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Abstract: The tomato is a convenient object for studying reproductive processes, which has become
a classic. Such complex processes as flowering and fruit setting require an understanding of the
fundamental principles of molecular interaction, the structures of genes and proteins, the construction
of signaling pathways for transcription regulation, including the synchronous actions of cis-regulatory
elements (promoter and enhancer), trans-regulatory elements (transcription factors and regulatory
RNAs), and transposable elements and epigenetic regulators (DNA methylation and acetylation,
chromatin structure). Here, we discuss the current state of research on tomatoes (2017-2023) de-
voted to studying the function of genes that regulate flowering and signal regulation systems using
genome-editing technologies, RNA interference gene silencing, and gene overexpression, including
heterologous expression. Although the central candidate genes for these regulatory components
have been identified, a complete picture of their relationship has yet to be formed. Therefore, this
review summarizes the latest achievements related to studying the processes of flowering and fruit
set. This work attempts to display the gene interaction scheme to better understand the events
under consideration.

Keywords: Solanum lycopersicum L.; flower meristem development; fruit set; gene regulation;
CRISPR/Cas9; RNA interference; gene silencing; gene overexpression

1. Introduction

Flowering plants have morphological diversity and can grow in different ecological
niches. The transition of plants from the vegetative phase to the reproductive phase is a
significant switch in their life cycle since the reproduction of offspring is the most essential
function of all living things. The optimal timing of this event from a physiological point
of view is a prerequisite for successful reproduction. Flowering and fruit set are initiated
and regulated via the combined action of various genetic factors in response to endo- [1,2]
and exogenous [3,4] stimuli. Processes, including male and female organogenesis, meiosis,
gametogenesis, pollination, and fertilization, occur during the diploid and haploid phases
of reproductive development, which are necessary to maintain genetic variability [5]. After
successful pollination and fertilization of the ovary, the coordinated action of growth
signals removes the inhibition of ovary development [6,7]. Concurrently, pistil senescence
and flower abscission occur in the absence of positive stimuli. [8,9]. The functions of the
flowering and development regulators are often conserved in different angiosperms; in this
regard, tomato is a convenient object for studying the mechanisms of regulation at the gene
level in climacteric fruits [4].

Tomato (Solanum lycopersicum L.) is a commercially important crop grown for fresh
or processed consumption [10,11]. Self-compatibility and short life cycles (90-120 days)
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are appealing factors for agricultural producers [12], while high taste quality [13-15] and
nutritional value [16-18] are important for consumers.

Genetic engineering methods have been used to study genetic factors regulating
tomato reproduction for several decades [19]. A vast amount of knowledge has been
accumulated, which gives an idea of the general picture of molecular interactions. However,
creating new methodological tools makes it possible to significantly expand the knowledge
concerning flowering, setting, and fruit development processes.

For example, precise genome editing by the CRISPR/Cas9 system allows researchers
to create knockout alleles, make subtle changes to gene sequences, and even replace entire
genes [20]. This, in turn, helps to study gene function, interactions, and regulation. Despite
the 10-year history of using this powerful technology, the number of publications using it,
in which tomato is the subject, is steadily increasing year by year (Figure 1a). Its research
potential for scientists is far from being exhausted.
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Figure 1. Publication activity of the world scientific community. (a) CRISPR/Cas9-related studies on
tomato by year; (b) research topics focused on exploring various physiological processes in tomato
(2017-2023) using CRISPR /Cas9 technology.

We analyzed the publications where the CRISPR/Cas9 system was applied on toma-
toes for the last six years. This allowed us to identify the most exciting topics for the
scientific community (Figure 1b). It turned out that almost half (45%) of the studies are
devoted to the study of genes involved in tomato reproductive processes in general. Publi-
cations revealing narrower topics—flowering, fertilization, and fruit development—occupy
40% of this share (18% of the total publications). It turned out that many of the gene-
regulatory genes encode transcription factors and co-regulators of transcription, miRNAs,
or proteins involved in the epigenetic control of gene expression. The high research interest
in this area is that, in many cases, these regulators” molecular mechanisms of action still
need to be fully understood. The stably relevant topic of stress (abiotic and biotic) occupies
one-third of the total publications. The remaining publications cover fields devoted to other
physiological processes (15%), plant architecture, and morphology (8%).

Among the genetic engineering methods used to study the regulation of reproductive
processes, the use of the CRISPR/Cas9 system is expected to increase (Figure 2).

At the same time, the approaches that have already become classical, such as the RNA
interference (RNAi) silencing of gene expression and gene overexpression (OE), have not
lost their relevance and the quantity of related publications has remained stably high over
the last six years. Thus, despite the large chunk of accumulated scientific data, regulating
reproductive processes still needs to be explained.

Thus, this review highlights the significant advances in the study of genes regulating
tomato flowering obtained using directed genome-editing, silencing, and gene overexpres-
sion methods. Firstly, genes associated with the meristem transition from the vegetative
to the reproductive phase are described. Then, the consideration of genes involved in
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flower formation is proposed, and, finally, genes involved in pollen maturation and fertility
are outlined. In addition, based on the collected data, we propose a model of signaling
regulation of tomato flowering.
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Figure 2. Number of publications by year devoted to studying tomato flowering processes using
CRISPR/Cas9 technology, over- and heterologous expression approaches, and gene-silencing technologies.

2. Meristem Transition

Tomato shoot architecture is shaped by determinate and indeterminate meristems [21].
Indeterminate meristems are pools of undifferentiated plant cells capable of unlimited
division and growth. In contrast, determinate meristems represent finite structures. De-
terminate reproductive meristems do not form de novo but originate from indeterminate
meristems [22].

The flowering time, as well as the architecture of the inflorescence, determines the
fruit yield. Due to the tomato’s sympodial shoot architecture, its shoot apical meristem
(SAM) forms a transition meristem (TM), which results in a floral meristem (FM). At the
same time, the flank retains the ability to form a new inflorescence meristem (IM). In
addition, tomatoes can form new shoots from the axillary meristem (Figure 3) [23]. The
genetic fundamentals of such complex processes are studied on characterized mutants
with flowering disorder phenotypes. However, the mechanism of regulation and cross-
interaction of genes underlying such phenotypes have yet to be well studied.

) @) &)

Shoot apical meristem transition

Figure 3. Steps of inflorescence formation in tomato. Abbreviations: shoot apical meristem (SAM),
transitional meristem (TM), flower meristem (FM), sympodial shoot meristem (SYM), vegetative
meristem (VM), and inflorescence meristem (IM).

Under suitable conditions, plants transit from the vegetative phase to the reproductive
phase. Plants produce florigens in response to endogenous and environmental stimuli.
In tomatoes, the main florigen is considered to be SINGLE FLOWER TRUSS (SFT). The
sft mutation produces a late-flowering phenotype and causes the replacement of flowers
by vegetative shoots [24]. SFT is a member of the CETS gene family [25]. Their proteins
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bind to adapter proteins in the cytoplasm of SAM cells and translocate into the nucleus,
forming florigen activation complexes through binding to the bZIP transcription factor [26].
SFT induces the expression of SAM-to-TM genes, particularly FRUITFUL (FUL) [27]. SFT
is regulated by CONSTANS (CO) transcription factors and their homologs due to direct
binding to its promoter region, and their suppression stimulates the development of
flowers and fruits, which, as a consequence, leads to an increase in the tomato yield [28,29].
Evidence shows that signaling cystine-knot miniproteins (CMPs) interact with CO [30].
CO is regulated by the blue light receptor FKF1 (Flavin-binding Kelch repeat F-box 1) [31].
SQUAMOSA promoter-binding protein (SBP) is another factor that interacts with the SFT
promoter region [32]. In addition, SBP-like proteins are directed by miR156 [33]. At the
SAM, SBPs activate the expression of FALSIFLORA (FA) while DELLA and miR156-targeted
SBPs activate MACROCALYX (MC) to promote inflorescence development [34]. In addition
to floral meristem determinacy, miR156-SBP also regulates the locule number [35]. SBP13
inhibits the synthesis of cytokinins (CTKs), thereby suppressing the growth of lateral
buds [36]. SBP15 regulates axillary bud development and growth by inhibiting auxin
(AUX) transport and GOBLET (GOB) activity and interacts with BRANCHED 1b (BRC1b)
to control abscisic acid (ABA) levels in axillary buds [37]. In addition, the miR171-GRAS
module restrains the flowering time and trichome distribution by suppressing the activity
of miR156-targeted SBP-like proteins [38]. FT-interacting proteins 1 (FTIP1) are involved
in transporting the florigen signal [39]. SP acts mainly as an antiflorigen [40]. There is
evidence that SP5G, SP5G2, SP5G3 [41,42], and SP3C [43] act as repressors of flowering, and
SP3D/SFT as an activator [41]. It was also demonstrated that the night break and red-to-
far-red light ratio are the reasons for the accumulation of SFT-like gene transcripts during
the late-flowering stages of tomato [41]. Epigenetic modifications could regulate CETS
because the ectopic expression of DNA demethylase in tomato had a similar phenotype
to CEN1.1-overexpressing plants, manifested by the non-stable transition of meristems
to IM, delayed growth, and increased number of leaves between inflorescences [44]. The
balance between SFT and SP signaling is the main switch between the determinate and
indeterminate development of meristem [45-47], and its possible regulatory mechanisms
have been discussed previously [22].

