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Redesigning the tomato fruit shape for 
mechanized production

Qiang Zhu    1,2,12, Lei Deng    1,3,12, Jie Chen    4,12, Gustavo R. Rodríguez    5, 
Chuanlong Sun    1,2,3, Zeqian Chang    1,2, Tianxia Yang    1,2, Huawei Zhai    6, 
Hongling Jiang    1, Yasin Topcu    7,8, David Francis    9, Samuel Hutton    10, 
Liang Sun    4, Chang-Bao Li    11, Esther van der Knaap    7 & Chuanyou Li    1,2,3 

Crop breeding for mechanized harvesting has driven modern agriculture. 
In tomato, machine harvesting for industrial processing varieties became 
the norm in the 1970s. However, fresh-market varieties whose fruits 
are suitable for mechanical harvesting are difficult to breed because of 
associated reduction in 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 a transcriptional module with the canonical GT-2 factor SlGT-16. The 
fs8.1 mutation results in a lower 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 worldwide1, 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 slicing2,3. Notably, 
while machine harvesting for elongate-fruited processing tomatoes 
became the norm in the 1970s, typical round-fruited fresh-market 
tomatoes are usually too soft to endure machine harvesting4–6, 

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 (lc) and fasci-
ated (fas) QTLs control locule number and flat shape, while sun, ovate 
and fruit shape chr 8.1 (fs8.1) control elongated shape7–10. In the early 
1960s, the processing-tomato industry in California was threatened due 
to labour shortage in harvesting the crops. In response, 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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wall length and columella length 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 fs8.1 mutation results in a 
stronger promoting effect on cell proliferation of the ovary wall than 
of the columella.

FS8.1 encodes a non-canonical GT-2 factor
We previously mapped the fs8.1 locus to a 3.03-Mb interval on chromo-
some 8 (Fig. 2a)14. On the basis of the overlap between the fs8.1 mapping 
interval and the introgressed fragment defined by IL8-1-1 (refs. 19,20), 
the fs8.1 locus 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 Grande14. 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 to a ~270-kb interval, 
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 expressed14, rendering 
them less likely to encode FS8.1. Thus, Solyc08g061910 was considered 
to be the candidate gene encoding FS8.1.

The Solyc08g061910A857T mutation was predicted to result in a 
premature stop codon of the predicted protein (Fig. 2b–d). Sequence 
analyses indicated that this premature stop codon mutation is present 
in all of the analysed processing tomatoes but not in fresh-market 
tomatoes (Extended Data Fig. 1j). To verify that Solyc08g061910 is the 
causative gene for the fs8.1 phenotype, we generated null alleles of 
this gene (Extended Data Fig. 2a) in the IL8-1-1 background by CRISPR/
Cas9-mediated gene editing21–23. 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 IL8-1-1 fruits (Fig. 2h). Histological 
observations indicated that these fs8.1 mutants displayed an increased 
ovary wall length 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 Data Fig. 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-1 and 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 fs8.1 locus.

The predicted FS8.1 protein is homologous to members of the 
GT-2 clade of trihelix transcription factors (Extended Data Fig. 3a,b). 
The members of this clade of GT factors are characterized by the pres-
ence of duplicate trihelical DNA-binding domains (TD1 and TD2) and a 
middle α-helix domain (HD) that is involved in protein‒protein interac-
tions16,17. Compared with SlGT-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 α-helical domain (Fig. 2d and Extended Data  
Fig. 3a,c). Among the sequenced genomes of the Solanaceae family, 
the FS8.1 orthologue could only be identified from pepper (Extended 
Data Fig. 4a), whereas SlGT-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 

and, perhaps most importantly, enhanced fruit firmness to withstand 
the rigours 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 harvesting4–6. Thus, the breed-
ing of ‘square tomatoes’ has played a significant part in streamlining 
the mechanization of the processing-tomato industry4,5.

One of the noticeable changes in fruit shape of these machine- 
harvestable processing tomatoes is that they are no longer round 
but rather slightly elongated5,11. Later genetic studies revealed 
that the elongated fruit shape is controlled by the major QTL fs8.1  
(refs. 7,12–15). However, the gene underlying fs8.1 has not been identi-
fied due to reduced recombination rates around this locus13,14.

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 
that lacks the featured trihelix DNA-binding domain16,17. FS8.1 interacts 
with and enhances the transcriptional activity of SlGT-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 a diverse collection of tomato accessions indicated that the 
fs8.1 mutation allele is present in modern processing lines but largely 
absent in 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 a compressed fruit is broken18, 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 Data Fig. 1c).

We then aimed to understand whether fs8.1-mediated shape 
change contributes to the increased CR of processing-tomato fruits. 
To achieve this goal, we first phenotyped the well-established introgres-
sion line (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 has been shown to carry a 
mutant allele of fs8.1 (refs. 15,19,20). We found that IL8-1-1, harbouring 
a marker-defined segment of S. pennellii chromosome 8, bears round 
fruits and ovaries (Fig. 1a–c and Extended Data Fig. 1d), indicating that 
IL8-1-1 carries 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. lycopersicum accession 
bearing elongated fruits (Extended Data Fig. 1e,f)14. Results showed that 
compared with the WT allele, the fs8.1 mutant allele had higher fruit 
shape index 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.

To gain insight into the cellular mechanism by which fs8.1 changes 
fruit shape, we compared the cellular parameters of the M82 ovaries 
with those of the IL8-1-1 ovaries at the tissue level (Fig. 1a,c). The ovary 
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some dicot plants (Extended Data Fig. 4a), SlGT-16 orthologues (that 
is, canonical GT-2 factors) are broadly conserved in both dicot and 
monocot plants (Extended Data Fig. 4b).

