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a b s t r a c t

Leaf development serves as a model for plant developmental flexibility. Flexible balancing of morpho-
genesis and differentiation during leaf development results in a large diversity of leaf forms, both be-
tween different species and within the same species. This diversity is particularly evident in compound
leaves. Hormones are prominent regulators of leaf development. Here we discuss some of the roles of
plant hormones and the cross-talk between different hormones in tomato compound-leaf development.
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1. Introduction

Leaf development is highly flexible, giving rise to a wide con-
tinuum of leaf shapes. Leaves are determinate organs that go
through a limited growth period before differentiating to provide
for the plant. Following their initiation, leaves establish three axes
of polar growth, the adaxial-abaxial, proximo-distal and medial-
lateral axes (Byrne, 2012), and undergo a transient state of in-
determinate growth, during which the basic shape and often the
size potential of the leaf are determined, and organogenesis of
lateral appendages such as leaflets occurs (Floyd and Bowman,
2010; Kaplan and Cooke, 1997). Following this morphogenetic
phase the leaf expands and differentiates to reach its final size and
shape. The extent of the leaf morphogenetic phase is somewhat
),
predictable for each species, factoring in additional characteristics
such as leaf position. However, leaf morphogenesis responds flex-
ibly to the specific genetic, developmental and environmental
context (Bar and Ori, 2014). The timing of the transition from
morphogenesis to differentiation and the overall leaf maturation
rate are fine-tuned, resulting in a wide diversity of leaf sizes and
shapes that vary within and between species. Compound leaves,
such as those of tomato (Solanum lycopersicum), are composed of
multiple leaflets and are characterized by an extended morphoge-
netic phase, enabled by the transient maintenance of a meriste-
matic region at the leaf margin, termed marginal blastozone (Ha-
gemann and Gleissberg, 1996; Kaplan, 2001). Tomato leaves have a
particularly long morphogenetic stage, which results in a wide
range of leaf sizes and shapes and enhanced flexibility in leaf de-
velopment (Bar and Ori, 2014; Bar et al., 2015; Burko and Ori, 2013).

Hormones serve many crucial functions in plant life, and are
prominent factors in the regulation of leaf development. Here we
discuss the role of plant hormones during compound leaf devel-
opment in tomato, the regulation of hormonal pathways, and the
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cross-talk between different hormones, with specific emphasis on
the balance between morphogenesis and differentiation and on
marginal patterning.
2. Auxin

Auxin plays a role in nearly all developmental processes in
plants, and leaf development is no exception. Auxin coordinates
the phyllotaxis of leaf initiation from the shoot apical meristem
(SAM), and determines the location of serrations and the initiation
of leaflets and lobes from the margin of leaf primordia. Auxin was
also shown to influence leaf symmetry in both adaxial-abaxial
(Pekker et al., 2005) and bilateral (Chitwood et al., 2012) pat-
terning. Proper leaf development requires the distribution of auxin
in precise locations within a specific spatiotemporal develop-
mental context (Barkoulas et al., 2008; Ben-Gera et al., 2012;
Bilsborough et al., 2011; Koenig et al., 2009). The effects of altering
auxin levels or response on tomato leaf form are depicted in Fig. 1.

Formation of discrete auxin response maxima, generated by
auxin biosynthesis and directional auxin transport mediated by
PINFORMED1 (PIN1), occurs prior to, and is required for organ
initiation at the flanks of the SAM (Benkova et al., 2003; Cheng
et al., 2007; Heisler et al., 2005; Pinon et al., 2013; Reinhardt et al.,
2003). Mutating PIN1 inhibits organ initiation in Arabidopsis (Re-
inhardt et al., 2003) and Cardamine hirsuta (Cardamine) (Barkoulas
et al., 2008). Chemical inhibition of polar auxin transport also in-
terferes with leaf initiation, underscoring the importance of dis-
crete auxin response at specific locales. Altering auxin biosynthesis
by up or down regulating genes from the YUCCA family can also
affect leaf development, with YUCCA down regulation reported to
inhibit organ initiation in Arabidopsis, maize and petunia (Galla-
votti et al., 2008; Tobeña-Santamaria et al., 2002; Zhao et al.,
2001). This demonstrates a requirement for a threshold level of
auxin to be available for proper leaf development. Correct phyl-
lotaxis was hypothesized to depend on an inhibitory field gener-
ated by developing primordia (Braybrook and Kuhlemeier, 2010).
One of the earliest indications of leaf initiation is the formation of
an auxin maximum in the meristem. The two youngest primordia
were proposed to drain auxin from the meristem, thereby de-
termining the position of the next incipient primordium. Thus,
auxin acts as an inducer of organ formation, and the postulated
inhibitory fields around existing primordia are thought to result in
fact from low auxin concentrations in their vicinity (de Reuille
et al., 2006; Jönsson et al., 2006; Reinhardt et al., 2005; Smith
et al., 2006). In Arabidopsis, auxin was also reported to mediate the
activities of transcription factors that promote leaf initiation and
early development. For example, transcription factors from the
AINTEGUMENTA (ANT)-like (AIL)/PLT family were suggested to
affect phyllotaxis by promoting auxin biosynthesis in the central
zone of the SAM (Pinon et al., 2013). Down regulating the activity
of genes from the YABBY (YAB) family of HMG-like proteins leads
to defects in lamina differentiation, establishment of the leaf
marginal domain, and leaf polarity, accompanied by altered dis-
tribution of auxin signalling and PIN1 (Sarojam et al., 2010).

