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Redesigning the tomato fruit shape for
mechanized production
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Crop breeding for mechanized harvesting has driven modern agriculture.
In tomato, machine harvesting for industrial processing varieties became

the normin the 1970s. However, fresh-market varieties whose fruits

are suitable for mechanical harvesting are difficult to breed because of
associated reductionin flavour and nutritional qualities. Here we report
the cloning and functional characterization of fs8.1, which controls

the elongated fruit shape and crush resistance of machine-harvestable
processing tomatoes. FS8.1 encodes a non-canonical GT-2 factor that
activates the expression of cell-cycle inhibitor genes through the formation
of atranscriptional module with the canonical GT-2 factor SIGT-16. The
fs8.1mutationresultsin alower inhibitory effect on the cell proliferation
of the ovary wall, leading to elongated fruits with enhanced compression
resistance. Our study provides a potential route for introducing the
beneficial allele into fresh-market tomatoes without reducing quality,
thereby facilitating mechanical harvesting.

The use of mechanized machines in crop harvesting significantly
saves labour and time costs, and puts forward new requirements
for breeding. In tomato (Solanum lycopersicum), one of the most
consumed vegetable and fruit crops worldwide’, fruit shape is an
important horticultural trait that determines the main market class
and culinary purpose of a particular variety: elongated and blocky
fruits are preferred for processing, while round and attractive fruits
are ideal for the fresh market and are used for slicing*>. Notably,
while machine harvesting for elongate-fruited processing tomatoes
became the normin the 1970s, typical round-fruited fresh-market
tomatoes are usually too soft to endure machine harvesting*,

suggesting an association between fruit shape and suitability for
machine harvesting.

In tomato, two categories of quantitative trait loci (QTLs) that
control fruit shape have been identified: locule number (Ic) and fasci-
ated (fas) QTLs control locule number and flat shape, while sun, ovate
and fruit shape chr 8.1 (fs8.1) control elongated shape’™. In the early
1960s, the processing-tomato industry in California was threatened due
tolabour shortage in harvesting the crops. Inresponse, efforts began
in earnest to develop tomato varieties suited to machine harvesting.
Selection of a tomato suitable for mechanical harvesting involved a
suite of traits including compact plant stature, concentrated fruit set
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and, perhaps mostimportantly, enhanced fruit firmness to withstand
therigours of machine harvesting and bulk handling. Thus, fruit firm-
ness was intentionally selected to avoid fruit breakage during mecha-
nized production. These efforts eventually led to the so-called ‘square
tomatoes’ that could withstand machine harvesting* . Thus, the breed-
ing of ‘square tomatoes’ has played a significant part in streamlining
the mechanization of the processing-tomato industry*’.

One of the noticeable changes in fruit shape of these machine-
harvestable processing tomatoes is that they are no longer round
but rather slightly elongated>". Later genetic studies revealed
that the elongated fruit shape is controlled by the major QTL f58.1
(refs.7,12-15). However, the gene underlying fs8.1 has not been identi-
fied due to reduced recombination rates around this locus™*.

Here we identified the FS8.1 gene and report on its mechanistic
function in regulating fruit shape. FS8.1 encodes a GT-2-like protein
thatlacks the featured trihelix DNA-binding domain'®". FS8.1interacts
with and enhances the transcriptional activity of SIGT-16, a canonical
GT-2 factor that activates the expression of cell-cycle inhibitor genes
through promoter binding. Notably, fs8.1-mediated shape change
leads to enhanced fruit resistance to squeezing force. Distribution
analyses of adiverse collection of tomato accessionsindicated that the
fs8.1mutation allele is presentin modern processing lines but largely
absentin fresh-market varieties. The cloning of FS8.1 and the CRISPR/
Cas9 gene-editing technology probably lead to the possibility of a
convenient trait-stacking strategy to breed new varieties that combine
the advantages of fresh-market tomatoes and processing tomatoes.

Results

fs8.1-mediated shape change leads to enhanced fruit
compression resistance (CR)

Compared with fresh-market tomato plants that produce round fruits,
machine-harvestable processing-tomato fruits are usually elongated
in shape and have a higher fruit shape index (the ratio of fruit length
to width) (Extended Data Fig. 1a,b). To determine whether the elon-
gated fruit shape is associated with increased fruit endurance to rig-
ours, we used a texture analyser to assess CR, which is defined as the
pressure at which point acompressed fruit is broken’®, reflecting the
fruit’s resistance to squeezing force. We compared the CR of multiple
typical fresh-market and processing-tomato fruits and found that the
processing-tomato fruits had a significantly increased resistance to
squeezing (Extended DataFig. 1c).

We then aimed to understand whether fs8.1-mediated shape
change contributes to the increased CR of processing-tomato fruits.
Toachieve thisgoal, wefirst phenotyped the well-established introgres-
sionline (IL) population derived from a cross between the wild species
Solanum pennellii (whose fruits are round) and the processing cultivar
M82 (whose fruits are square shaped), which hasbeenshowntocarrya
mutant allele of fs8.1 (refs. 15,19,20). We found that IL8-1-1, harbouring
amarker-defined segment of S. pennellii chromosome 8, bears round
fruits and ovaries (Fig. 1a-cand Extended DataFig. 1d), indicating that
IL8-1-1carries the wild-type (WT) allele of the FS8.1 gene. Thus, IL8-1-1
and its recurrent parent M82 were used as near-isogenic lines (NILs)
with respect to the fs8.1 locus. As expected, compared with IL8-1-1,
M82 had a higher fruit/ovary shape index (Fig. 1b,c) and enhanced CR
(Fig.1d,e). Consistent with this observation, we analysed the fs8.1 NILs
developed between the round-fruited wild S. pimpinellifolium acces-
sion LA1589 and Rio Grande, a cultivated S. [ycopersicum accession
bearing elongated fruits (Extended Data Fig. 1e,f)"*. Results showed that
compared with the WT allele, the fs8.1 mutant allele had higher fruit
shapeindex and afforded increased CR (Extended Data Fig.1g-i). Col-
lectively, these results indicated that the fs8.1-mediated shape change
is probably associated with enhanced CR of tomato fruits.

Togaininsightinto the cellular mechanismby which fs8.1 changes
fruit shape, we compared the cellular parameters of the M82 ovaries
withthose of the IL8-1-1ovaries at the tissue level (Fig.1a,c). The ovary

walllengthand columellalength of M82 were significantly larger than
those of IL8-1-1 (Fig. 1f). Closer histological observations revealed that
the fs8.1 mutation led to significantly increased cell number in the
proximal-distal direction of both the ovary wall and the columella
(Fig. 1g). In contrast, fs8.1 exerted a negligible effect on the cell size
of both tissue layers (Fig. 1h). Notably, the fs8.1-mediated increase
in cell number was significantly greater in the ovary wall than in the
columella (Fig. 1f,g), suggesting that the f$8.1 mutation results in a
stronger promoting effect on cell proliferation of the ovary wall than
of the columella.

FS$8.1encodes anon-canonical GT-2 factor

We previously mapped thefs8.1locustoa3.03-Mbinterval onchromo-
some 8 (Fig. 2a)"*. On the basis of the overlap between the fs8.1 mapping
intervaland theintrogressed fragment defined by IL8-1-1 (refs.19,20),
the f$8.11ocus was narrowed to a region flanked by markers 11EP239
and CT92 (Fig. 2a).

To further fine-map the locus, we screened approximately 14,000
seedlings in a population that carried a chromosome 8 segment of
LA1589 and Rio Grande™. From this screen, we identified five recom-
binant plants in the interval (Fig. 2b). Progeny testing of these five
recombinants showed that the locus was mapped toa~270-kbinterval,
carrying three genes (Fig. 2b). Among them, Solyc08g061910 carried
two non-synonymous variations (T52C and A857T) in Rio Grande com-
pared with LA1589 (Fig.2b). The coding regions of the other two genes
did not carry consequential single nucleotide polymorphisms (SNPs)
between the alleles and were not differentially expressed™, rendering
themlesslikely toencode FS8.1. Thus, Solyc08g061910 was considered
to be the candidate gene encoding FS8.1.

The Solyc08g061910**"" mutation was predicted to resultin a
premature stop codon of the predicted protein (Fig. 2b-d). Sequence
analysesindicated that this premature stop codon mutationis present
in all of the analysed processing tomatoes but not in fresh-market
tomatoes (Extended DataFig. 1j). To verify that Solyc08g061910is the
causative gene for the fs8.1 phenotype, we generated null alleles of
thisgene (Extended DataFig.2a) inthe IL8-1-1background by CRISPR/
Cas9-mediated gene editing® 2. Fruits and ovaries of two of the
resulting mutants displayed a shape change from round to elongated
(Fig. 2e-g) and had higher CR than IL8-1-1fruits (Fig. 2h). Histological
observationsindicated that these f$8.1 mutants displayed anincreased
ovarywalllength and decreased ovary wall thickness as compared with
WT (Fig. 1a and Extended Data Fig. 2b-f). The fruit weight of edited
mutants was comparable to that of WT (Extended DataFig. 2g). In addi-
tion, the WT Solyc08g061910 genomic DNA with its native promoter
was introduced into the M82 background (Extended Data Fig. 2h).
Two of the resulting complementation lines (Comp-1and Comp-2) res-
cued the M82 phenotype in both fruit shape and ovary development
(Fig. 2i-k and Extended Data Fig. 2i-m). Collectively, these results
demonstrated that Solyc08g061910 underlies the fs8.1locus.

The predicted FS8.1 protein is homologous to members of the
GT-2 clade of trihelix transcription factors (Extended Data Fig. 3a,b).
The membersof this clade of GT factors are characterized by the pres-
enceof duplicate trihelical DNA-binding domains (TD1and TD2) and a
middle a-helixdomain (HD) thatisinvolved in protein-proteininterac-
tions'®”. Compared with SIGT-16, a canonical GT-2 factor that is most
closely related to FS8.1, the FS8.1 protein contains a middle HD but
lacks the featured TDs that are important for DNA binding (Fig. 2d
and Extended Data Fig. 3a-c). Sequence comparison between IL8-1-1
and M82 revealed that the fs8.1 mutation resulted in a truncated pro-
tein with an incomplete a-helical domain (Fig. 2d and Extended Data
Fig. 3a,c). Among the sequenced genomes of the Solanaceae family,
the FS8.1orthologue could only be identified from pepper (Extended
DataFig.4a), whereas SIGT-16 orthologues were identified from potato,
eggplant and pepper (Extended Data Fig. 4b). Further phylogenetic
analyses indicated that while FS8.1 orthologues are only present in
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Fig.1|fs8.1-mediated shape change confers enhanced fruit resistance
tosqueezing. a, Ripe fruits (top) and ovaries at anthesis (bottom) of IL8-1-1

and M82. The red and blue lines indicate the inner ovary walls and columella,
respectively. IOWL, inner ovary wall length; CL, columella length; OWT, ovary
wall thickness. Scale bars, 1 cm (top), 0.5 mm (bottom). b, Fruit shape index of
IL8-1-1and M82 (n =16 fruits). ¢, Ovary shape index of IL8-1-1and M82 (n =13
ovaries).d,e, CR of IL8-1-1and M82 in the abaxial-adaxial (d) and proximal-distal
(e) directions. The fold changes (FCs) between M82 and IL8-1-1are given.

