Phyton-
ﬁ International Journal of <Téch Science Press
Experimental Botany -
D0i:10.32604/phyton.2025.068899 .

Check for
updates

REVIEW

Flirting with Fertility: Cytokinin’s Expanding Role in Plant Reproduction
Paige M. Henning"

Center for Genomic Science Innovation, University of Wisconsin-Madison, Madison, WI 53706, USA
*Corresponding Author: Paige M. Henning. Email: phenning3@wisc.edu
Received: 10 June 2025; Accepted: 18 September 2025; Published: 29 October 2025

ABSTRACT: Cytokinins are ancient hormones present across all kingdoms of life except archaea, although functional
biosynthesis pathways have yet to be identified in animalia. Known for their roles in cell division and proliferation,
cytokinins are critical to plant life, as they regulate various aspects of vegetative growth, stress response, and repro-
duction. In this review, we summarize literature from 2020 to 2025 pertaining to the cytokinin functions in plant
reproduction. While general aspects of cytokinin’s role in plant reproduction have been addressed, we particularly focus
on the role of cytokinin in reproductive systems due to recent work identifying their role as sex-determining factors
in dioecious species in Salicaceae and other families, their role in determining flower sex in monoecious species, and
their involvement in self-incompatibility response and asexual reproduction.

KEYWORDS: Cytokinin; plant reproduction; trans-zeatin; phytohormone; flowering; signaling; sexual reproduction;
asexual reproduction

1 Introduction

Cytokinins (CK) were first identified in 1955 as the key factor responsible for cell division [1]. The
first naturally occurring CK, and most abundant CK, trans-zeatin (tZ), was later isolated from Zea mays
meristem [2]. In general, plant CKs are adenine derivatives, differing in their N6-isoprenoid side chain [3];
these different side chains determine the function of the specific CK [4]. In 1978, CK was formally recognized
as hormones after demonstrating their ability to bind to tobacco cells [5]. In 1996, histidine kinases were
the first hypothesized CK receptors [6] and empirically supported in 2001 [7]. Since their discovery, several
natural and unnatural CK derivatives have been identified that have different roles [3,8-11].

CKs are an ancient phytohormone that play critical roles in plant development, including vegetative
growth (reviewed in [12-15]), defense against biotic stress (reviewed in [16-19]), response to abiotic stress
(reviewed in [20-23]), and reproduction. Unsurprisingly, these roles are accomplished through complex
interactions between CK and other phytohormones, the most notable being auxin (reviewed in [24]). Given
CK’s central role in positively regulating vegetative growth, reproduction, and biotic and abiotic stress
response, CK-related gene families are of high agricultural interest, as manipulating CK levels may help
negate the negative impact of climate change (reviewed in [25-28]) and increase crops’ economic value.

CK genes have been identified in bacteria, slime molds, fungi, and plants, but not in archaea, with
functional biosynthesis pathways yet to be confirmed in animals [29]. While a functional biosynthesis
pathway has not been identified in humans, recent research suggests that CK has the potential to be used in a
medicinal setting. Preliminary work suggests CK may act as an effective cancer treatment [30,31], Parkinson’s
therapeutic drug [32], skin health supplement [33], and has an assortment of other hypothetical medicinal
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uses (reviewed in [34]). Overall, this emphasizes the importance of CK not only to the plant community, but
to the broader scientific community.

Here, we provide an updated review of our current understanding of the roles of CK in plant
reproduction. We provide a brief historical overview of the major CK biosynthesis and signaling families,
explore recent literature pertaining to their roles in reproduction, summarize recently identified key players
in CK-mediated reproduction, and indirectly touch on crosstalk between CK and other phytohormones
during reproduction.

2 A Brief Overview of Cytokinin Metabolism and Signaling

Cytokinin (CK) is primarily synthesized via the iPRMP-dependent pathway (Table 1). This is a multi-
step pathway that begins with the synthesis of iP riboside 5'-monophosphate (iPRMP) from dimethylallyl
diphosphate and ATP, ADP, or AMP by the ISOPENTENYLTRANSFERASE gene family [35,36]; the synthe-
sis of iPRMP is the rate-limiting step of CK biosynthesis. Members of the CYP735A family hydrolyze iPRMP
to tZ riboside 5’ -monophosphate (tZRMP) [37]. Finally, members of the LONELY GUY family remove the
riboside 5'-monophosphate from either iPRMP or tZRMP to produce isopentenyladenine (iP) or trans-
Zeatin (tZ) respectively [38]. The CYTOKININ OXIDASE and UDP-glucosyl transferase 76C gene families
regulate CK homeostasis either via irreversible oxidative cleavage or glucosylation, respectively [39,40].

Table 1: Gene families involved in cytokinin metabolism and signaling

-2 a o 8 N
£ 0§ $F ozs £°F
IS ¢ S£§% 5§ 18
Gene name and Description K S 8 § $ O3 &% Source
S 2 £ 2
symbol < C = =
CYTOKININ Regulates CK levels 7 17 9 11 8 [39,41-45]
OXIDASE via oxidative cleavage,
(CKX) producing adenine
and aldehyde.
CYP735A Hydrolyzes IPRMP to 2 4% 2% 4 3* [36,37,46]
tZ riboside
5'-monophosphate.
ISOPENTENYLTR Catalyzes IPRMP; first 9 14 23 10 9 [47]
ANSFERASE step of the
(IPT) iPRMP-dependent
pathway; rate-limiting
step of CK
metabolism.
LONELY GUY  Catalyzes the final step 9 12% 6 11 13 [36,48,49]
(LOG) of iPRMP-dependent
cytokinin
biosynthesis/activated
cytokinin.
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Table 1 (continued)
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Cytokinin gluco- Deactivates CK via 5 4* 4* 41 6 [40,50-52]
syltransferases' glucosylation of the
(CGT/UGT76C) N’ or N’ positions.

Note: *Gene counts determined by BLAST analysis of an Arabidopsis thaliana family member against the species’
reference genome. ' Also known as UDP-glucosyl transferase 76C (UGT76C).

The primary receptor for CK is the ARABIDOPSIS HISTIDINE KINASE (AHK) family (Table 2).