Manipulation of the auxin pathway in tomato leaves can result
in striking leaf simplification phenotypes, which may be initially
surprising given the roles of auxin in the promotion of both organ
initiation and organ growth. Exogenously altering auxin levels in
young developing leaves affects final leaf form. For example,
growing young tomato plants on media containing auxin (Fig. 1b)
or auxin transport inhibitors (Fig. 1c) leads to the formation of
simplified leaves. This simplification results from the abolishment
of the discrete distribution of auxin response in the leaf margin,
required for the formation of distinct and separated leaflets. Ge-
netically altering endogenous auxin levels and localization also
results in leaf simplification phenotypes, stemming once again
from perturbations in the formation of auxin-response maxima.
For example, expressing the bacterial auxin biosynthesis gene
tryptophan monooxygenase (iaaM) (Romano et al., 1995) in devel-
oping tomato leaves results in leaves that are simpler than wild
type leaves, with a severe reduction in secondary leaflets (Fig. 1f)
(Ben-Gera et al., 2012). A closer look at some of the auxin response
mutants points to defects in leaflet separation rather than lack of
leaflet initiation. The tomato ENTIRE (E, SlIAA9) gene encodes a
protein from the Aux/IAA family of auxin response repressors
(Berger et al., 2009; Wang et al., 2005; Zhang et al., 2007). Leaves
of the recessive, loss-of-function tomato mutant entire (e) have
single lobed lamina with partially fused primary leaflets and no
secondary leaflets (Dengler, 1984; Rick and Butler, 1956). e leaf
primordia initiate leaflets, but these fuse rather than separating
into discrete leaflets, resulting in the final e leaf form (Dengler,
1984; Koenig et al., 2009) (Fig. 1e). In e leaf primordia, E-mediated
inhibition of auxin response is compromised, leading to ectopic
auxin response and lamina formation between initiating leaflets:
In e primordia, the expression of the transgenic Arabidopsis PIN1:
PIN1-GFP reporter is upregulated, mainly in the intercalary regions
between initiating leaflet primordia, and the distribution of the
auxin response sensor DR5 points to expanded auxin response,
spanning the entire leaf margin rather than being restricted to the
sites of leaflet initiation. Interestingly, leaves subjected to auxin
micro-application throughout their margins also form simplified
leaves with fused primary leaflets (Ben-Gera et al., 2012; Koenig
et al., 2009). These results demonstrate that an upregulation of
auxin response between initiating leaflets causes ectopic lamina
growth, interfering with leaflet separation. E/SlIAA9 normally
functions to restrict lamina growth between developing leaflets by
locally inhibiting auxin response.

Discrete auxin response locales were shown to be important for
the generation of distinct leaflets in several additional species. In
Cardamine, pin1 mutants lead to simplified leaves with smooth
margins, and auxin application results in ectopic expression of
DR5 and ectopic lamina growth, similar to the case in tomato
(Barkoulas et al., 2008). Interestingly, leaves of the Medicago
truncatula (Medicago) PIN1 ortholog MtPIN10/SLM1 mutant were
reported to have increased complexity and decreased marginal
patterning. However, a closer look suggests that the seemingly
more complex leaves may in fact result from early fusion of several
leaves, each of which is simpler. Therefore, the initial effect of pin
mutants may be leaflet fusion and decreased leaf complexity in
both Cardamine and Medicago. Alternatively, this may suggest a
more complex effect of auxin on leaf patterning in Medicago (Peng
and Chen, 2011; Zhou et al., 2011).