FS8.1 regulates fruit shape by activating SlKRP2 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 
its effects on fruit shape early in carpel development at least 6 d before 
anthesis (DBA)13, we noted that fs8.1 led to obvious ovary shape change 
at 9 DBA (Fig. 3a,b and Extended Data Fig. 5a,b). Thus, we compared 
the transcriptome profiles between M82 and Comp-2 ovaries at 9 DBA  
(Fig. 3a,b and Extended Data Fig. 5a,b). These analyses led to the identi-
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 those related 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) family24–26 and the SIAMESE-RELATED 
(SMR) family27,28 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.

0

IL8
-1-

1
M82

0.2

0.4

0.6

0.8

1.0

1.2

1.4

Fr
ui

t s
ha

pe
 in

de
x

2.8 × 10–13a b

0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

O
va

ry
 s

ha
pe

 in
de

x

8.4 × 10–8 1.0 × 10–7

3.2 × 10–6

0

30

60

90

120
+62.0%

0

30

60

90

120

C
R 

(N
)

C
R 

(N
)

+84.5%c

d e
IL8-1-1 M82

WT

CL

IOWL

CL

IOWLfs8.1

OWT
OWT

IL8
-1-

1
M82

IL8
-1-

1
M82

IL8
-1-

1
M82

Ovary wall Columella
0

40

80

120

160

200

240

280

C
el

l n
um

be
r

C
el

l l
en

gt
h 

(µ
m

)

9.3 × 10–5

IL8-1-1
M82

0.0148

+23.7%

+12.0%

Ovary wall Columella
0

5

10

15

20

25

0.1925

IL8-1-1
M82

0.3828

–3.6%

–3.2%

0.7044

f hg
6.4 × 10–6

Ovary wall Columella
0

500

1,000

1,500

2,000

2,500

3,000

3,500

Le
ng

th
 (µ

m
)

IL8-1-1
M82

0.0003

0.0101

+19.2%

+11.1%

0.0373

Fig. 1 | fs8.1-mediated shape change confers enhanced fruit resistance 
to squeezing. 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 
IL8-1-1 and M82 (n = 16 fruits). c, Ovary shape index of IL8-1-1 and M82 (n = 13 
ovaries). d,e, CR of IL8-1-1 and M82 in the abaxial–adaxial (d) and proximal–distal 
(e) directions. The fold changes (FCs) between M82 and IL8-1-1 are given.  

In d, 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 IL8-1-1 and M82. Cell number and 
cell size were measured along the red and blue lines indicated in a. In f, n = 9, 8, 11, 
11 ovaries from left to right. In g, n = 9, 9, 11, 11 ovaries from left to right. In h, 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 t-tests, with exact P values 
indicated on the graph.
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The above results support the hypothesis that FS8.1 regulates fruit 
shape via upregulation of KRP genes that inhibit cell cycle progression. 
To test this hypothesis, we aimed to verify the FS8.1-mediated regula-
tion of the expression of SlKRP2, a tomato 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 development25. We found that SlKRP2 expression levels were 
markedly decreased in the fs8.1 mutant compared with the WT (that is, 
IL8-1-1) ovaries (Fig. 3e). Consistently, SlKRP2 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 SlKRP2 expression.

To test whether and how SlKRP2 regulates fruit shape, we gener-
ated its null mutants in IL8-1-1 and found that the resulting slkrp2 single 
mutants did not affect fruit shape (Extended Data Fig. 5e,f). We then 
generated CRISPR/Cas9-mediated mutants in which SlKRP2 and its par-
alogous genes, SlKRP1 and SlKRP4, 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 an increased 
fruit shape index (Fig. 3g,h), indicating that SlKRP2 acts redundantly 
with SlKRP1 and SlKRP4 to regulate fruit shape.

To determine the genetic relationship between FS8.1 and SlKRP2 
in regulating fruit shape, we generated SlKRP2-overexpression 
(SlKRP2-OE) plants (Extended Data Fig. 5g) in the background of 
M82, which harbours a loss-of-function allele of FS8.1 (Extended Data  
Fig. 1j). Compared with the elongated M82 fruits, the SlKRP2-OE fruits 
were round and had a decreased fruit shape index (Fig. 3i,j), indicating 
that SlKRP2 could complement the fs8.1-mediated fruit shape changes. 
These results implied that SlKRP2 acts genetically downstream of FS8.1 
in regulating fruit shape. Collectively, these results supported the 
notion that FS8.1 regulates fruit shape via activation of the expression 
of SlKRP genes.

FS8.1 activates SlKRP2 expression by interacting with SlGT-16
We then explored how FS8.1 activates SlKRP2 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 
SlKRP2 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 SlKRP2 promoter (Fig. 4c,d), suggesting the possibility that FS8.1 
is recruited to the SlKRP2 promoter by interacting proteins that can 
directly bind to the GT element.

Given that GT-2 factors usually act as dimers to regulate gene 
expression17,29, we hypothesized that FS8.1 could form a complex with 
GT-2 factors that are able to bind GT elements. To test this hypothesis, 
we conducted firefly luciferase (LUC) complementation imaging (LCI) 
assays to test whether FS8.1 interacts with five tomato GT-2 factors 
that are phylogenetically closest related30 (Extended Data Fig. 3b).  
The results showed that FS8.1 strongly interacted with SlGT-16 and 
SlGT-34 (Extended Data Fig. 6a). Consistently, both MBP-SlGT-16 

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

Considering the high sequence similarity between SlGT-16 and 
SlGT-34 (Extended Data Fig. 3a,b), we focused on the former for further 
analysis. The results of our LCI assays indicated that the truncated 
protein encoded by the fs8.1 mutant allele failed to interact with SlGT-
16 (Fig. 4g,h). Additional LCI assays (Fig. 4g,h) and pull-down assays  
(Fig. 4i,j) revealed that SlGT-16 interacted with itself but that FS8.1 did 
not. Moreover, the FS8.1–SlGT-16 interaction was significantly stronger 
than the SlGT-16–SlGT-16 interaction (Fig. 4g,h). Collectively, these 
results support the idea that FS8.1 might regulate SlKRP2 expression 
through complexation with the canonical GT-2 factor SlGT-16.