Ind, n=10 (for IL8-1-1) and 11 (for M82) fruits. In e, n = 16 fruits. f-h, Histological and
cellular observations of the anthesis ovaries of IL8-1-1and M82. Cell number and
cell size were measured along the red and blue linesindicatedina.Inf,n=9,8,11,
11ovaries fromleft toright.Ing,n=9,9,11,11 ovaries from left toright.Inh,n=8,
8,11, 11 ovaries from left to right. Bars represent means + s.d. The significance of
differences was evaluated using two-tailed Student’s ¢-tests, with exact Pvalues
indicated onthe graph.

some dicot plants (Extended Data Fig. 4a), SIGT-16 orthologues (that
is, canonical GT-2 factors) are broadly conserved in both dicot and
monocot plants (Extended Data Fig. 4b).

FS8.1regulates fruit shape by activating SIKRP2 expression

To investigate how FS8.1 regulates fruit shape at the transcriptional
level, we performed an RNA sequencing (RNA-seq) assay to identify
genes regulated by FS8.1 during the early stages of ovary develop-
ment. Consistent with the observation that the fs8.1 mutation exerts
itseffectson fruitshape earlyin carpel development atleast 6 d before
anthesis (DBA)", we noted thatfs8.1led to obvious ovary shape change
at 9 DBA (Fig. 3a,b and Extended Data Fig. 5a,b). Thus, we compared
thetranscriptome profiles between M82 and Comp-2 ovaries at 9 DBA
(Fig.3a,band Extended DataFig. 5a,b). These analyses led to theidenti-
fication of 1,061 genes that were differentially expressed (fold change
(FC) > 1.5, false discovery rate (FDR)-adjusted P < 0.05) between the
two genotypes. These genes were defined as FS8.1-regulated genes

(Fig. 3c and Supplementary Table 1). Among them, 655 genes (61.7%)
were upregulated by FS8.1, while 406 genes (38.3%) were downregu-
lated by FS8.1 (Fig. 3c). Gene Ontology (GO) analysis revealed that the
FS8.1-regulated genes were significantly enriched in several pathways,
including thoserelated to the cell cycle and cell differentiation (Fig. 3d).

Notably, many positive regulators of cell cycle progression were
downregulated by FS8.1. This list includes genes encoding cyclins,
cyclin-dependent kinases (CDKs) and microtubule-associated pro-
teins (Extended Data Fig. 5c and Supplementary Table 2). In contrast,
many negative regulators of the cell cycle were upregulated by FS8.1
(Extended Data Fig. 5c and Supplementary Table 2). For example,
many genes encoding the well-characterized CDK inhibitors of the
KIP-RELATED PROTEIN (KRP) family**® and the SIAMESE-RELATED
(SMR) family*”*® were upregulated by FS8.1 (Extended Data Fig. 5c
and Supplementary Table 2). Taken together, these results revealed
that FS8.1 downregulates positive regulators of the cell cycle while
upregulating negative regulators of the cell cycle.
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Theaboveresults support the hypothesis that FS8.1regulates fruit
shape viaupregulation of KRPgenes that inhibit cell cycle progression.
To test this hypothesis, we aimed to verify the FS8.1-mediated regula-
tion of the expression of SIKRP2, atomato homologue of the Arabidop-
sis KRP2 gene (Extended Data Fig. 5d). It was previously reported that
AtKRP2 plays a critical role in the inhibition of cell cycle progression
during leaf development®. We found that SIKRP2 expression levels were
markedly decreased inthe f$8.1 mutant compared with the WT (that s,
IL8-1-1) ovaries (Fig. 3e). Consistently, SIKRP2 expression levels were
significantly increased in the Comp-1 and Comp-2 ovaries compared
with the fs8.1 mutant (that is, M82) ovaries (Fig. 3f). Together, these
results supported the idea that FS8.1 activates SIKRP2 expression.

To test whether and how SIKRP2 regulates fruit shape, we gener-
atedits null mutantsinIL8-1-1and found that the resulting slkrp2 single
mutants did not affect fruit shape (Extended Data Fig. 5e,f). We then
generated CRISPR/Cas9-mediated mutantsin which SIKRP2and its par-
alogous genes, SIKRPI and SIKRP4, were knocked out (Extended Data
Fig. 5d,e). Compared with the round-shaped IL8-1-1 fruits, the slkrp1
slkrp2 slkrp4 triple mutant fruits were elongated and had anincreased
fruit shape index (Fig. 3g,h), indicating that SIKRP2 acts redundantly
with SIKRP1 and SIKRP4 to regulate fruit shape.

To determine the genetic relationship between FS8.1and SIKRP2
in regulating fruit shape, we generated SIKRP2-overexpression
(SIKRP2-OE) plants (Extended Data Fig. 5g) in the background of
M82, which harbours aloss-of-function allele of FS8.1 (Extended Data
Fig.1j). Compared with the elongated M82 fruits, the SIKRP2-OE fruits
wereround and had a decreased fruit shape index (Fig. 3i,j), indicating
that SIKRP2 could complement the f58.1-mediated fruit shape changes.
Theseresultsimplied that SIKRP2 acts genetically downstream of FS8.1
in regulating fruit shape. Collectively, these results supported the
notionthat FS8.1regulates fruit shape viaactivation of the expression
of SIKRP genes.

FS8.1activates SIKRP2 expression by interacting with SIGT-16
We then explored how FS8.1 activates SIKRP2 expression. Chroma-
tin immunoprecipitation-quantitative polymerase chain reaction
(ChIP-qPCR) assays using FS8.1-GFP plants (Extended Data Fig. 2h)
and anti-GFP antibody indicated that FS8.1-GFP was enriched in the
SIKRP2 promoter (Fig. 4a,b). However, electrophoretic mobility shift
assays (EMSAs) failed to detect direct binding of maltose-binding pro-
tein (MBP)-tagged FS8.1 (MBP-FS8.1) to the GT element (GGTAATT) of
the SIKRP2 promoter (Fig. 4c,d), suggesting the possibility that FS8.1
isrecruited to the SIKRP2 promoter by interacting proteins that can
directly bind to the GT element.

Given that GT-2 factors usually act as dimers to regulate gene
expression’?’, we hypothesized that FS8.1 could form a complex with
GT-2factorsthatareable tobind GT elements. To test this hypothesis,
we conducted firefly luciferase (LUC) complementationimaging (LCI)
assays to test whether FS8.1 interacts with five tomato GT-2 factors
that are phylogenetically closest related® (Extended Data Fig. 3b).
The results showed that FS8.1 strongly interacted with SIGT-16 and
SIGT-34 (Extended Data Fig. 6a). Consistently, both MBP-SIGT-16

and MBP-SIGT-34 were able to pull down glutathione S-transferase
(GST)-tagged FS8.1 (GST-FS8.1) (Fig. 4e,f), indicating that FS8.1inter-
actswith SIGT-16 and SIGT-34 in vitro.

Considering the high sequence similarity between SIGT-16 and
SIGT-34 (Extended DataFig.3a,b), we focused on the former for further
analysis. The results of our LCl assays indicated that the truncated
proteinencoded by the fs8.1 mutant allele failed to interact with SIGT-
16 (Fig. 4g,h). Additional LCI assays (Fig. 4g,h) and pull-down assays
(Fig.4i,j) revealed that SIGT-16 interacted withitself but that FS8.1 did
not. Moreover, the FS8.1-SIGT-16 interaction was significantly stronger
than the SIGT-16-SIGT-16 interaction (Fig. 4g,h). Collectively, these
results support the idea that FS8.1 might regulate SIKRP2 expression
through complexation with the canonical GT-2 factor SIGT-16.

We then investigated whether SIGT-16 regulates SIKRP2 expres-
sionthrough promoter binding. ChIP-qPCR analysis using SIGT-16-GFP
plants (Extended Data Fig. 6b) and anti-GFP antibody indicated that
SIGT-16-GFP was enriched in the SIKRP2 promoter (Fig. 4k). Moreo-
ver, EMSAs indicated that SIGT-16 directly binds the GT element of
the SIKRP2 promoter (Fig. 4c) and that this binding depends on the
N-terminal trihelix domain (TD1) of SIGT-16 (Fig. 4d). These results,
together with the observation that the expression pattern of SIKRP2
was similar to that of SIGT-16 in developing ovaries (Extended Data
Fig. 5a), support the idea that SIGT-16 activates SIKRP2 expression
through promoter binding.

To examine the role of SIGT-16 and SIGT-34in regulating fruit shape,
we generated CRISPR/Cas9-mediated mutants of these genes in the
genetic backgrounds of the round-fruited Ailsa Craig (AC) and IL8-1-1
(Extended Data Fig. 6¢). Whereas the single mutants did not affect
fruit shape, the sigt-16 sigt-34 double mutants in both backgrounds
displayed elongated fruits (Fig. 4], m and Extended Data Fig. 6d,e).
Consistently, SIKRP2 expression levels in the ovaries of these double
mutants were significantly reduced compared with those in the WT
ovaries (Fig.4n and Extended Data Fig. 6f). These results implied that
SIGT-16 acts redundantly with SIGT-34 to regulate fruit shape formation
through activation of SIKRP2 expression.

Notably, FS8.1-GFP enrichmentin the SIKRP2 promoter was largely
reduced in the sigt-16 sigt-34 double mutant compared with the WT
(Fig. 4b), supporting the notion that FS8.1 recruitment to the SIKRP2
promoter depends on SIGT-16 and SIGT-34. Consistently, overexpres-
sionof SIGT-16 rescued the fruit shape of M82 from elongated to round
(Fig. 40,p and Extended Data Fig. 6b). These results collectively sug-
gest that SIGT-16 acts genetically downstream of FS8.1in regulating
fruitshape.

Taken together, our results support the idea that FS8.1 regulates
fruit shapeviainteraction with canonical GT-2 factors such as SIGT-16
and possibly others to activate KRP expression.

FS8.1enhances the transcriptional activity of SIGT-16

Next, we aimed to understand the mechanism and functional signifi-
cance of the FS8.1-SIGT-16 interaction. The results of domain mapping
experiments with pull-down assays revealed that the HD of SIGT-16
isinvolved inits interaction with FS8.1 (Fig. 5a), whereas both the

Fig.2|F$8.1encodes a GT-2-like protein that lacks the duplicate trihelix
domains. a, Schematic representation of the introgressed regions of IL8-1-1,
IL8-2 and IL8-3. The blue lines represent the introgressed chromosome fragments
from S. pennellii (LAO716). The vertical dashed lines indicate the positions of
molecular markers. b, Fine-mapping of FS8.1. Top: high-resolution mapping
narrowed FS8.1to the DNA segment between markers M5 and M6. n = number

of plants. Fruit shape indexes of recombinant progenies (L1-L5) are on the right.
Dataare means + s.d. Asterisks indicate significant differences between WT and
fs8.1progenies (**P<0.01; Student’s t-tests). Bottom: candidate genes in the
FS8.1 mappingregion. Three non-synonymous SNPs between LA1589 and Rio
Grande are labelled on the gene sketch. ¢, Schematic diagram of Solyc08g061910.
Theblack boxes represent exons. The SNP (A857T) causing early termination

(R250Stop) is highlighted in red. d, Schematic domain architecture of the
indicated proteins. e, Ripe fruits (top) and ovaries at anthesis (bottom) of IL8-1-1
and fs8.1 mutants. Scale bars, 1 cm (top), 0.5 mm (bottom). f,g, Fruit shape index
(f) and ovary shape index (g) of IL8-1-1and fs8.1 mutants. In f, n = 15 fruits. In
g,n=11,11,10 ovaries from left to right. h, CR of IL8-1-1and fs8.1 ripe fruits (n =15,
14,15 fruits from left to right). i, Ripe fruits (top) and anthesis ovaries (bottom) of
M82 and complementation (Comp) lines. Scale bars, 1 cm (top), 0.5 mm (bottom).
j.K, Fruit shapeindex (j) and ovary shape index (k) of M82 and Comp lines.

