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Introduction

Efficient reproduction in flowering plants (angiosperms) relies on
synchronized development of the flower reproductive organs.
The pistil consists of a stigma, a style, and an ovary, which hosts
the female gamete-containing ovules (Smyth ez al, 1990;
Smyth, 2022; Ramos-Pulido & de Folter, 2023). The stamen
consists of the filament and the anther, which contains the pollen
grains, housing the male gametes (Wilson er al, 2011). At
anthesis, the day the flower opens, the anthers dehisce and release
pollen grains onto the stigma (Gorguet er al, 2009; Wilson
et al., 2011). Tomato anthers each consist of a pair of thecae,
each composed of two pollen-containing locules. The locules are
separated by the connective (also referred to as the connective tis-
sue) and a septum (Sanders ez 4/, 2005; Senatore ez al., 2009; Liu
et al., 2025). During anther dehiscence, the septum and the con-
nective undergo lysis, leading to the merging of each pair of adja-
cent locules. In parallel, the endothecium, a sub-epidermal layer
of the anther wall, undergoes secondary-wall thickening in the
upper third of the anther, characterized by a U-shape lignification
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Summary

e Auxin is an important regulator of reproductive development. The families of the AUXIN
RESPONSE FACTOR (ARF) genes, important components of the auxin signal, have expanded
in flowering plants. Tomato (Solanum lycopersicum) has two copies of ARF8, which are nega-
tively regulated by miR167. Here, we investigated the involvement of this expanded
SImiR167-SIARF8 module in flower development.

e Mutants were generated in 5 SImiR167 and 2 SIARF8 genes, and flower development and
fruit set were characterized in mutant combinations.

¢ We show that the SImiR167-SIARF8 module regulates flower-organ development and fruit
set. The two SIARF8 paralogs are found to have both overlapping and distinct roles. They
additively affect stigma position by oppositely affecting stamen and pistil growth, while
SIARF8B has evolved a unique role in the inhibition of anther dehiscence. Loss of SIARF8B in
the SImir167a background uncovers a unique reproductive syndrome of fast, early,
fertilization-independent fruit set and increased yield under cold stress, mediated by the
deregulation of SIARF8A.

o These results demonstrate how gene duplication within the miR167-ARF8 module enables
fine-tuning of auxin signaling to achieve coordinated, robust reproductive development, with
implications for the control of fruit set in tomato.

termed reticulate ribs (Bonner & Dickinson, 1989; Garcia, 2002;
Garcia & Barboza, 2006). The stomium, a specialized strip of
weak cells structurally continuous with the septum, then rup-
tures, and following desiccation, the anther opens and releases
pollen (Wilson ez al., 2011; Liu ez al., 2025).

Stigma position at anthesis can be categorized as exserted,
when the stigma protrudes beyond the stamens, as flush, when
the stigma and the stamens are of equal length, or as inserted,
when the stigma is positioned below the stamens (Chen &
Tanksley, 2004; Shang ez al., 2021). Tomato (Solanum lycopersi-
cum L.) domestication involved a reduction in style length rela-
tive to the anthers, which led to an inserted-stigma position, and
consequently increased self-pollination and reduced outcrossing
(Rick, 1988; Chen et al., 2007; Shang ez al., 2021).

Successful fertilization leads to the initiation of fruit develop-
ment, termed fruit set. In the absence of fertilization, ovaries typi-
cally abort (Gillaspy ez al, 1993; Shinozaki et al, 2015).
However, in some cases, unpollinated ovaries can still develop
into a seedless fruit, a process known as parthenocarpy (Joldersma
& Liu, 2018). In tomato, several mutations, including those
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affecting auxin signaling, have been shown to induce either obli-
gate or facultative parthenocarpy. Abiotic stress can also trigger
facultative parthenocarpy in specific tomato genetic backgrounds.
Therefore, the coupling between fertilization and fruit set is sensi-
tive to the genetic and environmental circumstances (Haw-
thorn, 1937; Gorguet et al, 2005; Molesini ez al., 2009; He
et al, 2021; Ezura et al, 2023; Guan et al, 2024; Lu
et al., 2025).

Auxin plays a central role in regulating flower-organ develop-
ment and fruit set (Gustafson, 1936, 1942; Sjut & Bangerth,
1982; Rotino et al., 1997; Wang ez al., 2005; Ren ez al., 2011; Pat-
tison et al, 2014; Mazzucato et al., 2015; Cucinotta ez al., 2021;
Fenn & Giovannoni, 2021). AUXIN RESPONSE FACTORS
(ARF) function as the primary transcription factors that mediate
auxin signaling. They fall into three classes: A, B, and C, where
class A is considered to include mainly transcriptional activators
and classes B and C mainly repressors (Guilfoyle & Hagen, 2007;
Finet et al,, 2013; Chandler, 2016; Weijers & Wagner, 2016). In
angiosperms, ARF proteins belong to protein families with mult-
ple members. The A-ARF gene ARF8 is involved in flower and
fruit development (Goetz et al., 2006; Tabata et al., 2010; Varaud
et al., 2011; Reeves et al., 2012; Liu et al., 2014; Du et al., 2016;
Ghelli et al, 2018; Hu et al, 2023; Israeli et al, 2023; Hua
et al., 2024). ARF8 is negatively regulated by the conserved micro-
RNA miR167 (Liu ez 4l, 2021). In tomato, there are two copies of
ARFS8, SIARF8A and SIARF8B (Zouine et al., 2014), and five or
six SIMIRIG/-related sequences (Liu er al, 2014; Jodder
et al., 2018; Arazi & Khedia, 2022). The biological significance of
this gene duplication is intriguing in the context of the expansion
of auxin-response gene families (Israeli ez al, 2020). Slarf8a Slarf86
double mutants have shortened styles and reduced stigma, and pro-
duce parthenocarpic, seedless fruit (Hu ez al, 2023; Israeli
et al., 2023; Hua et al, 2024). However, the biological roles of
SIMIRI67 genes and their relationship with the two SIARFS genes
are largely unexplored.

In Arabidopsis, four AsMIR167 genes have been identified
(MIR167a-d), among which A#MIR1674 is the most prominent.
AtMIRI67ais involved in multiple aspects of flower development
via AtARF8 and AtARF6 (Wu et al, 2006; Yao et al, 2019;
Zheng ¢t al., 2019). In tomato, overexpression of the Arabidopsis
AtmiR167a led to shortened styles and impaired stigma receptiv-
ity and fruit development, partially overlapping with the Slzrf8a
Slarf86 double-mutant phenotypes (Liu ez al, 2014; Hua
et al., 2024). At least five SIMIR167 genes have been described,
encoding at least two mature SImiR167 species, SImiR167a and
SImiR167b (Arazi & Khedia, 2022). Four genes (SIMIR167a,
SIMIR167c, SIMIR167d, and SIMIRI67¢) encode SImiR167a,
which is identical to AtmiR167a, and SIMIR167b encodes a sec-
ond mature miR167 species, SImiR167b (Liu ez al., 2014; Jodder
et al., 2018). One additional SIMIR167 sequence has been men-
tioned in the literature, but it is not clear whether it is functional
(Liu ez al., 2014; Chen ez al., 2021). SImiR167a is the major iso-
form in leaves (Jodder et 4/, 2018).

Here, we sought to understand how the interplay between mul-
tiple SImiR167 and SI/ARF8 genes orchestrates tomato flower and
fruit development (Hu er al, 2023; Israeli e al, 2023; Hua
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et al., 2024) by generating and characterizing mutant combinations
involving the 5 validated SIMIRIG7 genes, and the two Slarf8
mutants. We show that SIMIR167a plays a central role in flower
and fruit development via SIARF8s. The SImiR167-SIARF8 mod-
ule tunes stigma position in a dosage-dependent manner by oppo-
sitely influencing style and stamen elongation and is a central
regulator of anther dehiscence. SImiR167 is shown to act through
different SIARFS targets in a developmental-context-specific man-
ner. A specific interaction between Shnirl67a and Slarf8b stabi-
lized fruit set and yield in extreme temperatures. The results show
how the plant uses expanded gene families of auxin-related tran-
scription factors and their microRNA regulators to tune flower
development and fruit set.