Table 2: Gene families involved in cytokinin signaling
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ARABIDOPSIS Cytokinin receptors with 4 6 4 6 [43,53,54]
HISTIDINE KINASE differences in affinity iP, tZ,
(HK/CRE/ROCK/WOL) DZ, and cZ. Phosphorylates
AHP as the initial step of CK
signaling.
CYTOKININ Senses CK levels, acts in a 2 5 2 4% [53,55,56]
INSENSITIVE feedback loop to maintain
CK homeostasis.
HISTIDINE- Regulates CK signaling by 6 10 5 14 [43,53,56-58]
CONTAINING transferring phospho-group
PHOSPHOTRANS- to CRF or AAR.
MITTER 1
(AHP/HPt)
CYTOKININ Transcription factors. 8 6* 7 11 [59-61]
RESPONSE FACTOR
(CRF/TMO)
Type-A RESPONSE  Typically, negative regulators 10 10 13 11 [43,53,56,62]
REGULATOR of CK response.
(ARR-A)
Type-B RESPONSE  Typically, positive regulators 11 32 16 13 [43,56,63]
REGULATOR of CK response.
(ARR-B)

(Continued)
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Table 2 (continued)
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Type-C RESPONSE Role currently unknown. 2 4* 2 8 [43,56,64]

REGULATOR Potentially crucial for
(ARR-C) reproduction as suggested by

expression patterns.

Note: *Gene counts determined by BLAST analysis of an Arabidopsis thaliana family member against the species’
reference genome.

AHK perceives extracellular CK and the CK produced in the ER, and in response phosphorylates
ARABIDOPSIS HISTIDINE PHOSPHOTRANSFER PROTEIN (HPt) [65]. HPt transfers the phosphoryl
group to an ARABIDOPSIS RESPONSE REGULATOR (ARR) [57,66]. HPt also directly interacts with
CYTOKININ RESPONSE FACTOR (CRF), but there is currently no evidence that it transfers the phosphoryl
group to CRE.

Type-B ARR (ARR-B) acts as a positive regulator of CK response by upregulating CK responsive
genes [67]. Type-A ARR (ARR-A) represses ARR-B activity as a means of negatively regulating CK response.
The role of Type-C ARR (ARR-C) remains unclear as they lack a receiver domain [64], suggesting they may
not be phosphorylated by AHPs. The expression patterns of ARR-C family members strongly correlate with
the reproductive phase of Arabidopsis thaliana [64], suggesting that the subclade is primarily involved in CK
signaling during reproduction.

The CRF family is a group of transcription factors that were originally identified as CK responsive, but
in recent years, have been identified as responsive to a series of signals including environmental factors and
abscisic acid (ABA) as reviewed in [68]. While there isn't evidence that they receive a phosphoryl group
from HPt, their C-terminal does contain a phosphorylation site that may be phosphorylated by MITOGEN-
ACTIVATED PROTEIN KINASES [59] in response to environmental cues or ABA. Further exploration of
the family is required before strong statements can be made regarding the family.

In addition to the AHK family members that act as true CK receptors, there are AHK family members,
referred to as CYTOKININ INDEPENDENT (CI), that have the ability to sense CK and trigger a feedback
loop that mediates CK homeostasis [55]. It is unknown if they act as “true” receptors. A more detailed
description of CK biosynthesis and signaling is reviewed in [69].

3 The Role of Cytokinin in Flower Development

3.1 General Flower Development

During floral development, CK levels are relatively high, often representing the most abundant
hormone—but begin to decline at anthesis and continue to decrease throughout the remainder of the flower’s
life in several species [70-73]. Elevated CK content has been correlated with an increase in flower number in
a variety of species [71,74,75]. This trend aligns with changes in the expression of CK-related genes as several
recent comparative transcriptomic studies have linked decreased CK content in the aging flower with altered
expression of CK-related genes [72].
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In Oryza sativa, increased CK levels are associated with decreased OIFCI, a regulator of axillary bud
growth [76]. A reduction in CK biosynthesis activity leads to fewer spikelets per panicle likely due to reduced
IPT, LOG, and CYP735A activity [77]. Overexpression of CYP735A3 or CYP735A4 resulted in an increase
in tZ production and double knockouts (KO) resulted in a reduction in CK content and plants that lack
panicles [46]. The CGT family in O. sativa is relatively large compared to dicots (Table 1), as the family is
involved in degradation of CK, exploring the function of panicle expressed CGT family members in these
backgrounds may provide additional insight into CK dynamics throughout panicle development as CK was
not depleted entirely, suggesting some CK was produced and potentially marked for degradation by CGT.

Recent results suggest that the CKX family act as negative regulators of flowering and seed set. In
Brassica napa, BnCKX3_Al, BnCKX3_A2, BnCKX3_Cl, BnCKX3_C2, BnCKX5_Al, and BnCKX5_CI act
redundantly to maintain CK homeostasis [74]. Disruption of CK homeostasis in a sextuple KO line resulted
in a significant increase in the number of flowers and seed pods [74]. Supporting the general importance of
high CK concentrations during early flower development. The strong redundancy of the CKX family in B.
napa’s flowers alludes to the importance of tight regulation of CK homeostasis. Emphasizing the importance
of future work in the family, KO a single CKX may be of less biological relevance than multiple KOs.

Given CK’s role in cell proliferation, it is not surprising that high concentrations are critical for
early flower development. Exploration of tissue-specific CK dynamics throughout bud development and
senescence and the pathways associated with early CK concentrations may identify genes of horticultural
and agricultural value. As highlighted by work in B. napa, manipulation of early CK content can lead to
increased floral production—a trait of high horticultural value. Manipulation of pathways associated with
CK’s decline throughout development may also identify genes associated with flower aging, as discussed
in Section 5, which may be of interest to evolutionary studies in ephemeral plants.

3.2 Carpel Development

CK was first described as the feminization hormone in 1984 [78], since then, it has been identified as
a key regulator of feminization across a wide range of plant genera. Recent developments in Arabidopsis
thaliana have expanded our understanding of CK’s role in promoting gynoecium development.

Type-B ARR—AtARRI, AtARRIO, and AtARRI2—have recently been identified as redundant key regu-
lators of gynoecium development [79]. In a triple KO background, the MADS-BOX genes, AGAMOUS and
AtSHP?2, along with the transcription factor AtSPT, failed to reach wild type (WT) expression levels even
after exogenous CK treatment [79]. These results suggest that AtARRI, AtARRI0, and AtARRI2 redundantly
promote the transcription of these critical genes in response to CK.

AGAMOUS is involved in several aspects of floral development, including proper carpel formation.
In agamous lines, stigmatic papillae and ovules do not develop properly unless treated with synthetic CK,
BAP [79]. Similar to the triple atarr KO lines, the expression of AtSHP2, AtSPT, and AtCRC is significantly
reduced in the agamous background despite CK treatment, indicating their expression is dependent on
AGAMOUS [79]. As the expression of these genes significantly increased when the agamous line was treated
with exogenous CK, though not to the same degree as the WT background, it’s likely other factors are also
inducing expression in response to CK [79].