The response to auxin is mediated by auxin response tran-
scription factors (ARFs). Repression of SlARF10 by SlmiR160 was
shown to be essential for auxin-mediated blade outgrowth and
early fruit development in tomato (Hendelman et al., 2012). In
recent work (Ben-Gera et al., 2016) we demonstrated that several
ARFs, which are negatively regulated by miR160, antagonize auxin
response and lamina growth in conjunction with E, acting partially
redundantly but both being required for local inhibition of lamina
growth between initiating leaflets. Overexpression of miR160-
targeted ARFs results in increased leaf complexity coupled with
reduced lamina growth (Fig. 1i), and knockdown of miR160 by
Short Tandem Target Mimic also results in restricted lamina
growth (Damodharan et al., 2016; Ben-Gera et al., 2016). Con-
versely, overexpressing miR160 causes leaf simplification and
leaflet fusion (Fig. 1h). Thus, different types of auxin signal an-
tagonists act cooperatively to ensure leaflet separation in tomato
leaf margins.

Ta-siRNAs regulate another group of ARFs. ta-siRNA-targeted
ARFs were shown to be involved in adaxial-abaxial patterning and



Fig. 1. Auxin in tomato leaf development. Auxin misclocalization or misexpression causes simplified leaves in tomato. (a–c) leaves grown on media as indicated. External
application of the synthetic auxin analog 2,4-Dichlorophenoxyacetic acid (2-4-D, 1.5 mM) or the polar auxin transport inhibitor 1-N-Naphthylphthalamic acid (NPA, 5uM)
lead to leaf simplification. (d–i) Fifth leaves of greenhouse-grown plants. (e) entire (e) is a recessive mutant in E/SlIAA9 which encodes an auxin response inhibitor; (f)
pFIL4 iaaM leaves overexpress the bacterial auxin biosynthesis gene tryptophan monooxygenase; (g) lyrate (lyr) is a recessive mutant in the tomato JAGGED homolog; (h)
pFIL4mir160 leaves overexpress miR160 which downregulates 5 ARF genes in tomato; (i) pFIL4ARF10m leaves overexpress a form of tomato ARF10 possessing a silent
mutation that makes it resistant to processing by miR160; (j) Model of the role of auxin, GOB and E during leaflet initiation and separation. Leaflet initiation and separation
requires adjacent regions with enhanced and inhibited auxin response. E inhibits auxin response between leaflets and GOB specifies leaflet boundaries. Bar¼1 cm. Some
images adapted from Burko and Ori (2013), copyright Springer ScienceþBusiness Media New York 2013, with permission of Springer.
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heteroblasty in Arabidopsis (Hunter et al., 2006; Pekker et al.,
2005; Schwab et al., 2009) and maize (Dotto et al., 2014; Nogueira
et al., 2007). In species with compound leaves their effect is more
pronounced and varies substantially among species, suggesting
that in these species they are involved in other aspects of leaf
development in addition to their effect on leaf polarity. Disrupting
the ta-siRNA pathway caused increased leaf lobing but did not
affect leaf complexity in Medicago (Zhou et al., 2013). In contrast,
disrupting the ta-siRNA pathway in tomato underlies the "wiry"
syndrome – in which leaves are simpler and very narrow (Yifhar
et al., 2012). One of the wiry mutants is mutated in the ARGO-
NAUTE7 (AGO7) gene, required for ta-siRNA function. Conversely,
overexpression of AGO7 in tomato altered auxin responses and
resulted in leaves with increased venation complexity and leaflet
numbers (Lin et al., 2016). It was also reported that silencing AR-
GONAUTE1 (AGO1) in tomato causes morphological defects in leaf
adaxial-abaxial patterning and trichome development (Wang
et al., 2015), coupled with significant changes in the expression of
Auxin Response Factor 4 (ARF4) and Non-expressor of PR5 (NPR5),
which are involved in adaxial-abaxial domain formation.

Thus, disrupting auxin distribution affects leaf and leaflet initiation,
adaxial-abaxial polarity and marginal patterning in many plant spe-
cies, though clearly some of the mechanisms through which auxin
exerts its effects differ substantially among different species.

The transcription factor JAGGED (JAG) is a positive regulator of leaf
blade growth in Arabidopsis (Dinneny et al., 2006; Ohno et al., 2004).
JAG was shown to directly repress meristematic and cell cycle genes,
thus promoting differentiation (Schiessl et al., 2014). The tomato LY-
RATE (LYR) gene, an ortholog of the Arabidopsis gene JAGGED, promotes
lamina growth, and was proposed to act by modulating auxin re-
sponse or distribution, as lyrate (lyr) mutants have decreased expres-
sion of PIN1 and additional auxin related genes (David-Schwartz et al.,
2009). Leaves of the recessive lyr mutant are smaller than wild type
leaves, possessing longer petioles and petiolules, and increased com-
plexity (Fig. 1g) (Clayberg et al., 1966).