Materials and Methods

Plant material and growth conditions

Tomato (Solanum lycopersicum L.) cv M82 (LA3475 in the
Tomato Genetic Resource Center (TGRC) collection) was used
as the background genotype and is reffered to as wild type. Seeds
were germinated in a controlled growth chamber for 3—4 wk and
subsequently transferred to a glasshouse under natural daylight
with controlled temperatures (c. 26°C : ¢. 20°C, day : night), to
a glasshouse with mild heating, or to a net house with no tem-
perature control. The Slarf8a and Slarf86 mutants were described
previously (Israeli ez al., 2023). The Slmirl674-e mutants and the
reporter line pARF8B:mNeonGreen-N7 pARF8A:mScarlet]-N7
were generated during this study.

Nicotiana benthamiana plants were grown in soil under glass-
house conditions with day : night temperatures and photoperiod

of 16 h : 8 h, 24°C : 18°C, light : dark.

Clustered regularly interspaced short palindromic /
CRISPR-associated protein 9 (CRISPR/Cas9) and reporter
construct design

Two CRISPR/Cas9 plasmids were used to target the SIMIR167
genes. The first contained four sgRNAs targeting SIMIR1674 and
SIMIR167d (two guides for each); the second also contained four
sgRNAs, two guides targeting SIMIR167b, one guide targeting
SIMIR167¢, and one guide targeting SIMIR167e. sgRNAs were
designed using the CRISPR-P server (http://cbi.hzau.edu.
cn/crispr) and assembled by the Golden Gate method (Engler
et al., 2014). Briefly, each sgRNA was amplified from the level 0
vector using a specific forward primer containing the sgRNA
sequence and a Bsal target site as a tail, and a general reverse pri-
mer. The sgRNA-containing fragment was inserted into Level 1
vectors, stitched together with the U6 promoter, and subse-
quently cloned into the binary vector pAGM4723, which also
contains the Cas9 sequence. For the reporter construct, 2412-bp
(SIARF8A) and 2649-bp (SIARFS8B) long promoter regions
upstream of the ATG were cloned into pAGM4723 using
Golden Gate-based assembly and inserted upstream of mScarletl-
N7 and mNeonGreen-N7, respectively. Primers sequences are
listed in Supporting Information Table S1. The promoter
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sequence of SIARF8A, cloned into the mScarlet] reporter con-
struct, was found to bear a single-nucleotide polymorphism
(SNP) at position 70 bp and a single-nucleotide deletion at posi-
tion 12. These mutations do not substantially alter predicted
cisregulatory elements (Tian er a4/, 2020). In addition, the
expression driven by this promoter is similar to that of SIARFSB
and to public databases. These mutations therefore likely do not
substantially affect the activity of the SIARF8A promoter.

Plant transformation and tissue culture

Binary vectors were introduced into the Agrobacterium rumefa-
ciens strain GV3101 by electroporation. M82 cotyledon transfor-
mation was performed using a standard protocol (McCormick,
1991). Briefly, sterile seedlings were grown on Nitsch medium
for 7-10 d, and cotyledons were excised and preincubated in the
dark for 24 h with acetosyringone. Then the cotyledons were
infected with Agrobacterium (ODgoo = 0.35-0.4) for 48 h in the
dark, with acetosyringone, and transferred through J1, ]2, and J3
into the rooting tissue culture medium, as previously described in
detail (Israeli ez al, 2019, 2023). TO plants were then transferred
to the soil in a protected container for genotyping, recovery, and
development.

To plants were screened by PCR to confirm the presence of the
transgene. Subsequently, the target regions were amplified and
sequenced to identify and characterize induced mutations. Follow-
ing mutation verification, the single mutants were separated from
each other by self-pollination or by crossing with M82. In the
Slmirl67a Slmirl67d lines, the transgene was also segregated out.
In Shnirl67b, Slmirl67c, and Shnirl67e, the transgene remained
and occasionally produced additional alleles.

Cold experiment

Plants were grown for 4 wk in a controlled chamber, genotyped,
and transferred to a net house equipped with a glass roof in a
completely randomized design. Yield was measured 149 d after
sowing (DAS). Plants were maintained under standard horticul-
tural practices by the Agricultural Research Organization (ARO)
— Volcani Center, Israel (¢. 32.0031°N, 34.8141°E), including
routine irrigation, fertilization, and disease monitoring. Tem-
peratures were continuously recorded using two independent
data loggers and are provided in Tables S2 and S3. The number
of inflorescences per plant and the total number of fruits per
plant were recorded along the experiment. The following para-
meters were measured at the end of the experiment: total weight
of green and red fruits, number of green and red fruits per plant,
and fresh vegetative biomass.

RNA extraction and qRT-PCR analysis

Total RNA was extracted using the Ribospin™ Plant Kit (Gen-
eAll) with DNase treatment. cDNA was synthesized using the
UltraScript cDNA Synthesis Kit (PCR Biosystems, London, UK)
or the Superscript II reverse transcriptase (Invitrogen), using 0.4
or 1 pg of RNA, respectively. Quantitative reverse transcription
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polymerase chain reaction (qRT-PCR) was performed using
SYBR premix on a Corbett Rotor-Gene 6000 real-time PCR
machine. Expression levels were normalized to the EXPRESSED
(EXP; Exposito-rodriguez et al., 2008) reference gene using stan-
dard curves. Statistical significance was assessed using a #test.
Primer sequences are provided in Table S1.

Developmental stages of flowers and fruits

Flower development stages were defined according to previously
characterized morphological criteria (Dobritzsch er al, 2015;
Israeli ez al., 2023), relative to the flower opening day (anthesis):
Stages 1, 2, 3, and 4 (s1-4) are buds at 7, 5, 3, and 1-2 d before
anthesis, respectively. Stage 5 (s5) is the anthesis day. During
fruit development, the days from the anthesis day are referred to
as days post anthesis (DPA). For characterization of reproductive
development and yield, plant age was defined by DAS. As not all
flowers normally set fruit, we defined the timing of fruit set in
each plant as the time of the first appearance of a visible emerging
fruit (¢. 5 mm in diameter).

Anther dehiscence and water-content measurement

For dehiscence analysis, flowers at 2 DPA were excised, their ped-
icels were placed in water, and the stamens were manually dis-
sected and scored under a stereomicroscope. Anther dehiscence
and opening were determined visually. While most anthers were
classified as either open or closed, a few anthers had a minor
longitudinal slit without visible pollen release. Those anthers
were grouped and counted together with the closed anthers.
Anthers that were damaged or ruptured during dissection were
excluded from the analysis. For water-content measurement,
fresh anther cones were separated and weighed, dried at 60°C for
5 d, and reweighed. Water content was calculated as 1 — (dry
weight/fresh weight).

Stamen-cone histological sections

Stamen cones were collected from flowers of 8 genotypes (M82,
Slarf8a, Slarf8b, Slarf8a Slarf8b, SimiR167a, Slarf8a SImiR167a,
Slarf86 SlmiR167a, and Slarf8a Slarf86 SimiR1674), 1 DPA
(n> 3). Tissue was immediately fixed in FAA solution (10%
[v/v] formaldehyde, 5% [v/v] acetic acid, and 50% [v/v] ethanol
in H,O), vacuumed for 30 min, and left overnight at 4°C. Sam-
ples were then dehydrated through a graded ethanol series fol-
lowed by a gradual ethanol: K-Clear series and cleared in a 100%
K-Clear (Kaltek stl, Saonara, Italy). Specimens were then infil-
trated with paraffin (Paraplast Plus, Leica Biosystems) and
embedded into heated molds. Transverse sections (10 pm thick-
ness) obtained from above, through, and below the region of nor-
mal anther opening were transferred onto slides, deparaffinized
with K-Clear, hydrated, and stained with either 0.5% (w/v)
Toluidine blue for 30 s for the morphological characterization or
with 1% (w/v) Safranin O for 3 h followed by a 0.3% (w/v) Fast
Green for 40 s for lignin characterization. After the wash and
dehydration stages, conducted according to each dye protocol in
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ethanol/clove oil and K-Clear, sections were enclosed in Entellan
(Merck, Darmstadt, Germany).