Inj, n=12,16,16 fruits from left to right. Ink, n =11, 11, 14 ovaries from left to right.
Barsrepresent means + s.d. The significance of differences was evaluated using
two-tailed Student’s t-tests, with exact Pvalues indicated on the graph.
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Fig.3|FS8.1regulates fruit shape via activation of SIKRP2 expression.

a, Representative images of Comp-2and M82 ovaries at the indicated
developmental stages. Scale bar, 0.5 mm. b, Ovary shape indexes of Comp-2
and M82 at the indicated developmental stages. For Comp-2,n=7,7,10,10, 10,
10,12 ovaries from left to right; forM82,n=4, 6,6, 5,8, 7, 6 ovaries from left to
right. ¢, Distribution of genes differentially expressed between Comp-2 and
M82 ovaries at 9 DBA. d, GO enrichment analysis of FS8.1-regulated genes.
The results of classification within the biological process categories with
Pvalues from the statistical overrepresentation test (https:/pantherdb.org/)
are shown. e, RT-qPCR assays showing SIKRP2 expression in 9-DBA ovaries of
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theindicated genotypes (n = 3 independent biological replicates). f, RT-qPCR
assays showing SIKRP2 expression in 9-DBA ovaries of the indicated genotypes
(n=3independentbiological replicates). g, Ripe fruits of IL8-1-1and the slkrp1
slkrp2 slkrp4 mutant. Scale bar, 1cm. h, Fruit shape indexes of IL8-1-1and the
slkrpl stkrp2 slkrp4 mutant (n = 15 fruits). i, Ripe fruits of M82 and SIKRP2-OF
lines. Scale bar,1cm. j, Fruit shape indexes of M82 and SIKRP2-OE lines (n =17,
15,15 fruits from left to right). Bars represent means + s.d. The significance of
differences was evaluated using two-tailed Student’s ¢-tests, with exact P values
indicated on the graph.

HD and the C-terminal TD2 are important for SIGT-16 homodimeri-
zation (Fig. 5b). Because GT-2 factors usually undergo dimerization
through the HD'?°, we were interested in determining whether and
how FS8.1affects SIGT-16 dimerization. For this purpose, we performed
aninvitro pull-down assay in which the amounts of MBP-SIGT-16 and
GST-SIGT-16 were kept constant ineach sample, whereas the amount of

GST-FS8.1wasincreased through a gradient. Inthis assay, recombinant
MBP-SIGT-16 was used to pull down GST-SIGT-16 and GST-FS8.1. The
results showed thatincreasing concentrations of GST-FS8.1 had aminor
(if any) effect on the ability of MBP-SIGT-16 to pull down GST-SIGT-16
(Fig.5c), suggesting that FS8.1tends to complex with SIGT-16 homodi-
mers rather than impair the formation of SIGT-16 homodimers.

Nature Plants | Volume 9 | October 2023 | 1659-1674

1664


http://www.nature.com/natureplants
https://pantherdb.org/

Article

https://doi.org/10.1038/s41477-023-01522-w

Relative enrichment

We then employed a dual-luciferase reporter system® to study the
effect of FS8.10nSIGT-16-mediated transcriptional activation of SIKRP2
expression. For this purpose, we cloned a 2,053-bp SIKRP2 promoter
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sequence and inserted itinto adual-LUC reporter construct to gener-
ate a proSIKRP2::LUC reporter construct (Fig. 5d). Co-expression of
35S::SIGT-16 with proSIKRP2::LUC in Nicotiana benthamiana leaves
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Fig.4|FS8.1activates SIKRP2 expression by interacting with SIGT-16 and
SIGT-34. a, Schematic representation of SIKRP2 showing the amplicons and
probe used for ChIP-qPCR and EMSAs, respectively. b, ChIP-qPCR results
showing the enrichment of FS8.1-GFP in the SIKRP2 promoter (n =3 independent
biological replicates). The amplicons detected by qPCR are indicated in

a. SIACTIN2was used as a non-specific target. ¢, EMSA results showing that SIGT-16,
butnot FS8.1, directly binds to the SIKRP2 promoter. d, EMSA results showing
that SIGT-16 directly binds the SIKRP2 promoter through its TD1. SIGT-16*™"

and SIGT-16*™2are SIGT-16 derivatives lacking TD1and TD2, respectively.

e.f, Pull-down assay results showing that FS8.1interacts with SIGT-16 (e) and
SIGT-34 (f). CBB, Coomassie brilliant blue staining. g, LCl assay results showing the
association between FS8.1and SIGT-16. h, Quantitative analysis of luminescence
intensity in g (n =11independent biological replicates). i, Pull-down assay

results showing that FS8.1interacts with SIGT-16 but not with itself. j, Pull-down
assay results showing that SIGT-16 interacts with FS8.1 and itself. k, ChIP-qPCR
results showing the enrichment of SIGT-16-GFP in the SIKRP2 promoter (n=3
independent biological replicates). The amplicons detected by qPCR are
indicated ina. SIACTIN2 was used as a non-specific target. I, Ripe fruits of IL8-1-1
and slgt-16 sigt-34 mutants. Scale bar, 1 cm. m, Fruit shape indexes of IL8-1-1and
slgt-16 slgt-34 mutants (n =13 fruits). n, RT-qPCR assay results showing SIKRP2
expression in ovaries at anthesis of the indicated genotypes (n = 3 independent
biological replicates). o, Ripe fruits of M82 and SIGT-16-OF lines. Scale bar, 1 cm.
p, Fruitshape indexes of M82 and SIGT-16-OF lines (n = 10 fruits). Bars represent
means = s.d. The significance of differences was evaluated using two-tailed
Student’s t-tests, with exact Pvalues indicated on the graph. Experiments in
c-f,iandjwererepeated independently at least three times with similar results.

led to increased LUC activity, suggesting that SIGT-16 activates
proSIKRP2::LUC expression (Fig. 5d,e). When FS8.1 was co-expressed
with SIGT-16 and the proSIKRP2::LUCreporter, the SIGT-16-dependent
activation of LUC activity was further enhanced (Fig. 5d,e). In parallel
control experiments, the fs8.1 mutant protein showed a negligible
effect on SIGT-16-dependent activation of LUC activity (Fig. 5d,e).
These results suggest that FS8.1 functions as a co-activator of SIGT-16.

Taken together, our results support a scenario in which FS8.1
forms a transcriptional complex together with SIGT-16 and thereby
enhancesits transcriptional activation for the expression of cell cycle
inhibitory genes.

In summary, our results suggest that the FS8.1-SIGT-16 transcrip-
tional module exerts a stronger cell proliferation-inhibitory effect on
the ovary wall than on the columella. If this were true, we anticipated
that F$8.1 and SIGT-16 may be differentially expressed in the ovary wall
and the columella of developing ovaries. To test this hypothesis, we
measured the tissue-specific expression of FS8.1 and SIGT-16 by using
transgenic plants harbouring their promoter-driven -glucuronidase
(GUS) fusion constructs. Theresults showed that the proFS8.1::GUS and
proSISIGT-16::GUS activities were much stronger in the ovary wall thanin
the columella (Fig. 5f). Consistently, reverse transcription-quantitative
polymerase chain reaction (RT-qPCR) assays showed that the expres-
sion levels of both FS$8.1 and SIGT-16 were higher in the ovary wall than
inthe columella (Fig.5g,h). As expected, the expression levels of SIKRP2,
which serves as a readout of the transcriptional output of the FS8.1-
SIGT-16 module, were also higher in the ovary wall thanin the columella
(Fig.5f,g,i). Given that SIKRP2 functions as aninhibitor of cell cycle pro-
gression, our results supportamodel where, inthe WT, the FS8.1-SIGT-16
module exerts astronger inhibitory effect on the cell cycle progression
of the ovary wall than on the columella, leading to round fruits (Fig. 5j).

We then examined how the f58.1 mutation alters the differential
expression pattern of relevant genes between the ovary wall and the
columella. The results showed that in the fs8.1 mutant ovaries, the
SIGT-16 expressionlevelsinboth tissue layers were largely unchanged
(Fig.5h), but the relative expression levels of SIKRP2in the ovary walls
were lower than those in the columella (Fig. 5i). Thus, disruption of
FS8.1 function resulted in a weaker inhibitory effect on the cell cycle

progression of the ovary walls than of the columella, leading to elon-
gated fruits (Fig. 5j).

fs8.1is selected in machine-harvestable processing tomatoes
We sought to determine how common thefs8.1alleleisin modernlines
and when the mutation arose in tomato domestication and selection.
The analyses showed that the mutation arose relatively late as it was
not found in the Varitome collection, a group of 168 accessions con-
sisting of the closest wild relatives to cultivated tomato, S. pimpinel-
lifolium, and many accessions of S. [ycopersicum var. cerasiforme, an
intermediate type between the fully wild and cultivated accessions™
(Fig. 6aand Supplementary Tables 3-7). The fs8.1 allele was found at low
levelsin Regional Latin American (8%) and Regional Italian accessions
(14%) including the well-known San Marzano type cultivar (Fig. 6aand
Supplementary Tables 3-5), suggesting that the allele arose during
initial selections of cultivated types in Latin America or Europe well
after domestication of the crop. The distribution of the fs8.1 allele was
significantly increased (60%) intransitional/early processing accessions
(Fig. 6aand Supplementary Table 6). Strikingly, asurvey of modern pro-
cessing and fresh-market accessions from Chinaand the United States
showed that the mutantalleleis presentin current-day processinglines
butabsentin fresh-market varieties (Fig. 6aand Supplementary Tables 6
and 7). The cultivar Red Top VF was released in1952 and carried thefs8.1
mutation (Supplementary Table 6). The release dates for San Marzano
and Roma VF were not known but they also carried the fs8.1 mutation
(Supplementary Tables 5and 6). These were key parental genotypes in
initial crosses to develop cultivars with the characteristics demanded
by the processingindustry. The historical pedigreeinformationand the
year of release for the modern cultivars (Supplementary Tables 5and 6)
suggested that selection of thefs8.1allelein processing-tomato breeding
occurred during the1960s-1970s. Thus, inline with the history of rede-
signing the tomato for mechanized production®****, the fs8.1 mutation
was highly selected in the breeding of modern processing cultivars.