No discussion of the roles of auxin in tomato leaf development
is complete without addressing the interaction between auxin and
NO APICAL MERISTEM (NAM)/CUP-SHAPED COTYLEDON (CUC)
transcription factors in the formation of leaflets and lobes at the
leaf margin. NAM/CUC transcription factors regulate many devel-
opmental processes including boundary specification (Aida and
Tasaka, 2006; Žádníková et al., 2014). In Arabidopsis they promote
leaf serrations (Hasson et al., 2011; Nikovics et al., 2006), and in
tomato, the NAM/CUC gene GOBLET (GOB) promotes leaflet spe-
cification and separation (Brand et al., 2007). The expression of
NAM/CUC mRNA marks the boundary between the leaf margin and
the future leaflet, and NAM/CUC silencing leads to leaf simplifi-
cation (Berger et al., 2009; Blein et al., 2008; Cheng et al., 2012). In
Arabidopsis, a model was proposed based on genetic evidence and
computational modelling, whereby CUC2 promotes PIN1 locali-
zation, while auxin in turn represses CUC2 expression, leading to
regular patterns of leaf serrations (Bilsborough et al., 2011).
However, in tomato auxin affects GOB expression in apices but not
leaf primordia. Furthermore, the auxin response appears to act
downstream of GOB in tomato leaf development, and it seems to
be affected by both GOB and E, acting in independent pathways
(Ben-Gera et al., 2012).

In conclusion, auxin affects numerous aspects of leaf develop-
ment, including initiation, specification of growth axes, morpho-
genesis and marginal patterning. Auxin, LYR, E, mir160-targeted
ARFs, and GOB collaborate to specify leaflet initiation and promote
leaflet separation. A leaflet is specified by a distinct auxin response
maximum, co-localized with, and possibly regulated by LYR ex-
pression, and is flanked by a distinct, precise stripe-shaped do-
main of GOB activity (Fig. 1j). Proper leaflet initiation and se-
paration requires several such combined occurrences, sufficiently
distant in time and space. The distinct auxin response maxima are
generated by a combination of auxin accumulation, auxin trans-
port, and inhibition of auxin response between leaflets.
3. Gibberellin

Gibberellins (GAs) are involved in many developmental pro-
cesses, such as seed germination, stem elongation, trichome de-
velopment, pollen maturation and flowering induction (Yama-
guchi, 2008). GA can generally be viewed as a differentiation
promoting hormone, responsible for “pushing through” develop-
mental programs, and regulating the achievement of final organ
forms. In leaf development, GA regulates cell proliferation and
expansion, and leaf complexity. The effects of GA pathway al-
terations on final tomato leaf form are depicted in Fig. 2.

Increasing GA levels or GA response in tomato results in tall
plants with faster maturing leaves, which are consequently sim-
pler and paler than wild-type leaves (Bassel et al., 2008; Chandra-
Shekhar and Sawhney, 1991; Fleishon et al., 2011; Gray, 1957; Hay
et al., 2002; Jasinski et al., 2008; Jones, 1987; Livne et al., 2015; Van
Tuinen et al., 1999). These observations suggest that GA shortens
the morphogenetic stage in the leaf developmental program by
promoting differentiation. As seen in Fig. 2a–c, spraying leaves
with GA results in leaf simplification. Similarly, leaves of the pro-
cera (pro) mutant, in which there is a constitutive GA response due
to a mutation in the single tomato DELLA-type GA-response in-
hibitor, have only primary leaflets with smooth margins (Fig. 2g)
(Bassel et al., 2008; Fleishon et al., 2011; Jasinski et al., 2008; Jones,
1987; Van Tuinen et al., 1999). Examination of early leaf devel-
opment in promutants revealed that the effect of pro on leaf shape
results from a combination of accelerated growth during early
development coupled with a delay in leaflet initiation (Jasinski
et al., 2008). pro mutant leaves were reported to cease forming
leaflets earlier than wild type leaves (Jasinski et al., 2008), in-
dicating that GA response also inhibits late organogenic activity.
Therefore, excess GA level or response leads to a delay in the in-
itiation of morphogenesis and shortens the morphogenetic phase
in tomato leaf development.

Young pro leaf primordia acquire an upright position earlier
than the wild type. Fast growth and maturation coupled with an
upright position are reminiscent of the phenotypes of a semi-
dominant mutation in the TCP gene LANCEOLATE (LA), which po-
sitively affects GA homeostasis in tomato (Yanai et al., 2011).
Leaves of the gain-of-function mutation La-2 are simplified (Ori
et al., 2007) (Fig. 2h). Conversely, down-regulation of LA and ad-
ditional related genes leads to extended morphogenesis and in-
creased leaf complexity, which is suppressed by pro or by GA ap-
plication (Yanai et al., 2011).

