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Fruit neck is the proximal portion of the fruit with undesirable taste that has detrimental
effects on fruit shape and commercial value in cucumber. Despite the dramatic variations
in fruit neck length of cucumber germplasms, the genes and regulatory mechanisms
underlying fruit neck elongation remain mysterious. In this study, we found that Cucumis
sativus HECATE1 (CsHEC1) was highly expressed in fruit neck. Knockout of CsHEC1
resulted in shortened fruit neck and decreased auxin accumulation, whereas overexpres-
sion of CsHEC1 displayed the opposite effects, suggesting that CsHEC1 positively regu-
lated fruit neck length by modulating local auxin level. Further analysis showed that
CsHEC1 directly bound to the promoter of the auxin biosynthesis gene YUCCA4
(CsYUC4) and activated its expression. Enhanced expression of CsYUC4 resulted in
elongated fruit neck and elevated auxin content. Moreover, knockout of CsOVATE
resulted in longer fruit neck and higher auxin. Genetic and biochemical data showed
that CsOVATE physically interacted with CsHEC1 to antagonize its function by
attenuating the CsHEC1-mediated CsYUC4 transcriptional activation. In cucumber
germplasms, the expression of CsHEC1 and CsYUC4 positively correlated with fruit
neck length, while that of CsOVATE showed a negative correlation. Together, our
results revealed a CsHEC1-CsOVATE regulatory module that confers fruit neck
length variation via CsYUC4-mediated auxin biosynthesis in cucumber.
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The fruit is the prominent edible organ in horticultural crops that is essential for seed
development and sexual reproduction. Fruit shape directly affects appearance quality
and market value, and thus explosion in fruit shape variation is one of the hallmarks
during crop domestication (1–3). So far, most fruit shape studies have been performed
in tomato bearing the berry fruit, such as SUN, an IQ67-domain protein involved in
Ca2+ signal transduction, acting as a positive regulator for elongated fruit shape,
whereas the CLAVATA3/EMBRYO SURROUNDING REGION–related family
member FASCIATED (FAS) and the WUSCHEL homeodomain protein LOCULE
NUMBER (LC) function coordinately in fruit locule number controlling the flat shape
(4–8). Cucumber is an important vegetable crop bearing the pepo fruit that is har-
vested immature at 8 to 18 d after anthesis, and consumed fresh or processed into
pickles (9, 10). Morphologically, cucumber fruit consists of the fruit neck at the proxi-
mal end, connecting with the peduncle and the tasty fruit at the distal end (Fig. 1A).
Fruit neck, also known as stalk or gynophore, usually has no spines/tubercules on the
surface and no placenta inside (11–13). In cucumber germplasms, the fruit neck length
(FNL) varies from 1 to 12 cm (Fig. 1B), which accounts for up to 35% of the total
fruit length (2, 12). Due to the undesirable taste and the reduced diameter compared
with that of the fruit, resembling a constricted neck, the fruit neck has detrimental
effects on fruit shape and commercial value in cucumber (14).
Previous studies showed that FNL variation is controlled by additive genetic rather

than environmental factors in cucumber (15, 16). In 2008, a major-effect quantitative
trait locus (QTL) accounting for 18.5% in FNL was identified as located on a 21.4-cM
region on chromosome 1 (17). Subsequently, four QTLs on chromosomes 3, 6, and 7
were detected by QTL mapping using 160 recombinant inbred lines (18). The first gene
cloned for fruit neck elongation is CsFnl7.1, encoding a protein of the late embryogenesis
abundant family, that may regulate fruit neck development by modulating cell expansion
in cucumber (19). However, the regulatory mechanism underlying FNL variation
remains largely unknown in cucumber.
Fruit neck is an important part of the apical–basal patterning of the fruit developed