Editing of FS8.1improves CR without compromising quality
Next, we were interested in determining whether FS8.1 can be used
to improve the CR of fresh-market tomato fruits. To accomplish this

Fig. 5| FS8.1increases the transcriptional activity of SIGT-16. a, Pull-down
assay results showing that SIGT-16 interacts with FS8.1 through HD. b, Pull-

down assay results showing that both HD and TD2 are important for SIGT-16
homodimerization. ¢, Pull-down assay results showing that FS8.1tends to forma
complex with SIGT-16 homodimers rather than impair the formation of SIGT-16
homodimers. The bands were quantified using Image]J software. d, Schematic
diagram showing the constructs used in the transient expression assays of

e. e, Transient expression assays showing that FS8.1functions as a co-activator of
SIGT-16-mediated gene transcription (n = 4 independent biological replicates).
The proSIKRP2::LUC reporter was cotransfected with the indicated effector
constructs. The LUC:REN ratio represents the proSIKRP2::LUC activity relative
tothat of theinternal control (REN driven by the 35S promoter). f, Longitudinal
section of IL8-1-1(WT), proFS8.1::GUS, proSIGT-16::GUS and proSIKRP2::GUS

ovaries showing the tissue-specific expression patterns of these genes.

g, RT-qPCRresults showing the relative expression levels of the indicated
genesin the ovary walls and ovary columella of IL8-1-1anthesis ovaries (n=3
independent biological replicates). The expression FCs between the ovary walls
and columella are given. h,i, RT-qPCR results showing the relative expression
levels of SIGT-16 (h) and SIKRP2 (i) in the ovary walls of ovaries at anthesis of the
indicated genotypes (n =3 independent biological replicates). The expression
FCs between the ovary walls and columella are given. j, Proposed model for FS8.1-
mediated fruit shape formation. GE, GT element. Bars represent means = s.d.
Thesignificance of differences was evaluated using two-tailed Student’s ¢-tests,
with exact Pvalues indicated on the graph. Experiments in a-c were repeated
independently at least three times with similar results.
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task, we used the CRISPR/Cas9 gene-editing system to mutate FS8.1
in the background of the typical fresh-market cultivar AC (Extended
DataFig.7a). As expected, the resulting mutants produced elongated
fruits that had significantly increased CR (Extended Data Fig. 7b-d).
Notably, fruit weight (Extended Data Fig. 7e) and the levels of total
soluble solids (Extended Data Fig. 7f), sugars (Extended DataFig. 7g,h),

acids (Extended DataFig. 7i,j) and lycopene (Extended Data Fig. 7k) of
mutant fruits were comparable to those of their parental fruits, indicat-
ing that manipulation of FS8.1 does not lead to unfavourable effects
on fruit weight and quality.

In addition to presenting enhanced fruit CR, cultivars suitable
for machine harvesting should have determinate growth and uniform
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fruitripening.Indeed, fs8.1 (refs. 5,7,13) and self-pruning (sp)*** natu-
ral mutations have facilitated mechanical harvesting of processing
tomatoes and thus revolutionized the tomato industry. In this con-
text, we used CRISPR/Cas9 to engineer both FS8.1 and SPin the back-
ground of TB0249, an elite fresh-market cultivar with anindeterminate
growth habitand that produces round fruits (Extended Data Fig.7a). As
expected, the resulting fs8.1sp double mutants displayed determinate
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growth habits and produced elongated fruits with enhanced CR
(Fig. 6b-e). Furthermore, the double mutants displayed typical
sp determinate growth habits that provide progressively faster sym-
podial shoot flowering and synchronized fruit ripening, leading to
early yields (Fig. 6b,f-h). Thus, our work probably exemplifies a sim-
ple one-step approach for rapidly improving fruit CR and generating
early-yielding, machine-harvestable fresh-market tomatoes.
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Fig. 6 | Editing of F§8.1improves the CR of fresh-market tomato fruits
without compromising quality. a, Population of FS8.1 alleles in different
tomato germplasm classes. Varitome is an ancestral population of tomato
composed of Solanum pimpinellifolium (SP) accessions from Ecuador and Peru;
Solanum lycopersicum var. cerasiforme (SLC) accessions from Ecuador, Peru
and Central America; and Solanum lycopersicum var. lycopersicum (SLL) from
Mexico. The number of accessions in each category is indicated in parentheses.
b, Representative images of TB0249 and fs58.1 sp double mutant plants (top)
and their fruits (bottom). The images were taken at 167 d after germination.
Theinflorescences are indicated by numbers. Scale bar, 10 cm. ¢, Ripe fruits of the

TB0249 and f58.1 sp double mutant. Scale bar,1cm. d,e, Fruit shape indexes (d)
and CRin the abaxial-adaxial direction (e) of TB0249 and fs8.1 sp double mutant
fruits.Ind, n=11, 8, 8 fruits from left to right.Ine, n =10, 8, 8 fruits from left to
right. f,g, Flowering time for primary (f) and sympodial (g) shoots of TB0249
and fs8.1sp plants (n =8, 8, 6 plants from left to right). The sum of the leaves
from five sympodial shoots was used to determine statistical significance in
g.h, Percentage of red fruits from TB0249 and fs8.1 sp plants (n =6, 6, 5 plants
from left to right). In d-h, bars represent means + s.d. The significance of
differences was evaluated using two-tailed Student’s ¢-tests, with exact Pvalues
indicated on the graph.

Discussion

We haveidentified the long-sought-after gene underlying the elongated
fruitshape of machine-harvestable processing tomatoes and elucidated
itsmode of action at the cellular and molecular levels. F$8.1 encodes a
non-canonical GT-2 factor and complexes with canonical GT-2 factors
such as SIGT-16 to activate cell cycle inhibitory genes. FS8.1 itself and
SIGT-16 are differentially expressed in the ovary wall and the columella,
thereby exerting distinct transcriptional output on these tissue layers.
Our results support a scenario in which FS8.1 determines fruit shape
by differentially inhibiting the cell proliferation rate of the ovary wall
and the columella.

Notably, the wild progenitors of cultivated tomatoes have tre-
mendous genetic diversity at the whole-genome level but produce
fruits that are almostinvariably round. In contrast, cultivated toma-
toes havelittle genetic variationin their genomes but exhibit tremen-
dous diversity in terms of fruit shape'*****°, Presumably, with respect
to fruits, roundness provides several advantages over other shapes
for seed dispersal in the wild, and domestication and selection have
presumably led to dramatic changes in the fruit shape of tomato
cultivars®>*'***°_Indeed, our analysis of the distribution of FS8.1
alleles demonstrates that the fs8.1 mutation arose recently and was
highly selected in the breeding of machine-harvestable processing
tomatoes. These findings are in line with the notion that selection
for firmer-fruited varieties resulted in ashape change from round to
elongated or torpedo-shaped tomatoes*>".

Our study raised the intriguing question of how the fs8.1 mutation
leads to enhanced CR of tomato fruits. It is conceivable that elon-
gated fruits have several aspects of advantage over round fruits to
withstand mechanized harvesting and postharvest processing. First,
they are much easier to transport by a conveyor belt. Second, they are
more resistant to crushing because the contact areas among elon-
gated fruits are much larger than those of round fruits*°. In addition
to shape change, the enhanced CR of fs8.1 mutant fruits could also be
duetoadditional changes such as cell wall structure. However, several
lines of evidence do not support this scenario. First, the FS8.1 gene is
temporally expressed during the early stages of ovary development
and determines the pattern of ovary shape before anthesis'. Second,
the ovary wall thickness of the FS8.1 knockout mutants was actually
decreased due to reduced cell layers (Extended Data Fig. 2e,f). Third,
the fs8.1 mutation does not affect fruit ripening. Thus, it is not likely
that the fs8.1 mutation enhances fruit CR by changing cell wall remod-
elling. It will be interesting to further explore the cellular, molecular
and biochemical mechanisms underlying fs8.1-mediated effects on
fruit CRin future studies.

Compared with processing-tomato fruits, typical fresh-market
tomato fruits are of higher quality in terms of nutrition and flavour.
However, fresh-market tomato fruits can experience severe soft
fruit-associated deteriorationin terms of harvest, transportation and
storage. Thus, enhancing fruit firmness without compromising other
quality valuesis anearnest target for modern breeding of fresh-market
tomatoes. Given that fruit firmness is determined by the rate of soften-
ingduring ripening, a process in which fruit colour, texture and flavour
traits are formed, breeding firm fruits with desirable qualities has

proven to be challenging. For example, the natural mutations ripen-
ing inhibitor (rin) and non-ripening (nor) have been used to improve
fruit firmness*-*2. However, these ripening-related mutations often
adversely affect colour, flavour and nutritional qualities*****. Thus,
an alternate strategy to improve fruit firmness without affecting the
ripening process would ideally achieve both goals of long shelf-life
and high quality.

Although the fs8.1 allele has revolutionized the breeding of
processing tomatoes in the 1970s, the application of this allele in
fresh-market tomato breeding has proven to be challenging. Consid-
ering that the fs8.1 locus is located in a heterochromatic region™, it
is likely that the extremely low recombination rate around the locus
and unfavourable linkage drag have prevented the introduction of
this beneficial allele into fresh-market tomatoes. From this perspec-
tive, our identification of the FS8.1 gene makes it possible to breed
this beneficial allele into fresh-market tomatoes using gene editing, a
powerful breeding technique that can effectively avoid the effects of
linkage drag***%. Indeed, CRISPR/Cas9-mediated precise mutation
of FS8.11ed to enhanced CR of elite fresh-market tomatoes without
loss of quality. Previous studies have shown that PECTATE LYASE®, the
GA2-oxidase-encoding gene FIRMSKIN I (ref.18), the LATERAL ORGAN
BOUNDARIES transcription factor gene SILOBI (ref. 50), B-galactosidase
genes TBG4 and TBG6 (ref. 51,52), the MADS-box transcription factor
gene SIMBP3 (ref. 53,54), and several polygalacturonase genes and
expansin genes>~° are useful targets to enhance fruit firmness by
targeted control of fruit softening. Given that F58.1is not involved in
fruitripening, our work provides analternate strategy toimprove fruit
CRwithout affecting softening.

Furthermore, simultaneous mutation of FS8.1 and SP converted
indeterminate fresh-market tomato plants that produce round fruits
into determinate plants that produce square fruits suitable for machine
harvesting. Inthisregard, our study probably underscores a potential
strategy to breed fresh-market tomatoes suitable for mechanized
production.

Itisalso possible that the consumer preference and culinary util-
ity of round fruits have precluded the breeding of the fs8.1 allele into
fresh-market tomatoes. In this regard, it will be interesting to test
whether the FS8.1gene can be used to develop more flavourful process-
ing tomatoes from fresh-market varieties.