Another tomato mutant reported to be affected in GA levels or
response is solanifolia (sf) , which also produces simple leaves with
only primary and interacalary leaflets and smooth margins
(Chandra Sekhar and Sawhney, 1990). sf leaves also resemble GA-
treated wild-type leaves, and inhibition of GA biosynthesis sup-
pressed the sf simple leaf phenotype, indicating that elevated GA
levels are responsible for the sf leaf phenotype (Chandra-Shekhar
and Sawhney, 1991). Leaflet initiation is delayed in sf mutants,
similarly to pro mutants. Thus, the sf phenotype also supports the
notion of delayed and shortened morphogenesis as a result of
excess GA response or levels. Identifying the affected gene in sf
mutants will further uncover GA dynamics in tomato leaf devel-
opment in the future.

Decreasing GA levels or response results in short plants with
dark and in some cases more complex leaves (Koornneef et al.,
1990; Livne et al., 2015; Yanai et al., 2011) (Fig. 2e–f). While some
mutants with reduced GA levels (Koornneef et al., 1990) or



Fig. 2. Gibberellin in tomato leaf development. GA promotes leaf maturation in tomato. (a–c) Leaves sprayed with mock or GA as indicated; (d–h) Fifth leaves of greenhouse-
grown plants. (e) gib1 is a recessive GA biosynthesis mutant. (f) pFILcGA2ox leaves overexpress the Arabidopsis GA catabolic gene GA2oxidase4. (g) procera (pro) is a
recessive mutant in the only tomato DELLA homolog, resulting in constitutive GA response. (h) La-2/þ is a semi-dominant mutant in a CIN-TCP transcription factor whose
activity is mediated by positive regulation of GA response. Increased GA levels or response leads to leaf simplification, while in some cases reduced GA levels result in more
compound leaves. Bar¼1 cm. Some images reproduced from Fleishon et al. (2011), copyright 2011 New Phytologist Trust.
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application of the GA inhibitor paclobutrazol do not substantially
affect leaf complexity, endogenously reducing internal GA levels in
the leaf by overexpressing the GA catabolic gene GA2oxidase from
a leaf-specific promoter results in a more complex and slightly
darker leaf (Fig. 2f). The relatively minor effect of reducing GA
levels on leaf complexity in comparison to the substantial sim-
plification effect caused by increasing GA levels or response may
suggest that GA response is normally low during early leaf de-
velopment in tomato. Alternatively, severe reduction of GA levels
may cause pleiotropic effects that complicate the interpretation of
its effect on leaf compoundness. GA2oxidase appears to cause
mainly extended leaflet initiation at late stages of leaf develop-
ment, suggesting a stage-specific effect of GA on leaf complexity.

Interestingly, in some species elevated GA has the opposite
effect of inducing more compound leaves (DeMason and Chetty,
2011; Robbins, 1957; Rogler and Hackett, 1975). For example, in
pea, GA positively promotes leaf dissection in concert with auxin,
by prolonging the temporal window during which acropetally
initiated leaflets are produced during leaf morphogenesis (De-
Mason and Chetty, 2011). This exemplifies how similar effectors
are modulated flexibly to achieve variable leaf forms.
4. Cytokinin

Cytokinin (CK) is also an important developmental regulator. In
leaf development, CK can be viewed as a “juvenility” factor, pro-
moting morphogenesis and delaying differentiation and senes-
cence. The effects of manipulating the CK pathway on final tomato
leaf form are depicted in Fig. 3.

CK plays an important role in SAM maintenance (Gordon et al.,
2009; Kurakawa et al., 2007). The specification of leaf initiation
involves complex feedback relationship between auxin and cyto-
kinin (see below). Cytokinin also promotes the maintenance of
prolonged organogenic activity at the tomato leaf margin (Shani
et al., 2010). Overexpression of the CK biosynthesis gene ISO-
PENTENYLTRANSFERASE 7 (IPT7) in tomato leaves leads to the for-
mation of highly-compound leaves (Fig. 3d), and conversely, re-
ducing CK levels by the expression of the CK degradation gene
cytokinin oxidase (CKX) results in reduced leaf complexity (Fig. 3e).
Recently, we identified the affected gene in the clausa mutation, in
which the leaf shows prolonged organogenic activity and in-
creased complexity, as encoding a MYB transcription factor. We
demonstrated that CLAUSA promotes differentiation by negatively
affecting CK signalling, thus uncovering an additional instance in
which heightened CK signals result in increased complexity of the
tomato leaf (Bar et al., 2016). clausa is also known to possess up-
regulated KNOX1 genes (Avivi et al., 2000; Jasinski et al., 2007).
Genetic and molecular analyses have shown that CK acts down-
stream of KNOXI transcription factors in delaying maturation, and
suggest that CK mediates the activity of KNOXI proteins in the
regulation of leaf shape (Chen et al., 1997; Hareven et al., 1996;
Parnis et al., 1997; Shani et al., 2009).