from the gynoecium, in which the arrangement of stigma, style, ovary, and fruit neck
along the distal end to the proximal end constitutes the apical–basal axis of the gynoe-
cium (Fig. 1 A and C) (11, 20, 21). Mutations in HECATE (HEC) genes, members of
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Fig. 1. Expression analysis of CsHEC1 and phenotypic characterization of CsHEC1 knockout lines in cucumber. (A) Structure of cucumber fruit at the com-
mercial harvest stage. Blue bracket, peduncle; red bracket, fruit neck; black bracket, fruit. (B) Variations in FNL (red brackets) in different cucumber germ-
plasms. (C) The expression pattern of CsHEC1 in different parts of the ovary at 3 DBA. cff, corolla from the female flowers; fn, fruit neck; mid, middle. Values
are means ± SD (n = 3). The red brackets indicate the fruit neck. (D–F) In situ hybridization analysis of CsHEC1 (D and E) or CsHEC2 (F) in cucumber. Longitudi-
nal sections of developing flower primordium at stage 2 (D) and stage 6 (E and F). Asterisks indicate the developing fruit neck in cucumber. ca, carpel; fm, flo-
ral meristem; pe, petal; se, sepal; sta, stamen. (Scale bars, 100 μm.) (G and H) Tissue specificity of CsHEC1 expression was examined using the ProCsHEC1:GUS
reporter system. GUS signals of CsHEC1 were highly enriched at the fruit neck and corolla of the female flower (G). Negative control showed no GUS signal
(H). (Scale bars, 1 mm.) (I) Genotype identification of CsHEC1 knockout plants indicated the Cshec1#1 mutant with 9- and 4-bp deletions, and the Cshec1#2
mutant with a 2-bp deletion and 1-bp insertion. The stars represent the termination codon position and the yellow boxes indicate the bHLH domain.
(J–L) Morphology of WT, Cshec1#1, and Cshec1#2 fruits at 0 DPP (J), 10 DPP (K), and 40 DPP (L). The red brackets indicate the fruit neck; the red and white
double arrows represent the measured FNL and FL, respectively. (Scale bars, 2 cm.) (M and N) Quantification of FNL (M) and the ratio of FNL/FL (N) in WT
and Cshec1 mutants at 40 DPP. Values are means ± SD (n = 10). (O and P) Representative cell morphology (O) and cell-length quantification (P) of longitudinal
sections of the fruit necks in WT and Cshec1 fruits at 40 DPP. Values are means ± SD (n = 9). (Scale bar, 50 μm.) (Q) IAA content in the fruit necks of WT and
Cshec1 mutants. FW, fresh weight. Values are means ± SD (n = 3). Significance analysis compared with WT was performed with the two-tailed Student’s t test
(ns, no significant difference; **P < 0.01).
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the basic helix–loop–helix (bHLH) family, showed defects in
transmitting tract and stigma formation leading to reduced fertil-
ity. Overexpression of HEC1 or HEC3 driven by the constitutive
cauliflower mosaic virus 35S promoter occasionally produced
gynoecia with defects in apical–basal polarity (22), resembling
the loss of function in the auxin efflux carrier PIN-FORMED1
(PIN1) (23). Further study showed that HEC1 boosted auxin
transport via directly stimulating the expression of PIN1 and
PIN3 during gynoecium development in Arabidopsis (24).
OVATE family proteins (OFPs) were shown to regulate fruit

shape and size in agricultural crops (25, 26). OVATE was the first
gene identified in the OFPs as a repressor of fruit growth, and its
loss-of-function mutation resulted in fruit transition from round-
to pear-shaped with longitudinal elongation at the proximal end
and obvious neck constriction in tomato (27, 28). SlOFP20,
another member of the OFPs underlying the suppressor of ovate
(sov1) locus, acted synergistically with OVATE resulting in a
conspicuous pear-shaped tomato. OVATE and SlOFP20 inter-
acted with several members of TONNEAU1 RECRUITMENT
MOTIF (TRM) to regulate tomato fruit shape by fine-tuning
cell-division patterns (26). In peach, transcriptional activation
of PpOFP1 caused by the 1.7-Mb chromosomal inversion event
was responsible for flat-shaped fruit. PpOFP1 was the homolo-
gous protein of both AtOFP1 and SlOFP20, which may func-
tion as a transcriptional repressor of cell division or elongation,
interacting with the elongation activator PpTRM17 (26, 29, 30).
In addition, QTL mapping showed that several homologous
genes to OFP and TRM members were encompassed in the
chromosome regions specifying the shape change from round
to elongated fruit in melon, cucumber, and potato; despite
this, functional validation and regulatory mechanisms are mys-
terious (26, 31, 32).
In this study, we found that cucumber CsHEC1 is highly

expressed in the fruit neck region and plays a positive role in fruit
neck elongation. Further analysis showed that CsHEC1 directly
bound to the CsYUC4 promoter and enhanced its expression,
resulting in elevated auxin accumulation and increased FNL.
Moreover, our data indicated that CsOVATE functions as a neg-
ative regulator for fruit neck elongation through physical interac-
tion with CsHEC1 to attenuate the CsHEC1-mediated CsYUC4
activation. A working model involved in the regulation of FNL
variation by the CsHEC1-CsOVATE module through mediated
auxin biosynthesis is proposed.