Pollen-viability assay

Flowers at anthesis were collected from either M82 or SlmiR167a
plants grown under normal conditions (c. 28°C : 22°C, day :
night). Stamen cones of each bud were dissected to release pollen
grains, which were then fixed on a microscope slide using 10 pl
Alexander staining solution with minor adaptations as described
by (Peterson ez al., 2010). Viable pollen grains stained magenta-
red, and nonviable grains stained light blue-green. At least eight
biological repeats (lowers) were measured from each genotype,
and six images were taken from each slide. Pollen grains were
counted using the multipoint tool of the IMAGE] software
(Schneider ez al., 2012).

Imaging and morphological measurement

Fluorescent reporter expression was imaged using a Nikon
SMZ18 stereomicroscope equipped with the proper filter combi-
nations for mNeonGreen and mScarletl and DS-Ri2 camera.
Stamen and pistil imaging and length measurements were per-
formed using a Nikon SMZ1270 stereomicroscope with a DS-
Ri2 camera and the NIS-ELEMENT software.

Images of stamen-cone cross-sections and pollen grains (for
the pollen-viability test) were taken using a light microscope
(DM500; Leica, x10 objective) equipped with a digital camera
(ICC50 W; Leica). Measurements of stamen-cone sections were
conducted using the straight tool of the IMAGE] software (Schnei-
der et al., 2012).

Transactivation assay

Transient transactivation assays were performed in N. benthami-
ana leaves according to (Hellens ez al., 2005; Panda ez al., 2022).
For the reporter construct, the upstream regions (UPRs) of
SIARF8A (2412 bp) and SIARF8B (2649 bp) were amplified
from S. lycopersicum cv M82 genomic DNA using gene-specific
oligonucleotides (Table S1) and cloned into the pPCAMBIA1302
vector upstream of the firefly luciferase (LUC) gene using the
ClonExpress II One Step Cloning Kit (Takara, Kusatsu, Japan).
Within the same construct, a Renilla luciferase (REN) gene dri-
ven by the CaMV 35§ promoter served as an internal control to
normalize transient expression levels, and reporter activity was
expressed as the LUC/REN ratio. For the effector construct, the
full-length coding sequences of SIARF8A and SIARF8B, amplified
from S. lycopersicum cv Micro-Tom ¢cDNA, were cloned into the
pDGB30:2 vector downstream of the UBQI0 promoter with the
ClonExpress II One Step Cloning Kit. As a negative control, an
empty pDGB302 vector was used. All constructs were intro-
duced into A. tumefaciens strain GV3101 by electroporation.
Agrobacterium strains carrying reporter or effector constructs
were grown for 24 h at 28°C in LB medium containing kanamy-
cin and gentamicin, harvested, and resuspended in infiltration
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buffer to an ODggo of 0.2. Reporter and effector strains were
mixed at a 1 : 9 ratio, incubated for 2 h at room temperature,
and infiltrated into the abaxial side of leaves from 4- to 5-wk-old
N. benthamiana plants using a 1-ml needleless syringe. Plants
were maintained under glasshouse conditions for 2 d after infil-
tration.

Eight biological replicates, each consisting of 3-mm-diameter
leaf disks, were harvested into 1.2-ml collection tubes containing
two 3-mm tungsten beads and immediately frozen on dry ice.
Frozen tissue was homogenized using a TissueLyser, returned to
dry ice, and then lysed by adding extraction buffer and vortexing.
Samples were centrifuged at 2465 g for 10 min at 4°C, and
supernatants were collected for luminescence measurement using
a Modulus Microplate Luminometer (Turner Biosystems, Sun-
nyvale, CA, USA) by mixing 20 pl of sample extract with 80 pl
of either LUC substrate or REN substrate.

Statistical analysis

All Statistical analyses were performed using the jmMp software
(SAS Institute Inc., Cary, NC, USA), and GRAPHPAD PRISM
(v.11.0.0 for Windows; GraphPad Software, Boston, MA USA,
www.graphpad.com).

Results

SIMIR167a is the predominant SIMIR167 among
SIMIR167a-e

To understand the role of tomato miR167 and its interaction
with SIARFS in tomato flower and fruit development, we gener-
ated mutants in five SIMIRIG7 genes, SIMIRI67a-e, using
CRISPR/CAS9-mediated gene editing. We used two constructs:
one targeting SIMIR167a and SIMIR167d, and the other target-
ing SIMIR167b, SIMIRIG7c, and SIMIR167¢ (Jodder et al.,
2018; Fig. S1). The resulting plants contained various combina-
tions of mutations, which were separated from each other by
crosses to the wild-type (WT). The single homozygous
Shnirl67a mutant produced seedless fruits under all tested
growth conditions and was similar to the quintuple mutant
Slmirl67a-e (Fig. 1). Conversely, Shmirl67b, Slmirl67c,
Slmir167d, and Slmirl67e single mutants, as well as Slmirl67at
and Slmirl67aH b-e (homozygous for Slmirl 67b-¢ and heterozy-
gous for Slmirl67a), were fertile and similar to the WT (Fig. 1).

These findings indicate that the SIMIRI67a gene is the predo-
minant SIMIRI67 gene affecting reproductive development,
although a role for an additional putative SIMIRI167 gene not tar-
geted here cannot be excluded. As reproductive development in
the quintuple mutant was apparently similar to Shnirl67a, we
focused further research on the single Shnirl672 mutant. Expres-
sion of SIARF8A, SIARF8B, and SIARFG6A was increased in stage
s3 Slmirl67a pistils (3 d before anthesis) compared with the WT
and was unchanged in stages s2 and s4 pistils. SIAARF8B expres-
sion also increased in s4 and s5 (anthesis) ovaries (Fig. S2a—e, see
also below).
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mir167a

)

mir167a/+ b-e mir167a-e

Fig. 1 SIMIR167a is the functionally prominent SIMIR167 gene in tomato fruit development. Fruits of wild-type (WT), single Simir167a (mir167a),
Simir167a/+ b,c,d,e (mir167a/+ b-e), which is heterozygous for SImir167a and homozygous for the other SImir167 mutations, and the quintuple
SImir167a,b,c,d,e (mir167a-e) mutant. SImir167a and SImir167a-e fruits were smaller than the WT and seedless, while SImir167a/+ b,c,d,e was similar to

the WT. Bar, 3 cm.

Compromised inflorescence development in Simir167a
mutants

Characterization of inflorescence development in Shnirl67a
revealed diverse phenotypic effects and severities. A large propor-
tion of the Shnirl67a inflorescences failed to develop normally
(Fig. S3a—d). Two main categories of aberrant phenotypes could
be observed. In the first category, inflorescences were small and
yellowish and stopped developing prematurely (Fig. S3c,e). In
the second category, inflorescences were atrophied and very small
(Fig. S3d,e). Both types of abnormal inflorescences contained all
organs (Fig. S3f) but senesced without producing fruit. A low
proportion of these aberrant inflorescence forms also appeared in
WT plants. Quantification of the different categories showed that
in the S/mirl167a mutant only 43% of the inflorescences devel-
oped normally, compared with 83% in the WT (Fig. S3g).
Further analysis of flower development was conducted on normal
inflorescences.

The SImiR167a-SIARF8 module coordinates the positions
of the stamen and pistil

Previous studies showed that mutations in SIARF8A/B or overex-
pression of miR167a reduce style length (Liu er 4l, 2014; Hu
et al., 2023; Israeli et al., 2023), which is expected to affect stigma
position (Rick & Dempsey, 1969; Saced et al, 2007; Pan
et al, 2017, 2019). We therefore examined the effect of
Slmirl67a and its interaction with Slarf8a and Slarf8b on pistil
and stamen lengths, and on the resulting position of the stigma.
We first examined the expression of the SIARFS promoters dur-
ing pistil and stamen development by generating transgenic
tomato plants that simultaneously express the fluorescent markers
mNeonGreen and mScarlet] under the control of the SIARFSB
and SIARF8A promoters, respectively. Both promoters drove
expression in young pistils and stamens (Fig. 2). The expression
is in agreement with publicly available expression data (Fei
et al., 2010; Zouine et al, 2017; Proost & Mutwil, 2018; Bae
et al., 2021).