Exogenous application of CK has very minor leaf phenotypes in
tomato (Fig. 3a,b). Leaves can become more purple in appearance
due to an increase in anthocyanin accumulation, but they do not
become more complex with exogenous application (Fleishon et al.,
2011), likely due to “natural” CK derivatives being broken down
when exogenously applied. Interestingly, in Arabidopsis exogen-
ous CK application results in small rosette leaves with an increase
in leaf serration (Greenboim-Wainberg et al., 2005).



Fig. 3. Cytokinin in tomato leaf development. Endogenous CK upregulation promotes leaf morphogenesis in tomato, while exogenous CK application has little effect. (a,b)
leaves sprayed with mock or CK as indicated; (c–e) Fifth leaves of greenhouse-grown plants. (d) pFIL»IPT7 leaves overexpress the Arabidopsis CK biosynthesis gene ISO
PENTENYL TRANSFERASE7 (e) pFILcCKX leaves overexpress the Arabidopsis CK catabolic gene CK OXIDASE3. Bar¼1 cm. Some images reproduced from Fleishon et al. (2011),
copyright 2011 New Phytologist Trust.
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5. Additional hormones

Reports concerning the involvement of additional hormones,
such as Jasmonic acid (JA), Absiscic acid (ABA), Ethylene, and
strigolactones, in tomato leaf development – are scarce. Recent
works have deciphered the involvement of strigolactone in shoot
branching in tomato. Similar to its effect in Arabidopsis, a decrease
in strigolactone content in tomato plants leads to increased
branching, and can cause plants to appear shorter and bushier as a
result of excessive branching and “horizontal” rather than “vertical”
growth vectors (Kohlen et al., 2012; Koltai et al., 2010). However,
any effects on leaf form are too minor to quantify. JA was shown to
be important in anther, pollen and seed development, but not to
be crucial for additional developmental processes. A recent report
concerning a tomato mutant which accumulates JA did not dis-
close any leaf developmental phenotypes (Garcia-Abellan et al.,
2015). Similarly, the JA-insensitive tomato mutant jai1was also not
reported to affect leaf shape although it was found to inhibit tri-
chome development in both fruit and sepals, suggesting that JA is
required for cell-differentiation processes (Li et al., 2004). This is
consistent with the idea that JA does not significantly affect leaf
morphogenesis, though it may be involved in differentiation of
specialized cell types such as trichomes in leaves, similarly to what
was reported for sepals.

Brassinosteroids (BR) affect many developmental processes by
promoting elongation and differentiation (Saini et al., 2015; Singh
and Savaldi-Goldstein, 2015). As such, mutations that affect BR
biosynthesis or response show substantial growth aberrations,
including abnormal leaf development (Altmann, 1999; Clouse and
Sasse, 1998). In tomato, the recessive BR-deficient mutant dumpy
(dpy) is short and has condensed, dark-green rugose leaves that
are downward curling (Koka et al., 2000). Interestingly, dpy re-
sembles Curl (Cu), a dominant mutant in the tomato KNOXI gene
Tomato Knotted2 (TKN2)/Let6 (Chen et al., 1997; Parnis et al., 1997)
that possess substantially increased leaf complexity (Rick and
Butler, 1956; Young, 1955). Cu was reported to be BR insensitive
(Koka et al., 2000), suggesting that KNOXI genes may affect leaf
shape in part by negatively affecting BR response. Thus, lack of BR
or inability to sense BR result in similar phenotypes and demon-
strate that BRs s are required for proper leaf development in to-
mato, and that KNOXI genes, which regulate CK and GA, may also
affect BR sensitivity.

Leaf development and final leaf shape are also affected by the
ratio between SINGLE FLOWER TRUSS (SFT), the tomato FT
homolog, often referred to as the "flowering hormone", and SELF-
PRUNING (SP), a homolog of Arabidopsis TFL (Shannon and Meeks-
Wagner, 1991) that acts antagonistically with SFT. A high SFT/SP
ratio in the tomato leaf promotes maturation, resulting in a
simplified leaf form. Interestingly, this effect is suppressed by
downregulating LANCEOLATE through miR319 overexpression
(Burko et al., 2013; Shalit et al., 2009), suggesting that the SFT/SP
ratio may affect the homeostasis of additional hormones that af-
fect leaf development, such as GA.