Methods

Plant material and growth conditions

Seeds of M82(LA3475),1L8-1-1(LA4072),1L8-2(LA4074),1L8-3 (LA4076),
AC (LA2838A),LA0716,LA1706,LA3528,E6203 (LA4024) and LA3144
were obtained from the C.M. Rick Tomato Genetics Resource Center
(TGRC; https://tgrc.ucdavis.edu) at the University of California, Davis.
Seeds of Springo, T46567 and Fafnir were purchased from Syngenta.
Seeds of Provence and SV4424TH were purchased from Monsanto.
Seeds of TB0249 were obtained from our own stocks. IL8-1-1was used
asthe WT for fs8.1-7, fs8.1-9, slgt-16 sigt-34, slkrp2, slkrp1 slkrp2 slkrp4,
profFS8.1::GUS, proSISIGT-16::GUS and proSIKRP2::GUS. M82 was used
as the WT for proFS8.1::FS8.1-GFP (Comp), SIKRP2-OF and SIGT-16-OF.
AC was used as the WT for f$8.1-3, fs8.1-16, slgt-16-1, slgt-16-2, slgt-34-1,
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slgt-34-2, slgt-16-3 slgt-34-3 and slgt-16-4 slgt-34-4. TB0249 was used as
the WT for fs8.1-1 sp-1 and fs8.1-2 sp-2. Seeds of N. benthamiana were
obtained from our own stocks.

The tomato seeds were germinated on moistened filter paper
at room temperature and then sown in 32-cell plastic flats. The seed-
lings were grown in a growth chamber and maintained at 60% relative
humidity under 16 h of light (200 pE m?s™) at 26 °Cand 8 hof darkness
at 18 °C. Thirty-day-old seedlings were transplanted to the field and
grown under standard water and fertilizer management. N. bentha-
miana seeds were germinated in soil in 8-cm diameter pots and then
transplanted to 32-cell plastic flats. The N. benthamiana seedlings were
grown under the same conditions as those of the tomato seedlings.

To collect the developing ovaries more precisely at pre-anthesis
stages, the timing of ovary development was determined as described
previously®. Briefly, flower buds were tagged and the size of the flower
wasrecorded every day until anthesis. Then, flower sizes were plotted
against the relative number of days pre-anthesis to estimate the rela-
tionship between flower size and the timing of ovary development (that
is, DBA). Next, ovaries were collected from flowers estimated tobe at 18,
15,12,9,5,3and O DBA (on the basis of flower size) and used for analysis.

Phenotypic evaluation

For fruit shape analysis, full-size ripe fruits were cut longitudinally,
scanned at 300 dpi and analysed using Tomato Analyser (v.4.0)*". The
fruit shape index was calculated as the ratio of the maximum height/
length to the maximum width of a fruit.

For ovary shape analysis, ovaries at anthesis were cut longitudi-
nally and digitized using a Lecia DFC490 digital camera. The maximum
length and width of the ovaries were measured using Image]J software.
The ovary shape index was calculated as the ratio of the maximum
length to the maximum width of an ovary.

Fruit CR was measured using an Instron 5542 texture analyser as
previously described'®. More than eight red ripe fruits of each genotype
were used for measurements.

Histological analysis

Ovaries at anthesis were fixed in formalin-acetic acid-alcohol (10% for-
maldehyde, 5% glacial acetic acid, 50% ethanol) at 4 °C overnight. The
samples were dehydrated onice with an ethanol-double distilled H,0
series (50, 70, 85, 95,100% x 2) and then embedded in a resin-ethanol
series (50,100%) at room temperature. The embedded ovaries were
subsequently sectioned using a LeicaRM2265 semithin slicer, followed
by staining with 0.5% toluidine blue in a 0.1% sodium carbonate solu-
tion. The sections were imaged using an Olympus BX51 microscope,
and histological and cellular observations were made using ImageJ.
The red, blue and yellow lines in Fig. 1a indicate the inner ovary wall,
the columellaboundary and ovary wall thickness, respectively. The cell
number and size were measured along these lines.

Fine-mapping

FS8.1 has been mapped to a 3.03-Mb interval between two markers,
11EP239 and 11EP249, on the long arm of chromosome 8 by using recom-
binant plants derived from hybrid progenies of S. [ycopersicum cv.Rio
Grande and a wild species, S. pimpinellifolium (accession no. LA1589,
https://tgrc.ucdavis.edu/) (ref.14). Onthe basis of previous mapping,
we used aBC,F;plant (13S140) to self-pollinate twice and obtained five
recombinants from 14,080 progenies, which narrowed the region to
268.63 kb. There are three openreading framesin thisregion. Primers
used for genotyping are listed in Supplementary Table 8.

Plasmid construction and plant transformation

For genetic complementation of M82, an FS8.1 genomic fragment con-
taining its 2,854-bp promoter and coding sequence from AC was cloned
into a pCAMBIA1300-GFP vector®® to generate a proFS8.1::FS8.1-GFP
construct. For overexpression of SIKRP2, the coding DNA sequence

(CDS) of SIKRP2 was cloned into a pENTR vector (Invitrogen), which
was then recombined with the binary vector pPGWBI18 (ref. 59) to gen-
erate a pro35S::SIKRP2-myc construct. For overexpression of SIGT-16,
the SIGT-16 CDS was cloned into pENTR (Invitrogen), which was then
recombined with the binary vector pK7FWG2.0 (ref. 60) to generatea
pro355::SIGT-16-GFP construct. All the constructs were transformed
into M82by Agrobacterium tumefaciens (GV3101)-mediated cotyledon
explant transformation as described previously?. The resulting trans-
formants were selected on the basis of their resistance to hygromycin B
or kanamycin. Homozygous T, transgenic plants were used for further
experiments. All primers used for plasmid construction are listed in
Supplementary Table 8.

CRISPR/Cas9-mediated mutations

Null mutations of FS8.1, SIKRP2, SIGT-16 and SIGT-34 were gener-
ated by the tomato U6 promoter-controlled CRISPR/Cas9 system
as previously described®. Briefly, two sets of primers containing
guide RNA (gRNA) sequences of FS8.1 were used in PCR to generate
atomato U6-26-FS8.1-gRNA cassette. The resulting U6-26-FS8.1-gRNA
cassette was then cloned into the binary vector pTX041 (ref. 23) to
form a pTX041-FS8.1 construct. pTX041-SIKRP2, pTX041-SIGT-16 and
PpTX041-SIGT-34 constructs were generated following the same pro-
tocol. The final binary vectors were subsequently transformed into
IL8-1-1, AC or TB0249 by A. tumefaciens (GV3101)-mediated cotyledon
explant transformation. The sigt-16 sigt-34 double mutant line was gen-
erated by a CRISPR/Cas9 multiplex editing system on the basis of the
endogenous transfer RNA (tRNA)-processing system®-®, Briefly,apGTR
plasmid containing the gRNA scaffold with atRNA sequence was used
as a PCR template to generate gRNA-tRNA units. The resulting units
were clonedinto pTX041to formapTX041-SIGT-16&SIGT-34 construct.
Thefinal construct was then transformed into IL8-1-1and AC. An slkrpl
slkrp2 slkrp4 triple mutant line and fs8.1 sp double mutant lines were
generated following the same protocol. The CRISPR/Cas9-mediated
mutations were genotyped by PCR amplification and DNA sequencing.
Homozygous lines without Cas9 were identified for further experi-
ments. The primers used for plasmid construction and genotyping
are listed in Supplementary Table 8.

RNA extraction and gene expression analysis

Total RNA was extracted from each sample using TRIzol reagent (Invit-
rogen, 15596018) according to manufacturerinstructions. The quality
ofthetotal RNA was determined using aNanoDrop spectrophotometer
(Thermo Fisher). Each sample (2 pg) of total RNA was used to synthesize
first-strand complementary DNA with a PrimeScript RT kit with gDNA
eraser (RRO447A, Takara). RT-qPCR was performed using a Roche
LightCycler 480 system with a SYBR Fast qPCR kit (KK4601, KAPA
Biosystems). The expression levels of the target genes were normal-
ized against that of SIACTIN2. The error bars represent the s.d.s of 3
biological replicates. Each replicate was collected from more than 10
pooled ovaries or other organs at the same stage. The primers used to
quantify the gene expression levels are listed in Supplementary Table 8.

Phylogenetic tree construction and protein structure
prediction

Phylogenetic trees were constructed with MEGA (v.7.0)° using the
neighbour-joining method. The branches were compared with boot-
strap support values from 500 replicates per node. Protein structures
of SIGT-16, FS8.1and fs8.1 were predicted by the artificial intelligence
(Al) system, AlphaFold®**.

RNA-seq and data analysis

M82and Comp-2ovaries were collected at 9 DBA for RNA isolation. Total
RNA was extracted using TRIzol reagent (15596018, Invitrogen) and
thentreated with DNase I (M0303S, New England Biolabs). The quality
of the total RNA was assessed using a NanoDrop spectrophotometer
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and Agilent 2100 Bioanalyzer. For each sample, 1 pg of total RNA was
used to construct Illumina sequencing libraries according to manufac-
turerinstructions. Thelibraries were sequenced by staff at Biomarker
Technologies via an lllumina HiSeq X-ten platform and preliminarily
analysed using the BMKCloud platform (http:/www.biocloud.net/).
Low-quality reads and reads containing adapter sequences and poly-N
sequences were removed from the raw data, thus resulting in more
than 7 Gb of clean reads per library. The clean reads were mapped
onto the tomato reference genome (SL2.5), which was downloaded
from the Solanaceae (SOL) Genomics Network (http://solgenomics.
net/) via TopHat2 (ref. 66) with default parameters. The gene expres-
sionlevels were calculated as fragments per kilobase of transcript per
million fragments mapped (FPKM) using StringTie®”. Genes that were
differentially expressed between two groups were identified using the
DEGseq R package®®, with an FC > 1.5 and FDR-adjusted P < 0.05. GO
enrichment analysis was implemented using Protein Analysis Through
Evolutionary Relationships (PANTHER; http://geneontology.org/).
GO term enrichment is shown using the most specific subclass in the
enrichment analysis.

ChIP-qPCR assays

ChIP assays were performed as previously described®®’®, with
slight modifications. Briefly, ovaries of proFS8.1::FS8.1-GFP-2 or
SIGT-16-OE-1 plants at anthesis were collected and ground to a pow-
der in liquid nitrogen. Four grams of powder of each sample was
crosslinked with 1% (v/v) formaldehyde on ice for 10 min, followed
by neutralization with 0.125 M glycine. The chromatin complex was
isolated, resuspended in lysis buffer (50 mM 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES, pH 7.5), 150 mM Nacl,
1mM EDTA, 1% (w/v) SDS, 1% (v/v) Triton X-100, 0.1% (w/v) sodium
deoxycholate and 1 mM phenylmethylsulfonyl fluoride) containing
1x protease inhibitor cocktail (05056489001, Roche) and sonicated
to reduce the average DNA fragment size to ~-500 bp. Then, 50 pl of
sheared chromatin was saved as aninput control. Anti-GFP antibody
(AB290, Abcam, 1:750 dilution) was incubated together with Dyna-
beads Protein G (10004D, Invitrogen) at 4 °C for atleast 6 hand then
addedto the remaining chromatin, which was subsequently incubated
overnightat4 °C. Theimmunoprecipitated chromatin-protein com-
plex was sequentially washed in low-salt buffer (20 mM Tris-HCI (pH
8.0),150 mM NaCl,2 mM EDTA, 0.2% (w/v) SDS and 0.5% (v/v) Triton
X-100), high-salt buffer (20 mM Tris-HCI (pH 8.0), 500 mM NaCl,2 mM
EDTA, 0.2% (w/v) SDS and 0.5% (v/v) Triton X-100), LiCl buffer (10 mM
Tris-HCI(pH8.0),25 mMLiCl,1 mMEDTA, 0.5% (w/v) Nonidet P-40 and
0.5% (w/v) sodium deoxycholate) and TE buffer (10 mM Tris-HCI (pH
8.0)and1 mMEDTA). After washing, the immunoprecipitated chroma-
tin was eluted with elution buffer (1% SDS and 100 mM NaHCO,). The
protein-DNA crosslinks were reversed by incubating theimmunopre-
cipitated complexesin20 pl 5 MNaCl at 65 °C overnight. The DNA was
recovered using a QIAquick PCR Purification kit (28106, Qiagen) and
analysed by qPCR. The ChIP signals were displayed as the percentage
of precipitated DNArelative to that ofinput DNA. The fold enrichment
inselected regions was normalized against the non-specific binding
region of the SIACTIN2 promoter. The error bars represent the s.d.s of
3 biological replicates. Each replicate was collected from more than
100 pooled ovaries at the same stage. The primers used for gPCR are
listed in Supplementary Table 8.