To dissect the role of SIARF8 and SImiR167a in stigma
position, we measured stamen and pistil lengths and the

stamen-to-pistil length ratio (S : P) in single mutants and

© 2026 The Author(s).

New /’/{1‘1‘0/03/.%“'1 2026 New Phy l(,\l()gisl Foundation.

mutant combinations involving  Slarf8a,  Slarf86, and
Shnir167a. The mean S : P ratio of WT was consistently > 1,
corresponding to its typical inserted stigma. Stamen length was
gradually increased, and pistil length gradually decreased with
the reduction in SIARF8 dosage, with Slarf86 showing a stron-
ger effect than Slarf8a, and the double mutant exhibiting the
most pronounced change (Fig. 3a—c). Accordingly, the S : P
ratio was gradually and substandally increased with the
decrease in SIARF8 dose (Fig. 3c). Conversely, stamen length
was slightly but statistically significantly decreased in Slmirl67a
mutants. S/mirl67a exhibited considerable variation in pistil
length, and although the mean was slightly longer than that of
the WT, the difference was not statistically significant. How-
ever, the S : P ratio was substantially and statistically signifi-
cantly decreased, consistently reaching < 1, corresponding to
exserted stigma (Fig. 3).

To understand the relative contributions of SIARF8A and B to
the exserted-stigma phenotype of Shmirl67a, we generated
mutant combinations among Shnirl167a, Slarf8a, and Slarf8b.
Stamen and pistil lengths of Slarf8a Shnirl167a and Slarf86
Slmirl67a were intermediate between the lengths of their respec-
tive single mutants (Fig. 3a,b). Notably, Slarf8a Slarf86 was com-
pletely epistatic over Slmirl67a, such that stamen and pistil
length in the Slarf8a Slarf86 Slmirl67a triple mutant was nearly
identical to that of the Slarf8a Slarf86 double mutant (Fig. 3a,b).
This suggests that increased activities of SIARF8A and B are
together responsible for the effect of S/miR1674 on stamen and
pistil lengths. However, the style of the triple mutant was slightly
shorter than that of the Slarf8a Slarf86 double mutant, resulting
in an even higher S : P ratio (Figs 3¢, S4). The reduction in pistil
length in the S/arf8 mutants resulted from a shortened style, since
Slarf8a Slarf86 ovaries were longer than those of the WT
(Fig. S4). Conversely, the Shnirl67a style length was similar to
the WT, but the ovary was longer (Fig. S4). Together, these
results indicate that the SImiR167a-SIARF8 module regulates
stigma position by oppositely affecting stamen and pistil lengths.
In the WT, SIARF8A and B promote pistil elongation and inhi-
bit stamen elongation in an additive manner, with SIARF8B hav-
ing a greater impact. In the Shnirl672 mutant, SIARF8A and B
are de-regulated, leading to shortened stamens. In the Sla7f8a
Shnirl67a and Slarf8b Shmirl67a double mutants, there is partial
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Fig. 2 Promoters of SIARF8B (pSIARF8B) and SIARF8A
(pSIARF8A) drive strong expression in tomato pistils and
anthers. Stereomicroscope Images show the same flower
organs from the pSIARF8A/B dual-reporter line imaged
using the filter modules for mNeonGreen or mScarletl.
pPSIARF8B-G and PSIARF8A-R, denote pSIARF8B:
mNeonGreen-N7 (green) and pSIARF8A:mScarlet!-N7
(magenta), respectively. For improved accessibility, the
red fluorescence channel is artificially displayed in
magenta. s1 and s2 are closed buds c. 7 and 5 d before
anthesis, respectively. sO designates a bud younger than
s1. WT indicates nontransformed wild-type plants. (a, d,
g, j) Bright-field images. (b, e, h, k) mNeonGreen
fluorescence, and (c, f, i, ) mScarlet! fluorescence. (a—f)
Pistils and stamens of the indicated genotypes and
developmental stages. (g-) Cross-sections of buds at the
c. s1-s2 stage of flower development. Bars, 2 mm. An,
anther; Ovr, ovary; Ovu, ovule; Pl, placenta; Pr, pericarp;

rescue of stamen length, and the pistil length is intermediate
between the single mutants.

The SImiR167a-SIARF8 module controls anther
dehiscence, with a central role for SIARFSB

In Arabidopsis, both the Atarf8 Atarft double mutants and the
Atmirl67a mutants exhibit anther indehiscence phenotypes
(Nagpal ez al., 2005; Tabata ez al., 2010; Yao ez al., 2019; Zheng
et al., 2019). We therefore assessed anther development and
dehiscence in the genotypes with altered activity of the
SimiR167a-SIARF8 module. Tomato anthers typically crack
open and release pollen between the morning and the afternoon
of the anthesis day, although environmental conditions can
influence this timing. At 1 or 2 DPA, opening could be observed
in almost all WT anthers. By contrast, although S/miri67a
anthers appeared morphologically normal, they remained closed
or exhibited only slight cracking, with no pollen release. No
dehiscence defect was observed in Slarf8a, Slarf8b, and Slarf8a
Slarf8b anthers (Figs 4a—d, S5a—d). In the mutant combinations,

Sta, stamen; Stg, stigma; Sty, style.

75%173% and 80%/97% of Slarf86 Shmir167a and Slarf8a
Slarf8b Slmirl67a anthers, respectively, dehisced successfully in
two separate experiments, whereas only one of 28 Slarf8a
Shnirl67a anthers (4%) dehisced in one experiment, and none
in a second experiment (Figs 4a,b,e—g, S5a). These data indicate
that the S/mirl67a indehiscent phenotype is mainly due to mis-
regulation of SIARF8B, with a possible minor contribution of

SIARF8A when SIARFSB is absent.

Desiccation does not restore anther dehiscence in
Simirié67a

The final stage of anther dehiscence involves dehydration of the
anther wall (Wilson ez 4/, 2011). Comparison of water content
in stamens of the different genotypes showed that S/mir!67a had
a slightly but significantly higher water content relative to the
WT 1 DPA, but not at other time points (Fig. S5¢). To examine
whether desiccation could induce anther dehiscence, anthers were
excised on the morning of anthesis (¢ 9:30 h), when most
anthers were still closed, and air-dried at room temperature. After
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Fig. 3 Tomato SIMIR167a-SIARF8 module affects the relative position of the stamens and pistil. (a) Pistil and stamens of the indicated genotypes at
anthesis. Part of the stamen cone was removed to expose the pistil. Bar, 5 mm. (b) Average lengths of the stamens and the pistil of the indicated
genotypes at anthesis. (c) Stamen-to-pistil length ratio (S : P) of the indicated genotypes at anthesis. n = 38-79. In the box plot in (b, c), lower, middle,
and upper horizontal lines indicate the first quartile, median, and third quartile, respectively. Whiskers extend to 1.5 times the interquartile range. Outliers
are plotted individually. Letters above the bars indicate statistical differences between genotypes (provided separately for the stamens and pistil in (b))
using Tukey—Kramer multiple comparisons, P < 0.05. Genotype abbreviations: 8a — Slarf8a; 8b — Slarf8b; 8ab — Slarf8a Slarf8b; mir167a — SImir167a.

4 h of desiccation, 82% of WT anthers dehisced, compared with
only 7% of Slmirl167a anthers, and only a few additional anthers
dehisced in the next 5 d (Fig. 5a—c). Further experiments identi-
fied a time window in the late morning where WT anthers
dehisced only following desiccation, after which they dehisced on
the plant. By contrast, S/mirl67a anthers mostly failed to dehisce
regardless of the time and desiccation (Fig. S5f—n). Therefore,
the indehiscent phenotype of Shnirl67a anthers could not be
restored by desiccation and could not be attributed to the higher
water content.