Ethylene has also been reported to affect developmental pro-
cesses in tomato (Lashbrook et al., 1998). Transgenic tomato plants
with reduced expression of multiple EIL genes, which are homo-
logs of the Arabidopsis ETHYLENEINSENSITIVE3 (EIN3) protein, an
ethylene activated transcription factor (Guo and Ecker, 2003), have
reduced ethylene sensitivity, which results among other things in
decreased leaf epinasty (Tieman et al., 2001). A direct connection
between ethylene and tomato leaf development or leaf complexity
has not been demonstrated.

A recent report links inhibited leaf growth and early leaf se-
nescence to reduced gibberellin and auxin content and increased
ABA sensitivity in leaves upon silencing of the tomato Elongator
complex protein 2-like gene SlELP2L (Zhu et al., 2015). However,
leaves of silenced SlELP2 plants appear to have similar complexity
to wild type leaves, demonstrating that altering the balance be-
tween different hormones does not necessarily have an impact on
leaf morphogenesis, despite affecting leaf growth. This indicates
that leaf morphogenesis and leaf growth can be uncoupled, which
will be very interesting to investigate further. In the case of more
recently discovered hormones, additional research and further
analyses of additional mutants and transgenic plants may uncover
direct roles in leaf development.
6. Hormonal crosstalk

Developmental processes are influenced not only by the
amount and distribution of individual plant hormones but,
sometimes to a greater extent, by the balance between hormones.
The balance between different hormones and how they interact
with each other has an influence on all stages of leaf development.

A Fine coordination of local auxin and cytokinin responses
regulates leaf initiation and stabilizes it. Light was shown to be
essential for leaf initiation in tomato and this effect is mediated by
both auxin and cytokinin (Yoshida et al., 2011). Several works led
to the hypothesis that auxin and cytokinin may act synergistically
in organ initiation in the SAM in Arabidopsis (Vidaurre et al., 2007;
Zhao et al., 2010), in contrast to their antagonistic effects on most
developmental processes (Chandler and Werr, 2015) and in shoot
apical maintenance in maize (Lee et al., 2009). It would be inter-
esting to see whether similar interactions take place during leaflet
initiation in compound-leaf development. Hinting at this possibi-
lity is the crosstalk between Auxin and CK in tomato leaf



Fig. 4. Proper auxin distribution is required for the effect of CK on leaf complexity.
CK regulation of tomato leaf development requires proper localization of the re-
sponse to Auxin. (a) Fifth leaves of greenhouse-grown plants; (b) Leaves grown on
control or Auxin (IAA, 1 mM) containing media as indicated. Bar¼1 cm. Genotypes
are indicated below each leaf depicted. Images reproduced from Shani et al. (2010),
copyright American Society of Plant Biologists.
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development, as detailed in Fig. 4. In the absence of a properly
distributed auxin response, CK is unable to significantly prolong
tomato leaf morphogenesis as it can when endogenously elevated
in a normal auxin response background (Shani et al., 2010) (Fig. 4).
Therefore, both proper auxin content and distribution and proper
CK content are required for tomato leaf elaboration.

CK maintains meristematic qualities and promotes morpho-
genesis, while GA promotes cell maturation and differentiation. CK
and GA have been reported to possess antagonistic activities in
different plant processes (Greenboim-Wainberg et al., 2005; Weiss
and Ori, 2007). GA was shown to repress CK signalling, and the GA
Fig. 5. Antagonistic effect of CK and GA on the morphogenetic window in tomato leaf d
with mock or GA as indicated. Bar¼1 cm. (l) Model summarizing the hypothesized invo
blue, morphogenesis in green and differentiation in red. KNOXI proteins and cytokinin
produced and/or adapted from Fleishon et al. (2011), copyright 2011 New Phytologist Tru
York 2013, with permission of Springer.
catabolic GA2ox gene was activated by CK (Jasinski et al., 2005).
The Arabidopsis GA response inhibitor SPINDLY (SPY) was shown
to interact with TCPs and positively regulate cytokinin signalling
(Greenboim-Wainberg et al., 2005; Steiner et al., 2012a). Over-
expression of the Arabidopsis class I TCPs AtTCP14 and AtTCP15
affected leaf morphology in tomato, resulting in fewer leaflets and
smooth leaflet margins, and ectopic meristems on leaf petioles
(Steiner et al., 2012b). Mutating SPY affects leaf shape in Arabi-
dopsis (Steiner et al., 2012a). Interestingly, SPY was recently shown
to be required for AtTCP14 and AtTCP15 stability and to affect CK
sensitivity. However, SPY does not affect the activity of AtTCP4, the
Arabidospsis LA homolog (see above), in Arabidopsis leaf develop-
ment (Steiner et al., 2016). Relationships between SPY and TCP
have not yet been examined in tomato, but it will be interesting to
investigate the antagonistic effects of class I and class II TCPs in the
regulation of hormone response and compound leaf development.
GA and cytokinin were also shown to antagonize each other's re-
sponse during tomato leaf morphogenesis (Fleishon et al., 2011),
(Fig. 5). CK activity is required for proper leaf serration and com-
plexity (Fig. 5e, g), while GA can inhibit the effect of CK activity on
leaf morphology (Fig. 5d, k). The relationship between CK and GA
in the context of the different stages of leaf development is sum-
marized in the model presented in Fig. 5l.

