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Releasing asugar brake generates sweeter
tomato withoutyield penalty
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Intomato, sugar content is highly correlated with consumer preferences, with most
consumers preferring sweeter fruit'*. However, the sugar content of commercial
varietiesis generally low, as itis inversely correlated with fruit size, and growers
prioritize yield over flavour quality’”. Here we identified two genes, tomato (Solanum
lycopersicum) calcium-dependent protein kinase 27 (SICDPK27; also known as SICPK27)
and its paralogue SICDPK26, that control fruit sugar content. They act as sugar brakes
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by phosphorylating a sucrose synthase, which promotes degradation of the sucrose
synthase. Gene-edited SICDPK27 and SICDPK26 knockouts increased glucose and
fructose contents by up to 30%, enhancing perceived sweetness without fruit weight
oryield penalty. Although there are fewer, lighter seeds in the mutants, they exhibit
normal germination. Together, these findings provide insight into the regulatory
mechanisms controlling fruit sugar accumulation in tomato and offer opportunities
toincrease sugar contentin large-fruited cultivars without sacrificing size and yield.

Tomato is the most valuable vegetable crop, worldwide, and makes
substantial overall health and nutritional contributions to the human
diet. One key component of tomato fruit quality is the soluble solids
content (SSC). Sugars, mainly fructose and glucose, constitute approxi-
mately 55% to 65% of the total SSC fraction and 50% of the total solids
in the tomato fruit®. Sugar content and sugar/acid ratio are the major
constituents affecting taste and account for approximately half of
overall consumer liking'. Most consumers prefer a sweeter tomato®™.
Higher sugar content also positively contributes to the economic value
for processing tomatoes; anincrease of SSC from 4% to 5% could reduce
raw material consumption by up to 25% when producing tomato sauce
atasugar concentration of 28% (ref. 9).

Crop domestication is a dynamic and continuous process that
strongly reflects human preference. An obvious feature of tomato
domesticationis the massiveincrease in fruit size, with cultivated toma-
toes being 10-100 times larger than their wild ancestor’®. However,
these increased yields have resulted in a lower sugar content>®. The
strong negative correlation between fruit weight and sugar content is
probably associated with the loss of high-sugar alleles during domesti-
cation and improvement, as photoassimilates must be partitioned into
thelarger fruits”", Asyield and fruit size are the major determinants
of variety selection by the industry, breaking this negative correla-
tion between sugar content and yield would be a major breakthrough,
especially for consumers.

Genetic, molecular and biochemical characterization of wild tomato
species, with high fruit SSC, has greatly improved our understand-
ing of carbohydrate metabolism in tomato, and could potentially be
exploited in breeding programmes® . For example, anacid invertase
gene (TIVI) from Solanum chmielewskii can confer enhanced fruit sugar
composition”*, Similarly, asingle amino acid change in the product of
the Solanum pennellii allele for lycopersicum invertase 5 (LINS) results
inakinetically superior enzyme, thereby increasing the net transport
of photoassimilate into the fruit’®. Introgression of the FGR" allele
from a wild Solanum habrochaites accession (LA1777) into cultivated
tomato significantly increased the fructose-to-glucose ratio of ripe
fruits®?°. Transgenic alterations, by repression or overexpression of
various genes, have provided valuable information on the roles of vari-
ous enzymes in sugar metabolism*? %, However, an understanding
of the genetic and molecular basis of natural variation of tomato fruit
sugars remains limited.

The genome-wide association study (GWAS) approachis a powerful
technology to dissect complex agronomictraits and identify loci suit-
able for genetic improvement?. The development of metabolomics
tools, such as gas chromatography with mass spectrometry (MS) and
liquid chromatography with MS/MS, has facilitated comprehensive
phenotyping of complex metabolomic traits". Recently, metabolome
GWAS has detected many significantly associated loci for tomato sugar
accumulation”?28, However, reducing a quantitative trait locustoa
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causative gene can be difficult, and only a few candidate genes have
been functionally validated.

Our recent work analysing 33 chemicals specifically associated with
consumer preference and flavour intensity yielded a total of 251 associ-
atedlocifor 20 traits’. Two loci were significantly associated with both
glucose and fructose contents, corresponding to two major quantita-
tive traitloci, LINSand SSC11.1 (ref. 7). Here we identified a 12-base-pair
(bp) insertionin the promoter of SICDPK27 that is associated with the
high-sugar allele of the SSC11.1locus. Moreover, genome editing of
SICDPK27 and its paralogue SICDPK26 increased glucose and fructose
contents by up to 30% without fruit weight or yield penalty, offering
anopportunity to engineer sweeter tomatoesin large-fruited cultivars
without sacrificing size or yield.

Identification of SICDPK27

To identify new alleles of genes contributing to sugar accumulation,
we performed a GWAS analysis and identified a major peak on chro-
mosome 11, in which the top single nucleotide polymorphism (SNP;
chl1_51186147;SL2.50) was strongly associated with SSC (P=8.96 x 107%%;
Fig.1a), consistent with our previous results’. Linkage disequilibrium
analysis of the peak region showed that the top SNPis located withinan
approximately 80-kilobase (kb) block (Fig. 1b) spanning 6 genes. Using
arelatively strict Pvalue threshold (P <1 x107%), we identified six SNPs
inthisblock that are significantly associated with SSC (Supplementary
Table 1), but found that none of these SNPs caused a nonsynonymous
mutation. We then examined the expression of the six candidate genes
among all accessions. Only Solyc11g065660, annotated as encoding
SICDPK27 (ref.29), exhibited an obvious negatively correlated expres-
sion pattern with SSC accumulation (Fig. 1c), indicating that it might
act to negatively regulate sugar accumulation.

Tofully resolve the DNA sequence variation in SICDPK27, variantsin
the genomic sequences of SICDPK27, including the 2.3-kb promoter
region, were identified within 20 accessions. Among these variants,
we identified a 12-bp insertion within the promoter region contain-
ing several conserved DNA motifs with the core sequence of CAACA
(Supplementary Table 2), which could be potentially recognized by
RAV transcriptional repressors®**., In addition, we also detected one
SNP and one 3-bp deletion in the coding sequence that cause nonsyn-
onymous mutations (Supplementary Table 2). By genotyping these
three variants fromall accessions, we established that they all showed
asignificant association with SSC (Extended Data Fig. 1a-c and Sup-
plementary Table 3).

On the basis of these 3 significant variants in SICDPK27, 344 acces-
sions were classified into 3 haplotype groups (Hapl-Hap3; Fig. 1d).
Statistically, the accessions with Hap2 or Hap3, both containing the
12-bpinsertion, showed significantly higher SSC than those with Hapl
(Fig.1d). There was no significant difference in SSC between acces-
sions with Hap2 and those with Hap3, which differ only in the coding
sequence, indicating that the 12-bp insertion in the promoter region
could be the causal variant. The frequencies of the 12-bp insertion in
PIM (local wild relative Solanum pimpinellifolium accessions whose
fruits weigh about 2 g), CER (Solanum lycopersicum var. cerasiforme
accessions whose fruits weigh about 13 g) and BIG (S. lycopersicum
accessions whose fruits average about 111 g)"° indicate that the allele
associated with high SSCis prevalent in wild populations, but haslargely
been lostin modern cultivars (Fig. 1e and Supplementary Table 4).

SICDPK27 negatively regulates sugar content

To validate the function of SICDPK27 in regulating sugar accumu-
lation, we knocked out SICDPK27 in S. lycopersicum Money Maker
(MM) and the processing variety M82, using CRISPR-Cas9. Three null
mutants for SICDPK27, named MM-CDPK27-CR1, MM-CDPK27-CR2
and M82-CDPK27-CR3 were obtained (Fig. 2a). MM-CDPK27-CR1 with
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a6-bp deletion (from 183 to 188 bp downstream of the start codon) in
the ATP-binding domain (Extended Data Fig. 2) is expected to disrupt
its kinase activity®’. MM-CDPK27-CR2 and M82-CDPK27-CR3, with
5-bp deletions (from 184 to 188 bp downstream of ATG), result in the
premature termination of protein translation (Extended Data Fig. 2).

To determine whether SICDPK27 possesses the kinase activity, and
whether the L62 and G63 residues absent in the MM-CDPK27-CR1
mutant would disrupt its kinase activity, we purified His-tagged
SICDPK27 and SICDPK27-CR1 proteins. In vitro kinase assays, using
*2p-labelled adenosine triphosphate (ATP), showed that SICDPK27 is a
bonafide kinase (Fig.2b). Consistent with L62 and G63 being essential
for kinase activity, the recombinant SICDPK27-CR1 mutant protein
underwent little to no autophosphorylation (Fig. 2b).

Wethen selected homozygous MM-CDPK27-CR1, MM-CDPK27-CR2
and M82-CDPK27-CR3 mutant lines without Cas9 for further study.
Compared with the wild-type lines, the total SSC and glucose and fruc-
tose contents were increased in all three mutants (Fig. 2d-f,h-j). Nota-
bly, in the MM-CDPK27-CR1 mutant plants, the total SSC and glucose
and fructose contents were increased by 16%, 35% and 30%, respectively.
Unexpectedly, nosignificant differencesin fruit weight were detected
between wild-type and mutant plants (Fig. 2c,g). Theseresults indicate
that SICDPK27 acts as a negative regulator of sugar accumulation in
tomato fruits, and dysfunction of SICDPK27 could significantly increase
tomato sugar content without affecting single fruit weight.