We then investigated whether SlGT-16 regulates SlKRP2 expres-
sion through promoter binding. ChIP‒qPCR analysis using SlGT-16-GFP 
plants (Extended Data Fig. 6b) and anti-GFP antibody indicated that 
SlGT-16-GFP was enriched in the SlKRP2 promoter (Fig. 4k). Moreo-
ver, EMSAs indicated that SlGT-16 directly binds the GT element of 
the SlKRP2 promoter (Fig. 4c) and that this binding depends on the 
N-terminal trihelix domain (TD1) of SlGT-16 (Fig. 4d). These results, 
together with the observation that the expression pattern of SlKRP2 
was similar to that of SlGT-16 in developing ovaries (Extended Data  
Fig. 5a), support the idea that SlGT-16 activates SlKRP2 expression 
through promoter binding.

To examine the role of SlGT-16 and SlGT-34 in 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. 6c). Whereas the single mutants did not affect 
fruit shape, the slgt-16 slgt-34 double mutants in both backgrounds 
displayed elongated fruits (Fig. 4l,m and Extended Data Fig. 6d,e). 
Consistently, SlKRP2 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 
SlGT-16 acts redundantly with SlGT-34 to regulate fruit shape formation 
through activation of SlKRP2 expression.

Notably, FS8.1-GFP enrichment in the SlKRP2 promoter was largely 
reduced in the slgt-16 slgt-34 double mutant compared with the WT  
(Fig. 4b), supporting the notion that FS8.1 recruitment to the SlKRP2 
promoter depends on SlGT-16 and SlGT-34. Consistently, overexpres-
sion of SlGT-16 rescued the fruit shape of M82 from elongated to round 
(Fig. 4o,p and Extended Data Fig. 6b). These results collectively sug-
gest that SlGT-16 acts genetically downstream of FS8.1 in regulating 
fruit shape.

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

FS8.1 enhances the transcriptional activity of SlGT-16
Next, we aimed to understand the mechanism and functional signifi-
cance of the FS8.1–SlGT-16 interaction. The results of domain mapping 
experiments with pull-down assays revealed that the HD of SlGT-16 
is involved in its interaction with FS8.1 (Fig. 5a), whereas both the 

Fig. 2 | FS8.1 encodes 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 (LA0716). The vertical dashed lines indicate the positions of 
molecular markers. b, Fine-mapping of FS8.1. Top: high-resolution mapping 
narrowed FS8.1 to the DNA segment between markers M5 and M6. n = number 
of plants. Fruit shape indexes of recombinant progenies (L1–L5) are on the right. 
Data are means ± s.d. Asterisks indicate significant differences between WT and 
fs8.1 progenies (**P < 0.01; Student’s t-tests). Bottom: candidate genes in the 
FS8.1 mapping region. Three non-synonymous SNPs between LA1589 and Rio 
Grande are labelled on the gene sketch. c, Schematic diagram of Solyc08g061910. 
The black 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 IL8-1-1 and fs8.1 mutants. In f, n = 15 fruits. In  
g, n = 11, 11, 10 ovaries from left to right. h, CR of IL8-1-1 and 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 shape index (j) and ovary shape index (k) of M82 and Comp lines.  
In j, n = 12, 16, 16 fruits from left to right. In k, n = 11, 11, 14 ovaries from left to right. 
Bars represent means ± s.d. The significance of differences was evaluated using 
two-tailed Student’s t-tests, with exact P values indicated on the graph.
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HD and the C-terminal TD2 are important for SlGT-16 homodimeri-
zation (Fig. 5b). Because GT-2 factors usually undergo dimerization 
through the HD17,29, we were interested in determining whether and 
how FS8.1 affects SlGT-16 dimerization. For this purpose, we performed 
an in vitro pull-down assay in which the amounts of MBP-SlGT-16 and 
GST-SlGT-16 were kept constant in each sample, whereas the amount of 

GST-FS8.1 was increased through a gradient. In this assay, recombinant 
MBP-SlGT-16 was used to pull down GST-SlGT-16 and GST-FS8.1. The 
results showed that increasing concentrations of GST-FS8.1 had a minor 
(if any) effect on the ability of MBP-SlGT-16 to pull down GST-SlGT-16 
(Fig. 5c), suggesting that FS8.1 tends to complex with SlGT-16 homodi-
mers rather than impair the formation of SlGT-16 homodimers.
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Fig. 3 | FS8.1 regulates fruit shape via activation of SlKRP2 expression. 
a, Representative images of Comp-2 and 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; for M82, n = 4, 6, 6, 5, 8, 7, 6 ovaries from left to 
right. c, 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  
P values from the statistical overrepresentation test (https://pantherdb.org/) 
are shown. e, RT‒qPCR assays showing SlKRP2 expression in 9-DBA ovaries of 

the indicated genotypes (n = 3 independent biological replicates). f, RT‒qPCR 
assays showing SlKRP2 expression in 9-DBA ovaries of the indicated genotypes 
(n = 3 independent biological replicates). g, Ripe fruits of IL8-1-1 and the slkrp1 
slkrp2 slkrp4 mutant. Scale bar, 1 cm. h, Fruit shape indexes of IL8-1-1 and the 
slkrp1 slkrp2 slkrp4 mutant (n = 15 fruits). i, Ripe fruits of M82 and SlKRP2-OE 
lines. Scale bar, 1 cm. j, Fruit shape indexes of M82 and SlKRP2-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 t-tests, with exact P values 
indicated on the graph.
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We then employed a dual-luciferase reporter system31 to study the 
effect of FS8.1 on SlGT-16-mediated transcriptional activation of SlKRP2 
expression. For this purpose, we cloned a 2,053-bp SlKRP2 promoter 

sequence and inserted it into a dual-LUC reporter construct to gener-
ate a proSlKRP2::LUC reporter construct (Fig. 5d). Co-expression of 
35S::SlGT-16 with proSlKRP2::LUC in Nicotiana benthamiana leaves 
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led to increased LUC activity, suggesting that SlGT-16 activates 
proSlKRP2::LUC expression (Fig. 5d,e). When FS8.1 was co-expressed 
with SlGT-16 and the proSlKRP2::LUC reporter, the SlGT-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 SlGT-16-dependent activation of LUC activity (Fig. 5d,e). 
These results suggest that FS8.1 functions as a co-activator of SlGT-16.