EMSAs

EMSAs were performed as described previously”-% Briefly, FS8.1 CDS,
SIGT-16 CDS and SIGT-16 derivatives were cloned into a pMAL-c2X vec-
tor (N8076S, New England Biolabs). The recombinant MBP-FS8.1,
MBP-SIGT-16, MBP-SIGT-16*™ and MBP-SIGT-16*™*fusion proteins were
expressed in Escherichia coli Rosetta (DE3) cells and affinity-purified
withamylase resin (E8021L, New England Biolabs) according to manu-
facturer instructions. Oligonucleotide probes were synthesized and

labelled with biotin at the 5’ end by Invitrogen. EMSAs were performed
usingachemiluminescent EMSA kit (GS009, Beyotime). Biotin-labelled
probes were incubated together with MBP-fusion proteins at room
temperature for 20 min, and free and bound probes were separated
inanacrylamide gel. Alabelled probe incubated with MBP was used as
anegative control. Unlabelled probes were used as competitors. The
probes used for EMSA are listed in Supplementary Table 8.

LCl assays

LClI assays were performed as described previously”. The CDSs of
FS8.1,fs8.1and SIGT-16 were cloned into a pCAMBIA-35S-nLuc vector,
and the CDSs of FS8.1, SIGT-16, SIGT-34, SIGT-30, SIGT26 and SIGT-26 L
were cloned into a pCAMBIA-35S-cLuc vector. The primers used for
plasmid construction are listed in Supplementary Table 8. A. tumefa-
ciens GV3101 transformed with different constructs were incubated,
collected and resuspended in a10 mM MgCl, solution including 0.2 mM
acetosyringone to afinal concentration of optical density (OD)4oo =1.5.
After 2 h of incubation at room temperature, equal volumes of Agro-
bacterium suspensions carrying the indicated constructs were mixed
and co-infiltrated into N. benthamianaleaves with aneedleless syringe.
The infiltrated plants were incubated at 23 °C for 72 h under a16-h
light/8-h dark photoperiod before the LUC activity was measured.
A low-light-cooled charge-coupled device (CCD) imaging apparatus
(NightOWL 11 LB983 with Indigo software) was used to capture the
LUC image. The leaves were sprayed with a 0.5 mM luciferin solution
and placedin darkness for 3 min before luminescence detection. Data
fromatleast 9 biological replicates were collected.

Invitro pull-down assays

To produce MBP-FS8.1, MBP-SIGT-16, MBP-SIGT-34, MBP-SIGT-162™",
MBP-SIGT-16*™2and MBP-SIGT-16*"" fusion proteins, the CDSs of FSS8.1,
SIGT-16 and SIGT-34 and the derivatives of SIGT-16 were cloned into a
pPMAL-c2X vector (N8076S New England Biolabs). To produce GST-FS8.1
and GST-SIGT-16 fusion proteins, the CDSs of F$8.1 and SIGT-16 were
clonedinto apGEX-4T-3 vector (27-4583-01, GE Healthcare). The prim-
ers used for plasmid construction are listed in Supplementary Table
8. The resulting recombinant vectors were transformed into E. coli
Rosetta (DE3) cells, and the fusion proteins were purified using amylose
resin (E8021, New England Biolabs,) or GST Bind Resin (17-0756-01, GE
Healthcare) according to manufacturer instructions.

To detect FS8.1-SIGT-16 and FS8.1-SIGT-34 interactions, 10 pl
of amylose resin bound to 1 pug of MBP-SIGT-16 or MBP-SIGT-34 was
incubated together with 1 pg of GST-FS8.1in 1 ml of reaction buffer
(25 mM Tris-HCI (pH 7.5),100 mM NaCl,1 mM dithiothreitoland Roche
protease inhibitor cocktail) at 4 °C for 1 h. Subsequently, the beads
were collected and washed three times in washing buffer (25 mM
Tris-HCI (pH 7.5), 150 mM NaCl and 1 mM dithiothreitol). Then, the
samples were denatured using sodium dodecyl sulfate (SDS) protein
loading buffer and separated using sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE). The GST fusion proteins
were detected by immunoblotting with anti-GST antibody (M20007,
Abmart, 1:3,000 dilution); purified MBP was used as a negative con-
trol. One microgram each of MBP and MBP-fusion proteins were
separated by SDS-PAGE, and the staining of polyacrylamide gels
with Coomassie Brilliant Blue R250 was used as aloading control. To
investigate whether FS8.1and SIGT-16 form homodimers or heterodi-
merswith each other and to determine whichdomains areinvolved in
dimerization, subsequent manipulations similar to those described
above were performed.

To determine whether FS8.1affects SIGT-16-SIGT-16 homodimer
formation, 1 pgeach of purified MBP-SIGT-16 and GST-SIGT-16 proteins
was added to each sample. Purified GST-FS8.1 protein was added in
accordance witha concentration gradient. Amylose resin was used to
pulldown the proteins. Subsequent procedures performed and buffers
used were the same as those described above.
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Transient expression assays

Transient expression assays were performed on N. benthamiana
leaves as previously described®. The 2,053-bp promoter sequence
of SIKRP2 was amplified from genomic DNA and cloned into a pGree-
nll 0800-LUC vector® for use as a reporter. The Renilla (REN) LUC
gene under the control of the cauliflower 35S promoter in a pGreenll
0800-LUC vector was used as the internal control. The CDSs of FS8.1,
fs8.1and SIGT-16 under the control of the 35S promoter were cloned
into apCAMBIA-35S-cLuc vector, and the resulting vectors were used as
effectors. The pCAMBIA-35S-cLuc vector was used as anegative control.
The primers used for plasmid construction arelisted in Supplementary
Table 8. A. tumefaciens GV3101 transformed with the different con-
structs were incubated, collected and resuspended ina10 mM MgCl,
solutionincluding 0.2 mM acetosyringone to a final concentration of
0Dy = 1.5. After 2 h ofincubation atroom temperature, equal volumes
of Agrobacterium suspensions carrying the indicated constructs were
mixed and co-infiltrated into N. benthamianaleaves with aneedleless
syringe. Theinfiltrated plants wereincubated at 23 °Cfor48 hundera
16-hlight/8-h dark photoperiod before luminescence detection. Firefly
LUCand REN activities were measured using a Dual-LUC Reporter Assay
system (Promega) following manufacturer instructions, and LUC:REN
ratios were calculated and presented. Datafrom 4 independent biologi-
calreplicateswere collected, witherror barsused torepresent thes.d.s.

Genotyping of tomato germplasm

A derived cleaved amplified polymorphic sequence (ACAPS) marker,
FS8.1-dCAPS, was developed to detect the fs8.1 mutation. After ampli-
fication, the products were digested with Hindlll and separated ona3%
(w/v) agarose gel. The null allele of FS8.1yielded a fragment of 174 bp,
whereas the WT allele yielded a fragment of 154 bp. The primers used
for genotyping are listed in Supplementary Table 8.

Content analysis of fruit quality-related metabolites

Total soluble solids (°Brix) were measured with a digital Brix refrac-
tometer (ATAGO PAL-BX/ACID3). In the corresponding figures, error
barsareusedtorepresent the s.d.s of 4 biological replicates. For each
replicate, the fruit juice of 3 red ripe fruits was pooled and used for
measurements.

Sugar and acid analyses were performed as described previously'®,
with modifications. More than 3 red ripe fruits were collected from
each genotype, and the pericarps of the mixed fruits were ground in
liquid nitrogen. For saccharide analysis, 800 mg of ground powder
was diluted in 500 pl of water. After sonication and centrifugation,
the samples were filtered through a 0.22 pm polyethersulfone ultra-
filtration membrane. The saccharide contents were measured using
a high-performance liquid chromatograph (LC-20AT, Shimadzu). A
Waters BEH Amide 5 pm column was used as the analytical column
(250 x 4.6 mm). The mobile phase consisted of acetonitrile as solvent
Aand1mg mlammonium hydroxide as solvent B. The temperatures
ofthe column and autosampler were 40 °C and 4 °C, respectively. Each
saccharide was separated under isocratic elution (A:B = 7:3) under
a flow rate of 0.8 ml min™. In the corresponding figures, the error
bars represent the s.d.s of 3 or 4 biological replicates. For the acid
analysis, 500 mg of ground powder was diluted in 500 pl 0.2 mol I
metaphosphoric acid. After sonication and centrifugation, the sam-
ples werefiltered through a 0.22 pm polyethersulfone ultrafiltration
membrane. Acid contents were measured using a high-performance
liquid chromatograph (LC-20AT, Shimadzu). A CNW Athena C18-WP
5 pm column was used as the analytical column (250 x 4.6 mm). The
mobile phase consisted of water with 1 mg ml™ phosphoric acid as
solvent A and methanol as solvent B. The temperatures of the col-
umn and autosampler were 30 °C and 4 °C, respectively. Each acid
was separated by increasing the solvent B concentration from 2% to
80% during 3.5 min after the first 7.5 min of the runat 2% under a flow
rate of 0.7 ml min™, followed by washing with 2% solvent B for 8 min.

In the corresponding figures, the error bars represent the s.d.s of 4
biological replicates.

Lycopene analysis was performed as previously described”™,
with modifications. Briefly, 500 mg of ground powder was diluted
in 15 ml of methanol and ethyl acetate (methanol:ethyl acetate =1:9
(v/v)) including 0.1% butylated hydroxytoluene. After sonication
and centrifugation, the samples were dried under low temperature
and dissolved in1 ml of ethyl acetate. Then, the samples were filtered
through a 0.22 pm polyethersulfone ultrafiltration membrane. The
lycopene contents were measured using a high-performance liquid
chromatograph (LC-20AT, Shimadzu). A C18 5 pm column was used as
the analytical column (250 x 4.6 mm). The mobile phase consisted of
methanolassolvent Aand ethylacetate assolvent B. The temperatures
ofthe columnand autosampler were 20 °Cand 4 °C, respectively. Each
acid was separated by increasing the solvent B concentration from 6%
t0 90% during 4 min after the first 1 min of the run at 6% under a flow
rate of 1 ml min~’, followed by washing with 6% solvent B for 7 min.
In the corresponding figures, the error bars represent the s.d.s of 4
biological replicates.