Results

Characterization of the CsHEC1 Transcription Factor in
Cucumber. In the dehiscent silique of Arabidopsis, HEC1/2/3
genes function redundantly during gynoecium development
through controlling the formation of the transmitting tract and
stigma (22, 24). In cucumber bearing fresh pepo fruit, our
recent studies showed that CsHEC2 regulates fruit wart forma-
tion by stimulating cytokinin biosynthesis and irregular vascula-
ture patterning (CsIVP); the CsHEC3 subfamily participates in
both organ shape determination and downy mildew resistance
via mediating vasculature development (33, 34). In this study,
we characterized the function of CsHEC1 (Csa4G639900)
during fruit development in cucumber. Phylogenetic analysis
showed that Cucurbitaceae HEC1 and HEC2 belong to two
different clades, and CsHEC1 is more closely related to HEC1
and HEC2 of Arabidopsis (SI Appendix, Fig. S1 and Table S1).
Both CsHEC1 and CsHEC2 contain a conserved bHLH
domain, but share only 41% amino acid identity across the full
length of proteins (SI Appendix, Fig. S2) (35). Similar to the

gene structure of HEC1 and HEC2 in Arabidopsis, the coding
region of CsHEC1 is 717 bp with a single exon (SI Appendix,
Fig. S3A) (22). Subcellular localization assay indicated that
CsHEC1 was localized in the nucleus (SI Appendix, Fig. S3B).
Dual-luciferase reporter (DLR) assay showed that CsHEC1
exhibited higher luciferase activity compared with the control
vector, similar to that of VP16 positive control (SI Appendix,
Fig. S3C) (36), implying that CsHEC1 may act as a transcrip-
tional activator located in the nucleus.

CsHEC1 Is Highly Expressed in the Fruit Neck of Cucumber. To
explore the expression pattern of CsHEC1, three methods were
performed in cucumber. qRT-PCR showed that CsHEC1 tran-
scripts were prominently enriched in ovaries 3 d before anthesis
(DBA) (SI Appendix, Fig. S4A). Particularly, CsHEC1 tran-
scripts were highly accumulated in the corolla and fruit neck
(Fig. 1C). RNA in situ hybridization analysis showed that
CsHEC1 signal was observed throughout the shoot apical meri-
stem and floral meristem (SI Appendix, Fig. S4B). In floral buds
at stages 1 to 4, strong signals were detected beneath the rib
zone where the fruit neck will initiate (Fig. 1D, asterisk and SI
Appendix, Fig. S4 C–E) (37). Upon stages 6 to 8, CsHEC1 mes-
senger RNAs were predominantly found in the developing car-
pels and fruit necks (Fig. 1E and SI Appendix, Fig. S4 F and G)
and corolla (SI Appendix, Fig. S4 H and I). Importantly,
CsHEC2, the paralogous gene of CsHEC1, was expressed in the
carpel primordium, but not in the fruit neck (Fig. 1F and SI
Appendix, Fig. S1). GUS (β-glucuronidase) reporter results fur-
ther confirmed the high expression of CsHEC1 in the fruit
neck, corolla, and developing ovules (Fig. 1 G and H and SI
Appendix, Fig. S4 J and K). These results indicated a potential
role of CsHEC1 in fruit neck development in cucumber.

CsHEC1 Promotes Fruit Neck Elongation through Mediating
Auxin Accumulation. To explore the function of CsHEC1 in
cucumber, homozygous loss-of-function mutants were obtained
using the CRISPR-Cas9 system in the inbred line XTMC, a
North China–type cucumber with long fruits and medium
FNL. Two mutant lines, Cshec1#1 (with 9- and 4-bp deletions)
and Cshec1#2 (with a 2-bp deletion and 1-bp insertion) were
identified for further characterizations (Fig. 1I and SI Appendix,
Fig. S5A). No mutation was detected in the potential off-target
sites of PCR sequencing products (SI Appendix, Table S2).
Compared with wild-type (WT) plants, both mutants exhibited a
shorter fruit neck from 0 d postpollination (DPP) to maturity in
cucumber (Fig. 1 J–L). Quantification data analyses showed that
the Cshec1 mutants had 21 to 28% decreases in FNL (Fig. 1M).
Similarly, the fruit length (FL) was decreased, and the ratio of
FNL to FL (FNL/FL) was significantly reduced in Cshec1
mutants (Fig. 1N and SI Appendix, Fig. S5B). Longitudinal sec-
tions of the fruit neck tissue from Cshec1 mutants and WT
plants showed no significant difference in cell length (Fig. 1 O
and P), suggesting that CsHEC1 may stimulate fruit neck elon-
gation by mediating cell division. Previous studies indicated
that auxin plays a unique role in regulating apical–basal fruit
patterning in Arabidopsis and tomato (38–40). The auxin
indole-3-acetic acid (IAA) level in fruit neck was greatly reduced
in Cshec1 mutants (Fig. 1Q), implying that CsHEC1 may mod-
ulate local auxin accumulation during fruit neck development.