AtSPT is believed to activate the expression of three D3-type cyclins—CYCD3;1, CYCD3;2, and
CYCD3;3—as it is capable of binding to their promoters [80]. In response to CK, these cyclins redundantly
promote cell proliferation during gynoecium development. In triple cycd3;1, cycd3;2, cycd3;3 KO lines,
gynoecium contain fewer, yet larger, cells [80].
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Overall, these results from A. thaliana have identified a pathway critical for gynoecium development.
Future microscopy work may provide insight into how the downstream effects of type-B ARR manipulation
affect mitosis. It’s likely that microscopy work will reveal that overexpression ARR-B lines have more WT cells
while KO arr-b lines have fewer cells that are longer than W'T cells, similar to what was identified in the triple
KO cycd3 lines. If longer cells are identified, it is likely that the cells have failed to complete mitosis and have
entered into the endoreduplication cycle. Suggesting CK is acting as a negative regulator of endoreduplication
during gynoecium development. Larger comparative—omic analyses of the arr-b vs. WT lines may provide
additional insights into endoreduplication pathways that are being negatively regulated by CK.

Crosstalk between CK and other phytohormones is also likely crucial for successful female reproductive
development. AtARRI has been shown to physically interact with AtBZR1, a brassinosteroid (BR) responsive
transcription factor, suggesting CK-BR crosstalk is involved in ovule development [81]. Additionally, a
gibberellic acid (GA) receptor GIDI directly interacts with AtARRI, AtARRI10, and AtARRI2 and targets
them for degradation in response to high GA and low CK levels [82]; suggesting that CK and GA act
antagonistically during female germline development.

Comparative transcriptomic analysis of Prunus mume [83] and P. sibirica [84] identified auxin, CK,
and GA as potential key regulators of pistil abortion. In P. mume, normal pistils exhibited significantly
higher levels of auxin, CK, and ethylene compared to aborted pistils, while aborted pistils contained higher
concentrations of GA and ABA compared to normal [83]. These findings suggest that GA and ABA promote
abortion of the pistil, while auxin, CK and ethylene act to prevent it. Manipulation of these hormones through
exogenous treatment of synthetic hormones or hormone inhibitors may shed some additional insight into
how these hormones contribute or prevent pistil abortion.

Exploration of cell specific dynamics of these various phytohormones may provide additional insight
into how they are contributing to carpel development. As AtARRI1 participates in regulating genes important
for CK response, comparing a atbzrl background to the atarrl, atarrl0, atarrl2 may highlight the importance
of BR in hypothetically negatively regulating the endoreduplication cycle while positively regulating mitosis.
Given the role of GA in pistil abortion and GID1’s role in degrading ARR-Bs, it is possible that GID1 is a
positive regulator of programmed cell death (PCD). Exploration of GIDI mutants may provide insight into
GA’s role in PCD during reproduction.

3.3 Stamen Development

Beyond CK’s role in influencing the development of staminate flowers in some genera—discussed later
in this review—recent research into CK’s involvement in male reproduction has been limited. This may be
due to the prominent role of auxin in male reproductive development and its antagonistic relationship with
CK. Nonetheless, it is evident that CK homeostasis is still important to some extent in male reproduction.
For instance, recent analyses have found that male sterile lines of Chinese cabbage have lower concentrations
of tZ compared to fertile lines [85], suggesting that insufficient CK levels may lead to stamen abortion in
this variety.

The negative effect of elevated CK levels on stamen development is further supported by recent
comparative transcriptome analyses of stamen petaloid flowers of Alcea rosea, Clematis, and Eriobotrya
japonica, which have suggested CK acts as a negative regulator of stamen development [86-88]. Petaloid
stamen from E. japonica and Clematis have significantly higher CK concentrations relative to normal
anthers [87,88]. As the normal petals of E. japonica also had higher CK concentrations relative to normal
anthers, but to a lesser extent than the petaloid stamen [87], it is likely that regulation of CK levels is more
critical for stamen development than petal formation.
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These results generally support the hypothesis that CK primarily acts as a feminization hormone, likely
due to its antagonistic relation with auxin. Future comparative work of CK and auxin dynamics, at the tissue
and cellular level, and holistic-omics work of the gynoecium and stamen may provide better insight into how
the hormones contribute to both organs. While there are several studies pertaining to the exploration of CK
levels in auxin different backgrounds, especially pertaining to vegetative tissues, the work here supports the
need for similar analyses in non-model organisms.

Additionally, CK’s hypothetical role in producing petaloid flowers is worth exploring, as incomplete
flowers are of ornamental interest. If CK is regulating the production of petaloid stamen, then quantification
of auxin and CK levels may be a quick approach for breeders interested in producing complete flowers. These
results suggest GWAS studies of incomplete flowers may want to focus their attention on loci containing or
near CK and auxin related genes.

4 Cytokinin Generally Acts as a Positive Regulator of Seed Development

Over the past five years, CK biosynthesis and homeostasis have been positively correlated with seed
development and vyield in Arabidopsis thaliana [62,89], Brassica rapa [54], Malus domestica [90], Poa
pratensis [91], Cajanus cajan [92], Zea mays [93], Gylcine max [41,94], Oryza sativa [58,95], Vivia faba [96],
Gossypium hirsutum [97], Vigna umbellata [98], and Solanum lycopersicum [99] Exploration of the hormone
content of high seed set genotypes relative to low seed set genotypes of Glycine max revealed higher tZ
contents in high seed set genotypes, while low seed set genotypes contained more CK precursors [41].
Suggesting, in G. max, high seed set genotypes are capable of processing CK precursors quicker than low
seed set genotypes.

Many of the studies have indicated that the CKX family may be vital for seed set, as expression of CKX
family members correlate with high seed set genotypes of Cajanus cajan [92] and G. max [41], but negatively
correlated with seed set in Brassica napa, Oryza sativa, and Zea mays [93,94], highlighting the unique roles
different CKX family members play in CK response.

GmCKX7, from G. max, is the highest expressed member of the CKX family in seed [41]. SNP analysis
identified several alleles of GmCKX7 that correlate with the different seed set genotypes [41], while this
suggests the alleles may determine seed set genotype, this hypothesis has yet to be explored. In O. sativa,
CRISPR induced osckx2 loss-of-function mutants showed accumulation of CK in the flag leaf and panicle,
and an increase in seed size and seed number [94]. Similarly, in B. napa, sextuple mutant ckx lines showed
an increase in the number of seed pods and seed weight [74]; however, the mutant line also showed an
increase in the number of aborted seeds, emphasizing the general importance of CK homeostasis in seed
production. Double KO A. thaliana mutants of atckx3atckx5 showed a significant increase in the number of
seeds per silique [81]. In Gossypium hirsutum, SEEDSTICK is a transcription factor that positively regulates
CKX family members, though its role in G. hirsutum is unknown [97]. Exogenous expression of SEEDSTICK
in A. thaliana resulted in upregulation of CKX3 and CKX5 and significantly reduced seed set [96].