ANANTHA (AN) and FALSIFLORA (FA) are considered inflorescence modifiers. The
an mutant produces cauliflower-like inflorescences [48]. AN is an F-box protein involved
in transcriptional co-activation with the transcription factor FA. AN activation occurs in
the late stage of FM development [23]. The tomato fa mutation alters the development of
the inflorescence, resulting in the replacement of flowers by secondary shoots, but also
produces a late-flowering phenotype with an increased number of leaves below the first
and successive inflorescences [49]. GAMYB could be involved in gibberellin-regulated
flowering by activating FA gene transcription [50].

TERMINATING FLOWER (TMF), a transcription factor containing a conserved DNA-
binding ALOG domain, maintains the meristem in a vegetative state. Single and multiplex
knockout mutations of TMF and its paralogs, called TMF FAMILY MEMBERs (TFAMs),
demonstrated the dominant role of TMF in the formation of condensates with other mem-
bers of the ALOG family of genes [51]. These condensates bind to the AN promoter and
suppress its expression at the vegetative meristem (VM) stage [52]. An exciting model for
regulating the transition of SAM to FM has been proposed [53]. According to the source,
naturally produced reactive oxygen species (ROS) contribute to the formation of transcrip-
tional condensates of the TMF transcription factor proteins in tomato meristems due to the
oxidation of their cysteine domains with the subsequent formation of disulfide bonds. TMF
condensates sequester the AN locus, preventing its premature activation during meristem
maturation, thereby regulating the transition to flowering. There is also evidence that TMF
acts with cofactor BLADE-ON-PETIOLE (BOP) by forming a transcriptional complex [54]
controlling the pleiotropic functions [55].

The absence of pedicel abscission phenotypes characterizes the natural mutants joint-
less (j) and jointless2 (j2). In addition, j has IMs that develop into vegetative growth, and
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j2 has bifurcated inflorescences and sepals in the form of leaf-like structures. The j2 phe-
notype is due to two independent mutations in the MADS-box gene MBP21, caused by
the insertion of the Rider transposon and a single-nucleotide substitution that led to the
appearance of a premature stop codon [56].

As suggested before, a MADS-box protein complex comprising at least ], MACRO-
CALYX (MC), and MBP21 regulates pedicel abscission in tomatoes [57]. It was shown that
MBP21 is involved in the ethylene and auxin regulatory pathway of sepal development [58].
It is also noted that one of the FANTASTIC FOUR family members, FAF1/2c reduces the
stability of the COP9 signalosome, thereby regulating the expression of SFT and | [59].

At the TM and IM stages, three MADS-box genes of the SEPALLATA 4 (SEP4) family
are expressed—j2, ENHANCER OF JOINTLESS 2 (EJ2, homolog of MADS1), and LONG
INFLORESCENCE (LIN) [60]. Cross-interactions were detected between them, and their
functional redundancy was confirmed in a collection of knockout mutants. Recently, the
RNAI of tomato SEP4-like CMBI led to longer, branched, and indeterminate inflorescences
that exhibited a transition from reproductive to vegetative growth and enlarged and
abnormally fused sepals [61] and a yeast two-hybrid assay showed that CMB1 could
interact with MC, J, and MBP21.

The J2/E]J2 phenotype of excessive flowering and low fertility can be compensated
by introducing a copy of the SB (SUPPRESSOR OF BRANCHING) locus, resulting in
unbranched inflorescences [62]. It contains the TM3 (tomato MADS 3) and STM3 (SISTER
OF TM 3) genes, which are antagonists of |2 and EJ2 [63]. Therefore, the regulation
of flowering can be carried out by changing the dose of the antagonist factors, i.e., by
increasing the copy number of their genes. There is cross-regulation between STM3 and
J2 through direct binding, and their common target is FUL1 [64,65]. Recently, TARGET
OF EAT 1 (TOET1) from the APETALA 2 (AP2) gene family was found to be a regulator of
STM3 [66].

FULSs are other MADS-box genes that play an important role in flowering. The FUL
genes fall into two paralogous clades. Tomato has two genes in each clade: FULI and
FUL? in the former and MBP10 and MBP20 in the latter [67]. The analysis of CRISPR-Cas9
knockout plants showed that FUL2 and MBP20 promote the transition from vegetative
to reproductive development and control inflorescence architecture [68]. At the same
time, FUL1 most likely exhibits secondary functions during flowering, which the authors
could not clarify. TM3/STM3 presumably controls floral transition by interacting with
FUL2/MBP20 in a protein complex and repressing cytokinin inhibitors but subsequently
exhibits antagonistic functions in determining FM and IM identity [69]. MBP10 is expressed
at weak to moderate levels, and its atypical short first intron lacks putative transcription
factor binding sites, indicating possible pseudogenization [67].

The MACROCALYX (MC) gene belongs to the APETALA 1/FRUITFULL (AP1/FUL)
subfamily of the MADS-box gene family and is closely linked to the RIPENING INHIBITOR
(RIN) gene that regulates fruit ripening, see review [70]. The MC regulates sepal devel-
opment, and the transcription factors ] and EJ2 were recently shown to interact with MC
directly [71,72]. It was demonstrated that MBP22 can form condensates with MC and the
SEP proteins TM5 and TM29 [73]. MC is probably downregulated by AGL (AGAMOUS-
like) genes [74,75]. TM5 is the only representative of the SEPALLATAS3 clade, and it is
involved in determining the identity of petals, stamens, and carpels in tomatoes [76]. TM5,
together with other transcription factors like RIN, is involved in the regulation of fruit
development [77]. TM5 may act altogether with TM29 [78]. It has also been shown that
the expression of AGL and TMs is controlled by histone deacetylases [79] and WRKY
factors [80].

Transcription factors containing a DNA-binding domain with one zinc finger, called
DOF (DNA-binding with one zinc finger), regulate photoperiodic flowering. DOF10 is
involved in the control of cell proliferation during the development of vascular tissue
in flowers [81]. DOF9 is involved in inflorescence meristem control and floral meristem
differentiation by regulating cell division genes and regulating the inflorescence architecture
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LIN [82]. Additionally, DDF1 has been shown to mediate circadian regulation via protein—
protein interaction with the floral inducer SFT [83]. CDFs delay the flowering time by
regulating various FT-like genes [84].

A reversal of flower development is an interesting event consisting of a change from
floral to vegetative development. It has been shown that the silencing of the GT11 gene,
which belongs to the family of photosensitive transcription factors with a trihelix structure,
leads to the formation of sepal-like petals in the second radial arrangement, carpel-like
stamens in the third radial arrangement, and abnormal stem-like, leaf-like, and flower-like
structures in the fourth radial arrangement in tomato [85]. These phenotypic manifestations,
as well as the suppression of MADS-box gene expression, suggest the participation of GT11
in forming the pattern of floral organs and maintaining floral determinacy in tomatoes.