To further confirm CsHEC1 function in cucumber fruit, a
CsHEC1 overexpression (OE) vector (Pro35S:CsHEC1-Flag) was
constructed for genetic transformation. Five CsHEC1-OE trans-
genic lines were obtained and three representative lines (OE#2,
OE#3, and OE#4) were selected for further analyses (Fig. 2).
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The qRT-PCR result indicated that the expression levels of
CsHEC1 in the overexpression lines OE#2, OE#3, and OE#4
were 150-, 126-, and 95-fold higher than that of WT, respec-
tively (Fig. 2A). Immunoblot assay demonstrated that the
CsHEC1 protein had a high-level accumulation in all three OE
transgenic lines (Fig. 2B). Compared with the WT, CsHEC1-
OE fruits displayed remarkably elongated fruit neck from 0 DPP
to maturity (Fig. 2 C–E). Quantification analyses showed that the

CsHEC1-OE lines had 24 to 53% increases in FNL at maturity
(Fig. 2F). No significant differences were detected in FL between
WT and CsHEC1-OE lines (SI Appendix, Fig. S6A). Thus, the
ratio of FNL/FL was significantly elevated in CsHEC1-OE lines
(Fig. 2G). Longitudinal sections of the fruit neck at 40 DPP
showed no consistent change in cell length (Fig. 2 H and I), sug-
gesting that the main cause of fruit neck elongation may be
increased cell numbers in CsHEC1-OE lines. Moreover, the IAA
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Fig. 2. Overexpression of CsHEC1 results in elongated fruit neck in cucumber. (A) qRT-PCR analysis of CsHEC1 expression in CsHEC1-OE lines. Values are
means ± SD (n = 3). (B) Immunoblot analysis of CsHEC1 protein levels in CsHEC1-OE lines using anti-Flag antibody. Rubisco large subunit stained by Ponceau
S served as a loading control. (C–E) Fruit phenotype of CsHEC1-OE transgenic plants at 0 DPP (C), 10 DPP (D), and 40 DPP (E). The brackets indicate the fruit
neck, and the double arrows represent the measured FNL. (Scale bars, 2 cm.) (F and G) Quantification of FNL (F) and ratio of FNL/FL (G) in WT and CsHEC1-OE
lines at 40 DPP. Values are means ± SD (n = 6). (H and I) Representative cell morphology (H) and cell-length quantification (I) of longitudinal sections of the
fruit necks in WT and CsHEC1-OE fruits at 40 DPP. Values are means ± SD (n = 9). (Scale bar, 50 μm.) (J) IAA content in the fruit neck of WT and CsHEC1-OE
plants. Values are means ± SD (n = 3). Significance analysis compared with WT was performed with the two-tailed Student’s t test (ns, no significant difference;
*P < 0.05, **P < 0.01).
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level in fruit neck was greatly elevated in CsHEC1-OE lines
(Fig. 2J). To explore whether the effect of CsHEC1 on fruit
neck elongation is ecotype-specific, overexpression of CsHEC1
in a South China–type cucumber, GFC, bearing short fruits
was performed. Similarly, our data showed that both FNL and
auxin level were increased upon overexpression of CsHEC1 in
GFC (SI Appendix, Fig. S7), supporting that CsHEC1 posi-
tively regulated fruit neck elongation by promoting auxin accu-
mulation in cucumber.

CsHEC1 Directly Activates the Auxin Biosynthesis Gene
CsYUC4 to Promote Fruit Neck Elongation. Members of the
YUCCA (YUC) family mediate local auxin biosynthesis by cat-
alyzing indole-3-pyruvic acid into IAA, the major naturally
occurring auxin (41, 42). To explore whether CsHEC1 mediates
auxin accumulation through auxin biosynthesis genes, the expres-
sion of 10 CsYUCs was examined in young stems and fruit necks
in cucumber (43). Among them, the expression levels of
CsYUC10a and CsYUC11 were undetectable. Interestingly, only
CsYUC4 was highly expressed in the fruit neck compared with
that in the stem (SI Appendix, Fig. S8). We further analyzed the
expression level of CsYUC4 in CsHEC1 transgenic lines, and our
data showed that transcripts of CsYUC4 were significantly
decreased in Cshec1 mutants and greatly elevated in the CsHEC1-
OE lines (Fig. 3 A and B and SI Appendix, Fig. S7H), suggesting
that CsHEC1 may promote auxin accumulation through enhanc-
ing CsYUC4 expression.
The bHLH transcription factors were shown to directly bind

to the variant “E box” (50-CANNTG-30) in the gene regulatory
regions (44, 45). Two putative E-box elements (P1, -1199,
50-CATTTG-30; P2, -889, 50-CAAATG-30) in the CsYUC4 pro-
moter were identified (Fig. 3C). Yeast one-hybrid assay showed
that CsHEC1 directly interacted with the P1 and P2 elements
(Fig. 3D). Chromatin immunoprecipitation (ChIP)–PCR assays
in transgenic cucumber plants showed that the P1 fragment was
significantly enriched by CsHEC1-Flag, rather than by CsHEC2-
Flag protein, after immunoprecipitation (Fig. 3E). A transactiva-
tion assay using the DLR system showed that the LUC/REN
ratio was significantly increased upon coexpression of ProCsYU-
C4:LUC with Pro35S:CsHEC1 but not with the empty vector
62-SK or Pro35S:CsHEC2 (Fig. 3F). Furthermore, electrophoretic
mobility-shift assay further supported the direct binding of
CsHEC1 to CsYUC4 through the P1 element (Fig. 3G). These
results suggest that CsHEC1 directly binds to the CsYUC4 pro-
moter to activate its expression.
To verify CsHEC1 stimulates fruit neck elongation through