It is likely that different members of the CKX family are acting as positive regulators while others are
negative regulators of seed development. Phylogenetic exploration of the family across the genera is justified,
as it may shed light onto why the family seems to possess conflicting roles in different genera—i.e., possible
neofunctionalization of different subclades of the family. Alternatively, if it is found these seed related CKX
family members are closely related, it may suggest that SNPs in GmCKX7 likely introduce structural changes
in the protein resulting in a slight change in activity. If this is the case, exploration of the SNPs may identify
portions of the protein that are important for CK inactivation.
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5 The Complex Roles of Cytokinin in Fruit Development, Ripening, and Senescence

Early during fruit development, CK levels are high likely in correlation to rapid cell proliferation, but
decline throughout fruit development [99]. This trend is associated with the onset of ripening and eventual
senescence of the fruit [100,101].

Elevated CK levels are associated with increased fruit size. Prunus armeniaca produces significantly
larger fruit than P. sibirica, primarily due to larger cell size [102]. Comparative transcriptomic analysis
suggests CK metabolism is higher in P. armeniaca relative to P. sibirica, suggesting higher CK signaling
promotes increased cell size and, consequently, larger fruit size. Similarly, girdled Solanum lycopersicum
yield significantly larger fruits than their ungirdled counterpart, partly due to accumulation of CK in the
fruit [103]. Ectopic expression of Arabidopsis thaliana AtCKX2 in S. lycopersicum significantly decreased
CK levels, resulting in smaller fruit size and weight, and smaller seeds [98] supporting the role of high CK
levels in fruit development. These trends suggest that treatment of crops with exogenous synthetic CKs may
be an approach for increasing fruit weight and production. If this is the case, girdling crops may become
obsolete as spraying crops with CK would be less time intensive. Additionally, as exogenous CPPU treatment
of Litchi chinensis fruit showed delayed ripening and prevents overripening [100], general treatment of crops
with synthetic CKs may not only increase fruit size, but also increase shelf life. Field analysis of the large
scale application of synthetic CK during fruit development should be performed to determine the validity
of this claim.

Several CK-related genes have been linked to fruit development in their native species. Exploration
of the expression of CKX family members in four different genotypes of Vitis vinifera identified three
members, VWCKX5, VvCKX7, and VwCKXD9, that negatively correlated with berry size [75]. Ectopic expression
of VWCKX5 in A. thaliana reduced flower number, flower size, and silique length [75]. Again, emphasizing
the importance of high CK content during fruit development. In Malus domestica, overexpression of
MAIPTI increased callus growth on media without CK but supplemented with ATP, supporting its role
as an ATP/ADP-IPT [90]. Ectopic expression of MdIPTI in A. thaliana increased tZ content of the plant,
promoted expression of flowering related genes, decreased leaf size, increased silique length, and seed
number [90], suggesting MdIPTI is likely promoting fruit development in M. domestica. This hypothesis
should be supported through virus induced silencing of MdIPTI—a virus-based system would be a more
effective approach given the relatively slow growth of M. domestica.

Results from the past five years regarding CK’s role in fruit development highlight the importance of
CK during proper fruit development, but several questions remain unanswered. Exploration of the cellular
dynamics of CK may provide further insight into its role in fruit development. For example, while it’s probable
that increased fruit size is a result of increased mitosis, there is always the possibility that the increase in
size is due to endoreduplication—a process that plants utilize to rapidly expand tissues. As CPPU treatment
of L. chinensis fruit delayed ripening and prevented overripening, identification of CK-related pathways
that negatively regulate fruit ripening may be of agricultural interest, especially for fruit that is difficult to
transport due to issues pertaining to overripening. Prolonging the expression of genes that negatively regulate
fruit ripening may be one approach to extending the shelf life of fruit—specifically through expression of
CK biosynthesis genes on fruit specific promoters. Alternatively, profiling the expression of these proteins
can allow for the development of an immunoassay for proteins of interest. This would allow farmers to begin
harvesting fruit before they transition from fruit development to ripening. While exploring these hypotheses,
taste should be taken into account, thus exogenous treatment with synthetic CKs may be of higher economic
interest than genetic manipulation of CK-related pathways.
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6 Cytokinin and Flower Senescence

Similar to its role in regulating leaf and fruit senescence, CK also plays a crucial role in regulating floral
senescence, acting antagonistically to ethylene. A comparative transcriptomic analysis of the senescence
of Dahlia florets identified ethylene as a potential positive regulator of senescence, while CK appeared
to function as a negative regulator [104]. Treatment with ethylene inhibitors failed to consistently reduce
senescence of Dahlia florets, whereas, application of BA consistently delayed senescence [104]. This pattern
is further supported in several species of wild rose, where CK levels were significantly higher in unopened
buds and gradually declined as flowers matured and senesced [105]. The decline is likely mediated by
RhCKX6; knocking down expression of RhCKX6 delayed flower senescence in Rosa hybrida [106]. Although
ethylene levels have not been directly quantified in rose flowers, monoterpene levels—known to correlate
with ethylene biosynthesis—have been observed to increase gradually over time [105], suggesting a potential
rise in ethylene production as the flower ages.

CK-ethylene crosstalk may be a potential target of interest when exploring avenues for prolonging
flowering of ornamental plants. Comparative metabolomics throughout the flower’s life and senescence
would support the antagonistic relationship between ethylene and CK in senescence and would provide
insight into when the plant begins to transition from flowering to senescence. An accompanying proteomic
analysis would help identify key players in CK and ethylene biosynthesis and homeostasis, which would
identify targets for synthetic biology. While RhCKX6 is an obvious target for future analyses, due to the
obvious redundancy of the CKX family, as discussed throughout this review, it is possible that a stronger
phenotype would be observed in the rhckx6 background if additional CKX are KOd. Delayed senescence is
of general horticultural interest, as such, identification of these pathways in ornamental species such as roses
and Dahlia will identify targets for similar studies in other ornamental species based on homology.

Beyond promoting floral longevity, disruption of CK homeostasis can trigger reproductive death. In
Pyrus pyrifolia, withered flowers showed a higher concentration of CK and auxin compared to normal
flowers. This observation was linked to differential methylation of CK and auxin related genes [107], implying
altered epigenetic regulation that disrupts CK and auxin homeostasis. This unregulated homeostasis of
CK and auxin likely halted normal bud development resulting in withered flowers. A similar pattern was
observed in Hydrangea arborescens, where CK levels gradually declined throughout flowering; however, a
significant spike in CK concentration occurred upon senescence, surpassing levels observed before flowering
began [108]. This surge may reflect the breakdown of CK homeostasis that contributes to senescence rather
than delaying it. Overall, these findings highlight the complex nature of CK signaling both prior to and
during floral senescence.