The SImiR167a-SIARF8 module controls endothecium
thickening

Anther dehiscence involves septum, connective, and stomium
breakdown, and secondary-wall thickening of the endothecium

layer (Wilson ez al., 2011), characterized in tomato by U-shaped
cell-wall lignification (Bonner & Dickinson, 1989; Garcia &
Barboza, 2006). We therefore examined these features in
Shnirl167a anthers. Unlike the WT, Slmirl67a septum and con-
nective remained partially intact, leading to the maintenance of
four separate locules (Fig. 4c,d). The endothecium layer was
thicker in S/mirl67a anthers compared with the WT, due to
longer cells, without an effect on the number of cell layers
(Fig. 5d—f). The partially intact septum and connective and the
endothecium cell length were suppressed by Slzrf86 and by
Slarf8a Slarf8b, but not by Slarf8a, in correlation with dehiscence
(Figs 4e—g, 5d—f). Differential staining with safranin O and fast
green at 1 DPA revealed that there was no detectable lignification
in S/mirl67a endothecia, in contrast to the clear U-shape ligni-
fied secondary cell-wall thickening observed in WT and Slarf8
endothecia (Fig. 5g—k). Slarf86 and Slarf8a Slarf86 suppressed
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Fig. 4 Tomato S/mir167a anthers fail to dehisce. (a) Anthers of the indicated genotypes at 1 d post anthesis (DPA). White arrows point to the anther-
opening site in the stomium area. (b) Quantification of dehiscing anthers in flowers two DPA. n = between 27 and 46 anthers from four to eight flowers.
Error bars represent SE. (c—g) Cross-section of anthers (1 DPA) of the indicated genotypes. Genotype abbreviations: 8a — Slarf8a; 8b — Slarf8b; 8ab —
Slarf8a Slarf8b; mir167a—SImir167a. Bars: (a) 1 mm; (c—g) 100 um. The relevant tissues are labeled in (d) as follows: C, connective; En, endothecium; Sp,

septum; St, stomium.

this phenotype, and only a weak lignin signal could be detected
in Slarf8a Slmirl67a endothecia, likely insufficient to suppress
the indehiscent phenotype (Fig. 51-n). Endothecium lignification
in tomato is restricted to the upper part of the anther (Bonner &
Dickinson, 1989). In agreement, lignin staining was observed in
a restricted region along the anther. In S/mirl67a, anther lignifi-
cation was not detected in any part of the anther (Fig. S6).
Together, these results indicate that impaired lignification in the
endothecium, intact septum, and remnants of the connective pre-
vent anther dehiscence in Slmirl67a, perhaps alongside some
contribution from the slightly higher water content. The indehis-
cence phenotypes result mainly from misregulation of SIARF8B,

with minor contributions from SIARF8A, indicating that the
SIARF8 duplication enabled the evolution of unique roles for the
two paralogs.

Extremely delayed fruit set in SImir167a mutants

We and others have previously shown that SIARFS8s affect fruit
set (Goetz et al., 2006, 2007; Hu et al., 2023; Israeli et al., 2023;
Hua et al., 2024). We therefore assessed the effect of S/mirl67 on
fruit set. WT and Slmirl67a flowered and reached anthesis at
similar times, in several seasons and locations (Table S4). How-
ever, fruit set was severely delayed in Slmirl67a (Fig. 6a,b).
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Slmirl67a plants began to set fruit only at 94-99 DAS, when
WT plants had already developed red fruits (Fig. 6a,b). These
late S/mirl67a fruits usually developed from early inflorescences,
from flowers that had opened several weeks earlier and remained
attached to the plant, unlike WT unfertilized flowers, which typi-
cally abscise (Fig. 6b).

To understand the cause of the impaired fruit set in
Slmirl67a, we first quantified pollen viability in WT and
Slmir167a plants. Pollen viability was slightly lower in Slmirl67a
plants compared with the WT (Fig. S7a—c), but 90% of the pol-
len was viable (Fig. S7b,c). In addition, Slmirl67a/ plants seg-
regated homozygous Shnirl67a progeny at the expected
Mendelian rate of ¥4 (Table S5). We therefore hypothesized that
the lack of anther dehiscence, rather than reduced pollen viabi-
lity, is the main cause of the impaired fruit set in Shnirl67a
plants. To test this hypothesis, flowers from the first six inflores-
cences of WT and S/mirl67a plants were either left to self-
pollinate naturally (‘untouched’) or emasculated and manually
self-pollinated shortly after flowering. Two weeks later, 40% of
the untouched WT flowers and none of the untouched
Slmirl67a flowers had set fruit (Table S6). Manual self-
pollination yielded 95% and 65% fruit set in WT and Shnirl67a
flowers, respectively (Table S6), with comparable fruit growth
and ripening (Fig. 6¢,d). These results indicate that anther inde-
hiscence is a central cause of the delayed fruit set in Shnirl67a
plants, resulting in a substantial reduction in final fruit number
(Fig. Ge,f). The mechanism that triggers some of the ovaries to
resume development and set fruit weeks later remains unknown,
as they mostly originated from older flowers lacking functional
reproductive organs (Fig. 6b). Notably, fruits resulting from
manual self-pollination had pseudo-seeds, which were absent in
naturally developing Slmirl67a seedless fruits (Figs 1, S8).

Loss of SIARF8 genes rescues SImir167a fruit set but not
seed formation

To test whether deregulated SIARF8 activity underlies the
Slmirl67a fruit-set phenotype, we examined the respective
mutant combinations. As described above, S/nirl67a plants pro-
duced very few fruits compared with the WT and S/z7/8 mutants,
all of which were still green at 127 DAS. Single or double Slarf8
mutants suppressed this delay, supporting a role for SIARF8
deregulation in this phenotype (Figs 6e-h, S9).

Despite the restoration of fruit-set timing, neither the
Slarf8a Slmirl67a nor the Slarf86 Shnir167a double mutant
produced viable, fully developed seeds (Fig. S8). To assess
whether reduced SIARF8 dosage might restore seed formation
in the S/mirl67a background, we manually self-pollinated the
different mutant combinations. After 10 d, developing seeds in
Slmirl67a, Slarf8a Slmirl67a, or Slarf86 Slmirl67a appeared
similar to the WT (Fig. S10a—d). However, 18- or 21-d post-
pollination, seed development stopped, the ovules contained
no embryos, and the seeds remained green, unlike in WT
(Fig. S10e—k). Ovules of Slarf8a Slarf86/ Slmirl67a exhibited
seed-like morphology (Fig. S10g) after 18 DPA, but they were
all empty.

© 2026 The Author(s).
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Slarf8b SImir167a exhibit early and rapid fruit production

Tracking the timing of fruit set across different mutant combina-
tions revealed that Slarf8a and Slarf86 had distinct effects, alone
and in combination with Slmirl674. The Slarf8a single mutant
set more fruit and earlier than the WT, meaning that visible fruits
appeared earlier and the number of fruits was greater at each time
point during development (Fig. 6f). Fruit set in the Slarf8a
Slmir167a double mutants was delayed compared with the WT
but earlier compared with the S/nirl167a single mutant (Fig. 6f).
Therefore, Slarf8a only partially suppressed the late fruit set of
the Shnirl67a mutant. The partial restoration of fruit set in
Slarf8a Slmirl67a despite the indehiscence of anthers suggests
that fruit development is partially independent of anther dehis-
cence in this genotype. Strikingly, while the Slarf86 single mutant
set fruit at a similar tming and rate as the WT, Skrf8b
Slmirl67a double mutants set fruit much earlier, and at a much
faster rate than both corresponding single mutants and even the
earliest single mutant, Slarf8a. Therefore, this combination dis-
played a novel phenotype of extreme early fruit set, not seen by
any of the single mutants (Fig. 6g). The Slarf8a Slarf86 double
mutant was nearly epistatic over Shnirl67a with respect to fruit
set, except for an earlier termination of fruit set in the triple
mutant compared with the Slarf8a Slarf86 double mutant
(Fig. 6h). Fruit set in Slarf86 Slmirl67a was even earlier and
reached a plateau more rapidly than in Slarf8a Slarf8b Slmir167a
(Fig. 6g). Monitoring the percentage of flowers that set fruit in
the first five inflorescences revealed that fruit production in the
Slarf8b Slmirl67a was strongly biased toward the earliest inflor-
escences, with progressively fewer fruits formed in later ones
(Fig. S11). A similar but less pronounced trend was also observed
in the Slarf8b single mutant, whereas the WT displayed a rela-

tively uniform fruit distribution across inflorescences (Fig. S11).