CsYUC4-mediated auxin biosynthesis, the ProCsHEC1:CsYUC4
transgenic lines (YUC4#1 and YUC4#9) were generated. qRT-
PCR analysis indicated the expression of CsYUC4 was signifi-
cantly increased in YUC4#9 and YUC4#1 lines compared with
WT plants (Fig. 3H). As expected, elevated expression of
CsYUC4 resulted in a 17 to 25% increase in FNL and 12 to
24% elevation in the FNL/FL ratio (Fig. 3 I–L). The IAA level
in fruit neck was also significantly increased in the ProC-
sHEC1:CsYUC4 lines (Fig. 3M). Further, two Csyuc4 mutants
were generated using the CRISPR-Cas9 system, both of which
resulted in significant reduction of FNL and decrease of fruit
length, similar to the phenotype of Cshec1 mutants (SI Appendix,
Fig. S9). Taken together, these results suggested that CsHEC1
directly activated CsYUC4 expression to enhance auxin accumu-
lation and thus promoted fruit neck elongation in cucumber.

CsOVATE Negatively Regulates Fruit Neck Elongation in
Cucumber. Overexpression of CsHEC1 resulted in fruits with
elongated fruit necks (Fig. 2 and SI Appendix, Fig. S7), reminiscent

of the phenotype of the tomato ovate mutant (1, 27). To investi-
gate whether CsOVATE (31), a homologous protein of tomato
OVATE, regulates fruit neck development in cucumber, we first
analyzed the expression pattern using an in situ hybridization
assay. Similar to CsHEC1, the results showed that the CsOVATE
signal was predominantly accumulated in the floral meristem,
fruit neck, and carpel primordia (Fig. 4 A–D). Knockout mutant
lines were obtained using the CRISPR-Cas9 system, and two
homozygous Csovate mutants (Csovate#1 with 1- and 7-bp dele-
tions; Csovate#2 with 3- and 1-bp deletions) resulting in prema-
ture stop codons were identified for further characterization (Fig.
4E and SI Appendix, Fig. S10A and Table S3). Loss of function
of CsOVATE led to elongated fruit neck from 0 DPP to matu-
rity (Fig. 4 F–H), similar to that in CsHEC1-OE lines. Quantifi-
cation analysis showed that Csovate mutants had a 25 to 28%
increase in FNL (Fig. 4I), and a larger ratio of FNL/FL than
that in WT (Fig. 4J and SI Appendix, Fig. S10B). Longitudinal
sections of the fruit neck tissue from Csovate fruits and WT
plants showed no significant difference in cell length (Fig. 4 K
and L), suggesting that CsOVATE negatively regulated fruit neck
elongation by decreasing cell numbers in cucumber.

CsHEC1 Physically Interacts with CsOVATE at the Protein
Level. Given the opposite roles of CsHEC1 and CsOVATE
during fruit neck elongation (Figs. 1, 2, and 4), we next
explored any interactions between CsHEC1 and CsOVATE.
Expression analyses were performed in the counterpart’s trans-
genic lines. The expression of CsOVATE was not altered in
Cshec1 mutants or CsHEC1-OE lines (SI Appendix, Figs. S5C
and S6B). Likewise, the CsHEC1 expression was unaffected in
the Csovate mutants (SI Appendix, Fig. S10C), indicating no
transcriptional regulation between CsHEC1 and CsOVATE in
cucumber. Tomato OVATE was known to be localized in the
cytoplasm of Nicotiana benthamiana leaf epidermal cells (26).
However, CsOVATE-GFP (green fluorescent protein) had a
localization signal both in the cytoplasm and in the nucleus, and
CsOVATE colocalized with CsHEC1 in the nucleus (Fig. 5A).
Yeast two-hybrid assay showed that CsHEC1 interacted with
CsOVATE at the protein level (Fig. 5B). Pull-down experiment
indicated that GST (glutathione S-transferase)-CsHEC1 was able
to bind to His-CsOVATE (Fig. 5C). The firefly luciferase com-
plementation imaging (LCI) assay in N. benthamiana showed
that CsOVATE interacted with CsHEC1 but not with
CsHEC2 (Fig. 5D and SI Appendix, Fig. S11). The specific
interaction between CsOVATE and CsHEC1 was further veri-
fied by coimmunoprecipitation (Co-IP) analysis (Fig. 5E).
Together, these results suggested that CsOVATE directly
interacted with CsHEC1 at the protein level both in vitro
and in vivo.