Expression pattern of SICDPK27

Toinvestigate the temporal expression pattern of SICDPK27, we meas-
ured its relative expression, in pericarp tissue, at different stages of
fruit development. Analysis using quantitative PCR with reverse tran-
scription (QRT-PCR) revealed that the number of SICDPK27 transcripts
increases gradually during fruit ripening, at which stage the fruit size
is already fixed (Fig. 3a). This expression pattern is consistent with
the role of SICDPK27 as a ‘sink gene’, regulating the ability of the fruit
to store photosynthetic sugars, without affecting the fruit weight.

Tofurther clarify the SICDPK27 expression pattern during fruit devel-
opment, we generated transgenic plants expressing the f-glucuronidase
(GUS) reporter gene driven by a 2,452-bp promoter of SICDPK27. The
promoter activity of SICDPK27 was measured at different fruit develop-
mental stages, including theimmature green, mature green, orange and
ripe stages. GUS staining showed that SICDPK27 is expressed at a low
level around the vascular tissues of the fruit pericarp at theimmature
greenstages, and its level of expressionincreases substantially during
ripening (Fig. 3b), consistent with the results of qRT-PCR analysis. We
observed that SICDPK27is also expressed in seeds (Fig.3b), indicating
that SICDPK27 may also have arole in seed development.

To determine the subcellular localization of SICDPK27, we gener-
ated 35S-SICDPK27-GFP and 35S-SICDPK27-CR1-GFP constructs, in
which SICDPK27-CR1 contains the mutated SICDPK27 present in the
MM-CDPK27-CR1 mutant. When we transiently expressed these two
reportersintobacco leaves, the green fluorescent protein (GFP) fusion
protein analysis demonstrated that both SICDPK27 and SICDPK27-CR1
were localized at the cell periphery (Fig. 3c), and the two-amino-acid
deletion in the MM-CDPK27-CR1 mutant did not affect its subcellular
localization.

SICDPK26 functions redundantly to SICDPK27

We observed that MM-CDPK27-CR1showed a greater increase in sugar
accumulation than MM-CDPK27-CR2, whichis thought to be a typical
null mutant for SICDPK27. Therefore, we reasoned that the higher sugar
content in MM-CDPK27-CR1 was caused by the kinase-dead protein
functioningin adominant-negative manner, in which the altered pro-
tein productis able to interfere with other kinases. SICDPK27 belongs
toalarge calcium-dependent protein kinase (CDPK) family, and there
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Fig.1|Identification and characterization of SICDPK27.a,Manhattan plot of
SNPs associated with total SSC. They axis shows the —log scale of Pvalues, which
was determined using amixed linear model with abinomial test,implemented
inEMMAX. The dotted line denotes the threshold for statistical significance:

1.0 x10*for GWAS. b, Linkage disequilibrium plot for SNPsin the 190-kb interval
surrounding the leading SNP. Black bars, genes. Asterisk, position of the leading
SNP.The colour key (white to red) represents linkage disequilibrium values (D’).
¢, Correlation between SICDPK27 expression levels and total SSCs in tomato.
ThePearson correlation coefficient (R) and its corresponding Pvalue, which was

calculated fromatwo-sided test, areindicated at the top. d, Haplotypes of
SICDPK27 among tomato natural variations. Inthe box plots, the boxes represent
theinterquartile range, thelinein the middle of eachbox represents the median,
the whiskersrepresent the interquartile range and the dots represent outlier
points; nindicates the number of accessions belonging to each haplotype.
Pvalues were derived by one-way analysis of variance. e, Allele distribution of the
12-bpinsertionin PIM, CER and BIG groups. nindicates the number of accessions
ineachgroup.
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Fig.2|SICDPK27regulates tomato fruit sugar content. a, Generation of
mutationsin SICDPK27by CRISPR-Cas9, using asingle-guide RNA. Sequences
of SICDPK27 inwild-type (WT) and MM-CDPK27-CR1, MM-CDPK27-CR2 and
M82-CDPK27-CR3 mutant plants are shown. The sequences targeted by the
single-guide RNA areindicatedinred, and the protospacer adjacent motif
(PAM) sequenceis outlined inblue. The deletionisindicated by adashed line.
b, Invitrokinase assays verified SICDPK27 isabona fide kinase, and the L62 and
G63residuesabsentin SICDPK27-CR1would disruptits kinase activity. Left,
autoradiograph; right, Coomassie brilliant blue staining. ¢, Fruit weight of
MM-CDPK27-CR1and MM-CDPK27-CR2 was not significantly different from

are 29 CDPK proteins in tomato, which could be divided into four
groups®. SICDPK27 belongs to group IlI, with SICDPK26 (also known
as Solyc01g008440) showingthe closest evolutionary relationship to
SICDPK27 (Fig. 4a), which led us to test whether SICDPK26 may func-
tion similarly to SICDPK27.

We first examined the relative expression level of SICDPK26 during
fruitdevelopment and determined thatitis also expressed atincreasing
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that of wild-type plants. d-f, Both MM-CDPK27-CR1and MM-CDPK27-CR2
exhibitedincreased total SSC (d) and glucose (e) and fructose (f) contents,
compared towild-type plants. Values are means + s.d. (n =26 independent
replicates). g, Fruit weight of M82-CDPK27-CR3 was not significantly different
fromthat of wild-type plants. h-j, M82-CDPK27-CR3 exhibited increased total
SSC (h) and glucose (i) and fructose (j) contents. Values are means + s.d.
(n=12independentreplicates).Inc-j, atwo-tailed Student’s t-test was used to
determine Pvalues.*P<0.05,**P<0.01,***P< 0.001, compared to wild-type
(MM or M82) plants.

levels during fruit ripening, in fruit pericarp tissue (Fig. 4b), tempo-
rally overlapping SICDPK27. Then we mutated SICDPK26 (Extended
Data Fig. 3a,b), and found that plants with loss of SICDPK26 function
exhibited comparable fruit weight and sugar content to those of the
wild-type plants (Extended Data Fig. 3c-f). We also generated an
MM-CDPK27-CR2/MM-CDPK26-CR1 double mutant and planted the
double mutant as well as the MM-CDPK27-CR1and MM-CDPK27-CR2
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single mutants (Cas9-free) in two locations (Beijing and Shouguang),
and evaluated the sugar content and fruit weight of these mutants in
the spring of 2020 and autumn of 2021 (Shouguang), spring of 2022
(Beijing) and spring of 2023 (Beijing). Compared with the wild-type
line, all mutant fruits exhibited no obvious differences during fruit
development (Fig. 4c), including the final fruit weight (Fig. 4d and
Extended Data Fig. 4a,b). Notably, the total SSC and glucose and
fructose contents were increased in the mutants, especially in the
MM-CDPK27-CR2/MM-CDPK26-CR1 double mutant (Fig. 4e and
Extended Data Fig. 4c-g), indicating that simultaneous mutagenesis
of SICDPK26 enhances the effects of SICDPK27 on sugar content. We
also measured the total fruit yield and fruit number for each plant,
collected from six subsequent individual inflorescences. All of the
SICDPK-knockout mutants exhibited comparable fruit yield and fruit
number to those of the wild-type line (Fig. 4f,g and Extended Data
Fig. 4h,i).

To investigate whether the increased sugar content in these
SICDPK-knockout mutants would improve perceived fruit sweetness,
we organized two large-scale sensory evaluation panels, onein March
2022, in Shenzhen, and the other inJuly 2022, in Beijing. Fruits from
the mutants and wild-type lines, which were planted in each of three
plots, were tasted by approximately 100 volunteers, who were asked
to choose which sample was sweeter. In these sensory panels, fruits
from MM-CDPK27-CR1 and the MM-CDPK27-CR2/MM-CDPK26-CR1
double mutant were identified as being significantly sweeter than the
wild-typeline (Table 1), an outcome consistent with the measured fruit
sugar content in each mutant (Fig. 4h,i).

SICDPK27 and SICDPK26 phosphorylate SISUS3

Sucrose synthase (SUS) isakey enzyme that directly hydrolyses sucrose
to supply substrates for plant metabolism, and is considered to be a
biomarker for plant sink strength®. So far, six tomato SISUS genes have
been described. These genes are expressed differentially in different
tomatotissues, with the highest level of expression of SISUS3 observed
in mature fruits®*. To elucidate the molecular mechanism modulated by

c GFP

SICDPK27-GFP

SICDPK27-CR1-GFP

SICDPK27 expression pattern based on GUS staining. SICDPK27 was expressed
atthe highestlevelintheripe fruits. Scale bar,1cm.c, Subcellular localization
oftransiently expressed SICDPK2-GFP and SICDPK27-CR1-GFP fusion protein
inN. benthamianaleaves.Scalebars, 10 pm. The subcellular localization assay
wasrepeated three times with similar results.