We have presented a putative model of flowering factor regulatory pathways (Figure 4).
The primary external stimulus to flowering is considered to be light signaling. It includes
both the spectrum and the photoperiod. Plants perceive and respond to light signals via
multiple sensory photoreceptors, including phytochromes and cryptochromes. The shared
signaling molecules of these photoreceptors are the COPs E3 ubiquitin ligase complex and
bHLH transcription factors PIFs. They trigger cascades of hormonal regulatory pathways,
mainly AUX, GA, and CTK signaling, that activate meristem transition, inflorescence
formation, and flower organ development. The most abundant transcription factors in
such processes are MADS-box genes. It appears they form homo- or/and heterologous
multimers and provide both the positive and negative regulation of tomato flowering.
Due to overlapping targets, they may contribute to regulating flowering-related genes
through dosage compensation. The disruption of such balance is possible due to other
factors and cofactors by hormonal signaling. We assume three possible relationships of
transcription factors: redundancy, additivity, and dependency. Redundancy is manifested
in the functional identity of transcription factors. Additivity is associated with the provision
of function through the joint contribution of each element. Direct dependence involves
the activation or repression of the role of one factor only after interaction with another.
Moreover, the autocatalytic regulation of the participants of regulatory cascades is possible.
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Figure 4. The flowering gene regulatory pathways in S. lycopersicum. All interactions are based on
experimental data reported in scientific publications. A molecular interaction network model was
created using the free online web application draw.io (www.drawio.com (accessed on 24 January 2024)).
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3. Flower Development

The bisexual tomato flower, like most angiosperm flowers, consists of four distinctive
whorls of floral organs: sepals in the outmost whorl, petals in the second whorl, and
stamens and carpels in the respective third and fourth whorls. The number and position
of floral organs in each whorl are governed by floral homeotic genes and cadastral genes
controlling the floral organ boundary (Figure 5).

Stigma Stamens

Petals

Figure 5. A stylized diagram of the tomato floral anatomy. This general morphology is consistent
across angiosperms.

The tomato fruit develops from the fertilized ovary, which is the broad base of the
pistil. It is a berry consisting of a pericarp formed from the ovary wall, placenta, and pulp,
containing seeds [86]. Therefore, many traits of fruit morphology are determined during
flower development.

3.1. Flower and Fruit Abscission

Plant reproductive organ rejection occurs in the abscission zone (Figure 6) and is
one of the causes of low crop yields. It is triggered by developmental and environmental
signals. An alteration in the auxin and ethylene contents in the abscission zone to a
threshold value is known to result in abscission [87]. Abscission zone cells may remain
in a non-dividing state without external stimuli and behave as meristematic cells [88].
Suppression of fruit abscission is also a valuable trait, leading to the convenience of tomato
harvesting and processing. For example, in abscission mutants, pedicels and calyxes remain
attached to the inflorescence axis, which reduces the mechanical damage to the fruit during
transportation. Here, we present some recent studies of tomato genes conducting flower
and fruit abscission.

LSD (LESION SIMULATING DISEASE) genes encode a family of zinc finger proteins
essential in hypersensitive responses and programmed cell death induced by biotic and
abiotic stresses. LSD and a bHLH-type transcription factor are involved in cytokinin-
induced petal abscission via the regulation of Aux/IAA gene expression [89]. Evidence
shows that the IDA (INFLORESCENCE DEFICIENT IN ABSCISSION) peptide and its
IDA-like (IDL) homologs play a conserved and central role in this process. For example, the
knockout of IDL6 [90] suppressed TAPGI (polygalacturonase), TAPG4, and CEL2 (cellulase),
which is quite similar to the function of the phytosulfokine peptide. However, their
regulation of abscission is different. The authors hypothesize that ethylene triggers IDA
signaling, which promotes the expression of cell wall hydrolases that cleave polysaccharides
in the cell wall and middle lamina, leading to abscission. Here, WRKY17 acts as a positive
regulator of IDL6 by directly binding to the W-box elements of its promoter. IDA-regulated
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genes are KNOX, which also control flower abscission. KNOX has been shown to inhibit
the expression of the ethylene synthesis genes by directly binding to their promoters, and
its ectopic expression in tomatoes suppresses flower abscission [91].

o
)
.
-
.
.
K
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

Figure 6. Representation of tomato abscission zone. It forms in the pedicels and has a knuckle-like

Non-abscising
mutation

structure in which a groove forms for abscission.

A lack of auxin induces the production of ethylene, which in turn is an abscission
activator. Morphologically, this is characterized by the destruction of undifferentiated
cells in the meristem to initiate their differentiation into the abscission zone. ILR and ILL
hydrolyze amino acid-type IAA conjugates. Auxin is readily degraded in its free form, so
the inactivation of the hydrolases of IAA conjugates may mediate delayed abscission [92].

Many transcription factors are involved in these processes. For example, it has been
previously shown that the loss of MBP21 function denied abscission zone formation and
the consequent separation of tomato fruit from the parent plant [56]. A BELL gene family
member, BL4, is also involved in abscission zone formation [93]. It was confirmed by
the anatomical analysis of the peduncle, after which it was evident that the zone was
not formed in the BL4-RNA:i lines, and more epidermal cell layers were observed at this
location compared with WT. Also, the silencing of the intercellular auxin transporter
PINT accelerates flower abscission by increasing auxin accumulation in the ovule and
decreasing the auxin content in the abscission zone [94]. In turn, its negative regulator is
the transcription factor MBP9 [95].

ROS are involved in the biosynthesis and signaling of ethylene-dependent regula-
tion. TIP (TONOPLAST INTRINSIC PROTEIN) aquaporins mediate the transport of ROS
and water through the cell wall. Therefore, the suppression or overexpression of their
corresponding genes shows delayed or accelerated abscission, respectively [96].

At the late stages of abscission, several key enzymes play an essential role in organ ab-
scission. Cellulase and polygalacturonase are involved in cell wall degradation, and pectin
methylesterase changes the chemical structure of the abscission zone through hydrolysis
and causes cell wall and membrane degradation. However, the signaling proteins at this
stage are hybrid products of the PRP (proline-rich protein) gene, which are involved in
activating cell wall hydrolysis. In [97], as expected, the silencing of HyPRP (HYBRID PRP)
resulted in delayed peduncle abscission.

P4H (prolyl 4-hydroxylase) catalyzes the posttranslational modification proline hy-
droxylation of cell wall hydrolases (TAPG and CEL) and expansins (EXPs). The RNAi of
the P4H3 gene showed decreased TAPG, CEL, and EXP transcript levels [98]. Phenotyp-
ically, this was manifested as a delayed abscission of tomato fruits in the latter stages of
senescence.

Ultimately, we summarized the abscission-related studies on tomatoes from 2017 to
2023 in Table 1.
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Table 1. Recent studies of tomato genes that facilitate flower abscission.

Gene

Function

Method

Reference

Year

PIN1

Encodes an auxin efflux carrier; involved in
the maintenance of embryonic auxin
gradients

RNA:i silencing

[94]

2017

]2, EJ2

Encode a member of the R2R3-MYB
transcription factor gene family; regulate
floral organ and seed development

CRISPR /Cas9 knockout

[60]

2017

MBP21

Encodes a member of the R2ZR3-MYB
transcription factor gene family; regulates
floral organ and seed development

CRISPR /Cas9 knockout

2017

HyPRP

Encodes a putative cell wall protein
consisting of a repetitive proline-rich
N-terminal domain and a conserved
eight-cysteine motif C-terminal domain that
is involved in signaling events

RNAI silencing

2018

Encodes a MADS-box factor controlling
abscission zone development

Heterologous expression
(Pyrus sinkiangensis)

2018

EBF3

Encodes factor of ubiquitin—protein ligase
complex that represses ethylene action and
promotes growth by directing EIN3
degradation

RNA:i silencing, OE

2018

PpP2C1

Counteract mitogen-activated protein kinase
pathways; co-receptor for the phytohormone
abscisic acid

RNA:i silencing

2018

P4H3

Encodes a prolyl-4 hydroxylase that can
hydroxylate proline-rich peptides; involved
in cell division and expansion

RNAi silencing

2019

ILL

Involved in auxin metabolic process

VIGS

2019

PYL9

Encodes protein that functions as abscisic acid
sensor

RNA:i silencing, OE

2019

J2, EJ2

Encode a member of the R2R3-MYB
transcription factor gene family; regulate
floral organ and seed development

CRISPR/Cas9 knockout

2019

NCED1

Encodes a 9-cis-epoxycarotenoid dioxygenase;
involved in carotene catabolic process

OE

2019

KNAT1

Involved in meristem formation

Heterologous expression
(litchi)

2020

IDA

Encodes a small protein that is involved in
floral organ abscission, regulation of cell
diameter

CRISPR/Cas9 knockout

2020

IDL6

Encodes a small protein that is involved in
floral organ abscission, regulation of cell
diameter

CRISPR/Cas9 knockout

2021

TIP1;1

Act as functional channels for water, urea,
glycerol, HyO,, and CO; transport across cell
membranes

CRISPR/Cas9 knockout

2021

BL4

Involved in the regulation of meristematic
activity via regulation of DNA-templated
transcription