Slarf8b SImir167a plants exhibit accelerated fruit growth
and set fruit independently of pollination

In addition to the high fruit-set rate, Slarf86 Shnirl67a fruits
grew and matured much faster than WT and Slarf86 fruits
(Figs 6i-1, S12a), ultimately reaching a final size similar to the
WT. By contrast, fruits produced by the single mutants Slarf86
and Slmirl67a were significantly smaller than WT fruits
(Fig. S12b). Such rapid fruit growth is characteristic of partheno-
carpic fruits, which develop independently of fertilization. We
therefore monitored the percentage of fruit set in the absence of
fertilization by removing anther cones before anthesis. More than
70% of emasculated Slarf8b Shmirl674 flowers developed parthe-
nocarpic fruits (Fig. 6m,n), in contrast to emasculated flowers of
WT, Slarf8a, Slmirl167a, and, notably, Slarf8a Slmirl67a, all of
which did not develop fruits, and to single Slarf86 flowers, of
which only 1 out of 44 emasculated flowers produced fruits
(Fig. 6n). Therefore, the Slarf86 Slmirl67a double mutant
uniquely tunes the ARF8 dose to enable fertilization-independent
fruit set.

Hence, the SIARF8 duplication enabled the evolution of
unique roles for the paralogs, also with respect to fruit set,
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enabling novel fruit-development-related phenotypes through
the interplay between the two SIARF8s and SImiR167a.

Increased yield in Slarf8b Simir167a under cold stress

Tomato is susceptible to environmental conditions, with both high
and low temperatures decreasing yield (Charles & Harris, 1972).

(a) (b)

mir167a

The Mediterranean winter is characterized by relatively moderate
cold nights (5-10°C), which can impair pollen viability and subse-
quently limit fruit set and yield (Charles & Harris, 1972). As a
result, the growing season for processing tomatoes is typically con-
fined to the spring, as summer is also unsuitable due to high tem-
peratures. Because of the fertilization-independent fruit set and
robust, rapid fruit formation and development in Slkrf8b
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Fig. 5 SImir167a tomato mutant fails to dehisce after desiccation and lacks lignification in the endothecium. (a, b) Representative images of anthers from
the indicated genotypes, dissected on the morning of anthesis (between 9:30 h and 10:00 h), shortly before dehiscence in the wild-type (WT). Left —
freshly dissected anthers, middle — the same anthers after 4 h of dehydration at room temperature, and right — a magnified view of the dried anther after
5 d of dehydration. Note that the anthers of both genotypes shrank, but only the WT anthers dehisced. (c) Percentage of dehisced anthers of WT and
SImir167a at the indicated times after detachment; n = 22 stamens for WT and 30 for SImir167a from four and five flowers, respectively. Error bars
represent SE. P-values in (c) indicate differences as determined by t-test between WT and SImiri167a. (d—f) Quantification of histological characteristics at
1 d post anthesis (DPA) obtained from the anther sections shown in Fig. 4 and Supporting Information Fig. S5: number of endothecium cell layers (d),
endothecium cell length (e), and endothecium tissue thickness (f). n = 4 stamen cones, each consisting of six anthers. In the box plot, lower, middle, and
upper horizontal lines indicate the first quartile, median, and third quartile, respectively. Whiskers extend to 1.5 times the interquartile range. Outliers are
plotted individually. P-values indicate differences from WT as determined by Dunnett test. (g-n) Anther transverse sections of the indicated genotypes at 1
DPA, focused on the adaxial dehiscence zone. Endothecium lignification appears in red. White arrows indicate lignified regions or a lack of lignification.
Note the absence of lignin staining in SImir167a. Genotype abbreviations: 8a — Slarf8a; 8b — Slarf8b; 8ab — Slarf8a Slarf8b; mir167a — SImir167a. Bars:

(a-b) 1 mm; (g-n) 50 pm.

Slmirl67a mutants, we wondered whether they would show
decreased sensitivity to cold stress, thus producing stable yield. To
test this possibility, we conducted a yield experiment during the
Mediterranean winter at the Volcani Center, Israel. The experi-
ment was carried out without temperature control, in a net house
with a glass roof. The plants were exposed to night temperatures of
¢. 10°C for 6 to 8 h during December, January, and February
(Fig. S13a; Tables S2, S3).

One-month-old plants were planted in late November. Flower
production and fruit set were monitored until mid-January (76
DAS) and until the end of January (93 DAS), respectively. Yield
traits were assessed at the end of March (149 DAS). While all gen-
otypes flowered at the same time (Fig. S13b), WT and Shnirl67a
plants nearly failed to produce fruit by 93 DAS (Fig. S13c¢). At the
same time, Slarf86 and Slarf8b Slmirl67a produced more than 7
and more than 18 times more fruits than the WT, respectively
(Fig. S13¢). At the last month of the experiment, when the weather
started to warm up, WT and Shnirl67a plants produced many
small fruits that almost did not contribute to fruit weight at harvest
(Figs S13c, 7a—c). We therefore measured red and green fruit yield
separately. Slarf8b Shmirl67a plants produced 6 times more red
fruits and 10 times higher red fruit weight than the WT (Fig. 7a-
). They had almost exclusively red fruits, while in the other geno-
types, most of the fruits were still green at the time of harvest
(Fig. 7a,c). The average individual fruit weight was also much
higher in Slarf86 Slmir167a (Fig. 7d). The higher yield combined
with a reduced vegetative mass led to a dramatically increased har-
vest index in Slarf8b Slmirl167a relative to the WT (Fig. 7e). This
indicates a reallocation of resources toward reproductive growth at
the expense of vegetative growth in Slarf8b Shnir167a, resulting in
a compact, high-yielding plant.

A regulatory network within the SImiR167a-SIARF8
module controls the timing of fruit development

In most developmental processes described above, SIMIR167a
and SIARFS8 have opposite effects, with SIARF8A and SIARF8B
showing unique, process-dependent effects. Surprisingly, with
respect to fruit set and parthenocarpy, Slarf86 Slmirl67a but not
Slarf8a Slmirl67a plants have a unique fruit-development-related
phenotypic syndrome of extremely early and robust fruit set,
rapid fruit growth, and fertilization-independent fruit set, not
seen in the respective single mutants. Interestingly, removing

© 2026 The Author(s).
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SIARF8A activity suppressed this phenotypic syndrome, with
Slarf8a Slarf86 Slmirl67a being almost identical to the double
Slarf8a Slarf86 mutants. Therefore, the unique fruit-related syn-
drome of Slarf86 Slmir167a depends on intact SIARF8A activity
(Fig. 6h). Previous studies suggested that SIARF8 can both inhi-
bit and promote fruit set (Fu, 2013; Du ez al, 2016; Hu
et al., 2023). We therefore hypothesized that the unique pheno-
types of Slarf8b Slmirl67a may result from synergistic deregula-
tion of SIARF8A expression. To test this, we examined SIARF8A
expression in the mutant combinations. Unlike its upregulation
in s3 pistils, at s5 SIARF8A expression was not significantly differ-
ent from the WT in Shnirl67a pistils (Figs S2e, 8a). In Slarf8b
pistils, SIARF8A expression was not increased in most experi-
ments, though a slight upregulation was occasionally observed.
Notably, SIARF8A expression was significantly elevated in the
Slarf8b Slmirl67a double mutant in most experiments, exceeding
its levels in either single mutant (Fig. 8a). Slarf8a mutants did
not affect SIARFSA/B expression, and SIARF8B expression was
not affected in either Slarf8a or Slarf86 (Fig. 8a,b).

These results suggest that SIARF8B and S/miR167a synergisti-
cally repress SIARF8A expression. We therefore tested the effect
of SIARF8A and SIARF8B on expression from the SIARF8A and
SIARFSB promoters using a Luciferase-based transient transacti-
vation assay. SIARF8B repressed transcription from both the
SIARF8A promoter and its own promoter, compared with the
basal activation of the empty vector (Fig. 8c,d). SIARF8A also
repressed its own promoter and that of SIARF8B (Fig. 8c¢,d).