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

In summary, our results suggest that the FS8.1–SlGT-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 FS8.1 and SlGT-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 SlGT-16 by using 
transgenic plants harbouring their promoter-driven β-glucuronidase 
(GUS) fusion constructs. The results showed that the proFS8.1::GUS and 
proSlSlGT-16::GUS activities were much stronger in the ovary wall than in 
the columella (Fig. 5f). Consistently, reverse transcription‒quantitative 
polymerase chain reaction (RT‒qPCR) assays showed that the expres-
sion levels of both FS8.1 and SlGT-16 were higher in the ovary wall than 
in the columella (Fig. 5g,h). As expected, the expression levels of SlKRP2, 
which serves as a readout of the transcriptional output of the FS8.1–
SlGT-16 module, were also higher in the ovary wall than in the columella  
(Fig. 5f,g,i). Given that SlKRP2 functions as an inhibitor of cell cycle pro-
gression, our results support a model where, in the WT, the FS8.1–SlGT-16 
module exerts a stronger 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 fs8.1 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 
SlGT-16 expression levels in both tissue layers were largely unchanged 
(Fig. 5h), but the relative expression levels of SlKRP2 in 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).

fs8.1 is selected in machine-harvestable processing tomatoes
We sought to determine how common the fs8.1 allele is in modern lines 
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. lycopersicum var. cerasiforme, an 
intermediate type between the fully wild and cultivated accessions32 
(Fig. 6a and Supplementary Tables 3–7). The fs8.1 allele was found at low 
levels in Regional Latin American (8%) and Regional Italian accessions 
(14%) including the well-known San Marzano type cultivar (Fig. 6a and 
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%) in transitional/early processing accessions 
(Fig. 6a and Supplementary Table 6). Strikingly, a survey of modern pro-
cessing and fresh-market accessions from China and the United States 
showed that the mutant allele is present in current-day processing lines 
but absent in fresh-market varieties (Fig. 6a and Supplementary Tables 6 
and 7). The cultivar Red Top VF was released in 1952 and carried the fs8.1 
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 5 and 6). These were key parental genotypes in 
initial crosses to develop cultivars with the characteristics demanded 
by the processing industry. The historical pedigree information and the 
year of release for the modern cultivars (Supplementary Tables 5 and 6) 
suggested that selection of the fs8.1 allele in processing-tomato breeding 
occurred during the 1960s–1970s. Thus, in line with the history of rede-
signing the tomato for mechanized production6,33,34, the fs8.1 mutation 
was highly selected in the breeding of modern processing cultivars.

Editing of FS8.1 improves 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 | FS8.1 increases the transcriptional activity of SlGT-16. a, Pull-down 
assay results showing that SlGT-16 interacts with FS8.1 through HD. b, Pull-
down assay results showing that both HD and TD2 are important for SlGT-16 
homodimerization. c, Pull-down assay results showing that FS8.1 tends to form a 
complex with SlGT-16 homodimers rather than impair the formation of SlGT-16 
homodimers. The bands were quantified using ImageJ software. d, Schematic 
diagram showing the constructs used in the transient expression assays of 
 e. e, Transient expression assays showing that FS8.1 functions as a co-activator of 
SlGT-16-mediated gene transcription (n = 4 independent biological replicates). 
The proSlKRP2::LUC reporter was cotransfected with the indicated effector 
constructs. The LUC:REN ratio represents the proSlKRP2::LUC activity relative 
to that of the internal control (REN driven by the 35S promoter). f, Longitudinal 
section of IL8-1-1 (WT), proFS8.1::GUS, proSlGT-16::GUS and proSlKRP2::GUS 

ovaries showing the tissue-specific expression patterns of these genes.  
g, RT‒qPCR results showing the relative expression levels of the indicated 
genes in the ovary walls and ovary columella of IL8-1-1 anthesis 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 SlGT-16 (h) and SlKRP2 (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. 
The significance of differences was evaluated using two-tailed Student’s t-tests, 
with exact P values indicated on the graph. Experiments in a–c were repeated 
independently at least three times with similar results.

Fig. 4 | FS8.1 activates SlKRP2 expression by interacting with SlGT-16 and 
SlGT-34. a, Schematic representation of SlKRP2 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 SlKRP2 promoter (n = 3 independent 
biological replicates). The amplicons detected by qPCR are indicated in  
a. SlACTIN2 was used as a non-specific target. c, EMSA results showing that SlGT-16, 
but not FS8.1, directly binds to the SlKRP2 promoter. d, EMSA results showing 
that SlGT-16 directly binds the SlKRP2 promoter through its TD1. SlGT-16ΔTD1  
and SlGT-16ΔTD2 are SlGT-16 derivatives lacking TD1 and TD2, respectively.  
e,f, Pull-down assay results showing that FS8.1 interacts with SlGT-16 (e) and 
SlGT-34 (f). CBB, Coomassie brilliant blue staining. g, LCI assay results showing the 
association between FS8.1 and SlGT-16. h, Quantitative analysis of luminescence 
intensity in g (n = 11 independent biological replicates). i, Pull-down assay 