RNAi silencing

2021

KD1

Involved in meristem formation

RNAi silencing

2021
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Table 1. Cont.
Gene Function Method Reference Year
Encodes an enzyme-initiating complex . .
GNTI N-glycan maturation in the Golgi apparatus RNAi silencing [106] 2021
ILR1 Encodes an IAA-amino hydrolase Heterologoqs expression [107] 2021
(Prunus persica)
Encodes a CLV1-related receptor kinase-like
BAM1 protein required for both shoot and flower CRISPR/Cas9 knockout
meristem function
Enc.ode a group of smal.l secr.etory peptides, VIGS, CRISPR /Cas9
CLEs which regulate cell proliferation and
. S knockout
differentiation
Control shoot and floral meristem size, and RNA; silencing [108] 002
CLV1/3 contrlbutg to est'abhs}'ung and maintaining CRISPR/Cas9 knockout
floral meristem identity
wus Homeobox gene controlling the stem cell pool ~ RNAI silencing, OE
MADS-box genes that are involved in fruit
FUL1/2 devglopmfsnt, rpamtenanc.e of inflorescence RNAi silencing, OE
meristem identity, regulation of flower
development
HBI5A Encodes HD-ZIP III protein; transcriptional CRISPR/Cas9 knockout [109] 2022
regulator
Encode a flavin monooxygenases that are
FZYs involved in the auxin biosynthesis pathway VIGS [110] 2023
LOL1 Involved in cell death processes RNAi silencing [89] 2023
Acts as sugar sensor that may regulate
HXK1 sugar-dependent gene repression or RNA:I silencing [111] 2023

activation

Despite the abundance of factors in the table, the main regulatory complex of abscission
processes appears to be CLV-WUS (CLAVATA-WUSCHEL), which controls auxin and
ethylene homeostasis in the abscission zone in response to external stimuli [108].

3.2. Ovary Development and Fruit Size

Fruit organogenesis begins in the early stages of flower development with the dif-
ferentiation of carpels into locules, the number of which determines the final size of the
fruit. Two loci, fasciated (fas) and locule number (Ic), are responsible for their formation, and
they affect the expression of CLV3, WUS, YABBY2b, and TAGI (tomato AGAMOUS 1) [112].
Previously, YABBY2b was reported as the candidate gene for the fas allele [113]. However,
it was shown that CLV3 is associated with fas [112,114], while YABBY2b regulates auxin
synthesis by suppressing GH3.8, which encodes indole-3-acetic acid-amido synthetase [115].
Meanwhile, WUS appears to mediate /c. The RNAI lines of the WUS gene confirmed the
involvement of WUS in controlling the formation of floral organs and the number of locules
in tomato fruits [116]. The expressions of TAGI and CLV3 were changed in such lines.

WUS encodes a homeodomain transcription factor of the WOX (WUSCHEL-like home-
obox) family. WOX controls the growth and development of plants by regulating the
formation and maturation of stem cells in meristems. Null mutations in WOX9 (related
with natural mutation in COMPOUND INFLORESCENCES) and WOXS result in embry-
onic lethality, and mutations in the promoter region cause various defects in meristem
development [117]. The knockout of the WOX1 resulted in a phenotype with defects in
the fusion of petals, carpels, and stamens, suggesting the involvement of the gene in the
regulation of tomato flowering [118]. The knockout of the WOX1 homolog LAM1 (LAMINA
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DELETION MUTANT 1) also showed impairments in floral organ development, fruit size,
secondary leaflet initiation, and leaf complexity [119,120].

There is evidence that WUS expression is regulated redundantly. For instance, BRI1-
EMS-SUPPRESSOR 1 (BES]) repressed the regulation ability of WUS via their heterodimer-
ization, thus inhibiting WUS binding to the CLV3 promoter [121]. WUS can also be re-
pressed by KNUCKLES (KNU) through histone deacetylation [122]. The adapter proteins
in this process are most likely INHIBITOR OF MERISTEM ACTIVITY (IMA). IMA was
proposed to recruit KNU to form a transcriptional repressor complex with TOPLESS (TPL)
and histone deacetylase [123]. In turn, IMA is induced by the MADS-box transcription fac-
tor AGAMOUS (AG) [124]. Moreover, CRABS CLAW (CRC) can interact with members of
the chromatin remodeling complex that epigenetically represses WUS expression through
histone deacetylation [125].

It was shown that the expression of CLV3 and WUS appears to be restricted by the
LITTLE ZIPPER protein (ZPR), encoded by the DTM (DEFECTIVE TOMATO MERISTEM)
gene [126]. As suggested by the authors, DTM has negative feedback with HD-ZIP IIl home-
odomain transcription factors. It has been established that the receptor-like cytoplasmic
kinase TRK1 is necessary for maintaining the proper growth of meristems in tomato [127].
It turned out that TRK1 silencing induced the formation of fasciated branches, altered
inflorescences, and fruits of tomatoes with a significantly increased number of locules
compared to wild-type plants. This phenotype, supported by further studies, is due to
the interaction of TRK1 with CLV1, the receptor for the CLV3 peptide. In addition, TRK1
also interacts with and phosphorylates WUS. However, such cross-molecular interactions
require further study.

Regulation of the formation of multiple locules in tomato fruits is achieved by mod-
ulating the levels of auxin and gibberellin (GA) in apical meristems, for which the tran-
scriptional repressor TPL3 and WUS are responsible [128]. A protein interaction was found
between them, ensuring the regulation of auxin transporter genes and enzymes for gib-
berellin biosynthesis. However, CLV3 and WUS are not the only genes determining fruit
size. It was previously shown that a representative of the AP2/ERF (ethylene responsive
factor) superfamily of transcription factors, the ENO (EXCESSIVE NUMBER OF FLORAL
ORGANS), regulates the activity of the floral meristem [129]. The authors demonstrated
that ENO exhibits synergistic effects with mutations at the fas and Is loci. This is explained
by the interaction of ENO with the cis-regulatory element of the WUS promoter. The
clarified role of the AP2a factor was revealed in [130]. Loss-of-function mutants had a much
higher ethylene production, leading the authors to infer a role as a negative regulator of
ripening initiation, with deficient lycopene production and defects in chlorophyll degrada-
tion suggesting positive regulation during ripening. A CLV3-WUS module was shown to
regulate auxin and ethylene homeostasis in low light-induced tomato flower abscission via
the induction of the WUS target genes KD1 (KNOTTED1-LIKE HOMEOBOX PROTEIN)
and FUL2 [108].

WUS is a bifunctional protein that can repress and activate gene transcription in
SAM [131]. It induces CLV3 expression dose-dependently [132]. CLV3-mediated signaling
through CLV1, CLV2-CRN, and BAM-RLK2 complexes restricts WUS expression [133,134].
In addition to the CLV-WUS complex, which determines the tomato fruit size, new regu-
latory elements are identified. For instance, a new tomato fruit size control module was
recently disclosed [135]. Here, UV-damaged DNA-binding protein 1 (DDB1), which is a
significant component of the Cullin4-RING E3 (CRL4) ubiquitin ligase complex, promotes
the degradation of casein kinase (CK2). In turn, CK2 stabilizes cell division protein kinase
(CDK?2), acting as a positive regulator of fruit size.

In addition to fruit size, the diversity of fruit shapes of tomato varieties is also attractive
to consumers. Tomato loci responsible for fruit size are identified (Figure 7). Fas and Ic
control fruit locule numbers and their flat shapes, whereas sun and ovate control elongated
shapes [136].
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Figure 7. Genes influencing tomato fruit shape and weight. The red arrows indicate axes of growth:
from proximal to distal, medio-lateral, and from adaxial to abaxial.

SUN and OVATE determine the shape of the ovary. Compared with WT, ovate pri-
marily increases the fruit proximal end by increasing cell numbers in the proximal-distal
direction and decreasing cell numbers in the medio-lateral direction, leading to a pear-
shaped fruit [137]. OFPs (OVATE family proteins ) are a class of proteins with a conserved
OVATE domain. OFPs interact with various transcription factors, including KNOX and
BELL [93,138], and also directly regulate the expression of auxins, gibberellins [139,140],
and ethylene-related genes [141]. The heterologous expression of OFP1 and MADS] in
the ovate mutant compensated for the elongated fruit phenotype [142]. The heterolo-
gous overexpression of citrus OFP19 in tomatoes resulted in the pear-shaped ovary and
fruit shape [143]. Transgenic tomato plants that overexpressed bottle gourd OVATE1
had cone-shaped fruit, calyx hypertrophy, petal degeneration, and petal retention after
flowering [144]. The overexpression of OFP20 has been shown to regulate abscisic acid
accumulation [145]. In addition, OFP20 may play an essential role in the crosstalk between
brassinosteroids (BSs) and gibberellins [146]. On the other hand, the sun results in long
fruit by increasing cell numbers along the entire proximal—-distal direction in the pericarp
and columella while decreasing cell numbers in the medio-lateral direction in the columella
and septum [147].