Together, the data suggest that SIARF8A, SIARF8B, and
SIMIR167a form a coordinated inhibitory circuit that modulates
SIARF8A/B activity during pistil development and fruit set
(Fig. 8e¢). Upregulation of SIARFSB in the Shmirl67a mutant
may restrict SIARF8A expression, and in the absence of both
SIARFSB and Slmirl67a, SIARF8A may escape the repression
and reach a threshold sufficient to induce rapid, robust fruit set
and development (Fig. 8f).

Discussion
The SImiR167-SIARF8 module orchestrates flower-organ
development

In the current work, we show both evolutionarily conserved fea-
tures and tomato-specific characteristics of the SlmiR167-
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SIARF8 module. We show that SIARF8 duplication enabled both
robustness by partial functional overlap and the evolution of
unique roles for each paralog: SIARF8A and SIARF8B jointly
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regulate the S : P ratio in an additive, dose-dependent manner
(Figs 3, S4), while SIARF8B evolved unique roles in restricting
anther dehiscence (Figs 4, 5), both functions antagonized by

© 2026 The Author(s).

New Phytologist © 2026 New Phytologist Foundation.

85UB017 SUOLULIOD 8ATE1D) 8{edl|dde 8y Ag peusenob a1e sejolie YO ‘9SN J0 S9|nI Joj A%Iq1T 8UlUO A8]1M UO (SUOTHPUOI-PUR-SLLIBY WD A8 1M AR1q 1 BU1IUO//:SANY) SUORIPUOD Pue SWLB | 8U) 89S *[9202/60/£2] UO ARIq1T8ulUO A8 |1 'S90us oS feInnolby JO Awepedy 8ssuiyd A £0ST. YdU/TTTT OT/I0pwW0d A8 1M Aselqijputuo yduy/sdny wou pepeojumod ‘Z ‘9202 ZET869YT



New
Phytologist

i

Fig. 6 SImir167a tomato mutants set fruit late, and Slarf8b SImir167a mutants have an extremely early and robust fruit set. (a, b) First inflorescences of
wild-type (WT) (a) and SImir167a (b) at 99 d after sowing (DAS), corresponding to 50 and 51 d post anthesis (DPA), respectively. In (b), initial
development of a fruit can be observed (white arrow). (c, d) Inflorescence/fruit branches after manual self-pollination at c. 48 DPA. Fruits resulting from
manual pollination are marked with a blue ring. (c) A WT branch containing fruits from manual self-pollination alongside naturally self-pollinated fruits. (d)
A SImir167a branch with fruits from manual self-pollination alongside undeveloped flowers. (e) Representative first fruit branch of the indicated genotypes
at 127 DAS. Two branches from different plants are shown for Simir167a. (f-h) Quantification of fruit production over time in the indicated genotypes.
Error bars represent SE. Plants were grown during the winter season in a closed glasshouse with mild heating. For clarity, the results are presented in three
separate graphs, each showing the same data for WT and S/Imir167a. n = 5-6 plants per genotype. P-values indicate the differences from WT as
determined by Dunnett test; the P-values of SImir167a are indicated in (f) only. In (h), the P-values with the asterisk belong to arf8a arf8b mir167a, and
the ones without to arf8a arf8b. (i-1) 1°* fruit of the indicated genotypes at 8 DPA. (m) Developing Slarf8b SImir167a fruits following emasculation. (n)
Percentage of fruits developing after emasculation in the indicated genotypes. The number at the base of the graph represents the number of analyzed

flowers/fruits (n). Error bars represent SE. Genotype abbreviations: 8a — Slarf8a; 8b — Slarf8b; 8ab — Slarf8a Slarf8b; mir167a — SImir167a. Bars: (a—d)
3 cm; (e) 5 cm; (i-m) 1 ecm. P +, manual self-pollination; P—, without pollination.

®) 4000 ©) 200-
ns
Fig. 7 Slarf8b SImir167a tomato plants are 00001 5 00001
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SimiR167a. We further expose a unique interaction between
SimiR167a and SIARF8B in tuning fruit set and development
(Fig. 6).

The role of the miR167-ARF8 module in stigma position

The S : P ratio is a key morphological trait that determines the
position of the stigma relative to the anther cone, which affects
pollination strategy (Rick, 1950, 1988; Rick ez al, 1978; Chen
et al., 2007; Shang et al, 2021). Here, we demonstrate that

© 2026 The Author(s).
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SIARF8A/B and S/miR1674 form an antagonistic regulatory mod-
ule that differently tunes reproductive organ growth. SIARF8A
and SIARF8B promote style elongation while repressing stamen
elongation in a dose-dependent manner, with a stronger contri-
bution from S/ARF8B (Figs 3, S4). Notably, SIARF8B transcripts
are upregulated in pistil bulks from cultivated tomato accessions
with stable exserted stigma compared with inserted-stigma acces-
sions, suggesting a central role in stigma position control across
diverse germplasm (Riccini ez al., 2021). The stigma position is
also affected by environmental stress. Prolonged exposure to heat
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Fig. 8 SIARF8B and SIMIR167a repress SIARF8A in tomato pistils at anthesis. (a—b) Relative expression of SIARF8A (a) and SIARF8B (b) in pistils at
anthesis of the indicated genotypes. Error bars represent SE. Statistical significance was determined using a t-test between wild-type (WT) and the other

genotypes. ns, not significant. Note that transcripts of SIARFSA and SIARF8B remain unaltered in the respective single mutants, since the edited frame shift
leads to a premature stop codon resulting in a nonfunctional AUXIN RESPONSE FACTOR (ARF) protein but does not cause diminished transcription. (c, d)
Transactivation assays in Nicotiana benthamiana leaves show the repression of the reporter-gene expression (luciferase) from the promoters of SIARFSA
(PARF8A) (c) and SIARF8B (pARF8B) (d), by co-expression with SIARF8A and SIARF8B or both as effectors. Both effectors similarly repress expression from
both promoters, either alone or together. Each column represents the mean fold change in the luciferase (LUC) to Renilla luciferase (REN) luminescence
ratio, and error bars indicate the SD. P-values above each column indicate statistical significance relative to the empty vector (EV) control, as determined by
Dunnett test. (e-f) A proposed scheme of the complex inter-regulation in the SImiR167-SIARF8 module in the context of fruit set. In the WT at anthesis,
SImiR167a represses SIARF8A and SIARF8B, with SIARF8B further inhibiting SIARF8A (e). In the Slarf8b SImir167a double mutant, SITARF8A expression is

elevated (f). SIARF8A promotes fruit set and growth, and its deregulation in Slarf8b SImir167a promotes robust, rapid, fertilization-independent fruit set
and growth. Blunt ended arrows represent inhibition. Dashed, gray arrows and blunt-ended arrows indicate reduced activation and repression,
respectively. Bolded arrow represents increased activation. n = in (a) and (b), 11-12 biological replicates per genotype, with four to seven pistils analyzed
in each replicate; In (c) and (d), five to eight biological replicates in two and three independent experiments, respectively.

stress promotes stigma exertion, reducing self-pollination efficacy
and decreasing yield (Lohar & Peat, 1998; Saced et al., 2007;
Srivastava et al., 2012; Pan et al,, 2019). Therefore, an increased
S : P ratio, as seen in S/arf8 mutants, may help mitigate the negative
effects of heat stress on reproductive success (Israeli ez al., 2023).
Although the basis for the opposite effect of SIARF8 on the
elongation of different organs remains unresolved, a similar func-

tional duality is seen during fruit development, where SIARF8

New Phytologist (2026) 252: 647665
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represses fruit initiation yet promotes placenta formation and
fruit growth (Hu er al, 2023; Israeli ez al, 2023; Hua et al.,
2024). Moreover, different direct SIARF8 target genes respond in
opposite directions to SIARF8 absence, with some increasing and
others decreasing in expression (Hu ez al., 2023). Here, we pro-
vide additional evidence that SIARF8A/B can also act as tran-
scriptional repressors, using the transactivation assay (Fig. 8c,d).
This supports a dual, context-dependent role for SIARF8s as both

© 2026 The Author(s).
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transcriptional activators and repressors. The activity of Arabi-
dopsis ARFs was recently shown to differ according to
the developmental and molecular context and depend on
interactions among the ARFs and with other regulators, as
well as the specific bound ciselements (Martin-Arevalillo
et al., 2025).