Quantification and statistical analysis

Thesignificance of differences was evaluated using two-tailed Student’s
t-tests. For protein quantification, band intensities were quantified
using ImageJ software.

Reporting summary
Furtherinformation onresearch designisavailable in the Nature Port-
folio Reporting Summary linked to this article.

Data availability

The RNA-seqdatahavebeendepositedinthe Genome Sequence Archive
(GSA; https://ngdc.cncb.ac.cn/gsa/) at the Beijing Institute of Genom-
ics (BIG) Data Center, Chinese Academy of Sciences, under accession
number CRA008400. The sequence data of the following genes (and
their accession numbers) inthis article can be foundin the Sol Genom-
ics Network (SGN): FS8.1 (Solyc08g061910), SIGT-16 (Solyc04g071360),
SIGT-34 (Solyc12g056510), SIGT-30 (Solycl1g005380), SIGT-
26 (Solyc09g009250), SIGT-26L (Solyc10g083567), SIKRP1
(Solyc03g044480), SIKRP2 (Solyc02g090680), SIKRP4
(Solyc12g098310) and SP (Solyc06g074350). Materials used in
this study are available upon request. Source data are provided with
this paper.
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Extended Data Fig. 1| See next page for caption.
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Extended Data Fig.1|fs8.1-mediated shape change leads to increased fruit
firmness. a, Fruit and ovary shape index measurements via Tomato Analyzer
version 4.0 and ImageJ (NIH). The fruit and ovary shape indexes are defined as
the ratios of the maximum height length (L) to maximum width (W) of a fruit or
anovary.b,c, Fruit shape indexes (b) and CR (c) of different fresh-market and
processing tomatoes.Inb,n=16,12,9,11,11,12,9,13,13, 13, 6 fruits from left to
right.Inc,n=12,14,11,10,11,10, 15,18, 16, 18, 14 fruits from left to right. d, Fruit
shapeindexes of LAO716, M82 and NILs (n =8, 8,11, 8, 11 fruits from left to right).
e, Ripe fruits of LA1589 and Rio Grande. Bar =1 cm. f, Fruit shape index of LA1589

and Rio Grande (n =13 fruits). g, Ripe fruits of fs8.1 NILs in the background of

Rio Grande. Bar=1cm. h, Fruit shape indexes of fs8.1 NILs in the background

of Rio Grande (n =7 fruits). i, CR of fs8.1 NILs in the background of Rio Grande.
n=17 (for NIL-FS8.1) and 31 (for NIL-fs8.1) fruits. j, Sequence analysis showing the
Solyc08g061910**" mutation in different fresh-market or processing tomato
accessions. Bars represent the means + SD. The significance of the difference
was evaluated by two-tailed Student’s t tests, the exact Pvalueisindicated on
the graph.
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Extended Data Fig. 2| Genetic validation of the FS8.1 candidate gene.

a, Generation of fs8.1 mutantsin the IL8-1-1background. The sgRNA targets
and protospacer adjacent motifs (PAMs) are highlighted in red and bold fonts,
respectively. The blue dashesindicate deletions, and the numbers indicate the
numbers of nucleotides involved. b-f, Histological and cellular observations of
anthesis ovaries of IL8-1-1and f$8.1 mutants. The cell number and cell size were
measured along the red, blue and yellow lines indicated in Fig. 1a. IOWL, inner
ovary walllength; OWT, ovary wall thickness; CL, columellalength.Inb,n =10,
11,11,10, 11,10 ovaries from left to right.In c,n = 9,10,11, 10, 10, 10 ovaries from
lefttoright.Ind, n=10,12,11,10,11,10 ovaries fromleft toright.Ine,n=11,8,9
ovaries fromleft to right. Inf, n =12 ovaries. g, Fruit weight of IL8-1-1and fs8.1

mutants (n=22,27,12,13 fruits from left to right). h, RT-qPCR results showing
Solyc08g061910 expression in 9 DBA ovaries of the indicated genotypes (n =3
independent biological replicates). i-m, Histological and cellular observations
of the anthesis ovaries of M82 and Comp lines. The cell number and cell size were
measured along the red, blue and yellow lines indicated in Fig. 1a. IOWL, inner
ovary walllength; OWT, ovary wall thickness; CL, columellalength.Ini,n=8,10,
11,10,13,13 ovaries from left to right. Inj, n=9,11,11,11, 14, 13 ovaries from left to
right.Ink,n=9,10,9,10,13,13 ovaries from left to right.In1,n=12,16,16 ovaries
from left to right.Inm, n=10, 12,12 ovaries from left to right. Bars represent

the means + SD. The significance of the difference was evaluated by two-tailed
Student’s t tests, the exact Pvalue is indicated on the graph.
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Extended Data Fig. 3| F§8.1 encodes a GT-2-like protein that lacks the SIGT-16, FS8.1and fs8.1 predicted by AlphaFold. N, N-terminus; C, C-terminus;
duplicate trihelix domains. a, Protein sequence alignment of SIGT-16, TD1, trihelixdomain 1; TD2, trihelix domain 2; HD, a-helical domain. AlphaFold
SIGT-34, FS8.1and fs8.1. The gray boxes indicate the conserved domains. b, produces a per-residue confidence score (pLDDT) between 0 and 100. Some
Phylogenetic tree of trihelical transcription factors in tomato and Arabidopsis. regions below 50 pLDDT may be unstructured inisolation. Accession numbers
The phylogenetic tree was constructed by the neighbor-joining method using are from the SGN and TAIR database. The phylogenetic tree was constructed by
MEGA version 7.0. The five clades composing the trihelix family are indicated the neighbor-joining method using MEGA version 7.0.

by different colors. The FS$8.1gene is highlighted in the red box. ¢, Structures of
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Extended Data Fig. 4 | Phylogenetic analyses of FS8.1and SIGT-16. a,b, Phylogenetic analyses of FS8.1 orthologs (a) and SIGT-16 orthologs (b). Accession numbers
are fromthe SGN, CuGenDB, TAIR, Phytozome and NCBI databases.
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Extended Data Fig. 5| FS8.1differentially regulates cell cycle-related genes.
a, RT-qPCR results showing the expression levels of F$8.1, SIKRP2 and SIGT-16
invarious tissues of AC plants (n = 3 independent biological replicates). MG,
mature green; B, breaker; B +4/7,4/7 days after the breaker stage. b, Photograph
of flowers at the indicated developmental stages. Bar = 5 mm. c, Expression
profiles of cell cycle-related genes regulated by FS8.1. The FC (log10 scale) of the
average expression of each gene is shown. d, Phylogenetic tree of tomato KRPs
and their Arabidopsis orthologs based on protein sequences. The phylogenetic
tree was constructed by the neighbor-joining method using MEGA version 7.0.
Thescale bar indicates the average number of amino acid substitutions per site.

e, Generation of slkrp1 slkrp2 slkrp4 triple mutants in the IL8-1-1background. The
sgRNA targets and PAM are highlighted inred and bold font, respectively. The
blue dashes and letters indicate deletions and insertions, respectively, and the
numbers indicate the numbers of nucleotides involved (+, insertion; -, deletion).
f, Fruit shape indexes of IL8-1-1, slkrp2 mutants (n = 14 fruits). g, RT-qPCR results
showing SIKRP2 expression in the anthesis ovaries of the indicated genotypes
(n=3independent biological replicates). Bars represent the means + SD. The
significance of the difference was evaluated by two-tailed Student’s t tests, the
exact Pvalueisindicated on the graph.
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Extended Data Fig. 6 | See next page for caption.
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Extended DataFig. 6 | SIGT-16 and SIGT-34 redundantly regulate SIKRP2
expression and fruit shape formation. a, LCl assays designed to determine
interactions between FS8.1and five canonical GT-2 factors (n =10, 10, 10,10, 9,10
independent biological replicates from left to right). Tobacco cells coexpressing
FS8.1-nLUC and cLUC were used as negative controls. b, RT-qPCR results showing
SIGT-16 expressionin the ovaries of the indicated genotypes at anthesis (n =3
independent biological replicates). c, Generation of single and double mutants
of SIGT-16 and SIGT-34in different backgrounds. The sgRNA targets and PAMs

are highlighted in red and bold font, respectively. The blue dashes and letters

indicate deletions and insertions, respectively, and numbers indicate the
numbers of nucleotides involved (+, insertion; -, deletion). d, Ripe fruits of AC,
slgt-16, sigt-34 and slgt-16 slgt-34 mutants. Bar =1 cm. e, Fruit shape indexes of AC,
slgt-16, slgt-34 and slgt-16 slgt-34 mutants (n =16,17,16,14,13,16, 17 fruits from
left to right). f, RT-qPCR results showing SIKRP2 expression in the ovaries of the
indicated genotypes at anthesis (n = 3independent biological replicates). Bars
represent the means + SD. The significance of the difference was evaluated by
two-tailed Student’s t tests, the exact Pvalue is indicated on the graph.
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Extended Data Fig. 7 | Editing of F§8.1 enhances fruit firmness without of AC and f58.1 mutants. n =16 (for ¢) and 12 (for d) fruits. e, Fruit weight of AC
compromising nutrition. a, Generation of fs8.1 single mutants and fs8.1 sp and fs8.1 mutants (n = 25, 21,18 fruits from left to right). f-k, Contents of fruit
double mutants in different backgrounds. The sgRNA targets and PAM are quality-related metabolites. Inf, g, i-k, n = 4 independent biological replicates.
highlighted in red and bold font, respectively. The blue dashes and letters Inh, n=3independent biological replicates. Bars represent the means + SD. The
indicate deletions and insertions, respectively, and the numbers indicate the significance of the difference was evaluated by two-tailed Student’s t tests, the
numbers of nucleotides involved (+, insertion; -, deletion). b, Ripe fruits of exact Pvalueisindicated on the graph.

AC and fs8.1 mutants. Bar=1cm. ¢, d, Fruit shape indexes (c) and fruit CR (d)
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these choices. If there is a gap between collection periods, state the dates for each sample cohort. Specify the spatial scale from which
the data are taken

If no data were excluded from the analyses, state so OR if data were excluded, describe the exclusions and the rationale behind them,
indicating whether exclusion criteria were pre-established.

Describe the measures taken to verify the reproducibility of experimental findings. For each experiment, note whether any attempts to
repeat the experiment failed OR state that all attempts to repeat the experiment were successful.

Describe how samples/organisms/participants were allocated into groups. If allocation was not random, describe how covariates were
controlled. If this is not relevant to your study, explain why.

Describe the extent of blinding used during data acquisition and analysis. If blinding was not possible, describe why OR explain why
blinding was not relevant to your studly.

Did the study involve field work? [] Yes [no

Field work, collection and transport

Field conditions

Location

Access & import/export

Disturbance

Describe the study conditions for field work, providing relevant parameters (e.g. temperature, rainfall).

State the location of the sampling or experiment, providing relevant parameters (e.qg. latitude and longitude, elevation, water depth).
Describe the efforts you have made to access habitats and to collect and import/export your samples in a responsible manner and in
compliance with local, national and international laws, noting any permits that were obtained (give the name of the issuing authority,

the date of issue, and any identifying information).