7 Cytokinin as a Regulator Homomorphic Self-Incompatibility

There are two general forms of self-incompatibility (SI), homomorphic in which SI is not accompanied
by morphological characteristics, and heteromorphic, in which SI is accompanied by the presence of two
or more floral morphs [109]. To date, there is no evidence suggesting that CKs play a role in establishing
heteromorphic SI; however, data from distant homomorphic SI members of Solanaceae indicate that
manipulation of CK levels is required to trigger a SI response.

In Petunia hybrida, self-incompatibility response is triggered by programmed cell death (PCD) medi-
ated through Caspase-Like Protease (CLP3) activity [110,111]. During SI crosses, CLP3 activation slows pollen
tube elongation [111], marking the initiation of Petunia SI response. Suppressing CLP3 activity stops SI
response during incompatible crosses [112], further supporting the role of CLP3 in initiating PCD. Treatment
of P. hybrida with exogenous tZ results in a statically similar decline in growth [111], suggesting that CLP3
activity may be regulated by endogenous tZ.
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The results from P. hybrida suggest further functional exploration of CLP3 may provide more insight
into PCD. As repression of CLP3 activity through exogenous means removed SI barriers, KO CLP3 should
produce similar results. If SI barriers are removed, phylogenetic analysis of the CLP family in Solanaceae
should be performed across SI and self-compatible genera to explore the relationship of SI with CLP3.

CKinvolvement in RNA-based SI mechanisms appears to be conserved across distantly related members
of Solanaceae [113]. In SC Solanum lycopersicum, pre-treatment of the stigma with tZ prior to selfing trigged
an SI-like response, as indicated by a significant reduction in both pollen tube elongation and seed set [113].
The same treatment applied to SI S. chilense, S. pennellii, and S. habrochaites completely inhibited pollen tube
growth. Additionally, tZ treatment of S. lycopersicum significantly increased CLP activity to a level statically
comparable to selfed S. chilense, S. pennellii, S. habrochaites, and P. hybrida [113].

These results suggest that CK may be an important SI determinant factor in Solanaceae and justify
further exploration of the role CK plays in SI in Solanaceae. Exploratory experiments utilizing CK repressors
or exogenous CK treatments of other SI genera, as was previously done in Solanum, could rapidly expand
our understanding of the relationship of CK and SI in Solanaceae. Understanding the role CK plays in SI is
relatively important given the number of agriculturally important members of Solanaceae that are SI (i.e.,
tobacco, red pepper, potato, and tomato). Precise repression of CK signaling during the reproductive season
of SI members of Solanaceae may be a lucrative method for increasing fruit yield by removing or reducing
self-incompatibility barriers. Though it is important to acknowledge that current evidence for CK’s role in SI
in Solanaceae is limited to two genera. Thus, this “coincidence” may be a result of convegent evolution and
may not repersent a conserved approach to establishing SI in Solanaceae.

8 Cytokinin Plays a Critical Role in Monoecy

In monoecious species, individuals develop unisex flower types: staminate (male) flowers and pistillate
(female) flowers. It has been proposed that evolution of monoecy must be reliant on a two gene system, a
feminization and masculinization gene that are both related to phytohormones [114]. Given CK’s established
role in gynoecium development, it is unsurprising that recent work has identified several genera that rely on
altered CK for the development of pistillate flowers, overall, alluding to a role of the feminization gene in
these genera in CK metabolism or signaling.

8.1 Cytokinin is Involved in Female Determination in Monoecious Malpighiales

In monoecious members of Malpighiales, which all produce significantly less pistillate flowers to stami-
nate flowers, pistillate flower development is dependent on high CK levels relative to their male counterparts.
Exogenous treatment of developing flowers with synthetic CK, 6-benzyladenine (BA), significantly increased
pistillate-to-staminate ratio in Jatropha curcas [115], Manihot esculenta [116], Plukenetia volubilis [117], and
Sapium sebiferum [118]. Complete feminization after BA treatment has been recorded in M. esculenta [119],
and the development of hermaphrodites has been recorded in P. volubilis and J. curcas [117,120]. Overall, this
suggests there is a threshold for CK content that must be met to prevent staminate flowers from developing.

Beyond floral changes, other observations have been made after BA treatment. Treatment of M. esculenta
flowers increases female fertility but does not influence male fertility [121], while BA treatment of J. curcas
staminate flowers causes sterility [122]. Treatment of Vernicia fordii flowers with BA induces expression of
VfRR17 in pistillate flowers [123], implicating a role in pistillate flower development. Exogenous expression
of VfRRI7 in A. thaliana failed to produce a phenotype unless treated with BA, in which case, the transgenic
lines suffered from reduced fertility and delayed flowering [123].
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Transcriptomic analysis of J. curcas identified three phytohormone related genes—GIBBERELLIN 2-
OXIDASE 8, IPT5, and JASMONIC ACID CARBOXYL METHYLTRANSFERASE—with expression patterns
correlating with sex differentiation [115]. These findings suggest high CK is important for the development of
pistillate buds, while high GA and jasmonic acid (JA) result in staminate bud development [115]. To explore
the role of CK in pistillate flower development, A. thaliana AtIPT4 was exogenously expressed in J. curcas
using a pistillate specific, JcTM6 promoter. Lines expressing AtIPT4 failed to produce pistillate flowers and
had a significant reduction in staminate flowers, favoring the production of infertile bisexual flowers [120].
Beyond altered sex distribution, the expression of AtIPT4 in J. curcas resulted in larger flowers that lacked
pollen, one line also had deformed ovules [120] overall, this suggests fine control over CK levels is likely
required for the production of fertile plants. Though, as GA is likely a negative regulator of pistillate flower
development [115] it is possible that disturbed CK/GA crosstalk resulted in some of the observed phenotypes.

In monoecious members of Malpighiales, it is evident that there is a strong correlation between CK and
femaleness. While the discussed genera all belong to Euphorbiaceae, further exploration of the feminization
effects of CK in monoecious species in other families, such as closely related Phyllanthaceae or Rafflesiaceae,
which has an unknown relation to Euphorbiaceae, may reveal if this is a convergent trait or an ancestral
trait. The exploration of exogenous treatment of CK on Rafflesiaceae may also provide some insight into the
placement of the family, as phylogenetic analyses ignore the family due to its “problematic” nature.

Genetic exploration of the role of VfRRI7 in a monoecious plant is also a strong research avenue.
As V. fordii lacks a transformation system, viral induced silencing of VfRRI7 would be an option for
empirically supporting VfRRI7 as a female determinant factor. Alternatively, as J. curcas has a transformation
system [120], exogenous expression of VfRRI7 in J. curcas has the possibility of empirically supporting its
role in feminization. Though a better approach would be to identify its closest homolog of VfRR17 in J. curcas
and silence its expression as this would aid in determining if Type-A ARRs are responsible for feminization
across Euphorbiaceae.

8.2 Cytokinin and Other Monoecious Clades

While monoecious members of Malpighiales appear to rely heavily on CK for pistillate flower
development, other clades exemplify the complex role of CK in sex determination.

