C to T mutations, indicating that the 
base-editing efficiency is 23% at T0 generation. As both 
C bases in the codon of Pro190 could be converted into T 
independently or simultaneously, 34 plants contained C to 
T conversion only at position 7  (C7 to  T7, counting the distal 

Fig. 1  Targeted base-editing on ALS gene efficiently creates her-
bicide-resistant watermelon. a The alignment of target regions of 
ClALS and AtALS gene (GenBank accession No. X51514). The 
coded amino acids corresponding to ClALS are listed and Pro190 of 
ClALS gene are shown in red. The base-editing window, where Cs 
can be converted into Ts, is boxed in red. b Physical map of base-
editing vector pBSE901 (only the T-DNA region is shown), harbor-
ing the target sequence. As U6-26 promoter prefers “G” as the first 
transcribed nucleotide, the transcribed sgRNA was designed to 
have 19-base matches with the targets (Chen et  al. 2017). c Sanger 
sequencing revealed that 45 out of 199 transgenic T0 plants contained 
base-edited alleles. The frequency and number of each genotype are 

indicated. Note the mixed signal on the chromatograms. d Base-
edited alleles were effectively passed to next generation. The num-
ber of each genotype of T1 plants, progenies of base-edited T0 lines 
#1, #4 and #6, were listed. Note that some T1 plants contained new 
edited alleles  (C7C8 to  T7T8) compared with ancestral T0 lines #1 and 
#4. Y stands for mixed signals of C and T. e The homozygous P190S 
plants showed high level of resistance to tribenuron herbicide. The 
homozygous and wild type plants were grown in a greenhouse under 
the same conditions. Tribenuron herbicide was applied to watermelon 
plants at 0, 17 (the recommended field application rate), and 68 g ai/
ha. Pictures were taken at 14 days after herbicide treatment. (Colour 
figure online)
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end to the PAM as position 1, resulting in P190S), and the 
other 11 plants had C to T changes at position 7 and 8  (C7C8 
to  T7T8, resulting in P190L) (Fig. 1c). PCR product cloning 
indicated that these 45 base-edited T0 plants were heterozy-
gous or chimeric.

To test whether the base-edited mutations could be effi-
ciently passed to next generation, we randomly chose lines 
#1 and #4, both T0 plants had heterozygous  C7C8G9 to 
 T7C8G9 change, and line #6 whose T0 plant had heterozy-
gous  C7C8G9 to  T7T8G9 changes for analysis. The geno-
typing results showed that at T1 generation the respective 
frequency of homozygous  (T7C8G9; P190S), heterozygous 
and WT plants was 50% (12/24), 46% (11/24) and 4% (1/24) 
for lines #1, and 35% (7/20), 55% (11/20) and 10% (2/20) 
for line #4 (Fig. 1d). This observation did not fit the predic-
tions of the Mendel’s law of segregation, because the WT 
allele could be re-edited at reproduction stage of T0 plants. 
Indeed, we observed 7/24 and 8/20 plants harbored  C7C8G9 
to  T7T8G9 mutations, respectively, at T1 generation of lines 
#1 and #4, whose parents contained only  C7C8G9 to  T7C8G9 
mutation. Re-editing event was more evident at T1 genera-
tion of line #6, as a result, 16% (3/19) were homozygous 
mutant  (T7T8G9; P190L) plants, and the remaining 84% 
(16/19) were heterozygous (Fig. 1d). Lacking of WT plants 
was also a result of re-editing of WT allele. Although the 
occurrence of re-editing largely complicates segregation of 
edited alleles, the results clearly showed that base-edited 
point mutations were passed to next generation at high 
efficiency.

Notably, we identified 7/24, 6/20 and 4/19 plants from 
T1 generation of lines #1, #4 and #6, respectively, contained 
base-edited alleles but no BE3 gene as revealed by PCR. 
Colloidal gold immunoassay strip (Artron BioResearch Inc. 
Canada) test showed that these plants did not contain PAT 
protein translated by bar gene on the T-DNA region of the 
construct. Moreover, individual leaves of these plants were 
severely damaged when treated with glufosinate. These 
results indicated that base-edited transgene-free plants were 
readily recovered at T1 generation. It should be stressed that 
two transgene-free plants were identified to contain homozy-
gous P190S (TCG) alleles.

To test whether these point mutations could endow 
watermelon plants herbicide resistance, we used these two 
transgene-free homozygous P190S plant to produce homozy-
gous P190S seeds. The homozygous P190S plants together 
with WT controls were treated with tribenuron, a herbicide 
highly effective on broadleaved weed control. While all WT 
plants were severely damaged by tribenuron at 17 g ai/ha 
(the recommended field application rate) at 14 days after 
treatment, homozygous P190S plants were not affected 
(Fig. 1e). Although slight injury occurred at 68 g ai/ha, 
homozygous P190S plants resumed normal growth within 
30 days after treatment. Notably, Yu and Powles (2014) 

pointed out that plants with P190S mutation would resist 
all sulfonylurea herbicides including tribenuron, suggesting 
that nearly 35 different commercially-available sulfonylurea 
herbicides could be potentially coupled with this herbicide-
resistant watermelon variety created in this report to effec-
tively address weed problems. Moreover, we observed that 
fruit and seed size, and seed yield of these transgene-free 
homozygous P190S plants did not differ from WT controls 
(Fig. S2), suggesting that P190S mutation had no fitness 
cost. Similarly, no growth penalties were observed on other 
herbicide-resistant plant species conferred by P190S muta-
tion (Yu and Powles 2014).

To evaluate the possible off-target potential, whole 
genome searching via Blastn identified five locations, with 
up to five mismatches compared with the gRNA sequence 
(Table S2). No off-target edits were found on these poten-
tial locations as indicated by Sanger sequencing of these 
five different PCR products. We did not find any unexpected 
nucleotide changes and indels in all base-edited plants exam-
ined in this study.

The base-editing efficiency of our system is up to 23% at 
T0 generation, and similar base-editing efficiency (17–38%) 
was also achieved on rice (Ren et al. 2017). Although the 
majority of transgenic T0 plants were not base-edited, re-
editing actively occurred at the reproduction stage. Of 11 
transgenic non-edited T0 plants, eight plants produced 
seeds that contained base-edited alleles revealed by Sanger 
sequencing of T1 seedlings (Fig. S3). This re-editing prop-
erty could largely facilitate its application on difficult-to-
transform plant species.

In this study, we successfully established high-efficient 
base-editing system and created non-GM herbicide-resistant 
watermelon varieties. Because these transgene-free base-
edited herbicide-resistant watermelon plants are geneti-
cally identical to those bred via traditional mutagenesis, no 
extra regulations should be applied to these transgene-free 
base-edited mutants (Huang et al. 2016). Without fitness 
cost associated with the base-edited point mutations, this 
non-GM herbicide-resistant watermelon is now ready for 
immediate field application. Our report provides the first 
solid example showing that the CRISPR/Cas9-mediated 
base-editing system is a tremendously powerful tool for 
improvement of watermelon varieties.
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