TONNEAU1-recruiting motif proteins (TRMs) have been implicated in the control of
organ shapes in tomatoes, which is contributed to via interaction with OFPs [148]. The
TRM1-5-like genes promote fruit elongation, whereas OFP1-like genes play an antagonistic
role [149]. The IQ67-domain (IQD) proteins regulate Ca?* signaling and plant development
through interactions with calmodulins, and SUN is one of them. SUN affects the expression
of auxin-related genes [150,151] and brassinosteroids [140]. SUN24 negatively regulates
the expression of crucial abscisic acid signaling genes [152]. The ectopic overexpression
of watermelon IQD24 promoted tomato fruit elongation [153]. MAP70 (microtubule-
associated protein) interacts with IQD21a to regulate tomato fruit shape [154]. It becomes
clear that the interaction of OFP-TRM and MAP-IQD modules with microtubules lies in
the physiology of fetal shape changes, as discussed in [155].

KNOTTED-like (KNOX, KN) proteins and BELL1-like (BLH) proteins belong to the
same TALE homeodomain family. KN2 from CLASS-II KNOX genes regulate fruit anatomy
via gibberellin [156] and ethylene-dependent pathways [157]. The ectopic expression
of litchi KNOX represses tomato flower abscission [91]. The heterologous overexpres-
sion of grape KNOX63 in tomato induced smaller fruits and seeds than in wild-type or
KN1-deficient plants [158]. There is also KN4, which affects pollen development via the
regulation of GA and auxin genes [159]. BLHs have been recently shown to regulate chloro-
plast development and chlorophyll synthesis in tomato fruit [160,161]. KNOX and BLH
proteins act together by forming heterodimer modules [162-164].
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KLUH is a positive regulator of fruit size, and it was recently demonstrated that intro-
ducing point mutations into its promoter region can “improve” the attractive appearance
of large fruits [165]. The duplication of KLUH and STM3 and the corresponding increase in
gene expression are decisive for fw3.2, one of the primary loci responsible for tomato fruit
mass [63].

The fw2.2 (fruit weight 2.2) gene was found to control a significant QTL for tomato
fruit size by negatively affecting cell numbers [166]. FW2.2 is a transmembrane protein
containing a PLAC8 (PLACENTA-SPECIFIC 8) domain. Unfortunately, no functional
analysis is yet available for FW2.2 [167]. However, like in the sun, the presence of a PLAC8
domain can be related to a putative function in regulating Ca®* signaling [168].

In addition to CNR (COLORLESS NON-RIPENING)/FW2.2 and KLUH/FW3.2, a
new tomato cell size regulator gene was recently discovered—CSR (CELL SIZE REGU-
LATOR)/FW11.3 [169]. Its CSR-like 1/2/3 paralogs were also discovered. Co-expression
analysis of these genes revealed a role for the CSR gene in cell differentiation during later
stages of fruit development, including vascular development. The antagonistic roles of
auxin and cytokinin could be related to CSR function, as several genes associated with these
pathways were found in co-expression clusters. The authors also associate cell enlargement
with increased endoreduplication.

Genes underlying the fs8.1 locus that contribute to rectangular elongated tomato fruit
have yet to be identified. Compared with sun and ovate, fs8.1 showed a cellular patterning
that was different from the effect of the other two genes: fs8.1 led to increased fruit shape by
increased cell number in the proximal-distal direction without a change in the medio-lateral
direction [170]. Recently, the candidate genes of fs8.1 have been proposed [171]. Its list
includes genes encoding ERECTA (LRR receptor-like kinase), cytokinin oxidase, F-box
protein SLOMO (SLOW MOTION), aminopeptidase protein, pentatricopeptide repeat
protein, LRR domain-containing protein, and trihelix transcription factor. Thus, the fs8.1
locule requires further investigation.

The sun, ovate, fs8.1, kluh, csr, and cnr loci display individual molecular mechanisms of
ovary development in tomato. Although the ovary shape changes they exhibit differ, they
can contribute synergistically by strengthening the effects of other mutations, allowing for
the combination of these traits in breeding. In general, the effects of fruit shape loci are
likely due to changes in the expression of genes related to phytohormones, cytoskeleton,
and sugar transport and degradation genes.

4. Pollen Development and Fertilization

Developing functional pollen grains is a crucial aspect of plant sexual reproduction.
The process involves three stages: microsporogenesis, postmeiotic microspore develop-
ment, and microspore mitosis [172]. Pollen grains are developed from microspores in the
microsporangium of an anther. The cell wall of a mature pollen grain is a multilayered
structure consisting of sporopollenin-based exine [173] and cellulose-based intine [174,175].
Pollen development and maturation involve multiple cellular changes mediated via the
precisely organized regulation of gene expression. They could be influenced by many
factors, such as tapetum irregularity, cytoskeleton alteration, auxin metabolism aberration,
altered sugar utilization, and ROS accumulation [176].

Fruit set depends on successful pollination and fertilization. Pollination involves the
transfer of pollen grains from the anther to the pistil’s stigma. Fertilization requires the
growth of the pollen tube in the pistil tissue to the ovary [177]. Fertilization of the ovary
initiates the development of the ovary into a fruit [178].

4.1. Pollen Maturation and Sterility

During the growth and development of plant pollen, the autophagy of the tapetum
provides the necessary nutrients for the development of microspores. Transcription factors
induced by various signaling pathways act as molecular regulators in these processes. For
instance, the MYB72 inhibits the autophagy in tomato anthers [179] while HB8, which is an
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HD-Zip III transcription factor, accelerates tapetum degradation [180]. Also, the knockout
of genes encoding the bHLH transcription factors leads to dysfunctional meiosis and the
development of an abnormal tapetum during flower development [181,182]. Moreover,
SINA (SEVEN IN ABSENTIA) proteins with E3 ubiquitin ligase activity impact tomato
floral structure [183].

Delayed or early tapetum degradation can affect pollen development, leading to
male sterility. Genetic male sterility is attractive when obtaining hybrid seeds, ensuring
high varietal purity. The genes that mediate male sterility are being actively studied. For
example, the knockout of the ABORTED MICROSPORES (AMS) gene, encoding a bHLH
transcription factor, led to critical changes in the morphology of tomato pollen grains
and, as a result, their nonviability [184]. It has also been shown that the knockout of
the strictosidine synthase gene STR1 results in abnormally small pollen grains with a
structurally weakened exine, and the plants themselves do not set fruit after selfing [185].
In [186], it was demonstrated that the mitogen-activated protein kinase MPK20 positively
regulates the development of mononuclear microspores during mid-to-late life. Silencing
or null mutations of MPK20 led to male sterility. In addition, the abortive nature of MPK4-
silenced tomato pollen was confirmed in [187]. A dramatic increase in ACO expression
occurs during pollen and seed maturation. The knockout of ACO2 results in male sterility
but reduces free proline levels [188].

ROS have been reported to act as regulators of anther development. RBOH (respira-
tory burst oxidase homolog) plays a key role in regulating ROS accumulation in anthers
and mediates tapetum development [189]. Therefore, RBOH/RBOHE double knockout
mutants exhibited complete male sterility, showing abnormal programmed cell death in the
anthers. There is also evidence that the cytoplasmic invertase CIN7 is involved in pollen vi-
ability, which the authors also associate with increased ROS accumulation in CIN7-silenced
tomatoes [190]. Meanwhile, the knockout of IDA (inflorescence deficient in abscission),
which acts as the RLKs ligand, destabilizes ROS homeostasis that leads to a programmed
cell death defect in the tapetum and septum and a failure of anther dehiscence [104]. The
accumulation of ROS in anthers is related to heat shock transcription factors, which confers
pollen thermotolerance [191].