SICDPK27 inregulating sugar accumulation, we performed immuno-
precipitation coupled with MS, using an SICDPK27 antibody, to screen
for potential phosphorylated substrates of SICDPK27, and identified
SISUS3 as a putative SICDPK27-interacting protein (Supplementary
Table5).

To further confirm the interaction between SICDPK27 and SISUS3,
we cloned the SISUS3full-length coding region, and verified their inter-
action by yeast two-hybrid assay (Fig. 5a). We also investigated the
interaction between SISUS3 and SICDPK27 through firefly luciferase
(LUC) complementation imaging assays. Fluorescence was observed
in the leaf areas co-transformed with the carboxy terminus of LUC
fused to SISUS3 and the amino terminus of LUC fused to SICDPK27,
whereas no detectable fluorescent signal was present in leaf tissue
co-transformed with the control plasmids (Fig. 5b). Furthermore, we
confirmed the in vivo interaction between SICDPK26 and SISUS3 by
the LUC complementation imaging assay (Fig. 5¢).

As both SICDPK27 and SICDPK26 possessed kinase activities
and could interact with SISUS3, we reasoned that SICDPK27 and
SICDPK26 might directly phosphorylate SISUS3. In vitro protein
kinase assays, using recombinant proteins, supported this hypoth-
esis. His—-SICDPK27 and His-SICDPK26 directly phosphorylated His—
TF-SISUS3, whereas the mutant protein His-SICDPK27-CR1did not
(Fig. 5d,e). An examination of the phosphorylation sites in SISUS3,
using liquid chromatography with MS/MS, revealed that S11 was prob-
ably phosphorylated by SICDPK27. We next substituted this serine to
alanine (§/[SUS3(S11A)), and the resulting SISUS3(S11A) was no longer
phosphorylated by SICDPK27 and SICDPK26 (Fig. 5d,e), further sup-
porting that SICDPK27 and SICDPK26 mainly phosphorylate SISUS3
atthe Sllresidue.

Previous work has indicated that CDPK-mediated phosphoryla-
tion of SUS proteins can target SUS for degradation®. To investigate
the effects of SISUS3 phosphorylation by SICDPK27 and SICDPK26,
we performed a cell-free degradation assay. The degradation rate of
SISUS3 was much higher in the wild-type thanin MM-CDPK27-CR1and
MM-CDPK27-CR2/MM-CDPK26-CR1 double-mutant extracts (Fig. 5f
and Extended Data Fig. 5a), and slightly higher in the wild-type than
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Fig.4|SICDPK26is functionally redundant to SICDPK27. a, Phylogenetic
analysis of SICDPK class Il family members, based on the maximum-likelihood
method. b, Relative SICDPK26 expression at different fruit developmental
stages, as calculated relative to the internal reference (SIACTIN). Values are
means ts.d. (n=3independentreplicates). c, Fruits of wild-type, MM-CDPK27-
CR1, MM-CDPK27-CR2 and MM-CDPK27-CR2/MM-CDPK26-CR1double-mutant
plantsat different fruit developmental stages. Scale bar,1cm.d-g, Comparison
of fruit weight (d), total SSC (e), fruityield (f) and fruit number (g) between

in the MM-CDPK27-CR2 or MM-CDPK26-CR1 single-mutant extracts
(Extended Data Fig. 5b,c), consistent with the sugar content in each
mutant. Moreover, SISUS3(S11A) showed a much higher stability
than SISUS3 (Fig. 5g). These results further support the hypothesis
that SICDPK27 and SICDPK26 serve as brakes on fruit sugar metab-
olism, operating by phosphorylating SISUS3 at S11, which in turn is
degraded.

As SICDPK27 functions through phosphorylating SISUS3 to be
degraded, wereasoned that overexpression of SISUS3may alsoimprove
the sugar content. We constructed two SISUS3-overexpressing lines
in MM, which are driven by the fruit-specific E8 promoter®. Over-
expression of SISUS3 indeed increased the sugar content with little
effect on fruit weight (Fig. S5h-1), compared with these features in
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wild-type, MM-CDPK27-CR1, MM-CDPK27-CR2 and MM-CDPK27-CR2/
MM-CDPK26-CR1double-mutant plants, growninagreenhouse in Beijingin
thespring of 2022. h,i, Comparison of glucose (h) and fructose (i) contents
between wild-type and SICDPK-knockout mutant plants, which were used for
the sensory evaluation panel organizedinjuly 2022, in Beijing. Values are
means ts.d.; nrepresents numbers of biologicallyindependent samples.
Ind-i, atwo-tailed Student’s t-test was used to determine Pvalues. *P < 0.05,
**P<0.01,***P<0.001, compared to the wild-type (MM) plants.

wild-type plants, similar to the cases of MM-CDPK27-CR1 and the
MM-CDPK27-CR2/MM-CDPK26-CR1double mutant.

SICDPK27-CR1inhibits SISUS3 phosphorylation

The MM-CDPK27-CR1 mutant harbours a kinase-dead version of
SICDPK27 and accumulates more sugar than MM-CDPK27-CR2, which
contains only 72 amino acids of the N terminus of SICDPK27 (named
SICDPK27-CR2). To examine whether SICDPK27-CR1 could interfere with
the function of SICDPK26, we first analysed the interaction between
SISUS3 and SICDPK27-CR1, or SICDPK27-CR2, using LUC complemen-
tation imaging assays. The results demonstrated that SICDPK27-CR1



Table 1| Sensory evaluation of sweetness for SLCDPK-
knockout mutants (March 2022, Shenzhen; July 2022, Beijing)

Mutant Total Number of Minimum number of
number of correct correct responses
assessors responses’ required®

a=0.05

MM-CDPK27-CR1no.1 105 64* 62

MM-CDPK27-CR1no. 2 103 76* 61

MM-CDPK27-CR1no. 3 109 61 64

Mean (Shenzhen) 106 67* 62

MM-CDPK27-CR1no.1 100 67* 59

MM-CDPK27-CR1no. 2 100 58 59

MM-CDPK27-CR1no. 3 100 62 59

Mean (Beijing) 100 62* 59

MM-CDPK27-CR2 no. 1 102 44 60

MM-CDPK27-CR2 no. 2 101 58 60

MM-CDPK27-CR2 no. 3 99 48 59

Mean (Shenzhen) 101 50 60

MM-CDPK27-CR2 no. 1 100 46 59

MM-CDPK27-CR2 no. 2 100 43 59

MM-CDPK27-CR2 no. 3 100 54 59

Mean (Beijing) 100 48 59

MM-CDPK27-CR2/ 107 50 63

MM-CDPK26-CR1no. 1

MM-CDPK27-CR2/ 107 72* 63

MM-CDPK26-CR1 no. 2

MM-CDPK27-CR2/ 106 63* 62

MM-CDPK26-CR1no. 3

Mean (Shenzhen) 107 62 63

MM-CDPK27-CR2/ 100 73* 59

MM-CDPK26-CR1no. 1

MM-CDPK27-CR2/ 100 58 59

MM-CDPK26-CR1no. 2

MM-CDPK27-CR2/ 100 53 59

MM-CDPK26-CR1no. 3

Mean (Beijing) 100 61* 59

Paired comparison test was used to compare the sweetness of each pair of samples, composed
of one SICDPK-knockout mutant sample and one wild-type MM sample.

The asterisks indicate a significant difference between the number of correct responses and
the minimum number of correct responses required at a=0.05.

2Value represents the number of assessors who scored the SICDPK-knockout mutant as sweeter.
®Value corresponds to the minimum number of correct responses required for significance,

at the level of a=0.05, based on a one-sided paired test (ISO 5495:2005).

couldinteract with SISUS3 in Nicotiana benthamianaleaves, whereas
SICDPK27-CR2 could not (Fig. 6a). Next we co-expressed SICDPK26~
nLUC and cLUC-SISUS3 with 35S-SICDPK27-CR1 or 355-SICDPK27-CR2in
two halves of the same N. benthamianaleaves, and determined that the
fluorescent signalsinthe halves co-transformed with 355-SICDPK27-CR1
were demonstrably weaker than those with 355-SICDPK27-CR2 (Fig. 6b),
consistent with our hypothesis that SICDPK27-CR1 can disrupt the
interaction between SISUS3 and SICDPK26.

As SICDPK27-CR1 by itself could not phosphorylate SISUS3, and
SISUS3 was phosphorylated by SICDPK26 at a high level (Fig. 5d,e),
we next performed an in vitro phosphorylation assay to assess
whether SICDPK27-CR1 could affect the phosphorylation capacity of
SICDPK26 against SISUS3. These assays established that asthe amount
of SICDPK27-CR1 was increased, both the phosphorylation level of
SISUS3 by SICDPK26 and the self-phosphorylation level of SICDPK26
became weaker, whereas the negative control GST protein had barely
no effect (Fig. 6¢), indicating that SICDPK27-CR1can not only compete
withtheinteraction between SICDPK26 and SISUS3, but also affect the

SICDPK26 kinase activity, to protect SISUS3 from being phosphoryl-
ated by SICDPK26.