results showing that FS8.1 interacts with SlGT-16 but not with itself. j, Pull-down 
assay results showing that SlGT-16 interacts with FS8.1 and itself. k, ChIP‒qPCR 
results showing the enrichment of SlGT-16-GFP in the SlKRP2 promoter (n = 3 
independent biological replicates). The amplicons detected by qPCR are 
indicated in a. SlACTIN2 was used as a non-specific target. l, Ripe fruits of IL8-1-1 
and slgt-16 slgt-34 mutants. Scale bar, 1 cm. m, Fruit shape indexes of IL8-1-1 and 
slgt-16 slgt-34 mutants (n = 13 fruits). n, RT‒qPCR assay results showing SlKRP2 
expression in ovaries at anthesis of the indicated genotypes (n = 3 independent 
biological replicates). o, Ripe fruits of M82 and SlGT-16-OE lines. Scale bar, 1 cm. 
p, Fruit shape indexes of M82 and SlGT-16-OE lines (n = 10 fruits). Bars represent 
means ± s.d. The significance of differences was evaluated using two-tailed 
Student’s t-tests, with exact P values indicated on the graph. Experiments in  
c‒f, i and j 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 
Data Fig. 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 Data Fig. 7g,h), 

acids (Extended Data Fig. 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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fruit ripening. Indeed, fs8.1 (refs. 5,7,13) and self-pruning (sp)35–37 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 SP in the back-
ground of TB0249, an elite fresh-market cultivar with an indeterminate 
growth habit and that produces round fruits (Extended Data Fig. 7a). As 
expected, the resulting fs8.1 sp double mutants displayed determinate 

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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Discussion
We have identified the long-sought-after gene underlying the elongated 
fruit shape of machine-harvestable processing tomatoes and elucidated 
its mode of action at the cellular and molecular levels. FS8.1 encodes a 
non-canonical GT-2 factor and complexes with canonical GT-2 factors 
such as SlGT-16 to activate cell cycle inhibitory genes. FS8.1 itself and 
SlGT-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 almost invariably round. In contrast, cultivated toma-
toes have little genetic variation in their genomes but exhibit tremen-
dous diversity in terms of fruit shape1,5,9,38,39. 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 
cultivars5,9,11,32,40. 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 a shape change from round to 
elongated or torpedo-shaped tomatoes4,5,11.

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 fruits4–6. In addition 
to shape change, the enhanced CR of fs8.1 mutant fruits could also be 
due to additional 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 anthesis13. 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 CR in 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 deterioration in terms of harvest, transportation and 
storage. Thus, enhancing fruit firmness without compromising other 
quality values is an earnest target for modern breeding of fresh-market 
tomatoes. Given that fruit firmness is determined by the rate of soften-
ing during 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 firmness41,42. However, these ripening-related mutations often 
adversely affect colour, flavour and nutritional qualities41,43–45. 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 region14, 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 drag46–48. Indeed, CRISPR/Cas9-mediated precise mutation 
of FS8.1 led to enhanced CR of elite fresh-market tomatoes without 
loss of quality. Previous studies have shown that PECTATE LYASE49, the 
GA2-oxidase-encoding gene FIRM SKIN 1 (ref. 18), the LATERAL ORGAN 
BOUNDARIES transcription factor gene SlLOB1 (ref. 50), β-galactosidase 
genes TBG4 and TBG6 (ref. 51,52), the MADS-box transcription factor 
gene SlMBP3 (ref. 53,54), and several polygalacturonase genes and 
expansin genes55,56 are useful targets to enhance fruit firmness by 
targeted control of fruit softening. Given that FS8.1 is not involved in 
fruit ripening, our work provides an alternate strategy to improve fruit 
CR without 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. In this regard, our study probably underscores a potential 
strategy to breed fresh-market tomatoes suitable for mechanized 
production.

It is also 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 FS8.1 gene can be used to develop more flavourful process-
ing tomatoes from fresh-market varieties.

Methods
Plant material and growth conditions
Seeds of M82 (LA3475), IL8-1-1 (LA4072), IL8-2 (LA4074), IL8-3 (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. IL8-1-1 was used 
as the WT for fs8.1-7, fs8.1-9, slgt-16 slgt-34, slkrp2, slkrp1 slkrp2 slkrp4, 
proFS8.1::GUS, proSlSlGT-16::GUS and proSlKRP2::GUS. M82 was used 
as the WT for proFS8.1::FS8.1-GFP (Comp), SlKRP2-OE and SlGT-16-OE. 
AC was used as the WT for fs8.1-3, fs8.1-16, slgt-16-1, slgt-16-2, slgt-34-1, 

Fig. 6 | Editing of FS8.1 improves 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 fs8.1 sp double mutant plants (top) 
and their fruits (bottom). The images were taken at 167 d after germination. 
The inflorescences are indicated by numbers. Scale bar, 10 cm. c, Ripe fruits of the 

TB0249 and fs8.1 sp double mutant. Scale bar, 1 cm. d,e, Fruit shape indexes (d) 
and CR in the abaxial–adaxial direction (e) of TB0249 and fs8.1 sp double mutant 
fruits. In d, n = 11, 8, 8 fruits from left to right. In e, n = 10, 8, 8 fruits from left to 
right. f,g, Flowering time for primary (f) and sympodial (g) shoots of TB0249  
and fs8.1 sp 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 t-tests, with exact P values 
indicated on the graph.
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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 µE m−2 s−1) at 26 °C and 8 h of 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 
previously13. Briefly, flower buds were tagged and the size of the flower 
was recorded 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 to be at 18, 
15, 12, 9, 5, 3 and 0 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)57. 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 ImageJ 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 described18. 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 on ice with an ethanol-double distilled H2O 
series (50, 70, 85, 95, 100% × 2) and then embedded in a resin-ethanol 
series (50, 100%) at room temperature. The embedded ovaries were 
subsequently sectioned using a Leica RM2265 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 columella boundary 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. lycopersicum cv. Rio 
Grande and a wild species, S. pimpinellifolium (accession no. LA1589, 
https://tgrc.ucdavis.edu/) (ref. 14). On the basis of previous mapping, 
we used a BC4F5 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 open reading frames in this region. 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 vector58 to generate a proFS8.1::FS8.1-GFP 
construct. For overexpression of SlKRP2, the coding DNA sequence 