Hormone-mediated regulation pathways of pollen development and maturation are
actively studied. For instance, the study of the mediator complex is required to control
the transcription of RNA polymerase II. The function of the MED18 (mediator complex
subunit) subunit in pollen ontogeny has been reported [192]. The expression profiles of
tapetum degradation genes and pollen maturation genes are in RNAi-silenced lines. There
is also evidence that silencing MED18 suppresses the expression of gibberellin biosynthesis
genes, auxin transport genes, and regulators of leaf morphogenesis [193]. The importance
of auxins in developing tomato anthers was demonstrated using the PIN8 transporter gene
as an example [194]. Tomato lines with PIN8 (PIN-FORMED 8) silencing had shortened
anthers. They observed the abortion of microspores in anthers, low pollen fertility, and
parthenocarpic fruits, which the authors attribute to a greater extent to the increased content
of IAA conjugates in transgenes. There is also a clue that abscisic acid plays a role in the
primary formation of pollen grains [195]. Ascorbic acid impairs tomato pollen fertility [196].

Meanwhile, salicylic acid has also been shown to impact pollen development [197]. At
the same time, ethylene signaling is shown to modulate tomato pollen tube growth through
modifications of cell wall remodeling and calcium gradient [198]. Moreover, tapetum
degradation and pollen fertility are affected by brassinosteroid-mediated regulation [199].
Jasmonic acid (JA) facilitates flower opening and pollen maturation through the expression
of MYB21 [200].

Because sepals and petals only support limited photoassimilates, pollen growth largely
depends on the import of carbon resources. SWEET (SUGAR WILL EVENTUALLY BE EX-
PORTED TRANSPORTER) members are critical players in sugar allocation between source
and sink organs [201], and it was shown that SWEET5b is required for pollen maturation in
tomato [202]. Meanwhile, the overexpression of Vitis vinifera sucrose transporter SUC27
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in tomatoes resulted in longer petals and pistils, an abnormal stigma, and much less and
shrunken pollen, while the SUC11- and SUCI12-overexpressing lines had similar flower
phenotypes compared with those of the wild type [203]. The silencing of hexokinase HXK1
resulted in a decrease in flower numbers, increased rate of flower abscission, abnormal
thickening of the anther wall, and reduced pollen and seed viability [111]. Here, it was
shown that phytochrome-interacting factor 4 (PIF4) inhibited the transcriptional expression
of HXKI1.

The growth of a pollen tube requires the coordination of membrane receptor signaling,
GTPase activity, and actin cytoskeleton assembly. Kinase partner protein (KPP) is a guanine
nucleotide exchange factor, and it plays a crucial role in pollen tube growth by recruiting
the actin-related protein complex to the membrane-localized receptors [204].

Tapetum cell formation requires a leucine-rich repeat (LRR) receptor kinase and its
ligand TAPETUM DETERMINANT 1 (TPD1). Tomato TPD1 loss-of-function mutants
showed an alteration in redox homeostasis during male gametogenesis and are expected
to regulate BES1, DYSFUNCTIONAL TAPETUM 1 (DYT1), DEFECTIVE IN TAPETAL
DEVELOPMENT AND FUNCTION 1 (TDF1), and MYB33 [205]. In addition to LRR
receptor kinases, there are lectin receptor kinases, which are also shown to have an essential
role in the correct development and maturation of tomato pollen grains [206]. Here, it was
shown that carboxypeptidase, cytochrome P450, and DNA mismatch repair proteins are
associated with lectin receptor kinase activity.

PIFs act as central regulators in integrating light and temperature signals to optimize
plant growth and development. It was shown that PIF4 regulates the anther’s adaptation
to low temperature by directly activating DYT1 expression [207]. Moreover, low tempera-
ture promotes the transcriptional activation of TDF1 by the PIF4-DYT1 complex, thereby
postponing tapetal autophagy [207]. There is also evidence that PIF4 could be a key tran-
scription factor regulating YUCCA (YUC) genes, which are the main auxin synthesis genes,
in tomato stamens [110]. For another PIF, it was shown that both glutamate synthase 1
(GLT1) and cell wall invertase 9 (CWIN9) involved in auxin and sugar homeostasis in
anthers are directly regulated by PIE3 [208].

As for MYB33, its knockdown has been shown to restrict the expression of genes
controlling flowering (AN, FA, WOX9, SP) and sugar metabolism genes (CWIN, sucrose-
phosphate synthase, sucrose synthase, trehalose-6-phosphate synthase) [50]. The authors
proposed that MYB33 contributes to brassinosteroid—gibberellin crosstalk in flowering.
MYBs are commonly regulated by microRNAs. Therefore, they are also involved in the reg-
ulation of sporogenesis. The knockdown of miR171 was reported to result in male sterility
in tomatoes due to the production of small amounts of deformed and nonviable pollen due
to delayed tapetum ontogeny and reduced callose deposition around tetrads [209]. Due to
GRAS24 being one of the miR171 target genes, it is a participant in gibberellin and auxin
homeostasis regulation in pollen development [210]. MiR172, miR156, and miR160 are
also shown to be involved in transcriptome remodeling during pollen development [211].
Epigenetic regulation is integral to transcript accumulation. DNA methyltransferase CMT4,
which is actively expressed during the flowering and early fruit development stages of
tomato, has been shown to activate the genes of pollen wall development and pollen tube
elongation [212].

The diversity of regulatory genes responsible for anther cell differentiation and pollen
formation illustrated here allows us to characterize the gene crosstalk occurring in tomato
and other crops. Although a complex system of gene expression and interactions, the
molecular network of anther and pollen development is highly conserved. It involves
various hormones and transcriptional and epigenetic factors. They regulate gene expression
involved in tapetum degradation, cytoskeleton rearrangement, sugar metabolism, transport,
and ROS accumulation.
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4.2. Self- and Cross-Incompatibility

Modern domesticated tomatoes have been derived from many consecutive selections,
resulting in a partial loss of genetic diversity. One way to expand the pool of available
genes in tomato to achieve new desirable agronomic traits or for fundamental purposes is
to obtain hybrids with its wild relatives. In this case, the problem of interspecific incompat-
ibility arises. The physiological basis of interspecific incompatibility is still emerging. The
nature of tomatoes’ reproductive barriers includes prezygotic and postzygotic isolating
mechanisms. Tomato wild relatives are characterized by various reproductive biology
systems [213], including self-compatible and self-incompatible taxons and facultative and
unilateral incompatibility.

Most wild tomato plants cannot self-pollinate due to the protruding stigmas on the
flowers. The elongated style prevents pollen grains from becoming trapped on the stigma,
resulting in male sterility. In this case, high temperature is a prerequisite for lengthening
the column, activating a shift in the hormonal balance. LST (LONG STYLES) is identified
as a candidate gene mediating the elongation phenotype [214]. It encodes the ethylene
receptor protein and is homologous to the Arabidopsis EIN4 (ETHYLENE-INSENSITIVE
4) and tomato ETR5 (ETHYLENE RECEPTOR 5) genes. Its overexpression reduced the
severity of the style elongation phenotype in male-sterile tomatoes. The genes controlling
the conversion from flush stigmas to inserted stigmas were identified in [215]. They appear
to be C2H2-type zinc finger transcription factors—one controls the conversion of exserted
to flush stigmas, while the other regulates the conversion of flush to inserted stigmas.

The callose wall surrounds the sporocytes while meiosis occurs. The temporary
isolation of the sporocyte may be connected with the sporocyte’s differentiation process.
Callose accumulates in the walls of incompatible pollen grains and tubes [216,217]. It has
been shown that the 3-1,3-glucanase encoding gene (BG10) regulates pollen development
and seed production by modulating callose deposition [218].

MSH2 (MutatorS-Homolog 2) is involved in recognizing and repairing DNA errors.
The suppression of MSH2 gene expression in [219] using RNAi resulted in significant
phenotypic abnormalities. This suppression contributed to the disruption of the light-
dependent repair of thymine dimers. MSH?2 silencing also affected the progression of male
meiosis, either arresting at the zygotene stage or forming diploid tetrads. Thus, MSH2 may
be a ploidy regulator in addition to its reparative function. Indeed, using MSH?2 silencing,
it was possible to establish that changing the lighting period may regulate the frequency of
meiotic recombination within certain limits [220].

An example of overcoming interspecific Solanum incompatibility is given in [221].
The overexpression of the farnesyl pyrophosphate synthase gene FPS2 from Solanum
pennellii in S. lycopersicum has been shown to compensate for the pollen incompatibility
phenotype of the latter. The authors propose that FPS activity is required to prenylation a
specific pollen rejection factor that interacts with the corresponding pistil barrier factor in
S. pennellii. The S. pennellii barrier factor gene was also identified [222]. It has been shown
that CRISPR/Cas9 mutations in the DIRI-like (DEFECTIVE IN INDUCED RESISTANCE 1)
gene of S. pennellii allow S. lycopersicum pollen tubes to grow to the lower third of the style.