Arabidopsis Atarf8 mutants also exhibit a dual effect on flower-
organ elongation, but in the opposite direction, with shorter sta-
mens and longer carpels (Varaud et al, 2011; Ghelli ez al., 2018).
Although the prevailing model proposes that low auxin levels pro-
mote formation of a repressive ARF-Aux/IAA complex, whereas
high auxin levels relieve this inhibition and activate transcription
through the same and/or other transcription factors (Chand-
ler, 2016; Weijers & Wagner, 2016; Kato er al, 2017; Yu
et al., 2022), other studies show that the ARF8 protein forms a
growth-repressing complex with petal-specific variants of tran-
scription factors outside of the auxin signaling pathway (Varaud
et al., 2011), thereby leading to opposite effects in different tis-
sues. Moreover, AtARFS also generates tissue-specific isoforms
with distinct activities (Ghelli er al, 2018). SIARFS8A and
SIARF8B  undergo alternative splicing as (Zouine
et al, 2014), which may underlie their dual functionality.

well

The role of the miR167-ARF8 module in anther dehiscence

Anthers of Slmirl67a flowers were indehiscent (Figs 4, S5),
which was largely rescued by Slarf86 (Figs 4g, S5a). Indehiscent
anthers were also observed by loss of Arabidopsis AtMIR167a or
expression of miR167-resistant AtARF6 and AtARF8 forms
(mAtARFG6/8). In agreement, Atarf6/8 rescued Atmirl67a inde-
hiscent anthers (Wu ez al, 2006; Yao er al, 2019; Zheng
et al., 2019). In addition, in both tomato and Arabidopsis,
miR167 is abundant in the final developmental stages of stamens
(Wu et al, 2006; Pan et al, 2017; Yao et al, 2019; Zheng
et al., 2019), indicating a conserved role for miR167-ARF8 regu-
lation in anther dehiscence. However, in Arabidopsis, the
miR167-ARF8/6 module affects anther dehiscence through the
regulation of anther growth, which affects its desiccation. As a
result, desiccation restored anther dehiscence in Atmirl67a
(Zheng et al., 2019). By contrast, desiccation did not restore
anther dehiscence in tomato Shnirl167a (Figs 5, S5). Instead,
Slmirl67a affected structural aspects of anther development,
including the persistence of the septum and the connective, and
the lack of endothecium lignification (Figs 4, 5). Interestingly,
while in Arabidopsis, AtARF8 plays a positive role in endothe-
cium lignification (Ghelli er al, 2018; Zheng et al., 2019), in
tomato SIARF8B appears to inhibit endothecium lignification
and dehiscence, as reflected by the complete loss of endothecium
lignification in Shnirl67a and the suppression of this phenotype
by Slarf8 (Figs 5k,m,n, S6). The inhibition of endothecium lig-
nification is in agreement, however, with the negative regulation
of endothecium lignification by auxin in Arabidopsis (Cecchetti
et al., 2008). Jasmonate (JA) was also shown to affect anther
dehiscence in an opposite manner in tomato and Arabidopsis (Li
et al., 2004, 2022; Dobritzsch et al., 2015; Schubert ez al., 2019).
ARF8 affects JA accumulation in both Arabidopsis and tomato

© 2026 The Author(s).
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(Nagpal er al., 2005; Tabata et al., 2010; Israeli er al., 2023), sug-
gesting a possible involvement of JA in these differential
functions.

Expansion of the SIARF8 family, and the interaction with
SImiR167a enabled flexible tuning of fruit development

The families of auxin-signaling genes have expanded during the
evolution of flowering plants, posing the question of the biologi-
cal significance of this expansion (Israeli ez a/., 2020). The unique
existence of two SIARF8 genes in tomato is particularly interest-
ing in the context of reproductive development. We found that
this expansion enabled diverse, process-specific modes of relation-
ship among the two SIARF8 members and their SImiR167 regu-
lator. For example, in the regulation of stigma position,
SIARF8A and SIARF8B appear to play additive, partially overlap-
ping roles, while in anther dehiscence, SIARF8B has acquired a
unique role.

We further expose a unique role for the specific interaction
between SIMIR167a and SIARF8B to repress fruit initiation and
growth (Fig. 6m,n). The phenotypic syndrome of parthenocarpic
fruits, early fruit set, and fast fruit growth, seen in the Slarf36
Shnirl67a double mutants, is not seen in the respective single
mutants, Slarf8a Slarf86, or in Arabidopsis Ammirl67 mutants
(Wu ez al., 2006; Liu ez al., 2014, 2021; Yao ez al., 2019; Zheng
et al., 2019). Moreover, the syndrome was absent in the Slzrf8a
Slmir167a double mutant that failed to set fruits following emas-
culation, and instead exhibited intermediate dynamics of fruit
development between those observed in the Skrf8a and
Slmirl67a single mutants, and may reflect the persistence of sta-
mens, which can occasionally induce fruit set without fertilization
(Okabe ez al., 2019; Nomura ez al., 2025). This suggests a deli-
cate, highly regulated balance between SIARF8s and SImiR167,
with unique roles of the two SIARF8s, enabled by the gene dupli-
cation. The genetic, expression, and transactivation data, and the
suppression of the Slarf86 Slmirl67a syndrome by Slarf8a, sug-
gest that SIARF8B and SIMIRI67a cooperatively repress
SIARF8A to prevent premature fruit initiation (Fig. 8). Recipro-
cal repression between SIARF8A and SIARF8B further fine-tunes
this balance. Expression data from the tomato expression atlas
indicate that SIARF8B is abundant in the placenta at anthesis and
downregulated after fruit set, whereas SIARF8A increases post-
anthesis, and its uncontrolled expression leads to parthenocarpy
(Shinozaki et al, 2018; Hu et al., 2023). Thus, SIARF8B and
SIMIR167a likely constrain SIARF8A activity during the early
stages of fruit initiation in the ovular and placental tissues
(Fig. 8e,f).

Slarf8b Slmirl67a plants produced stable yield under Mediter-
ranean winter conditions, where low temperatures typically
impair pollen viability and prevent fertilization. This enhanced
yield stability and accelerated maturation may enable the exten-
sion of the growing season to earlier, cooler months, alongside
heat-resistant genotypes that can cope with increased heat (Israeli
et al., 2023). Commercial use of parthenocarpic tomatoes is cur-
rently hampered by quality concerns and commercial considera-
tions of seed companies. However, they still have a large
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potential for application in growth conditions in which fertiliza-
tion is prevented, particularly for processing tomatoes (Huang
et al., 2021), in which the lack of jelly can be an advantage.
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in Dataset S1, in the Supporting Information of this article. The
gene sequences used in this article are available from the SOL
Genomics Network (https://solgenomics.net/). Sequence data
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Dataset S1 Raw data for all experiments.
Fig. S1 S/mirl67 mutants.

Fig. S2 SIMIR167 targets are upregulated at specific stages of pis-
til development in Slmirl672 mutants.

Fig. S3 Abnormal inflorescence development in Shnirl67a
mutants.

Fig. S4 Reduced pistil length of S/zrf8 mutants stems from dif-

ferences in the style and not the ovary.

Fig. S5 WT but not S/mirl67a anthers gradually acquire dehis-
cence competence during the anthesis day.

Fig. S6 Serial transverse sections of the distal anther region show-
ing the spatial lignification window and its absence in Smirl67a.

Fig. S7 Slightly reduced pollen-grain viability in Shnirl67a at

anthesis.

Fig. S8 Slmirl67a fruits fail to produce seeds, and following
manual self-pollination, produce pseudo-seeds.

Fig. 89 Impaired and delayed fruit set in S/mirl67a mutants.
Fig. S10 S/mir167a fails to develop normal seeds.
Fig. S11 Increased fruit set in Slarf8b and Slarf86 Shmir167a.
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Fig. S12 Slarf86 Simirl67a exhibits accelerated fruit growth,
with final fruit size similar to WT.

Fig. S13 Flowering time and fruit accumulation under ambient
cold conditions.

Table S1 Primer list.
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ger 1 (Cold stress experiment).

Table 83 Temperature and humidity data recorded on data log-
ger 2 (Cold stress experiment).
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