In Cucurbita (Cucurbitales), CK regulates staminate flower development while ethylene is respon-
sible for pistillate flower development. Transcriptomic analysis and a comparison of the phytohormone
concentration of pistillate and staminate flowers of C. moschata suggest that auxin and CK regulate
staminate flower development, while ethylene is responsible for pistillate flower development [124]. In further
support of ethylene regulating the development of pistillate flowers, treatment of C. moschata flowers with
ethephon, a synthetic ethylene, increased the number of pistillate flowers and decreased the CK content
of the flowers [125]. Two androecious C. pepo mutants found to have point mutations in two ethylene
receptors, ETRIA and ETR2B, thereby identifying potential candidates for femaleness [126]. Treatment of
C. moschata flowers with ethephon had increased expression of ETRIA and ETR2b homologs, suggesting a
conserved genetic basis for femaleness in Cucurbita [125]. To support ETRIA and ETR2B’s role in establishing
femaleness, double KO lines of etrla,etr2b, of C. pepo were generated. KO lines developed hermaphroditic
and staminate flowers [127]. Hermaphrodites had much larger ovules than W' pistillate flowers and flowers
did not open [127].

While genetic manipulation of etral,etr2b have identified candidate feminization genes, the roles
of CK and auxin in masculinization remain unclear. Exogenous CK and auxin treatment will aid in
determining if one hormone plays a more critical role in masculinization, if both hormones are required for
masculinization, or if neither hormone is important. Exploring CK content and other phytohormones across
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flower development may further determine the impact of CK and auxin on masculinization, especially if
the study focuses on tissue specific content vs that of whole flower buds. If CK’s role in masculinization is
supported, RNA-seq analysis throughout bud development in response to exogenous CK may help identify
target candidates for genetic explorations.

In other clades that contain monoecious species, such as Fagales and Rosales, CK appears to act similarly
to its role in Malpighiales, i.e., promotion of pistillate flower development. Transcriptomic work in Castanea
henryi (Fagales) [128,129] and Morus indica (Rosales) [130] has also revealed a connection between CK and
sex-determination. The metabolome of the pistillate flowers of M. indica contains significantly higher levels
of metabolites used in the metabolism of zT relative to the staminate flower [130]. Forchlorfenuron (CPPU),
a synthetic CK, induces feminization of C. henryi staminate flowers, empirically supporting CK’s potential
role in establishing femaleness [128]. As the genetic basis of sex-determination has not been identified in
either species, transcriptomic or proteomic analyses of the flowers throughout development and in response
to exogenous CK treatment may provide more insight into the genetic basis of feminization in these species.

Overall, recent results push a narrative in which CK is the driving force of pistillate flowers in monoe-
cious species, but in rare cases, can act as the driving force of staminate flowers. The results also exemplify
monoecy’s reliance on phytohormone crosstalk, as most of the species discussed show different levels
of phytohormones or have-omic data that suggest differential expression of phytohormone-related genes
between the staminate and pistillate flowers. However, the results discussed in this review are constrained
to very few orders, primarily falling into Malpighiale, due to a lack of recent publications pertaining to CK
and monoecious species. Thus, it is difficult to fully conclude that CK is the general route to establishing
femaleness in monoecious species. As such, additional work exploring how phytohormones contribute
monoecy across a diverse set of lineages is required before confident generalizations can be made.

9 Cytokinin Plays a Critical Role in Dioecy

Dioecious plants have true sexes, with individuals producing either staminate or pistillate flowers. The
sex determining region (SDR), which may reside on an autosome or sex chromosome, is responsible for
establishing one of the sexes. It has been proposed that dioecy evolves from monoecy either through the
gain of one or two genes [96], thus it would be assumed that phytohormones should also play some role in
sex-determination. Recent advancements have identified several dioecious genera that rely on altered CK
levels for sex-determination, including the model tree, Populus trichocarpa.

9.1 A Type-A ARR Contributes to Sex Determination in Malpighiales

Similar to the discussed monoecious members of Malpighiales, sex determination in Populus [131-135]
and Salix [136,137] is regulated by CK. In both genera, ARRI7, a cytokinin response regulator, acts as a
negative regulator of maleness. Though manipulation of ARRI7 differs depending on if the species relies on
the XY or ZW sex-determination system.

In XY members of Populus, a partial duplication of ARRI7 has occurred on the SDR of the Y-
chromosome [134]. It is hypothesized that double stranded RNA (dsRNA) of the fragmented ARRI7 is
used as a guide for male-specific methylation of ARRI7 [133], as supported by CRISPR ARRI7 mutants
of P. tremula. Silencing ARRI7 resulted in females that produced functional stamen but failed to produce
carpels and males that produced wildtype flowers [134]. In ZW members of Populus, ARRI7 also drives sex
determination; the genomic copy of ARRI7 that establishes femaleness in the XY system is found in the SDR
of ZW females [134,135]. Males completely lack a copy of ARRI7, resulting in the production of male flowers.
Overall, these results suggest that ARRI7 is responsible for promoting femaleness and does not regulate
maleness. Silencing of the partial duplication of ARRI7 in male members of the XY system would further
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support this hypothesis, as silencing of the partially duplicated ARRI7 should prevent methylation of ARRI7
resulting in the production of female flowers.

In Salix, ARRI7 exists in the SDR of the Z chromosome along with GATAI5 [136]. In a rare monoecious
individual of Salix purpurea, the Z chromosome lacks a copy of ARRI7, but contains a copy of GATAI5,
suggesting ARRI7 is only responsible for repressing “maleness”, while “femaleness” in S. purpurea is a result
of GATAI5 expression [136]. Empiricalwork focusing on silencing Overall, it appears that manipulation of
ARRI7 in general is a key feature of sex determination in all dioecious members of Salicaceae studied to
date [138].

Despite the common reliance on CK for sex determination in the Salicaceae-Euphorbiaceae subclade of
Malpighiales, there is currently no evidence that self-incompatibility in bisexual members of this subclade is
reliant on CK [139]. There remains the potential that auxin-CK crosstalk may be important for establishing
male mating-type in Turnera; auxin is responsible for establishing male mating-type in Turnera [140] and a
member of the LOG family was previously found to be upregulated in the S-morph’s stamen [141]. Crosstalk
between the hormones remains unexplored in the system. As the genetic basis of SI has not been explored
in Passiflora, including the possible involvement of phytohormones, exploration of CK content, along with
other hormones, may provide some insight into the basis of SI in Passiflora.

The implication that VfRRI7 is the female determinant factor for V. fordii, correlates with the results from
Populus and Salix. As the Partial clade and Euphorbioids share a common ancestor, there is the possibility
that the last common ancestor of these basal clades was monoecious. Exploration of the evolution of the Type
A ARR family may provide additional insight into if the manipulation of ARRI7 is merely a convergent trait.