In summary, there are several reasons for incompatibility. Flower size and the distance
the stigma extends beyond the anther determine the chance of self-fertilization. The size
of the pollen grains is also important, as larger grains contain more nutrients, allowing
the pollen tubes to grow to longer lengths. The molecular mechanisms of pollen rejection
are also affected. At the postzygotic stage, incompatibility is caused by the disruption
of the conjugation and segregation of homologous chromosomes due to their structural
differences and epigenetic modifications. The genetic basis of these processes is poorly
known and needs further study.

4.3. Parthenocarpy

Seed formation is the most crucial stage in fruit development; despite this, seedless
fruits and fruits with underdeveloped or few seeds are found in both wild and cultivated
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tomatoes. This is possible due to parthenocarpy, in which the fruits develop without
fertilization, and asthenospermia, in which pollination and fertilization are necessary.
However, the embryos cannot form or are aborted before the seeds are formed. The
complete penetration of pollen tubes can initiate fruit set independently of fertilization
by activating genes regulating cell division and expansion [223]. Exposure to extreme
conditions results in the suppression of fruit set due to low pollen viability. Seedless
fruits are not only interesting from a developmental point of view. However, they are
also a desirable agronomic trait due to their high soluble solids content and the lack
of need to separate the seeds for cooking. Parthenocarpy has several advantages for
growers, including avoiding emasculation in F1 hybrids and reducing the threat of heat
stress during fruit set [224]. Parthenocarpy can increase winter and early yields, allowing
for tomato harvests all year round [225]. In addition, the postharvest storage time of
seedless fruits is longer than that of seeded fruits because seeds produce senescence
hormones [226]. Parthenocarpy can be induced forcibly by external stimulation with plant
hormones [227,228]. However, this may lead to undesirable pleiotropic effects, so studying
the molecular basis of parthenocarpy is a priority.

The regulation of parthenocarpy is presumably carried out by auxin and gibberellin
signaling cascades. The auxin and gibberellin regulatory pathways interact hierarchically
and are the primary hormones that promote fruit set [229]. Auxin and gibberellin sig-
naling cascades are negatively regulated by the DELLA component (GRAS gene encodes
protein-containing “D-E-L-L-A” amino acid sequences) and the ARF7/IAA9 complex
(auxin response factor/IAA), and cross-signaling between them controls the initiation
of maturation fruits. As was shown, the inhibition of any of the components in these
interactions leads to the appearance of seedless tomato fruits [230]. IAA9 is involved in the
control of ARFs, and its suppression in tomato induces parthenocarpy [231].

Based on the assumption that genes of the TOPLESS (TPL) family are involved in
auxin-mediated signals in the ovary, the authors silenced TPL1 in tomatoes [232]. These
plants did not exhibit pleiotropic effects under normal conditions and produced seedless
fruits upon flower emasculation and heat shock, which was associated with changes in
cytokinin levels. TPL1 interacts with IAA9, and a mutation of the JAA9 gene leads to
parthenocarpic fruit formation [233,234].

DELLA proteins localized in the nucleus are negative growth regulators. DELLA is
encoded by the PROCERA gene, and its loss of function in the homozygous state results in
dwarfism [235] and parthenocarpy [236]. DELLA proteolysis is mediated by the gibberellin-
activated GID receptor [237]. The binding of gibberellin to the GID receptor increases the
affinity of the latter for DELLA [238].

MADS-box factors are another participant in signaling regulation mediating partheno-
carpy [1]. Indeed, seven MADS-box genes were previously reported to be expressed during
flower development and the early stages of fruit and seed development [239]. Here, it was
hypothesized that ovary and fruit development are a continuation of the flower develop-
ment program. The MADS-box factors TAG1 and TAGL1 (tomato AGAMOUS-like 1) are
involved in tomato fruit set [240,241] and have redundant and divergent functions [75,242].
Some other members of the MADS-box factor family are also involved in regulating tomato
reproduction. For example, in [243], the authors found that the mutated MADS-box alleles
of the AGL6 gene ensure the tomato yield under heat stress conditions. CRISPR/Cas9-
mediated mutations in AGL6 produce facultative parthenocarpy, manifested by the devel-
opment of seedless fruits comparable in weight and shape to wild-type fruits. One of the
genes with increased expression induced by fertilization is the cell proliferation regulator
cytochrome P450 KLUH gene. The ectopic overexpression of KLUH in tomato stimulated
both integument growth in unfertilized ovules and parthenocarpy, indicating that its sup-
pression by AGL6 is of primary importance for preventing fertilization-independent fruit
set [244]. Also, silencing AGL6 resulted in abnormally fused sepals and smaller, light green
petals [74]. In such lines, MC, which is involved in the development of sepals, and GOB
(GOBLET), which affects the initiation of the formation and division of leaf blades, were
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suppressed. AGL11 gene expression correlates with early fruit development. Thus, the
phenotypes associated with AGL11 resemble those of other representatives of the MADS-
box—TAGI and TAGLI [245]. In addition, metabolic reprogramming was observed to occur
in sepals and fruits, with strong effects on cell wall-related genes.

Parthenocarpy is often accompanied by sterility due to either defects in the pollen
or changes in the ovary. For instance, the formation of parthenocarpic fruits in the hydra
mutant is associated with the lack of development of both male and female sporocytes. It
was established that the HYDRA gene encodes the tomato ortholog of SPOROCYTELESS
(SPL). The connection with sporogenesis in tomatoes was confirmed in RNAi lines and
hydra lines overexpressing SPL/HYD [246]. In this case, parthenocarpy is explained by an
increase in the level of expression of auxin and gibberellin genes in the ovary. SES (SEXUAL
STERILITY) is another SPL homolog exhibiting male and female sterility [247].

Other actors in regulatory pathways are miRNAs. The authors of [248] showed that
miRNAs’ modulation of hormone-dependent transcription factors affects the development
of ovules and fruit set. Indeed, they found changes in the expression dynamics of the
miR159/GAMYB system during the early stages of fruit development. Thus, the overex-
pression of the gene encoding the miR159 precursor in tomato suppressed GAMYB genes
in developing ovaries, which led to earlier fruit initiation and parthenocarpy. Altered
responses to auxins and gibberellins explained this. The above conclusions were confirmed
later [249]. The overexpression of GAMYB2, a significant target of miR159, resulted in a flat
fruit phenotype, while the loss of GAMYB2 function had the opposite effect, resulting in
smaller and elongated fruits. This regulation was mediated mainly via the direct repression
of the GA30x2 gene. Confirmation of the connection between the parthenocarpic pheno-
type and disturbances in the expression of auxins and cytokinins in flowers is given in
another publication [250]. Here, parthenocarpy was caused by a loss-of-function mutation
in the gene encoding a receptor-like protein kinase expressed in vascular bundles of young
buds. The mutation resulted in the increased expression of the gibberellin metabolism
gene GA20ox1. Thus, MYB21 is a negative regulator of parthenocarpic fruit development,
exerting regulation directly or through the JA signaling pathway [251].

The spectrum of genes responsible for parthenocarpy is broad. Thus, we summarize
related studies on it from 2017 to 2023 in Table 2.

Table 2. Recent studies of tomato genes that facilitate parthenocarpy trait.

Gene Function Method Reference Year

AGL6 Encodes MADS-box transcription  -giopR /Cas9 knockout [243] 2017
factor; gene regulator

IAA9 Regulator in auxin signaling CRISPR/Cas9 knockout [234] 2017

miR159 Encodes sma'll ncRNA that modulate OE [248] 2017
gene expression

SPL/HYD Encodes MADS-box transcription VIGS [246] 2017
factor; gene regulator

TIR1/AFB2 En(:f)de auxin receptors'the'lt mediate He.terologous expression (Cucumis [252] 2017
auxin-regulated transcription sativus L.)

DELLA Regulator in gibberellic acid signaling ~Complementation [236] 2018

PODI A coactivator for DNA-binding

’ factors that activate transcription via ~ CRISPR/Cas9 knockout [192] 2018

MED18
RNA polymerase II

ARF5 Mediates auxin responses via Silencing by amiRNA [253] 2018
expression of auxin regulated genes

TAA9 Regulator in auxin signaling RNAI silencing [233] 2019

RLK Encodes a transmembrane receptor RNAi silencing [250] 2019

protein
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Table 2. Cont.