SICDPK-knockout mutants contain fewer, lighter seeds

As noted earlier, SICDPK27 is expressed in seeds, especially at the
early stage of seed development (Fig. 3b). On the basis of this find-
ing, we measured the seed number per fruit, and the 1,000-seed
weight for each of the mutants. We determined that the seed num-
ber of the MM-CDPK27-CR1 mutant fruit was significantly decreased
by 18% (Extended Data Fig. 6a), and the 1,000-seed weight of the
MM-CDPK27-CR2/MM-CDPK26-CR1 double mutant was 13% lower
thanthat of the wild type (Extended DataFig. 6b), indicating that defi-
ciency in SICDPKs had a small negative effect on seed development.
However, the MM-CDPK27-CR2/MM-CDPK26-CR1 double mutant
exhibited only a slight, but statistically insignificant, decrease in
the seed germination rate (Extended Data Fig. 6¢). Thus, the minor
reduction in seed weight is not expected to affect the suitability of
the mutant in commerce.

Compared with the wild-type plants, the SICDPK-knockout mutants
showed acomparable net photosynthetic rate and carbon partitioning
rate (Extended DataFig. 6d,e), indicating that SICDPK27 and SICDPK26
donotinfluence photosynthesisinleaves. Rather, they function as sugar
brakes during fruit ripening, probably to modulate the assignment of
photoassimilates between fruits and seeds, ensuring adequate energy
for seed development.

Co-evolution of $§C11.1 and fruit weight loci

During tomato domestication and improvement, sugars, which are
highly correlated with consumer preferences in fresh tomatoes' as
well as economic value for processing tomatoes, have beenreduced as
apotential undesired linkage with increasing fruit weight’ (Extended
Data Fig. 7a). There are multiple fruit weight loci located at the end
of chromosome 11, including fwlIl.1, fwIl.2 and fwI1.3, among which
only the gene underlying fwI1.3 has been identified'®*. We analysed
the causative variation of fw11.3in 402 accessions and identified the
allele associated with larger fruit, whichis prevalent in the BIG popula-
tion (Supplementary Tables 6 and 7). SICDPK27 is 4.3 Mb from fwI11.3,
and haplotype analysis showed a notable Low-Big haplotype (91.5%)
for the SSCI1.1 and fwi1.3 loci within the BIG population (Extended
DataFig.7b). Thelocal phylogeny suggested an extremely low genetic
diversity inboth of the loci after domestication (Extended DataFig. 7c),
which may be due to co-evolution of SSC11.1and fwl11.3. A high genetic
differentiation (Fg;) between the wild and cultivated populations and
areduced Tajima’s D within the cultivated population were observed,
supporting the presence of alarge selective sweep region encompass-
ing SSC11.1 and the three fw loci on chromosome 11 (50.5-56.3 Mb).
An extremely low recombination rate in this region suggests limited
dissociation of these candidate sites" (Extended Data Fig. 7d,e). Fur-
thermore, analysis of runs of homozygosity demonstrated a posi-
tive correlation between homozygous genomic region lengths and
inbreeding levels, consistent with the low recombination rate. Nota-
bly, a significantly higher level of inbreeding was detected in the BIG
population, with some varieties reaching genome-wide homozygo-
sity (Extended Data Fig. 7f). Collectively, these results indicate a high
level of genomic linkage generated by inbreeding, contributing to the
frequency-dependent selection of the low-SSC phenotype, probably
owing to the selection of larger fruit.

Conservation of SICDPK27 and SICDPK26

To investigate the conservation of SICDPK27 and SICDPK26 outside
tomato, we curated a dataset of 12 plant genomes encompassing angio-
sperms, gymnosperms and ferns, and identified 337 protein sequences
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Fig.5|SICDPK27 and SICDPK26 interact withand phosphorylate SISUS3.

a, Yeasttwo-hybrid assay indicates that SICDPK27 and SISUS3 interactin yeast.
The N-terminal half of ubiquitin (NubWT) was used as the positive control; the
N-terminal half of ubiquitin with 113 substituted to glycine (NubG) was used as
the negative control. Transformed yeasts were spotted on the control medium
SD/-Leu/-Trp (mediumlacking leucine and tryptophan) or the selective medium
SD/-Leu/-Trp/-His (mediumlackingleucine, tryptophan and histidine).

b,c, Splitfirefly LUC complementationimaging assay, performed in mature

N. benthamianaleaves, shows that SICDPK27 (b) and SICDPK26 (c) interact with
SISUS3inplanta.d,e, SICDPK27 (d) and SICDPK26 (e) phosphorylate SISUS3 at

belonging to the CDPK family. Phylogenetic analysis revealed that these
CDPKs could bedivided into four distinct clades, with both SICDPK26
and SICDPK27 belonging to clade Il (Extended Data Fig. 8a), consist-
ent with previous reports®**, Given the relatively close relationship
between SICDPK26 and SICDPK27 within clade IlI, we focused our
investigation on this specific clade. Sequence alignments indicated a
high degree of conservation between SICDPK26, SICDPK27 and their
orthologues, and the two deleted amino acids in MM-CDPK27-CR1,
leucine and glycine, are conserved in almost all of the SICDPK27 and
SICDPK26 orthologues (Extended Data Fig. 8b). Moreover, sequence
conservation was also observed in the gymnosperm Ginkgo biloba
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theSliresidue,invitro. Top, autoradiograph; bottom, Coomassie brilliant blue
staining. f, Mutation of SICDPK27 attenuates SISUS3 degradationinacell-free
assay. g, SISUS3(S11A) degraded ataslower rate than SISUS3 ina cell-free assay.
h, Relative expression of SISUS3. Values are means * s.d. (n = Sindependent
replicates).i-1, Comparison of fruit weight (i), total SSC (j) and glucose (k) and
fructose (I) contents between wild-type and SISUS3-overexpressing plants.
Valuesare means +s.d. (n =13 independent replicates). In h-1,a two-tailed
Student’s t-test was used to determine Pvalues. *P < 0.05,**P< 0.01,
***P<0.001, compared to the wild-type (MM) plants.

(Extended Data Fig. 8b), indicating potential functional similarities
across diverse plant lineages.

Discussion

Sugars are powerful regulators of organ growth and development, and
are intertwined with fruit weight in a complex and dynamic relation-
ship”. Tomato fruit weight relies on cell divisionand cell enlargement,
events thatoccurinthe green developing fruit. Fruit quality, including
sugar content, is largely determined during the ripening process*.
However, previous studies have largely focused on manipulation of
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Fig.6|SICDPK27-CR1suppresses the SICDPK26-mediated SISUS3
phosphorylation. a, Split firefly LUC complementation assay shows that
SICDPK27-CR1, but not SICDPK27-CR2, interacts with SISUS3 in mature

N. benthamianaleaves.b, SICDPK27-CR1interferes with theinteraction
between SICDPK26 and SISUS3, in vivo. Fluorescent signals were much weaker
inleaf halves co-transformed with cLUC-S/SUS3, SICDPK26-nLUC and
35S-SICDPK27-CR1, compared with cLUC-S/SUS3, SICDPK26-nLUC and
35S-SICDPK27-CR2. ¢, SICDPK27-CR1inhibits the phosphorylation of SISUS3 by
SICDPK26.Relative protein abundance of phosphorylated SISUS3is indicated
atthetop ofthegel. Left, autoradiograph; right, Coomassie brilliant blue
staining. Theinvitro kinase competition experiment was repeated four times
with similar results.

sugar metabolic enzymes that are expressed throughout fruit develop-
ment, resulting inimproved sugar content at the expense of reduced
fruit weight***', One of the main goals of modern tomato breeding
is to increase fruit sugar concentration while increasing or at least
maintaining fruit size, which has largely proved elusive®’. However,
some recent studies advocate that this goal should be possible, such
as through the genetic approach of recurrent selection*, simultane-
ously manipulating certain biophysical factors and transmembrane
transports*, and taking a phenotype-guided approach, using a large
enough population*. Here we identified a high-sugar allele that has
been selectively lost during domestication and improvement, prob-
ably because of its co-evolution with fruit weight loci. SICDPK27 and
its paralogue SICDPK26 are expressed at increasing levels during fruit
ripening, at which stage they act as brakes on sugar contentin fruit tis-
sues through phosphorylationand subsequent degradation of SISUS3.
By genome editing of SICDPK27 and SICDPK26, we increased SSC in
the large-fruited cultivars, thereby establishing sweeter tomatoes, as
assessed by consumer panels, without fruit weight or yield penalty.
These findings provide insightinto the genetic and molecular regula-
tory mechanisms controlling fruit sugar accumulation in tomato and
offer opportunities to further increase sugar content in large-fruited
cultivars without sacrificing size and yield.

Success of flowering plants depends greatly on producing vigorous
seeds and effective seed dispersal®. Tomato fruit ripening is a highly
coordinated developmental process that provides both a suitable envi-
ronment for seed maturation and a mechanism for their dispersal*.