9.2 Cytokinin as a Positive Regulator of Femaleness

Aside from work in Malpighiales, recent work has failed to identify many examples of CK as a positive
regulator of femaleness or negative regulator of maleness. All recent work linking CK to female bud
development lacks any strong empirical evidence. The strongest example of CK’s role in femaleness is from
Trachycarpus fortunei (Arecaceae), in which expression of CKX7 highly correlated with male flowers [142].
As the CKX family acts as negative regulators of CK levels, this result suggests lower levels of CK in male
flowers. CK levels in the developing flowers of T. fortunei have not been quantified, thus it is unknown if
CKX7 does reduce CK content in male buds. As a quick alternative to quantifying CK levels, exogenous
treatment of male individuals with a synthetic CK may support the role of CK as a positive regulator of female
development in T. fortunei.

CK also appears to contribute to sex determination in at least one dioecious gymnosperm. In Pinus tab-
uliformis (Pinaceae), comparative transcriptomic analysis of the ovules from sterile and fertile females found
significant reduction in the expression of CK, auxin, and gibberellin related genes in sterile individuals [143].
Exploration of CK, auxin, and gibberellin levels in fertile and sterile females along with males would provide
some empirical evidence for their importance.

Beyond conventional dioecy, CK is also implicated in establishing sexes in offshoots of dioecy. In
functionally dioecious Elaeis guineensis (Arecaceae), CK levels were significantly higher in female flowers
than in male flowers [144]. As auxin concentrations showed an opposite trend, being elevated in males, there
is the possibility that cross-talk between CK and auxin is required for the establishment of sex [144]. Similarly,
in androdioecious Punica granatum (Lythraceae), male flowers exhibited low levels of zeatin riboside
relative to bisexual flowers, suggesting zeatin riboside is required for proper ovule development [145]. The
identification of decreased levels of CK in both species suggest that transcriptomic or proteomic analysis of
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the developing buds may identify differentially expressed CK-related genes—thus identifying candidates for
future genetic work.

9.3 Cytokinin as a Repressor of Femaleness

While there have been a limited number of recent cases of CK acting as the female sex-determinant
hormone, there are several cases where CK establishes maleness. An interesting contrast to monoecious
species, as CK typically appears to act as a feminization factor in monoecious genera, as discussed above.
This discrepancy suggests that further exploration of both sytems across a diverse set of genera may provide
some insight into how CK is affecting sex-determination.

In Actinidia chinensis (Actinidiaceae) sex is determined by two genes in the SDR of the Y-chromosome,
FrBy and SyGI [146]; FrBY is a fasciclin-like protein that promotes maleness [146], while SyGI, a type-C CK
response regulator, that repress gynoecium development preventing femaleness [147]. SyGI likely negatively
impacts CK response, as treatment of male flowers with CK can partially save gynoecium development [148].
The role of SyGI supports the hypothetical function of type-C ARRs and sheds some insight into how they
respond to CK.

In Carica papaya (Brassicales), CK levels negatively correlate with femaleness—aborted pistils from
male flowers showed high expression CpLOG5 which was not expressed in female flowers [149]. Additionally,
several other CK genes showed higher expression in the aborted pistil relative to the female flower [149]. In
another study, CK-related genes were identified as overwhelming upregulated in the female flower relative
to the male [150]. While exploring the methylome of the male vs. female flower, the only phytohormone
related gene identified as differentially expressed and methylated was CpARRS [151]. It is likely that crosstalk
between CK and other hormones is occurring, as auxin [149], BR and JA [150] related genes were identified
as upregulated in the female flower. Quantification of CK and other phytohormones in the male and female
buds throughout development may provide some insight into the potential interplay of cross-talk in sex-
determination—as CpLOGS5 expression is male specific, one would expect higher levels of CK and related
metabolites in male buds relative to female buds. Genetic manipulation of CpLOG5 and CpARR5 would
also empirically support the importance of these genes in male-determination. If CpLOGS5 is important for
male-determination, then it would be anticipated that silencing would result in female flower development.

In Zanthoxylum armatum (Rutaceae), several CK response factors were identified as upregulated in the
stamen along with pathways related to CK biosynthesis and signal transduction [152]. Z and tZ levels were
also higher in male flowers [152], suggesting that CK establishes “maleness” in Z. armatum.

Vitis vinifera provides an unclear example of the role of CK in sex-determination. Sex is determined in
V. vinifera ssp. Sylvestris (Vitales), wild grape, by an XY system with SDR consisting of several genes [153].
While APRT3y, a regulator of CK, is not located in the SDR, it is considered linked as recombination of
APRT3y is repressed due to close proximity to the SDR [153]. As APRT3y is not expressed in hermaphrodites,
it is believed that it represses gynoecium development and as a result, indirectly promotes maleness [154].
However, it is currently unknown if APRT3y is a negative or positive regulator of CK response. If it negatively
regulates CK response, then this would suggest that CK is actually a positive regulator of femaleness. Further
exploration of how APRT3y responds to CK is required before definitive statements can be made. A possible
avenue for quickly exploring the role of APRT3y would be treatment of males with a CK repressor—if
ARPT3y is a positive regulator of CK, repression of CK response should result in female flowers.
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As previously stated, comparative studies across monoecious and dioecious species could clarify CK’s
role in establishing femaleness and maleness. Expansion of work in a variety of monoecious and dioecious
genera would rapidly expand our understanding of CK’s role in feminization. This is especially true of
orders that contain both dioecious and monoecious species—especially if they are closely related, such as
the Malpighiales. If dioecy is hypothesized to have evolved from monoecy in these subclades, then it would
be expected that there are some similarities in how sex is determined. Such as the Malpighiales which
seem to partially rely on manipulation of type-A ARRs for sex determination in both monoecious and
dioecious species.

10 Cytokinin and Asexual Reproduction

Due to CK’s important role in organogenesis and cell division, it is not surprising that it has recently
been identified as a key regulator of asexual reproduction in several genera. One of the most well-supported
examples is Marchantia polymorpha. In M. polymorpha, the transcription factor MpKAI2 initiates asexual
reproduction by inducing gemma formation via manipulation of CK biosynthesis pathways [154-156]. KO
mpkia2 lines do not express MpLOG, specifically in regions where gemma cup form, indicating that MpKAI2
regulates MpLOG expression [156]. The M. polymorpha genome contains a single LOG family member. mplog
mutant lines are incapable of producing tZ, exhibit a significant reduction in gemma cups formation [140],
and do not express MpGCAMI, a MYB transcription factor essential for gemma cup development [141].
Expression of MpGCAMI is CK-dependent, as lines overexpressing MpCKX2 also have reduced MpGCAMI
expression and lack gemma cups [157].