Genetic Interaction of CsOVATE with CsHEC1 in Cucumber. To
determine the genetic relationships between CsHEC1 and CsO-
VATE, we generated a double mutant by crossing Csovate#1
with Cshec1#1. The FNLs of the double mutant Csovate#1
Cshec1#1 were indistinguishable from those of Cshec1#1 but
markedly shorter than those of Csovate#1 and WT (Fig. 6 A–D),
suggesting that the function of CsOVATE is dependent on
CsHEC1 during fruit neck elongation. Meanwhile, plants
overexpressing CsHEC1 (Pro35S:CsHEC1-Flag, OE#4) in the
Csovate#1 mutant were obtained and exhibited further elongated
fruit neck and increased FNL/FL ratio at anthesis and maturity
compared with CsHEC1-OE#4 (Fig. 6 and SI Appendix, Fig.
S12). Immunoblot analysis showed that the corresponding
CsHEC1 protein was overexpressed in the respective plants with
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Fig. 3. CsHEC1 directly activates the expression of the auxin biosynthesis gene CsYUC4 to promote fruit neck elongation. (A and B) Gene expression analysis
of CsYUC4 in Cshec1 knockout mutants (A) and CsHEC1-OE lines (B). Values are means ± SD (n = 3). *P < 0.05, **P < 0.01 (Student’s t test). (C) Schematic dia-
gram of the putative E-box cis-elements in the CsYUC4 promoter. Asterisks represent the locations of putative E-box cis-elements. Black lines represent the
fragments used for ChIP-PCR in E. (D) Yeast one-hybrid analysis of the interaction between the CsHEC1 protein and the variant E box from the CsYUC4
promoter. The interaction between IND-AD and the PID-E box was used as a positive control. (E) CsHEC1 binds to the cis-element P1 regions of the CsYUC4
promoter in vivo by ChIP-PCR analysis. Tubulin was used as a negative control. (F) Firefly luciferase (LUC) and renilla reiformis luciferase (REN) activity mea-
surement was performed in N. benthamiana leaves by coexpression of Pro35S:CsHEC1 or Pro35S:CsHEC2 and ProCsYUC4:LUC. The empty vector pGreenII 62-SK
was used as the control. Values are means ± SD (n = 3 in E; n = 5 in F). **P < 0.01 (Student’s t test). (G) Electrophoretic mobility-shift experiment showed
that CsHEC1 binds to the P1 fragment of the CsYUC4 promoter. (H) Expression analysis of CsYUC4 in the ProCsHEC1:CsYUC4 transgenic lines. (I and J) Fruit
morphology at 10 DPP (I) and 40 DPP (J) in WT and ProCsHEC1:CsYUC4 plants. The brackets indicate the fruit neck; the double arrows represent the measured
FNL. (Scale bars, 2 cm.) (K and L) Quantification of FNL (K) and ratio of FNL/FL (L) in WT and ProCsHEC1:CsYUC4 lines at 40 DPP. (M) IAA content in the fruit
neck of WT and ProCsHEC1:CsYUC4 plants. Values are means ± SD (n = 3 in H and M; n = 7 in K and L). Significance analysis compared with WT was per-
formed with the two-tailed Student’s t test (*P < 0.05, **P < 0.01).
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the OVATE domain. (F–H) Fruit morphology of WT and Csovate mutants at 0 DPP (F), 10 DPP (G), and 40 DPP (H). The brackets indicate the fruit neck and the
double arrows represent the measured FNL. (Scale bars, 2 cm.) (I and J) Quantification of FNL (I) and ratio of FNL/FL (J) in WT and Csovate mutants at 40 DPP.
Values are means ± SD (n = 9 to 14). (K and L) Representative cell morphology (K) and cell-length quantification (L) in the longitudinal sections of fruit necks in
WT and Csovate fruits at 40 DPP. Values are means ± SD (n = 9). (Scale bar, 50 μm.) Significance analysis compared with WT was performed with the two-tailed
Student’s t test (ns, no significant difference; **P < 0.01).
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similar expression levels (SI Appendix, Fig. S13). Together, these
data suggested that CsOVATE genetically interacted with
CsHEC1 to inhibit CsHEC1 function in regulating fruit neck
elongation in cucumber.