(CDS) of SlKRP2 was cloned into a pENTR vector (Invitrogen), which 
was then recombined with the binary vector pGWB18 (ref. 59) to gen-
erate a pro35S::SlKRP2-myc construct. For overexpression of SlGT-16, 
the SlGT-16 CDS was cloned into pENTR (Invitrogen), which was then 
recombined with the binary vector pK7FWG2.0 (ref. 60) to generate a 
pro35S::SlGT-16-GFP construct. All the constructs were transformed 
into M82 by Agrobacterium tumefaciens (GV3101)-mediated cotyledon 
explant transformation as described previously23. The resulting trans-
formants were selected on the basis of their resistance to hygromycin B 
or kanamycin. Homozygous T2 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, SlKRP2, SlGT-16 and SlGT-34 were gener-
ated by the tomato U6 promoter-controlled CRISPR/Cas9 system 
as previously described23. Briefly, two sets of primers containing 
guide RNA (gRNA) sequences of FS8.1 were used in PCR to generate 
a tomato 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-SlKRP2, pTX041-SlGT-16 and 
pTX041-SlGT-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 slgt-16 slgt-34 double mutant line was gen-
erated by a CRISPR/Cas9 multiplex editing system on the basis of the 
endogenous transfer RNA (tRNA)-processing system61,62. Briefly, a pGTR 
plasmid containing the gRNA scaffold with a tRNA sequence was used 
as a PCR template to generate gRNA–tRNA units. The resulting units 
were cloned into pTX041 to form a pTX041-SlGT-16&SlGT-34 construct. 
The final construct was then transformed into IL8-1-1 and AC. An slkrp1 
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 manufacturer instructions. The quality 
of the total RNA was determined using a NanoDrop spectrophotometer 
(Thermo Fisher). Each sample (2 μg) of total RNA was used to synthesize 
first-strand complementary DNA with a PrimeScript RT kit with gDNA 
eraser (RR0447A, 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 SlACTIN2. 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)63 using the 
neighbour-joining method. The branches were compared with boot-
strap support values from 500 replicates per node. Protein structures 
of SlGT-16, FS8.1 and fs8.1 were predicted by the artificial intelligence 
(AI) system, AlphaFold64,65.

RNA-seq and data analysis
M82 and Comp-2 ovaries were collected at 9 DBA for RNA isolation. Total 
RNA was extracted using TRIzol reagent (15596018, Invitrogen) and 
then treated 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 μg of total RNA was 
used to construct Illumina sequencing libraries according to manufac-
turer instructions. The libraries were sequenced by staff at Biomarker 
Technologies via an Illumina 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-
sion levels were calculated as fragments per kilobase of transcript per 
million fragments mapped (FPKM) using StringTie67. Genes that were 
differentially expressed between two groups were identified using the 
DEGseq R package68, 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 described69,70, with 
slight modifications. Briefly, ovaries of proFS8.1::FS8.1-GFP-2 or 
SlGT-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, 
1 mM EDTA, 1% (w/v) SDS, 1% (v/v) Triton X-100, 0.1% (w/v) sodium 
deoxycholate and 1 mM phenylmethylsulfonyl fluoride) containing 
1× protease inhibitor cocktail (05056489001, Roche) and sonicated 
to reduce the average DNA fragment size to ~500 bp. Then, 50 μl of 
sheared chromatin was saved as an input control. Anti-GFP antibody 
(AB290, Abcam, 1:750 dilution) was incubated together with Dyna-
beads Protein G (10004D, Invitrogen) at 4 °C for at least 6 h and then 
added to the remaining chromatin, which was subsequently incubated 
overnight at 4 °C. The immunoprecipitated chromatin–protein com-
plex was sequentially washed in low-salt buffer (20 mM Tris-HCl (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-HCl (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-HCl (pH 8.0), 25 mM LiCl, 1 mM EDTA, 0.5% (w/v) Nonidet P-40 and 
0.5% (w/v) sodium deoxycholate) and TE buffer (10 mM Tris-HCl (pH 
8.0) and 1 mM EDTA). After washing, the immunoprecipitated chroma-
tin was eluted with elution buffer (1% SDS and 100 mM NaHCO3). The 
protein‒DNA crosslinks were reversed by incubating the immunopre-
cipitated complexes in 20 μl 5 M NaCl 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 DNA relative to that of input DNA. The fold enrichment 
in selected regions was normalized against the non-specific binding 
region of the SlACTIN2 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 qPCR are 
listed in Supplementary Table 8.

EMSAs
EMSAs were performed as described previously71,72. Briefly, FS8.1 CDS, 
SlGT-16 CDS and SlGT-16 derivatives were cloned into a pMAL-c2X vec-
tor (N8076S, New England Biolabs). The recombinant MBP-FS8.1, 
MBP-SlGT-16, MBP-SlGT-16ΔTD1 and MBP-SlGT-16ΔTD2 fusion proteins were 
expressed in Escherichia coli Rosetta (DE3) cells and affinity-purified 
with amylase 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 
using a chemiluminescent 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 
in an acrylamide gel. A labelled probe incubated with MBP was used as 
a negative control. Unlabelled probes were used as competitors. The 
probes used for EMSA are listed in Supplementary Table 8.

LCI assays
LCI assays were performed as described previously73. The CDSs of 
FS8.1, fs8.1 and SlGT-16 were cloned into a pCAMBIA-35S-nLuc vector, 
and the CDSs of FS8.1, SlGT-16, SlGT-34, SlGT-30, SlGT-26 and SlGT-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 a 10 mM MgCl2 solution including 0.2 mM 
acetosyringone to a final concentration of optical density (OD)600 = 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. benthamiana leaves with a needleless syringe. 
The infiltrated plants were incubated at 23 °C for 72 h under a 16-h 
light/8-h dark photoperiod before the LUC activity was measured. 
A low-light-cooled charge-coupled device (CCD) imaging apparatus 
(NightOWL II LB983 with Indigo software) was used to capture the 
LUC image. The leaves were sprayed with a 0.5 mM luciferin solution 
and placed in darkness for 3 min before luminescence detection. Data 
from at least 9 biological replicates were collected.