Ripening tomato fruits, with their soft flesh and ready supply of sugars
and other nutrients, attract small rodents and birds*. In plants, multiple
sinks compete for the available photoassimilates, generating a priority
system among them*®, Tomato, in its natural environment, is a peren-
nial plant. The SICDPKs work as sugar brakes during fruit ripening,
probably asamechanism to ensure adequate sugar or energy for seed
development. However, seeds within a tomato fleshy-fruited variety
are primed, in situ, during the later developmental stages, and seed
dry weight reaches a plateau after the fruit has reached the mature
green stage**°. In this study, we showed that a deficiency in SICDPKs
increases fruit sugar content and decreases seed number, or weight,
but with normal germination, indicating that photoassimilates can
be reallocated from seeds, into fruits, during ripening. However, the
interaction between seeds and fruits remains poorly understood in
tomato, and whether SICDPKs directly regulate seed development,
orindirectly affect seed development by regulating energy distribu-
tion, will require further investigation. Future studies could evaluate
the assignment of photoassimilates between fruits and seeds, which
may provide an opportunity to store more energy in fruits, without
affecting seed quality.

Genetic variation is the driving force for crop improvement and
natural variations in wild species have been widely used for tomato
improvement*.. However, naturally occurring mutations are rela-
tively limited, and increasing attention has been given to developing
new allelic variations for some well-studied genes® . In our study,
SICDPK27-CR1 mutants accumulated more sugar than SICDPK27-CR2,
owing to adominant-negative interaction. This phenomenon is remi-
niscent of the spontaneous nor and rin mutants, which also function
as dominant-negative mutations instead of loss-of-function muta-
tions>* ¢, Functional redundancy is common in the plant kingdom,
serving asaresource for generation of new variants, potentially provid-
ing more beneficial alleles for crop improvement, but also potentially
interfering with processes as dominant-negative interactors.

They-aminobutyricacid-enriched tomato, developed using CRISPR-
Cas9 technology, is commercially available in Japan, opening the way
for genome-edited fruits, especially for global tomato markets®8,
Sugar contentisthe primary determinant of fruit taste, and agricultural
yield of processing tomatoes is determined by the fruit weight and the
total SSC, predominantly consisting of sugars. Higher sugar content
will not only positively influence consumer fruit likeability, but also
reduce costs associated with processing tomatoes*’. Our finding of the
sugar brake genes, SICDPK27 and SICDPK26, and especially the creation
ofthe SICDPK27-CR1 allele, provides a possible solution for improving
sugar content without reductioninfruityield for modern commercial
varieties, which are preferred by both consumers and producers, and
CRISPR-edited ‘sweetness-promoting’ tomatoes may be available to
consumers in the near future.
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Methods

Plant materials

The 402 tomato accessions used in this study are listed in Supplemen-
tary Table 8. Cultivated tomato lines, MM and M82, were used for the
transgenic experiments. All of the tomato materials used in this study
were growninagreenhouse. The experimental plant materialsin Figs. 2
and4and Extended DataFig.4b,e,h,iweregrowninagreenhouseatthe
Beijing experimental station (40° 13’ 58.66” N, 116° 06’ 47.32” E, Beijing,
China) in the autumn of 2018, and the spring of 2020, 2022 and 2023.
The experimental plant materials in Extended Data Fig. 4a,d,f,g and
Extended Data Fig. 4c were grown in a greenhouse at the Shouguang
experimental station (36° 54’ 21” N, 118° 51’ 46” E, Shandong, China) in
the autumn of 2021 and spring of 2020, respectively. Tomato seedlings
were grown in acommercial nursery for 30-40 days and then trans-
planted to the greenhouse. The tomato plants were provided special
care with adequate supply of water and fertilizer, and diseased plants
were removed as soon as they were found. If the inflorescence was
abnormally developed, a maximum of eight fruits were retained for
eachinflorescence. For the analyses of fruit yield, we collected all of the
fruits from six subsequent individual inflorescences, until they were
ripe. The fruit weight was determined per inflorescence. Total yield was
the sum of fruit weight from each inflorescence for each plant. Plants
that were diseased or grown in guard rows were marked and excluded
from the analyses.

For fruit developmental analysis, the harvested fruit was divided
into five categories, according to their maturity stage: immature
green, mature green, breaker, orange and ripe based on the tomato
colour chart USDA Visual Aid TM-L-1 (ref. 59). Only fruits that appeared
developmentally equivalent were used for analysis. The pericarp of
six fruits was excised, immediately frozen in liquid nitrogen, ground
by means of acryogenic mill and stored at —80 °C for further analysis.
N. benthamiana used in this study was growninagrowth chamber with
alight/dark photoperiod of 8/16 hat 25 °C.

Association mapping

We used the previously reported SNP dataset for the GWAS analysis’
with the EMMAX program®. The matrix of pairwise genetic distances
was used as the variance-covariance matrix for random effects, and
thefirst ten principal components were included as fixed effects. The
genome-wide significance threshold was set as P=1/n, inwhich nis
the effective number of independent SNPs. The effective number of
independent SNPs was calculated using Genetic type 1Error Calculator
software®’. The significant P value threshold was P=1.0 x10°°. The
Haploview software was used to calculate linkage disequilibrium, with
thefollowing parameters:-maxdistance2,000-minMAF 0.05-hwcutoff O
(ref. 62). Pairwise linkage disequilibrium between the SNPs in the
200-kb interval surrounding the leading SNP was evaluated.

For association analysis of SICDPK27 PCR amplification datawith SSC,
atotal of 65variants were generated. An SNP and 3-bp deletion, which
lead to nonsynonymous mutation, and a12-bp insertion, which could
be recognized by RAV transcriptional repressor®**, were retained for
further analysis. Information on the variantsislisted in Supplementary
Table 2. For allelic variation analysis of SICDPK27, adataset of the three
key variants was obtained through PCR amplification. The SNP,12-bp
insertionand 3-bp deletion were used to access haplotypes of SICDPK27;
only haplotypes with atotal number of accessions of >3 were analysed.
All primers used in this study are shown in Supplementary Table 9.

Transgenic functional validation

The single-guide RNAs for CRISPR-Cas9 constructs were designed
using the CRISPRdirect tool (http://crispr.dbcls.jp/). The CRISPR-Cas9
binary vectors (pKSE402) were revised from the pKSE401 vector by
replacing AtU6p with SIU6p (ref. 63). The recombinant pKSE402 vectors
were designed to produce mutagenesis within the coding sequence

of SICDPK27 and SICDPK26, using single-guide RNAs in combination
with the Cas9 endonuclease gene (Fig. 2a and Extended Data Fig. 3a
for the single-guide RNAs used in this study). Vectors with the cor-
rectinsertion wereintroduced into Agrobacterium tumefaciens strain
AGL1 competent cells, and tomato transformation was performed as
described previously®*. The transgenic lines were confirmed by PCR
and sequencing. All experiments were performed using homozygous
lines without T-DNA integration.

Physicochemical analysis

Morethansix red ripe fruits were collected from each line, and each fruit
was measured for fruit weight and total SSC. The SSC was determined
using a digital refractometer (PAL-1, ATAGO), adjusted and calibrated
at20 °Cwith distilled water and expressed as degrees Brix.

Content analysis of sugars

More thansix redripe fruits were collected from eachline for sugar anal-
ysis. The mixed fruit pericarp was ground in liquid nitrogen, and then
200 mg of ground powder was diluted in 1.4 ml of extraction buffer,
withinternal standard (8 mg arabinose). After sonication for 10 min
and centrifugation (13,000 r.p.m.) for 10 min, the supernatants were
filtered through a 0.22-pum polyethersulfone ultrafiltration membrane,
twice, and then added to a solution of 100 pl extraction buffer, 895 pl
acetonitrileand 5 pl 20% ammonia water for analysis. The content was
measured by ultra-performance liquid chromatography with MS/MS
(ACQUITY UPLCI-Class-Xevo TQ-S Micro, Waters). The detection was
performed as described previously®*.

For sugar analysis, an ACQUITY UPLC BEH Amide 1.7-pm column
was used (2.1 x 100 mm; Waters). The mobile phase was composed of
acetonitrile as solvent A, and 0.1% ammonia water as solvent B. The
temperatures of the column and autosampler were 60 °C and 4 °C,
respectively. Each sugar was separated by increasing solvent B from10%
t020% in 2 min, keeping at 20% for 6 min, changing to 25% in 0.1 min,
keeping at 25% for 1.9 min, then changing to 20% in 1 min and keep-
ing at 20% for 2 min. The flow rate was 0.2 ml min™’. Data analysis was
performed using MassLynx V4.1 (Waters).

RNAisolation and qRT-PCR

Total RNA was extracted from the fruit pericarp harvested at the rip-
ening stages, using the RNA extraction kit (catalogue no. 0416-50,
HUAYUEYANG Biotechnology), and the RNA was reverse transcribed,
using GoScript Reverse Transcriptase (catalogue no. A5003; Promega),
according to the manufacturer’s instructions. qPCR was performed
using GoScript qPCR Master Mix (catalogue no. A6001; Promega)
and the Bio-Rad CFX-96 real-time PCR with CFX Maestro 1.1 software
(Bio-Rad). Therelative expression levels of each gene were calculated
using the 22 method. Three technical replicates were used to calcu-
late the C;value, and three to five biological replicates were analysed.
The tomato ACTIN gene (Solyc03g078400) was used as the internal
reference.