Gene Function Method Reference Year

METT Encodes a cytosine methyltransierase;  cpispR /caso knockout [254] 2019
epigenetic regulation
Catalyzes the production of the linear

SPMS triamine, spermidine, from Heterologous expression (yeast) [255] 2019
putrescine
Gene regulator; involved in plant

DOF10 development and defense regulatory  RNAIi silencing; OE [81] 2019
networks
Transcription factor involved in the

AP3 genetic control of flower RNAi silencing [256] 2019
development
Encodes a 9-cis-epoxycarotenoid

NCED1 dioxygenase; involved in carotene OE [103] 2019
catabolic process

GA200x2 Involved in gibberellin biosynthesis Heterologou's expression (Pyrus [257] 2020

bretschneideri)

PAD1 Encodes an aminotransferase; RNAi silencing [258] 2020
involved in auxin homeostasis

HBI15A Encodes HD-ZIP Il protein; CRISPR/Cas9 knockout
transcriptional regulator
Involved in fructose metabolic [259] 2020

FRK2 process and starch biosynthetic RNA:I silencing
process

TPL1 Transcriptional co-repressor RNAI silencing [232] 2021
Cytochrome P450 CYP78A

KLUH monooxygenase subfamily member; ~ OE [244] 2021
cell proliferation

IAA9 Regulator in auxin signaling CRISPR/Cas9 knockout [260] 2021
Encodes F-box protein that s Heterologous complementation

HWS involved in regulation of gene (Arabido %is thalians) [261] 2021
silencing by miRNA P

HB15A Encodes HD-ZIP III protein; CRISPR/Cas9 knockout [262] 2021
transcriptional regulator

CYP78A6 Cytochrome P450 CYP78A subfamily Heterologoug expression (Pyrus [263] 2021
member; seed development bretschneideri)
Catalyzes the hydrolysis of sucrose
into glucose and fructose for the .. .

CIN7 supply of carbohydrates to sink RNA:i silencing; OE [190] 2021
organs via an apoplastic pathway

DELLA Regulator in gibberellic acid signaling ~ Target-AID [264] 2022

ARFs Mediate auxin responses via
expression of auxin-regulated genes CRISPR/Cas9 knockout [265] 2023

IAA9 Regulator in auxin signaling
Encodes the G-type lectin receptor

POD2 kinase; plant development and RNAi silencing [206] 2023

responses to stresses

Thus, auxins, gibberellins, and homologous MADS-box transcription factors are the
most critical players in regulating fruit set. Unfortunately, a clear picture of the regulation
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has not yet been formed due to the redundancy of MADS-box factors showing both positive
and negative regulation in tomato fruit development, as well as the possible existence of
other actors involved in this process, such as brassinosteroids, abscisic acid, jasmonates,
and salicylates (SAs). For example, cytokinins induce parthenocarpy by modulating GA
and AUX metabolism [266]. In turn, ABA acts as an antagonist of GA and AUX by
inhibiting ovary development [267,268]. Ethylene suppresses tomato fruit set by stabilizing
DELLA repressors [269]. BSs can increase ethylene production in tomato fruit, so they
should stimulate parthenocarpy. However, their exogenous application on tomato flowers
does not produce a seedless phenotype [270]. Regarding JA, there is evidence that a loss-
of-function mutation of the lipoxygenase gene leads to the formation of parthenocarpic
fruits in Cucurbita pepo [271]. Presumably, the increased expression of SA genes should
favor the formation of seedless fruits due to their antagonistic nature toward JA. These
findings provide fertile ground for further studies of the regulatory systems controlling
fruit development.

5. Conclusions and Future Prospects

The number of studies on regulating plant life-cycle processes conducted on model
objects such as tomatoes continue to increase. Recently, significant progress has been made
in understanding the systems and processes of signal transmission. The discovery of gene
functions and the regulation systems of tomato reproduction systems allows us to better
understand the biology of the processes under consideration of their fundamentals. This
knowledge also has a high potential for use in the applied aspect of developing agricultural
plant varieties with improved properties.

In the future, the search for new candidate genes involved in tomato reproductive
signaling cascades will predominantly be carried out using genetic and bioinformatic
methods, possibly leading to the discovery of other groups of regulatory signaling path-
ways. There is still no clear understanding of their signaling regulation systems. Only
now is the functional redundancy of transcription factors involved in flowering becoming
apparent. Understanding the “dark horses” of regulatory cascades, such as ABA [195,268]
and BSs [199,272,273], is also expanding. The ideas about the influence of epigenetic
modifications [125,274,275], ncRNAs [248,262,276-278], and external factors [3,279,280] on
signaling regulation have been greatly expanded recently. Modern genetic engineering
approaches, including targeted genome editing using CRISPR/Cas9 technology, the use
of base [281,282] and prime editing [283,284] for precision gene correction, application
of omics technologies, and the collection and processing of bioinformatic data by new
powerful algorithms are helping researchers to solve problems in this area.

Some limitations should be taken into account when interpreting new data. For exam-
ple, orthologous genes are unreliable predictors of expression in different species because
they often have different regulatory mechanisms. Simplified laboratory experimental
conditions cannot establish all possible gene regulation and expression subtleties because
reproductive processes are discrete and occur in different tissues at certain life-cycle stages.
The studied gene regulators are often represented by large families of gene paralogs, which
impose objective difficulties in understanding the function of each of them; confusion in
gene numbering is a common phenomenon for such studies.

As a complementary approach in agriculture, growing crops under urban conditions
is an option. So-called “urban farms” require crop varieties that are both compact and
fast-growing. Although the yield of such plants may be lower, this can be compensated
for by growing plants at higher densities, thus maintaining productivity in limited space.
This direction has also been taken for tomatoes, e.g., in [42]. CRISPR/Cas9 mutations in
SP5G and SP induced rapid flowering and enhanced the compact determinant growth
in tomato. Consequently, this resulted in early harvest. Similar results were obtained
in [285], where, in addition to creating double SP5G-SP knockouts, triple deficient mutants
SP5G-SP-ER (where ER is the gene controlling internode length) were obtained, showing
even greater compactness. Increased fruit size combined with determinant growth is a
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promising approach for tomato cultivation under urban conditions [286,287]. Thus, in
addition to SP5G-SP null mutants, mutations can be made in the regulatory regions of CLV3
and WUS genes, thereby increasing the number of locules in fruits. In [288], the tomato
was edited for six loci: general plant morphology (sp), fruit shape (ovate) and size (fas and
fw2.2), number of fruits (multiflora), and nutrient composition (lycopene beta cyclase gene).
The authors obtained 15 combinations of independent alleles with a loss of function of the
target genes. In the future, the discovery of new genes associated with improved agronomic
traits is potentially compatible with existing genes.

Producers tend to avoid the exogenous application of hormones to stimulate specific
physiological processes in plants in favor of controlling the endogenous regulatory systems,
which is explained by the economic benefits, lower labor costs, and the possibility of
promoting their products as eco-friendly. In addition, physiological changes in such plants
have little or no undesirable pleiotropic effects. As for the practical application of the study
of the considered reproduction genes, these are “golden opportunities” in overcoming
interspecific incompatibility [62,221,222], pollen fertility [186,196], changing the size of the
fruit due to changes in the number of locules and pericarp growth [129,165,289], changing
the number of fruits due to an increasing number of inflorescences [119,290], and much
more. All this is possible by inserting expression cassettes into the genome, i.e., developing
genetically modified (GM) plants. Currently, society has not formed a clear opinion on the
safety of GM plants. Thus, there are several risks associated with them. Cross-pollination
ensures the flow of genes between populations and related species. In particular, the
spread of transgenes through pollen can lead to the introgression of marker genes, whether
antibiotic or herbicide-resistance genes, into the weed genome, leading to the emergence
of herbicide-resistant weeds [291]. A possible solution to these problems lies in studying
flowering genes, particularly those associated with the sterility trait of genetically modified
crops. In addition, available modern genetic engineering methods for crop improvement
allow for the selection of plants that do not contain foreign genes [292]. Obtaining plants
with edited genomes makes it possible to bypass legal restrictions on the production and
distribution of GM organisms in some countries [293].

This review has considered recent advances in studying tomato reproductive factors
using different genetic approaches. Current research on tomato reproductive factors con-
tinues to expand the understanding of the molecular basis and physiological mechanisms
of these processes, which opens up new opportunities for the practical application of this
knowledge. We hope the new data presented here will add to the existing mechanisms
describing the regulation of tomato reproductive systems.
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