CsOVATE Attenuates CsHEC1-Mediated CsYUC4 Activation and
Auxin Accumulation. To further dissect the causal relationship
between CsHEC1 and CsOVATE in the natural cucumber pop-
ulation, the expression of CsHEC1, CsYUC4, and CsOVATE
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lowercase letters indicate significant differences (P < 0.05) by one-way ANOVA analysis with Duncan’s test.
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was analyzed in eight cucumber inbred lines with different
FNLs. Our data showed that the expression of CsHEC1 and
CsYUC4 was positively correlated with FNL, with the correla-
tion coefficient R2 0.81 for CsHEC1 and 0.82 for CsYUC4,
whereas the expression of CsOVATE displayed a negative correla-
tion (Fig. 7 A and B). Both CsYUC4 expression and auxin level
were significantly increased in the fruit neck of Csovate knockout
lines (Fig. 7 C and D), suggesting that CsOVATE may inhibit
fruit neck elongation via decreasing the CsYUC4-mediated
auxin biosynthesis. To further explore the relationship between
CsOVATE and CsYUC4, a DLR assay was performed. Unlike
the direct transcriptional activation of CsYUC4 by CsHEC1,
the CsYUC4 expression was unaffected upon coexpression of
CsOVATE. However, CsYUC4 transcription was significantly
decreased upon coexpression of both CsOVATE and CsHEC1,
while mutations of CsOVATE were unable to execute the
attenuating effects (Fig. 7E), suggesting that CsOVATE antag-
onizes with CsHEC1 to modulate CsYUC4 transcriptional
activation and auxin biosynthesis during fruit neck develop-
ment in cucumber.

Discussion

Unique Role of CsHEC1 during Fruit Neck Elongation in
Cucumber. The HEC genes encoding bHLH transcription fac-
tors play important roles in gynoecium development and shoot
apical meristem maintenance (22, 24, 46). Here, we found that
CsHEC1 was highly expressed in the fruit neck and promoted
fruit neck elongation in cucumber (Figs. 1 and 2 and SI
Appendix, Figs. S5–S7). Gene function is usually closely related
to the gene expression pattern, modulated by upstream regula-
tory proteins and cis-regulatory elements (5, 6, 47–50). Variations
in regulatory regions or expression domains have been found
to be the main causes for the remarkable diversity in organ
morphology during natural evolution and the domestication
process of crops (5, 47, 49). In Arabidopsis, HEC1/2/3 are
expressed in the female reproductive tissues, including stigma,
style, septum, and transmitting tract. Accordingly, hec mutants
display defects in the development of the stigma, transmitting
tract, and septum, resulting in reduced fertility (22). In cucum-
ber, CsHEC1 was highly expressed in the fruit neck and its
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mutation led to a shortened fruit neck, while CsHEC2 was
expressed in the spine and tubercule and functions in wart den-
sity control (34), suggesting the functional diversification of
HECs in the fleshy pepo fruit. Interestingly, CsHEC1 was
highly expressed in the developing carpels as well while no
aberrant carpel phenotype was observed in the Cshec1 mutant,
which may be due to overlapping expression of the paralogous
genes CsHEC2 and CsHEC3 in carpel primordium and thus
the exertion of redundant functions during carpel development
in cucumber (33) (Fig. 1 E and F and SI Appendix, Fig. S1).
Gene duplication event is another important cause for neo-

functionalization in homologous genes (51). Differentiation of
the HEC1/2 clade and HEC3/INDEHISCENT (IND) clade
resulted from an early duplication event in angiosperms (33, 52).
Within Solanaceae, the HEC1 clade and HEC2 clade have
undergone further duplications producing SlHEC1 and SlHEC1-1,
and SlHEC2 and SlHEC2-1 (SI Appendix, Fig. S1), which gen-
erally are not expressed in the gynoecium of dry dehiscent or
fleshy fruits in this family (52). Unlike the apparent functional
redundancy of HEC1/2/3 in Arabidopsis, CsHEC1/2 contribute
to fruit development, while CsHEC3 regulates organ morphol-
ogy and downy mildew resistance in cucumber (22, 33, 34).
Thus, functional variations of HECs can be explained by their
different expression patterns or duplication events in plant spe-
cies with different fruit types.

CsHEC1 Regulates Auxin Biosynthesis to Promote Fruit Neck
Elongation. The phytohormone auxin plays a crucial role in
multiple developmental processes including organ morphogene-
sis and plant architecture determination (38, 49, 53, 54). The
IND in Capsella rubella exerts its function on the heart-shaped
fruit by directly stimulating the expression of auxin biosynthesis
genes TRYPTOPHAN AMINOTRANSFERASE OF ARABI-
DOPSIS 1 (CrTAA1) and CrYUC9 to facilitate auxin maxima
in the fruit shoulder (49). Auxin transporters PIN1/7 and PIN3
have been shown to mediate fruit elongation and shoot branch-
ing in cucumber, respectively (3, 54). In Arabidopsis, HEC1
functions in stigma formation and carpel fusion by directly acti-
vating the expression of PIN1/3 (24). Although sporadic results
of gene expression or genetic data suggest the possibility of regu-
lation between HECs and YUCs (24), the direct relationship
between HECs and YUCs has not been established.
Here, we showed that CsHEC1 stimulates auxin accumulation