Histochemical GUS staining

To examine the SICDPK27 expression pattern by GUS staining,
the 2,452-bp SICDPK27 promoter region upstream of the ATG was
amplified from genomic DNA. Then, the products were cloned into
pENTR/D-TOPOto generate pENTR-SICDPK27pro.SICDPK27pro-GUS
was generated by an LR reaction between pKGWFS7 and pENTR-S/CDPK-
27pro. SICDPK27pro-GUS vector was then introduced into A. tumefa-
ciens strain AGL1 competent cells, and tomato transformation was
performed as described previously®*.

Different tomato tissues from the SICDPK27pro-GUS transgenic
lines were collected and incubated in GUS staining buffer containing
5-bromo-4-chloro-3-indolylb-D-glucuronide (X-gluc) as a substrate.
Samples wereincubated at 37 °C for 1 h. After incubation, the staining
buffer was then changed to 70% ethanol for decolourizing.
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Subcellular localization assay

To detect the subcellular localization of SICDPK27 protein, full-length
cDNAs of SICDPK27 and SICDPK27-CR1 were amplified from MM
and the MM-CDPK27-CR1 mutant. The amplified fragments were
cloned into pPDONR/Zeo (Invitrogen) to generate pENTR-SICDPK27
or pENTR-SICDPK27-CR1, respectively. The SICDPK27-GFP and
SICDPK27-CR1-GFP constructs were generated by LR reactions between
pK7FWG2 and pENTR-S/CDPK27 or pENTR-SICDPK27-CR1, respectively.
Then, SICDPK27-GFP and SICDPK27-CR1-GFP were transformed into
A. tumefaciens strain GV3101, and the agrobacteria harbouring the
constructs were infiltrated into N. benthamiana leaves. The plants
were then grown in the dark for 24 h, followed by 48 h in a green-
house under normal conditions. The transient GFP fluorescence in
N. benthamiana leaf cells was observed under a Leica SP8 confocal
microscope.

Sensory evaluation of sweetness

The sensory evaluation panel was organized twice (one in Shenzhenin
March 2022, and the other in Beijing in July 2022). In this study, approxi-
mately 100 participants (aged 20-59 years) were selected for each
of the sensory tests. These participants were required to be healthy
and without any known oral diseases. The sensory test followed the
Declaration of Helsinki, and the experimental protocol was approved
by the Ethical Committee of Agricultural Genomics Institute at Shen-
zhen, Chinese Academy of Agricultural Sciences. All participants were
informed about the sources of the genome-edited tomato materials
andthe sensory procedure beforehand, and signed informed consent
forms before the sensory tests.

The two-alternative forced-choice test was performed to compare
the difference in the sensory properties of the sweetness between
fruits harvested from SICDPK-knockout mutants and wild-type MM
plants. A paired sample, consisting of a wild-type MM (control sample)
and a SICDPK-knockout mutant (test sample) fruit, was evaluated,
according to IS0 5495:2005 (ref. 65). A total of three test samples were
evaluatedin this study, including MM-CDPK27-CR1, MM-CDPK27-CR2
and MM-CDPK27-CR2/MM-CDPK26-CR1 double-mutant plants. Each
test sample was evaluated three times, and each time fruit was picked
from three different plots. Each sample was placed in a transparent
tasting cup labelled with random codes, and the paired samples were
presented to the sensory assessors, for sensory evaluation, in a bal-
anced order.

For each panel, about 100 volunteer assessors were asked to perform
all of the tests. They were asked to evaluate pairs of samples and were
required to indicate the sweeter sample of the paired tomato fruits.
A20-30 s break was provided between the different samples, and the
assessors were requested to thoroughly rinse their mouths with puri-
fied water. Binomial distribution was used for the statistical analysis
of paired comparison tests (IS0 5495:2005)%. If the number of correct
responses was greater than or equal to the minimum number of cor-
rectresponsesrequired, ataspecified significance level (in this study,
a=0.05),itcanbe concluded that the SICDPK-knockout mutant sample
has ahigher sweetness than the wild-type MM sample. Otherwise, the
difference was not significant. After the sensory evaluation, every six
remaining fruits of each type were mixed into one sample for further
glucose and fructose content analysis. Owing to COVID-19, we did not
collect fruits for the sensory evaluation panel organized in Shenzhen
inMarch2022.

SICDPK27 antibody production

A peptide containing 15 amino acids from the 6th to the 20th amino
acids of SICDPK27 (*GTPGNSSENKKKKNK?®) was synthesized and used
asanantigen to produce polyclonal antibodies in rabbits. The antibod-
ies were purified by an antigen-specific affinity approach by Shanghai
Youke Biotechnology Co., Ltd.

Immunoprecipitation coupled with MS

For identification of the interaction proteins of SICDPK27 by immu-
noprecipitation coupled with MS, fruits of MM at the red ripe stage
were collected and ground in liquid nitrogen with an IKA All basic
analytical mill (A11BS025). Total proteins were extracted with extrac-
tion buffer (300 mM Tris-HCI pH 8.0, 600 mM NaCl,4 mM MgCl,, 0.5%
Triton X-100, complete EDTA-free protease inhibitor cocktail (Roche,
cOmplete) and phosphatase inhibitor cocktail (Roche, PhosSTOP)).
The extracts were centrifuged at 12,000 r.p.m. for 20 min, and the
supernatants were incubated with anti-SICDPK27 (1:100 dilution) at
4 °C overnight, with the supernatant incubated with IgG used as the
control, and then Pierce protein A/G magnetic beads (Thermo Fisher
Scientific, 88802) were used toimmunoprecipitate the SICDPK27 pro-
tein. Theimmunocomplex was washed three times and resuspended
with 100 pl extraction buffer. A 10 pl volume of sample was used for
western blot analysis with SICDPK27 antibodies (1:2,000 dilution),
and horseradish peroxidase-conjugated goat anti-rabbit IgG (H + L)
(ZSGB-BIO, catalogue no. ZB-2301, 1:10,000 dilution) was used as the
secondary detection antibody. The remaining magnetic beads were
separated on 10% SDS-PAGE gels, and then sent to PTM BIO Co., Ltd
(Hangzhou, China) for analysis by liquid chromatography coupled
with MS/MS.

Yeast two-hybrid assay

The yeast two-hybrid assays were performed using DUAL membrane
starter kits (P0O1401-P01429, Shanghai OE Biotech) according to the
manufacturer’s instructions. The ubiquitin moiety was split into two
halves, and the N-terminal half with I13 substituted to glycine was used
to prevent nonspecific binding to the C-terminal half of ubiquitin. The
full-length cDNA of SICDPK27 was cloned into the pBT3-STE bait vector
to generate NubG-SICDPK27 and the full-length cDNA of SISUS3 was
clonedintothe pPR3-N prey vector to generate Cub-SISUS3, by gateway
cloning. The fusion plasmids were co-transformed into yeast strain
NMY51 and the yeast transformants were screened on SD/~Leu/-Trp
and SD/-Leu/-Trp/-His selective medium.

Firefly LUC complementationimaging assay

The full-length cDNAs of SICDPK27, SICDPK27-CR1, SICDPK27-CR2 and
SICDPK26 were cloned into the pCAMBIA-nLUC-GW vector to gen-
erate SICDPK27-nLUC, SICDPK27-CR1-nLUC, SICDPK27-CR2-nLUC
and SICDPK26-nLUC, respectively. Then the full-length cDNA of
SISUS3 was cloned into the pCAMBIA-cLUC-GW vector to generate
cLUC-SISUS3, by gateway cloning®. The plasmids were transformed
into A. tumefaciens strain GV3101. Different combinations shown in
Figs.5b,cand 6a,b were co-infiltrated into N. benthamianaleaves. The
plants were placed in the dark for 24 h, followed by 48 hiin a growth
chamber underlong-day conditions (16 hlight and 8 hdark). Then, the
infiltrated N. benthamianaleaves were sprayed with 1 mM luciferin, in
0.01% Triton X-100 solution, and kept in darkness for 5 min to quench
thefluorescence. A deep cooling CCD imaging apparatus (LB985 Night
SHADE) was used to capture the fluorescence image in Fig. 5b, and
the Tanon-5200 image system (Tanon, Shanghai, China) was used to
capture the fluorescence images in Figs. 5c and 6a,b.

Recombinant protein production and purification

The full-length cDNAs of SISUS3 were cloned into the pCold-TF vec-
tor to express His-TF-tagged recombinant protein. The site-specific
mutation inSISUS3* was introduced by PCR, with the primerslistedin
Supplementary Table 9. The mutated fragments, confirmed by Sanger
sequencing, were cloned into the pCold-TF vector to express His—
TF-tagged recombinant protein. The full-length cDNAs of SICDPK27,
SICDPK27-CR1, SICDPK26, SISUS3 and SISUS3™ were cloned into the
pET28GW vector to express His-tagged recombinant protein, by gate-
way cloning. The full-length cDNA of SICDPK27-CR1 was also cloned



into the pGEX-4T-1vector to express GST-tagged recombinant pro-
tein for the in vitro kinase competition experiment. His-SICDPK27,
His-SICDPK27-CR1, GST-SICDPK27-CR1, His-SICDPK26, His-SISUS3,
His-SUS3(S11A), His-TF-SISUS3, His-TF-S/SUS3(S11A) and GST protein
were expressed in Escherichia coliRosetta (DE3) (catalogue no. EC1010,
Shanghai WeidiBiotechnology), following induction with1 mMisopro-
pyl B-D-1-thiogalactopyranoside (IPTG) at 16 °C for 16 h,and then were
purified using Ni-NTA resin (GE-Healthcare) and glutathione Sepharose
4B (GE-Healthcare) according to the manufacturer’s instructions.