Describe any disturbance caused by the study and how it was minimized.
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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
Antibodies |:| ChiIP-seq
Eukaryotic cell lines |Z |:| Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging

Animals and other organisms

Clinical data
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Antibodies
Antibodies used Rabbit polyclonal anti-GFP for ChIP {Abcam, cat#ab290, 1:750 dilution), anti-GST antibody (Abmart, cat. # M20007, 1:3000 dilution).
Validation Information of Rabbit polyclonal anti-GFP for ChIP can be found at the product websit <https://www.abcam.com/gfp-antibody-

ab290.html>
Information of anti-GST validation can be found at the product websit <http://www.ab-mart.com.cn/page.aspx?node=%2059%
20&id=%20967>

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) This manuscript does not deal with this issue.
Authentication This manuscript does not deal with this issue.
Mycoplasma contamination This manuscript does not deal with this issue.

Commonly misidentified lines  This manuscript does not deal with this issue.
(See ICLAC register)

Palaeontology and Archaeology

Specimen provenance Provide provenance information for specimens and describe permits that were obtained for the work (including the name of the
issuing authority, the date of issue, and any identifying information). Permits should encompass collection and, where applicable,

export.

Specimen deposition Indicate where the specimens have been deposited to permit free access by other researchers.

Dating methods If new dates are provided, describe how they were obtained (e.g. collection, storage, sample pretreatment and measurement), where
they were obtained (i.e. lab name), the calibration program and the protocol for quality assurance OR state that no new dates are
provided.

|:| Tick this box to confirm that the raw and calibrated dates are available in the paper or in Supplementary Information.

Ethics oversight Identify the organization(s) that approved or provided guidance on the study protocol, OR state that no ethical approval or guidance
was required and explain why not.

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

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals For laboratory animals, report species, strain and age OR state that the study did not involve laboratory animals.




Wild animals Provide details on animals observed in or captured in the field, report species and age where possible. Describe how animals were
caught and transported and what happened to captive animals after the study (if killed, explain why and describe method; if released,
say where and when) OR state that the study did not involve wild animals.

Reporting on sex Indicate if findings apply to only one sex; describe whether sex was considered in study design, methods used for assigning sex.
Provide data disaggregated for sex where this information has been collected in the source data as appropriate; provide overall
numbers in this Reporting Summary. Please state if this information has not been collected. Report sex-based analyses where
performed, justify reasons for lack of sex-based analysis.

Field-collected samples | For laboratory work with field-collected samples, describe all relevant parameters such as housing, maintenance, temperature,
photoperiod and end-of-experiment protocol OR state that the study did not involve samples collected from the field.

Ethics oversight Identify the organization(s) that approved or provided guidance on the study protocol, OR state that no ethical approval or guidance
was required and explain why not.

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

Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration  Provide the trial registration number from ClinicalTrials.gov or an equivalent agency.

Study protocol Note where the full trial protocol can be accessed OR if not available, explain why.
Data collection Describe the settings and locales of data collection, noting the time periods of recruitment and data collection.
Qutcomes Describe how you pre-defined primary and secondary outcome measures and how you assessed these measures.

Dual use research of concern

Policy information about dual use research of concern

Hazards

Could the accidental, deliberate or reckless misuse of agents or technologies generated in the work, or the application of information presented
in the manuscript, pose a threat to:

Yes

[] Public health

|:| National security

|:| Crops and/or livestock

|:| Ecosystems
|:| Any other significant area
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Experiments of concern

Does the work involve any of these experiments of concern:

Demonstrate how to render a vaccine ineffective

Confer resistance to therapeutically useful antibiotics or antiviral agents
Enhance the virulence of a pathogen or render a nonpathogen virulent
Increase transmissibility of a pathogen

Alter the host range of a pathogen

Enable evasion of diagnostic/detection modalities

Enable the weaponization of a biological agent or toxin
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Any other potentially harmful combination of experiments and agents




Plants

Seed stocks

Novel plant genotypes

Authentication

ChlP-seq

Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor
was applied.

Describe any authentication procedures for each seed stock used or novel genotype generated. Describe any experiments used to
assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.

Data deposition

|:| Confirm that both raw and final processed data have been deposited in a public database such as GEO.

|:| Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links

For "Initial submission" or "Revised version" documents, provide reviewer access links. For your "Final submission" document,

May remain private before publication. | provide a link to the deposited data.

Files in database submission Provide a list of all files available in the database submission.

Genome browser session
(e.g. UCSC)

Methodology

Replicates

Sequencing depth
Antibodies
Peak calling parameters

Data quality

Software

Flow Cytometry

Provide a link to an anonymized genome browser session for "Initial submission" and "Revised version" documents only, to
enable peer review. Write "no longer applicable" for "Final submission" documents.

Describe the experimental replicates, specifying number, type and replicate agreement.

Describe the sequencing depth for each experiment, providing the total number of reads, uniquely mapped reads, length of reads and
whether they were paired- or single-end.

Describe the antibodies used for the ChIP-seq experiments; as applicable, provide supplier name, catalog number, clone name, and
lot number.

Specify the command line program and parameters used for read mapping and peak calling, including the ChIP, control and index files
used.

Describe the methods used to ensure data quality in full detail, including how many peaks are at FDR 5% and above 5-fold enrichment.

Describe the software used to collect and analyze the ChlP-seq data. For custom code that has been deposited into a community
repository, provide accession details.

Plots
Confirm that:

|:| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|:| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

|:| All plots are contour plots with outliers or pseudocolor plots.

|:| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation
Instrument

Software

Describe the sample preparation, detailing the biological source of the cells and any tissue processing steps used.
Identify the instrument used for data collection, specifying make and model number.

Describe the software used to collect and analyze the flow cytometry data. For custom code that has been deposited into a
community repository, provide accession details.
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Cell population abundance

Gating strategy

Describe the abundance of the relevant cell populations within post-sort fractions, providing details on the purity of the
samples and how it was determined.

Describe the gating strategy used for all relevant experiments, specifying the preliminary FSC/SSC gates of the starting cell
population, indicating where boundaries between "positive" and "negative" staining cell populations are defined.

|:| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.

Magnetic resonance imaging

Experimental design
Design type

Design specifications

Indicate task or resting state; event-related or block design.

Specify the number of blocks, trials or experimental units per session and/or subject, and specify the length of each trial
or block (if trials are blocked) and interval between trials.

Behavioral performance measures  State number and/or type of variables recorded (e.g. correct button press, response time) and what statistics were used

Acquisition
Imaging type(s)

Field strength

Sequence & imaging parameters

Area of acquisition

Diffusion MRI [ ] used

Preprocessing

Preprocessing software
Normalization
Normalization template
Noise and artifact removal

Volume censoring

to establish that the subjects were performing the task as expected (e.g. mean, range, and/or standard deviation across
subjects).

Specify: functional, structural, diffusion, perfusion.
Specify in Tesla

Specify the pulse sequence type (gradient echo, spin echo, etc.), imaging type (EPI, spiral, etc.), field of view, matrix size,
slice thickness, orientation and TE/TR/flip angle.

State whether a whole brain scan was used OR define the area of acquisition, describing how the region was determined.

D Not used

Provide detail on software version and revision number and on specific parameters (model/functions, brain extraction,
segmentation, smoothing kernel size, etc.).

If data were normalized/standardized, describe the approach(es): specify linear or non-linear and define image types used for
transformation OR indicate that data were not normalized and explain rationale for lack of normalization.

Describe the template used for normalization/transformation, specifying subject space or group standardized space (e.g.
original Talairach, MNI305, ICBM152) OR indicate that the data were not normalized.

Describe your procedure(s) for artifact and structured noise removal, specifying motion parameters, tissue signals and
physiological signals (heart rate, respiration).

Define your software and/or method and criteria for volume censoring, and state the extent of such censoring.

Statistical modeling & inference

Model type and settings

Effect(s) tested

Specify type (mass univariate, multivariate, RSA, predictive, etc.) and describe essential details of the model at the first and
second levels (e.g. fixed, random or mixed effects; drift or auto-correlation).

Define precise effect in terms of the task or stimulus conditions instead of psychological concepts and indicate whether

ANOVA or factorial designs were used.

Specify type of analysis: [ | whole brain || ROI-based [ ] Both

Statistic type for inference

(See Eklund et al. 2016)

Correction

Specify voxel-wise or cluster-wise and report all relevant parameters for cluster-wise methods.

Describe the type of correction and how it is obtained for multiple comparisons (e.g. FWE, FDR, permutation or Monte Carlo).
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Models & analysis

n/a | Involved in the study
|:| |:| Functional and/or effective connectivity

|:| |:| Graph analysis

|:| |:| Multivariate modeling or predictive analysis

Functional and/or effective connectivity Report the measures of dependence used and the model details (e.g. Pearson correlation, partial correlation,
mutual information).

Graph analysis Report the dependent variable and connectivity measure, specifying weighted graph or binarized graph,
subject- or group-level, and the global and/or node summaries used (e.qg. clustering coefficient, efficiency,
etc.).

Multivariate modeling and predictive analysis Specify independent variables, features extraction and dimension reduction, model, training and evaluation
metrics.

-
Q
C
=
()

o
o)
=
o
=
-
D)

S,
o)
E,..
)

Q@
wm
C
3
=
Q
S

<




	Redesigning the tomato fruit shape for mechanized production

	Results

	fs8.1-mediated shape change leads to enhanced fruit compression resistance (CR)

	FS8.1 encodes a non-canonical GT-2 factor

	FS8.1 regulates fruit shape by activating SlKRP2 expression

	FS8.1 activates SlKRP2 expression by interacting with SlGT-16

	FS8.1 enhances the transcriptional activity of SlGT-16

	fs8.1 is selected in machine-harvestable processing tomatoes

	Editing of FS8.1 improves CR without compromising quality


	Discussion

	Methods

	Plant material and growth conditions

	Phenotypic evaluation

	Histological analysis

	Fine-mapping

	Plasmid construction and plant transformation

	CRISPR/Cas9-mediated mutations

	RNA extraction and gene expression analysis

	Phylogenetic tree construction and protein structure prediction

	RNA-seq and data analysis

	ChIP‒qPCR assays

	EMSAs

	LCI assays

	In vitro pull-down assays

	Transient expression assays

	Genotyping of tomato germplasm

	Content analysis of fruit quality-related metabolites

	Quantification and statistical analysis

	Reporting summary


	Acknowledgements

	Fig. 1 fs8.
	Fig. 2 FS8.
	Fig. 3 FS8.
	Fig. 4 FS8.
	Fig. 5 FS8.
	Fig. 6 Editing of FS8.
	Extended Data Fig. 1 fs8.
	Extended Data Fig. 2 Genetic validation of the FS8.
	Extended Data Fig. 3 FS8.
	Extended Data Fig. 4 Phylogenetic analyses of FS8.
	Extended Data Fig. 5 FS8.
	Extended Data Fig. 6 SlGT-16 and SlGT-34 redundantly regulate SlKRP2 expression and fruit shape formation.
	Extended Data Fig. 7 Editing of FS8.