in the fruit neck in cucumber (Figs. 1Q and 2J and SI Appendix,
Fig. S7I). Among the CsYUC family, CsYUC4 is the only one
displaying enriched expression in the fruit neck (SI Appendix,
Fig. S8). Our data showed that CsHEC1 directly bound to the
promoter of CsYUC4 to activate its expression. Enhanced expres-
sion of CsYUC4 driven by the CsHEC1 promoter resulted in an
elongated fruit neck and increased auxin level in cucumber (Fig. 3).
Csyuc4 mutants displayed shortened fruit neck and reduced
fruit length (SI Appendix, Fig. S9), similar to that of Cshec1
mutants. In cucumber inbred lines with different FNLs, the
expression of CsHEC1 and CsYUC4 displayed positive correla-
tion with FNL (Fig. 7 A and B). These data suggested that
CsHEC1 functions as an activator for FNL through direct reg-
ulation of CsYUC4-mediated auxin biosynthesis in cucumber
(Fig. 7F).

CsOVATE Combats CsHEC1 during Fruit Neck Elongation in
Cucumber. Similar to the tomato fruit changing from round-
to pear-shaped upon mutation in the OVATE gene (1, 27),
Csovate mutants displayed increased FNL in cucumber (Fig. 4),
suggesting that the function of OVATE appeared to be conserved

in different species. The pear-shaped fruit caused by OVATE
mutation in tomato was primarily due to an increase of the prox-
imal cell numbers, resembling the effect of auxin application on
fruit shape (40). In Csovate mutants, the longitudinal cell length
was comparable to WT (Fig. 4 K and L), implying that the elon-
gated fruit neck was due to an increase in cell numbers. The
expression of CsYUC4 and IAA level was greatly increased in the
Csovate knockout lines (Fig. 7 C and D). However, no direct
regulation of CsYUC4 expression was detected by CsOVATE
(Fig. 7E). Instead, CsOVATE directly interacts with CsHEC1 at
the protein level (Fig. 5), and such interaction inhibits the
CsHEC1-mediated transcriptional activation of CsYUC4 (Fig. 7E).
Genetic analysis showed that plants overexpressing CsHEC1 in the
Csovate#1 mutant background exhibited further elongation of fruit
neck than that of CsHEC1-OE#4 alone, while the FNL of the
double mutant Csovate Cshec1 resembles that of Cshec1 (Fig. 6).
In the natural cucumber population, CsOVATE expression is neg-
atively correlated with FNL and CsYUC4 transcription (Fig. 7 A
and B). These data indicated that CsOVATE functions as a nega-
tive regulator for fruit neck elongation through direct interaction
with CsHEC1 to attenuate the CsYUC4-mediated auxin biosyn-
thesis. Thus, CsHEC1 and CsOVATE form a regulatory module
to regulate local auxin content during controlling fruit neck elon-
gation in cucumber (Fig. 7F). These findings provide a strategy to
minimize the undesirable FNL by adjusting the levels of CsHEC1
and/or CsOVATE transcription to decrease auxin accumulation in
fruit neck during cucumber breeding.

Further studies are needed to dissect the promoter differ-
ences and the underlying regulatory mechanism of CsHEC1
and CsOVATE expression in cucumber germplasms with vari-
ous FNLs. Notably, similar to multiple regulators underlying
fruit length variation in cucumber (3, 9, 55, 56), loss-of-function
Cshec1 mutants showed only 21 to 28% decreases in FNL (Fig.
1M), suggesting that additional genes such as CsFnl7.1 (19)
and other unidentified players may be involved in fruit neck
development in cucumber. It would be of significant impor-
tance to dissect the gene network controlling fruit neck varia-
tion so as to accelerate genetic improvement of fruit shape in
cucumber.

Materials and Methods

The details and procedures of plant materials and growth conditions, pheno-
typic characterization, phylogenetic analysis, generation of transgenic cucum-
ber plants, subcellular localization, RNA extraction and expression analysis
(qRT-PCR, in situ hybridization, and GUS staining), DNA–protein interaction
assays (yeast one-hybrid, DLR, and ChIP-PCR), protein–protein interaction
assays (yeast two-hybrid, LCI, pull-down, and Co-IP), and quantification of
endogenous auxin and histology observation are provided in SI Appendix,
Materials and Methods. Accession numbers used in this study are listed in SI
Appendix, Table S1. Primers used in this study are provided in SI Appendix,
Table S4.

Data, Materials, and Software Availability. All study data are included in
the article and/or SI Appendix.
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