Invitro phosphorylation assays

For the in vitro kinase assays, purified recombinant kinases (His-
SICDPK27, His-SICDPK27-CR1 or His-SICDPK26) and substrate (His-
TF-SISUS3 or His-TF-SISUS3(S11A)) wereincubated at 30 °Cinakinase
reaction buffer (50 mM Tris-HCI, pH 7.5,10 mM MgCl,, 1 mM dithio-
threitol (DTT), 10 nCi [y->>P]ATP) for 30 min. The reactions were then
stopped by adding 5x SDS loading buffer (250 mM Tris-HCI, pH 6.8,10%
(w/v) SDS, 0.5% bromophenol blue, 50 MM DTT and 50% glycerol) and
boiled for 5 min. The samples were then separated on 10% SDS-PAGE
gels. After electrophoresis, the gels were stained with Coomassie bril-
liant blue as aloading control, and the phosphorylated proteins were
visualized by autoradiography.

Fortheinvitrokinase competition experiment, GST-SICDPK27-CR1
and GST proteins with various concentration gradients were firstincu-
bated with His-TF-SISUS3 at 30 °C for 1 h. Then, His—-SICDPK26 was
added to thekinase reaction buffer for another 30 min. The reactions
were stopped by adding 5x SDS loading buffer and boiled for 5 min.
The samples were separated on 10% SDS-PAGE gels and visualized by
autoradiography.

Identification of phosphorylation sites of SISUS3 by SICDPK27
For analysis of phosphorylation sites of SISUS3 in vitro, recombinant
His-SICDPK27 and His-TF-SISUS3 proteins were incubated in kinase
reaction buffer (50 mM Tris-HCI, pH 7.5, 10 mM MgCl,, 1 mM DTT,
0.25 mMATP) at 30 °C for 30 min. Next, the proteins were separated on
10% SDS-PAGE gel, and the bands of His-TF-SISUS3 were cut out. Then,
the His-TF-SISUS3 protein was digested with trypsin and subjected to
analysis by liquid chromatography with MS/MS by the biological MS
laboratory at the College of Biological Sciences at China Agricultural
University.

Cell-free protein degradation assay

The cell-free protein degradation assay for SISUS3 and SISUS3(S11A)
was performed as described previously®”®, Briefly, total proteins were
extracted from full-red ripe fruits of wild-type, MM-CDPK27-CR1,
MM-CDPK27-CR2, MM-CDPK26-CR1 and MM-CDPK27-CR2/
MM-CDPK26-CR1double mutant plants, in degradation buffer (300 mM
Tris-HCl at pH 8.0, 600 mMNacCl, 4 mM MgCl,and 20 mM DTT). Recom-
binant His-SISUS3 and His-SUS3(S11A) protein and 5 mM ATP were
added to the extracts. The mixtures were incubated at room tempera-
ture (25°C)for1,2and 4 h. Thereactions were stopped by the addition
of SDS sample buffer. His-S/SUS3, His-SUS3(S11A) and actin proteins
were detected by immunoblotting with anti-His (MBL, catalogue no.
D291-3,1:3,000 dilution) and anti-actin (Sigma, catalogue no. A0480,
1:10,000 dilution) antibodies, and horseradish peroxidase-conjugated
goat anti-mouse IgG (H + L) (ZSGB-BIO, catalogue no. ZB-2305,1:10,000
dilution) was used as the secondary detection antibody. Protein gel blot
images were scanned, and the intensity of the images was quantified
by ImageJ (National Institutes of Health).

Gas exchange and *CO, labelling of tomato

In vivo isotopic labelling with *CO, and flux estimation throughout
leaf photosynthetic metabolism were performed as described previ-
ously®. A30-1 positive-pressure environmental chamber set at 28 °C,
50%humidity and around 200 pmol m~2s'light intensity was applied

forlabelling. After displacing CO, with premixed gas withaN,/O, ratio
of78/22,4-week-old plants were labelled using premixed gas contain-
ing ®CO, (Cambridge Isotope Laboratories) at a*C0O,/N,/O, ratio of
0.33:78:21.967. Then, samples labelled for 0, 5,10 and 20 min were
collected and immediately frozen with liquid nitrogen, and then stored
at—80 °C for further analysis.

Analysis of metabolite labelling

A100 + 3 mg quantity of ground powder of each sample was used for
analysis of labelled metabolites. A 1.2 ml volume of extraction buffer
(dichloromethane/methanol 2:1) was added to 100 + 3 mg ground
powder of each sample, and 300 pl water was added after vortexing
five times. Then, 600 pl supernatant was transferred to a new tube
and dried under nitrogen after centrifugation at 12,000g for 10 min.
After resuspension with 80 pl water, the samples were incubated in a
refrigerator at4 °C for 10 min, and the supernatants were collected for
analysis by liquid chromatography with MS after 10-min centrifugation
twice at12,000g to remove the precipitates.

ADionex Ultimate 3000 UPLC system coupled with a TSQ Quantiva
Ultratriple-quadrupole mass spectrometer (Thermo Fisher) equipped
with a heated electrospray ionization probe was used for detection.
Extracts were separated by a Synergi Hydro-RP column (2.0 x 100 mm,
2.5 um, Phenomenex). A binary solvent system was used, with mobile
phase A consisting of 10 mM tributylamine adjusted with15 mM acetic
acidinwater, and mobile phase B consisting of pure methanol, using a
25-mingradient with mobile Bgradually increased from 5%to 90%. Data
were acquired inselected reaction monitoring mode for metabolitesin
positive-negative ion switching mode (Supplementary Table 10). The
resolutions for Qland Q3 are both 0.7 full-width at half-maximum. The
source voltage was 3,500 V for positive and 2,500 V for negative ion
mode. The source parameters were as follows: capillary temperature,
350°C; heater temperature, 300 °C; sheath gas flow rate, 35; auxiliary
gas flow rate, 10. Tracefinder 3.2 (Thermo) was used for metabolite
identification and peak integration.

Genetic statistics and estimation of inbreeding

The variation map was constructed using previously published data’.
Subsequently, the phylogeny was used to examine the population
structure on the basis of the genome-wide SNPs using the IQTREE pro-
gram (version2.1.4)’°. The 12-bp insertion and 1,406-bp deletion were
combined to investigate the frequency of haplotypes of SSC11.1 and
fwii.3amongPIM and BIG populations. To clarify the selective pattern
of $SC11.1 (ch11_51.180-51.205 Mb; SL2.50) and fw11.3 (ch11_55.250-
55.290 Mb; SL2.50), the independent phylogenies were constructed
with the ‘GTR + 1+ G’ model using IQTREE™.

The genetic statistics were combined to examine the selection in
the large region containing SSCI1.1 and three fruit weight (fw) loci
(ch11_48.0-56.3 Mb; SL2.50). Tajima’s D test compares the observed
distribution of pairwise nucleotide differences to the expected distri-
bution under a neutral model of evolution. A negative value suggests
an excess of low-frequency mutations, which could be indicative of
directional selection, population contraction or genetic hitchhiking”.
The pairwise differentiation (Fs;), known as the fixationindex, is a meas-
ure of genetic differentiation between populations. High F¢; values
typically suggest high divergence between populations”. Tajima’s
Dvalue was analysed by VCFtools (version 0.1.16), and the F; value was
calculated using the Python script popgenWindows.py as described
previously’>”. The recombination rate could be estimated on the basis
of demographic history and the variation map, and SMC++ was used to
infer the demographic history of BIG and PIM populations™. Inaddition,
the variation map of PIM and BIG was integrated in Pyrho to evaluate
the genome-wide recombination rate”.

Runs of homozygosity (ROHs) are extended stretches of homolo-
gous segments within genomes that reveal population history and trait
architecture’. These regions indicate a lack of genetic variation and
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are often associated with inbreeding or recent ancestry. We performed
the genome-wide ROH analysis on the basis of the variation map using
the PLINK program (version 1.90b6.21)” with the following param-
eters: --homozyg-kb1,000 --homozyg-snp 10 --homozyg-window-het 3.
Increased inbreedinglevels are associated with both longer and more
numerous ROHs. Furthermore, recentinbreeding events tend to result
inlonger ROH segments. To visualize these patterns, we used ggplot2
(version 3.4.4)8 to plot ROH length and number distributions across
wild (PIM) and cultivated (BIG) populations.