In vitro pull-down assays
To produce MBP-FS8.1, MBP-SlGT-16, MBP-SlGT-34, MBP-SlGT-16ΔTD1, 
MBP-SlGT-16ΔTD2 and MBP-SlGT-16ΔHD fusion proteins, the CDSs of FS8.1, 
SlGT-16 and SlGT-34 and the derivatives of SlGT-16 were cloned into a 
pMAL-c2X vector (N8076S New England Biolabs). To produce GST-FS8.1 
and GST-SlGT-16 fusion proteins, the CDSs of FS8.1 and SlGT-16 were 
cloned into a pGEX-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–SlGT-16 and FS8.1–SlGT-34 interactions, 10 μl 
of amylose resin bound to 1 μg of MBP-SlGT-16 or MBP-SlGT-34 was 
incubated together with 1 μg of GST-FS8.1 in 1 ml of reaction buffer 
(25 mM Tris-HCl (pH 7.5), 100 mM NaCl, 1 mM dithiothreitol and 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-HCl (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 R 250 was used as a loading control. To 
investigate whether FS8.1 and SlGT-16 form homodimers or heterodi-
mers with each other and to determine which domains are involved in 
dimerization, subsequent manipulations similar to those described 
above were performed.

To determine whether FS8.1 affects SlGT-16–SlGT-16 homodimer 
formation, 1 μg each of purified MBP-SlGT-16 and GST-SlGT-16 proteins 
was added to each sample. Purified GST-FS8.1 protein was added in 
accordance with a concentration gradient. Amylose resin was used to 
pull down 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 described58. The 2,053-bp promoter sequence 
of SlKRP2 was amplified from genomic DNA and cloned into a pGree-
nII 0800-LUC vector31 for use as a reporter. The Renilla (REN) LUC 
gene under the control of the cauliflower 35S promoter in a pGreenII 
0800-LUC vector was used as the internal control. The CDSs of FS8.1, 
fs8.1 and SlGT-16 under the control of the 35S promoter were cloned 
into a pCAMBIA-35S-cLuc vector, and the resulting vectors were used as 
effectors. The pCAMBIA-35S-cLuc vector was used as a negative control. 
The primers used for plasmid construction are listed in Supplementary 
Table 8. A. tumefaciens GV3101 transformed with the different con-
structs were incubated, collected and resuspended in a 10 mM MgCl2 
solution including 0.2 mM acetosyringone to a final concentration of 
OD600 = 1.5. After 2 h of incubation at room temperature, equal volumes 
of Agrobacterium suspensions carrying the indicated constructs were 
mixed and co-infiltrated into N. benthamiana leaves with a needleless 
syringe. The infiltrated plants were incubated at 23 °C for 48 h under a 
16-h light/8-h dark photoperiod before luminescence detection. Firefly 
LUC and REN activities were measured using a Dual-LUC Reporter Assay 
system (Promega) following manufacturer instructions, and LUC:REN 
ratios were calculated and presented. Data from 4 independent biologi-
cal replicates were collected, with error bars used to represent the s.d.s.