In Lilium lancifolium, bulbil formation is initiated by five functionally redundant B-ARR—LIRRI, LIRR2,
LIRRIO, LIRRII and LIRRI2 [158]. With the exception of LIRRI, viral silencing of the genes failed to produce a
phenotype, however, silencing all five resulted in a dramatic decrease in bulbil formation [158]. Emphasizing
the importance of CK signaling in bulbil formation. Similarly, in Fortunella hindsii, the transcription factor
FhRWP, which induces adventitious embryony [159], appears to regulate CK signaling [160]. Overexpression
of FRRWP results in a significant increase in zeatin content and altered expression of CK-related genes [160].
The newly identified role of CK in asexual reproduction may be of great agricultural interest as vegeative
propagation can allow breeders to rapidly reproduce individuals with traits of interest while skipping the
seedling stage. Along with rapid reproduction, individuals produced through vegetative propogration have
a tendacy to flower and fruit faster than individuals grown from seed, a train that is extremely important in
slow growing fruit trees, such as E hindsii. Beyond just genetic manipulation of CK regulated genes, these
analyses suggest that spraying F. hindsii with synthetic CK may be a means to rapidly propograte individuals
with traits of agricultural interest.

Although the role of CK in asexual reproduction has not been explored in Wolffia australiana, current
data suggests CK may be potentially important for asexual reproduction. The genome of W. australiana lacks
the CKX family [161], implying the species is incapable of regulating CK levels. Unregulated CK levels may
explain the near absence of flowers in W. australiana and its heavy reliance on vegetative propagation [162]
(see Table 3).
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Table 3: Cytokinin related genes recently shown to influence reproduction
Gene Species Function Citation
CK Metabolism

AtCKX3 AtCKX5 Arabidopsis Negatively regulates seed number per [81]

thaliana silique, carpel length, ovule number, and
placenta length

BnCKX3 BnCKX5 Brassica napus Redundant. Function as negative [74]
regulators of flower number/production,
pistil size, ovule number, and seed weight.

GmCKX7 Glycine max Increased seed production [41]

MpCKX2 Marchantia Negative regulation of gemma cup [157]

polymorpha formation/asexual reproduction

OsCKX2 Oryza sativa Decreases seed weight, length, and yield [94]

via negative regulation of CK.

WCKX5 Vitis vinifera Repression of flower development [75
CYP735a3 Oryza sativa Redundant. Promotes transition from [46]
CYP735a4 vegetative growth to floral growth; double

mutants have delayed flowering, reduced
panicle size, and reduced seed viability

MdIPTI Malus domestica Flowering time, seed, and silique [90]

development/size. Regulated by ABA.
MpCKX2 Marchantia Negative regulation of gemma [157]
polymorpha formation/asexual reproduction.

MpLOG Marchantia Positive regulation of gemma [156]

polymorpha formation/asexual reproduction

RhCKX6 Rosa hybdridia Induces flower senescence [106]

CK Signaling
ARRI, ARRIO, Arabidopsis Act redundantly to activate expression of [79,81]
ARRI2 thaliana AMAGOUS. Positively regulate
gynoecium development. Positively
influence number of seeds within a silique

ARRI17 Dioecious Represses the development of male [134]

Populus flowers and promotes development of

female flowers.
ARRI7 Dioecious Salix Represses the development of male [136]
flowers.
CRF9 Arabidopsis Transition from vegetative to [89]
thaliana reproductive growth, silique

development, seed development, and root
development. Acts as a negative regulator
of ARR6

(Continued)
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Table 3 (continued)

Gene Species Function Citation
LIRRI, LIRR2, Lilium lancifolium  Type-B RESPONSE REGULATORSs, act [158]
LIRRIO, LIRRII, redundantly to regulate bulbil
LIRRI2 formation/asexual reproduction
SyGl Actinidia Repress gynoecium development [143]
chinensis resulting in male flowers

Further exploration of the role of CK in asexual reproduction may expand our general understanding
of the evolution of the CK family. The complete absence of the CKX family in W. australiana poses several
questions pertaining to CK homeostasis in the genus. Exploration of the CGT family and its function in W.
australiana may provide insight into if the family is compensating for the lack of the CKX family. If this is
the case, it furthers our understanding of the role of the CGT family and possible neofunctionalization of the
family. Ectopic expression of CKX from closely related genera and exploration of how it affects CK cellular
dynamics may provide more insight into if CK is unregulated and if this upregulation is preventing flowering
and indirectly promoting asexual reproduction.

11 Concluding Remarks

Unsurprisingly, CK continues to be recognized as a key player in plant reproduction. Given their
fundamental roles in cell division and cell expansion and ancient nature, it is expected that CKs play critical
roles in the development of reproductive organs, seeds, and fruits. As emphasized throughout this review,
CK is not only capable of having positive effects on development but can also act as a negative regulator
generally through unregulated CK homeostasis. Further exploration into the different roles CK homeostasis
has on reproduction may identify additional pathways or genes that may be manipulated for agricultural
applications, such as improving seed and fruit yield under stressful conditions or aiding in the process of
vegetative propagation.

The emerging involvement of CKs in sex determination, both in monoecious plants and dioecious
plants, while unexpected, aligns with the well-documented feminizing effects of CK during floral develop-
ment. Furthermore, although the contributions of CKs to asexual reproduction and sexual barriers—i.e.,
self-incompatibility—are exciting, it is not surprising. Like other ancient hormones, there are likely several
members of CK-related gene families that have undergone extensive neofunctionalization allowing CKs
to undertake many general roles and several specialized roles. It is evident that CK is important for sex
determination, incompatibility response, and asexual reproduction, as such, exploration of CK-regulated
genes should be of consideration when exploring additional sexual systems in families that have empirical
evidence supporting the role of CK in some genera’s sexual system, for example, SI response in Solanaceae.
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Abbreviations

BA 6-benzyladenine

BAP 6-benzylaminopurine

ABA Abscisic acid

AHK ARABIDOPSIS HISTIDINE KINASE

HPt ARABIDOPSIS HISTIDINE PHOSPHOTRANSFER PROTEIN

ARR ARABIDOPSIS RESPONSE REGULATOR

BR Brassinosteroid

CLP Caspase-Like Protease

CRF CYTOKININ RESPONSE FACTOR

CK Cytokinins

dsRNA double stranded RNA

CPPU Forchlorfenuron

GA Gibberellic acid

iPRMP iP riboside 5’-monophosphate

iP Isopentenyladenine

JA Jasmonic Acid

KO Knock out

PCD Programmed cell death

SI Self-incompatibility

SDR Sex determining region

tZ Trans-zeatin

ARR-A Type-A ARR

ARR-B Type-B ARR

ARR-C Type-C ARR

tZRMP tZ riboside 5'-monophosphate

WT Wild Type
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