Phylogenetic analysis of SICDPK27 and SICDPK26

Conserved domains and their corresponding Pfam-formatted HMM
models (PF13499 and PFO0069) were identified for SICDPK26 and
SICDPK27 proteins by leveraging the InterPro database. Subsequently,
genome sequence and annotation files encompassing a diverse array of
12 genomes were used for phylogenetic and sequence analyses, includ-
ingafern (Azollafiliculoides; https://fernbase.org/ftp/),agymnosperm
(G. biloba; https://ginkgo.zju.edu.cn/genome/ftp/; version-2021) and
10 angiosperm crops:S. lycopersicum (https://solgenomics.sgn.cornell.
edu/organism/Solanum_lycopersicum/genome; SL2.50), Solanum
melongena (https://solgenomics.sgn.cornell.edu/organism/Solanum_
melongena/genome; HQ-1315), Solanum tuberosum (https://genome.
jgi.doe.gov/portal/; DMv6.1), Arabidopsis thaliana (https://genome.jgi.
doe.gov/portal/; TAIR10), Capsicum annuum (http://www.pepperbase.
site/node/3; CaT2T), Malus domestica (https://genome.jgi.doe.gov/
portal/;v1.1), Manihot esculenta (https://genome.jgi.doe.gov/portal/;
v8.1), Oryza sativa (https://genome.jgi.doe.gov/portal/; v7.0), Citrus
sinensis (http://citrus.hzau.edu.cn/download.php; v3.0) and Citrullus
lanatus (http://cucurbitgenomics.org/organism/21; 97103, v2). The
names of protein annotations are assigned abbreviations derived from
their scientific names for consistency. Homologous protein annotation
was performed utilizing the hmmer program (version 3.4)”° and the
previously identified Pfam-formatted HMM models. The annotated
protein sequences were subjected to multiple sequence alignment
using MAFFT (version 7.525)% and phylogenetic tree construction using
the neighbour-joining method in the MEGA program (version 11.0.10)%".
Sequence alignment of CDPK proteinsin clade Illwas visualized using
the ggmsa (version 3.19)%2 package inR.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.
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Extended DataFig.1|Roles of the three key variations in total soluble
solids content. a-c, Haplotype analysis of the 3-bp deletion (a), SNP (b)
and12-bpinsertion (c), based on the total soluble solids content. Box plots
represent theinterquartilerange, thelinein the middle ofeachboxrepresents

the median, the whiskersrepresent the interquartile range, and the dots
represent outlier points. Significant difference was determined by the
two-tailed Student’s t test.
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CR1, MM-CDPK27-CR2 and M82-CDPK27-CR3 compared to the wild-type
tomato line. The MM-CDPK27-CR1lost two key amino acidsin the kinase ATPbindingsiteinthekinase domain.
domain. The protein translation of MM-CDPK27-CR2 and M82-CDPK27-CR3
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Extended DataFig. 4 |Deficiency in SICDPK26 enhances the effects of
SICDPK27 on sugar content. a-b, Fruit weight of slcdpk mutant plants was not
significantly different from that of wild-type plants. c-g, Comparison of total
soluble solids (ctoe), glucose (f), and fructose contents (g) between wild-type
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to determine Pvalues (see Source Data). **P< 0.01, ***P < 0.001, compared to
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Pvalues (see Source Data). ***P< 0.001, compared to the wild-type (Money Maker)
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process. Valuesare means + SD (n = 5independentreplicates). RUBP, ribulose-
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Data collection  SSC were measured by a digital refractometer (PAL-1, ATAGO, JPN)
Saccharide content was measured by UPLC-MS/MS (ACQUITY UPLC I-Class-Xevo TQ-S Micro, Waters)
Bio-Rad CFX96 with CFX Maestro 1.1 software was used to gPCR analysis
The fluorescence signal was detected using a confocal microscopy (Leica SP8)
The LUC activity was analyzed using the Night SHADE LB985 (Berthold) and Tanon-5200 image system
The Net photosynthesis rate was measured with the LICOR-6800 XT instrument

Data analysis Image analysis: ImagelJ (version 1.45)
Statistical analysis: GraphPad Prism (version 8.00)
Phylogenetic analysis: MEGA (version 11.0.10), hmmer (version 3.4), MAFFT (version 7.525), ggmsa (version 3.19)
Saccharide content analysis: MassLynx V4.1 (Waters)
Genetic statistics analysis: IQTREE (version 2.1.4), VCFtools (version 0.1.16 ), PLINK (version 1.90b6.21), ggplot2 (version 3.4.4)

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

All data are available within this Article and its Supplementary Information (Supplementary Tables 1-10). Original uncropped gel and blot images are provided in
Supplementary Figs. 1-2. Original data points in graphs are shown in the Source Data files. HMM models were downloaded from the InterPro database (https://
www.ebi.ac.uk/interpro/entry/pfam). Source data are provided with this paper.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender The sex and gender information of the participants for each of the sensory evaluation panel has not been collected.

Reporting on race, ethnicity, or NA
other socially relevant

groupings

Population characteristics In the sensory evaluation study, approx. 100 participants (age 20- to 59-years-old) were selected for each of the sensory test.
These participants were required to be healthy and without any known oral diseases.

Recruitment All participants were previously informed as to the sources of the genome-edited tomato materials and the sensory
procedure and requirement, and signed informed consent forms before the sensory tests. The participants for each of the
sensory test were recruited randomly, without any self-selection bias, except that the participants with any known oral
diseases were excluded, because they may be insensitive to the sweetness. Participants are not limited by sex or gender,
both males and females could participate in the sensory tests.

Ethics oversight The sensory test followed the Declaration of Helsinki, and the experimental protocol was approved by the Ethical Committee

of Agricultural Genomics Institute at Shenzhen, Chinese Academy of Agricultural Sciences.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|X| Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No statistical methods were used to determine sample size. The sample size is described in the relevant figure legends and supplementary
information. The 402 accessions were selected to calculate the allele frequency based on our previous study (Tieman et al., Science 2017,
355, 391-394). For agronomic traits in the field, sample sizes were chosen based on previous publications (Song et al., Nature 2023, 617:
118-124; Liu et al., Nature 2021, 590: 600-605; Tian et al., Science 2019, 365: 658-664).

Data exclusions  The plants, which were diseased or grown in the guard rows, were marked and were excluded from the analyses.

Replication Three biological replicates with three technical replicates were used in the gRT-PCR experiment. For the subcellular localization, histological
analysis, Y2H, LCI and cell-free protein degradation assays, the results are representative of three independent experiments. Three
independent transgenic knock-out lines were generated for SICDPK27. All of these experiments were successfully repeated.

Randomization  All samples were arranged randomly into experimental groups.

Blinding For molecular biology experiments, bias could not be introduced since samples were treated identically and collected randomly. The
investigation of agronomic traits was performed without prior knowledge of the results, blind was also not applied. For the sensory evaluation
of sweetness assay, each sample was labeled with random codes, and the paired samples were presented to the sensory assessors, for
sensory evaluation, in a balanced order.
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Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
X Antibodies X[ ] chip-seq
[] Eukaryotic cell lines X[ ] Flow cytometry
[ ] Palaeontology and archaeology X[ ] MRI-based neuroimaging

|:| Animals and other organisms
|:| Clinical data

[ ] Dual use research of concern

[X] plants
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Antibodies
Antibodies used Anti-His (MBL, Cat# D291-3, 1:3,000 dilution)
Anti-Actin (Sigma, Cat# A0480, 1:10,000 dilution)
Horseradish peroxidase-conjugated goat anti-mouse 1gG (H+L) (ZSGB-BIO, Cat#ZB-2305, 1:10,000 dilution)
Horseradish Peroxidase-conjugated goat anti-rabbit IgG (H+L) (ZSGB-BIO, Cat#ZB-2301, 1:10,000 dilution)
Anti-SICDPK27 (custom-developed by Shanghai Youke Biotechnology Co., Ltd, 1:100 dilution for IP-MS assay, 1:2,000 dilution for
western blot assay)
Validation Validation statements and experiments can be obtained from the following websites and publications:
Anti-His (https://www.mblbio.com/bio/g/dtl/A/?pcd=D291-3)
Anti-Actin (https://www.sigmaaldrich.com/CG/en/product/sigma/a0480)
Horseradish peroxidase-conjugated goat anti-mouse 1gG (H+L) (http://www.zsbio.com/product/ZB-2305)
Horseradish Peroxidase-conjugated goat anti-rabbit IgG (H+L) (http://www.zsbio.com/product/ZB-2301)
Residues 6-20 of SICDPK27 was used to make antibodies by Shanghai Youke Biotechnology Co., Ltd, and S. lycopersicum Money
Maker (MM) and SICDPK27-CR2 were used to validate anti-SICDPK27 antibody.
Plants
Seed stocks The detailed information of all the 402 accessions used in this study are listed in Supplementary Table 8.

Novel plant genotypes  The SICDPK27 and SICDPK26 mutants with 6-bp or 5-bp deletions were generated by CRISPR/Cas9 system in S. lycopersicum Money
Maker (MM) or the processing variety M82.

Authentication The SICDPK27 and SICDPK26 mutants were verified by PCR and sequencing. All experiments were performed using homozygous lines
without T-DNA integration. And all of the potential off-target sites for both SICDPK27 and SICDPK26, were tested by PCR and
sequencing.
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