Genotyping of tomato germplasm
A derived cleaved amplified polymorphic sequence (dCAPS) marker, 
FS8.1-dCAPS, was developed to detect the fs8.1 mutation. After ampli-
fication, the products were digested with HindIII and separated on a 3% 
(w/v) agarose gel. The null allele of FS8.1 yielded 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 
bars are used to represent 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 previously18, 
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 μl of water. After sonication and centrifugation, 
the samples were filtered through a 0.22 µm polyethersulfone ultra-
filtration membrane. The saccharide contents were measured using 
a high-performance liquid chromatograph (LC-20AT, Shimadzu). A 
Waters BEH Amide 5 µm column was used as the analytical column 
(250 × 4.6 mm). The mobile phase consisted of acetonitrile as solvent 
A and 1 mg ml−1 ammonium hydroxide as solvent B. The temperatures 
of the 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−1. 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 μl 0.2 mol l−1 
metaphosphoric acid. After sonication and centrifugation, the sam-
ples were filtered through a 0.22 µm polyethersulfone ultrafiltration 
membrane. Acid contents were measured using a high-performance 
liquid chromatograph (LC-20AT, Shimadzu). A CNW Athena C18-WP 
5 µm column was used as the analytical column (250 × 4.6 mm). The 
mobile phase consisted of water with 1 mg ml−1 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 run at 2% under a flow 
rate of 0.7 ml min−1, 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 described74, 
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 in 1 ml of ethyl acetate. Then, the samples were filtered 
through a 0.22 µm polyethersulfone ultrafiltration membrane. The 
lycopene contents were measured using a high-performance liquid 
chromatograph (LC-20AT, Shimadzu). A C18 5 µm column was used as 
the analytical column (250 × 4.6 mm). The mobile phase consisted of 
methanol as solvent A and ethyl acetate as solvent B. The temperatures 
of the column and autosampler were 20 °C and 4 °C, respectively. Each 
acid was separated by increasing the solvent B concentration from 6% 
to 90% during 4 min after the first 1 min of the run at 6% under a flow 
rate of 1 ml min−1, 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
The significance of differences was evaluated using two-tailed Student’s 
t-tests. For protein quantification, band intensities were quantified 
using ImageJ software.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
The RNA-seq data have been deposited in the 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) in this article can be found in the Sol Genom-
ics Network (SGN): FS8.1 (Solyc08g061910), SlGT-16 (Solyc04g071360), 
SlGT-34 (Solyc12g056510), SlGT-30 (Solyc11g005380), SlGT-
26  (Solyc09g009250), SlGT-26L  (Solyc10g083567), SlKRP1 
( S o l yc 03 g 0 4 4 480) ,  Sl K R P 2  ( S o l yc 02 g 090680) ,  Sl K R P 4 
(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 
an ovary. b,c, Fruit shape indexes (b) and CR (c) of different fresh-market and 
processing tomatoes. In b, n = 16, 12, 9, 11, 11, 12, 9, 13, 13, 13, 6 fruits from left to 
right. In c, n = 12, 14, 11, 10, 11, 10, 15, 18, 16, 18, 14 fruits from left to right. d, Fruit 
shape indexes of LA0716, 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 = 1 cm. 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 
Solyc08g061910A857T 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 P value is indicated on  
the graph.
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Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | Genetic validation of the FS8.1 candidate gene. 
 a, Generation of fs8.1 mutants in the IL8-1-1 background. The sgRNA targets 
and protospacer adjacent motifs (PAMs) are highlighted in red and bold fonts, 
respectively. The blue dashes indicate deletions, and the numbers indicate the 
numbers of nucleotides involved. b‒f, Histological and cellular observations of 
anthesis ovaries of IL8-1-1 and fs8.1 mutants. The cell number and cell size were 
measured along the red, blue and yellow lines indicated in Fig. 1a. IOWL, inner 
ovary wall length; OWT, ovary wall thickness; CL, columella length. In b, n = 10, 
11, 11, 10, 11, 10 ovaries from left to right. In c, n = 9, 10, 11, 10, 10, 10 ovaries from 
left to right. In d, n = 10, 12, 11, 10, 11, 10 ovaries from left to right. In e, n = 11, 8, 9 
ovaries from left to right. In f, n = 12 ovaries. g, Fruit weight of IL8-1-1 and 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 wall length; OWT, ovary wall thickness; CL, columella length. In i, n = 8, 10, 
11, 10, 13, 13 ovaries from left to right. In j, n = 9, 11, 11, 11, 14, 13 ovaries from left to 
right. In k, n = 9, 10, 9, 10, 13, 13 ovaries from left to right. In l, n = 12, 16, 16 ovaries 
from left to right. In m, 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 P value is indicated on the graph.
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3 | FS8.1 encodes a GT-2-like protein that lacks the 
duplicate trihelix domains. a, Protein sequence alignment of SlGT-16, 
SlGT-34, FS8.1 and fs8.1. The gray boxes indicate the conserved domains. b, 
Phylogenetic tree of trihelical transcription factors in tomato and Arabidopsis. 
The phylogenetic tree was constructed by the neighbor-joining method using 
MEGA version 7.0. The five clades composing the trihelix family are indicated 
by different colors. The FS8.1 gene is highlighted in the red box. c, Structures of 

SlGT-16, FS8.1 and fs8.1 predicted by AlphaFold. N, N-terminus; C, C-terminus; 
TD1, trihelix domain 1; TD2, trihelix domain 2; HD, α-helical domain. AlphaFold 
produces a per-residue confidence score (pLDDT) between 0 and 100. Some 
regions below 50 pLDDT may be unstructured in isolation. Accession numbers 
are from the SGN and TAIR database. The phylogenetic tree was constructed by 
the neighbor-joining method using MEGA version 7.0.
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Extended Data Fig. 4 | Phylogenetic analyses of FS8.1 and SlGT-16. a,b, Phylogenetic analyses of FS8.1 orthologs (a) and SlGT-16 orthologs (b). Accession numbers 
are from the SGN, CuGenDB, TAIR, Phytozome and NCBI databases.
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Extended Data Fig. 5 | See next page for caption.
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Extended Data Fig. 5 | FS8.1 differentially regulates cell cycle-related genes. 
a, RT‒qPCR results showing the expression levels of FS8.1, SlKRP2 and SlGT-16 
in various 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. 
The scale bar indicates the average number of amino acid substitutions per site. 

e, Generation of slkrp1 slkrp2 slkrp4 triple mutants in the IL8-1-1 background. The 
sgRNA targets and PAM are highlighted in red 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 SlKRP2 expression in the anthesis ovaries of the indicated genotypes 
(n = 3 independent biological replicates). Bars represent the means ± SD. The 
significance of the difference was evaluated by two-tailed Student’s t tests, the 
exact P value is indicated on the graph.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | SlGT-16 and SlGT-34 redundantly regulate SlKRP2 
expression and fruit shape formation. a, LCI assays designed to determine 
interactions between FS8.1 and 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 
SlGT-16 expression in the ovaries of the indicated genotypes at anthesis (n = 3 
independent biological replicates). c, Generation of single and double mutants 
of SlGT-16 and SlGT-34 in 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, slgt-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 SlKRP2 expression in the ovaries of the 
indicated genotypes at anthesis (n = 3 independent biological replicates). Bars 
represent the means ± SD. The significance of the difference was evaluated by 
two-tailed Student’s t tests, the exact P value is indicated on the graph.
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Extended Data Fig. 7 | Editing of FS8.1 enhances fruit firmness without 
compromising nutrition. a, Generation of fs8.1 single mutants and fs8.1 sp 
double mutants in different backgrounds. The sgRNA targets and PAM are 
highlighted in red 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). b, Ripe fruits of 
AC and fs8.1 mutants. Bar = 1 cm. c, d, Fruit shape indexes (c) and fruit CR (d) 

of AC and fs8.1 mutants. n = 16 (for c) and 12 (for d) fruits. e, Fruit weight of AC 
and fs8.1 mutants (n = 25, 21, 18 fruits from left to right). f‒k, Contents of fruit 
quality-related metabolites. In f, g, i‒k, n = 4 independent biological replicates. 
In h, n = 3 independent biological replicates. Bars represent the means ± SD. The 
significance of the difference was evaluated by two-tailed Student’s t tests, the 
exact P value is indicated on the graph.
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