KNOXI proteins regulate the balance between cytokinin, which
promotes meristematic fate, and GA, which promotes differentia-
tion (Hay et al., 2002; Jasinski et al., 2005; Scofield et al., 2013;
Yanai et al., 2005). KNOXI proteins negatively regulate the ex-
pression of the GA biosynthesis gene GA-20-oxidase (GA20ox) and
positively regulate the GA deactivation gene GA-2-oxidase (GA2ox)
in several species (Bolduc and Hake, 2009; Hay et al., 2002; Ja-
sinski et al., 2005; Sakamoto et al., 2001). Conversely, KNOXI
proteins activate CK biosynthesis genes and promote CK accu-
mulation in Arabidopsis and rice (Jasinski et al., 2005; Sakamoto
et al., 2006; Yanai et al., 2005). KNOXI proteins may also affect BR
signalling (see above, Farquharson (2014), Tsuda et al. (2014)).
Thus, KNOXI proteins coordinate the activity of several plant
hormones, enabling the balance between continuous meristematic
function and organ initiation. Tomato leaves also maintain mor-
phogenetic activity after leaf expansion, which underlies the ex-
tensive variability in tomato leaf shape. Interestingly, GA and cy-
tokinin were both shown to modulate this late morphogenetic
activity in tomato (Shani et al., 2010; Yanai et al., 2011).
evelopment. (a–g) Fifth leaves- of greenhouse-grown plants; (h–k) Leaves sprayed
lvement of CK and GA in the three stages of leaf development. Initiation is coded in
promote morphogenesis, and TCPs, GA promote differentiation. Some images re-

st, and from Burko and Ori (2013), copyright Springer ScienceþBusiness Media New



Table 1
Differentially regulated genes common to CK and GA treatments.

Description Gene ID GA FC CK FC

Transcription factor
BIM2

Solyc03g114720 2.69 6.59

Scarecrow transcription
factor family

Solyc01g008910 0.21 0.09

* SlRRA1, type-A re-
sponse regulators

Solyc05g006420 0.48 8.69

GA FC CK FC
ARF Solyc03g120380 2.36 Solyc11g069190 0.045
SAUR Solyc01g110680 2.25 Solyc04g052970 0.021

Solyc01g110630 3.53
Solyc10g052530 2.77

Auxin efflux transmem-
brane transporter
activity

Solyc02g087870 2.17 Solyc05g008060 0.1
Solyc04g007690 3.18

SLCKX, Cytokinin oxi-
dase/dehydrogenase

Solyc04g080820 2.36 Solyc01g088160 13.08
Solyc04g016430 42.51
Solyc04g080820 10.9

(24 h)
Jasmonate-amino syn-
thetase activity

Solyc01g095580 0.37 Solyc10g009620 5.98
Solyc07g054580 10.63

RNAseq following GA (Livne et al., 2015) and CK (Shi et al., 2013) treatments were compared using the data from Shi et al. (2013) (genes with a75.65 FC in young tomato
leaves following CK treatment) and the DESeq2 output from the Livne et al. (2015) data (counts were performed by HTseq and aligning was done with Tophat2 on the
ITAG2.4 genome). FC – fold change.
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Cross talk between different hormones can also be species
specific. For example, in pea, GA causes leaf elaboration, in contrast
to GA action in tomato leaves. Additionally, while auxin promotes
leaf simplification in tomato, it promotes indeterminate growth in
pea, and mutual positive regulation was proposed between the
pea LEAFY ortholog UNI and auxin. Auxin response is reduced in
uni mutants (Demason et al., 2013), and both GA and auxin up-
regulate UNI expression, thereby acting together to prolong the
morphogenetic window and increase pea leaf complexity (DeMa-
son and Chetty, 2011).

In order to further examine the crosstalk between GA and CK
during tomato leaf development, we analysed and compared
published RNA-seq data obtained following GA treatment from
David Weiss (seedlings sprayed with 10 mg/L paclobutrazol at the
time of emergence of the third leaf, three times a week for
2 weeks, followed by application of 100 μM GA3 for 1 h, or seed-
lings sprayed with paclobutrazol only)) (Livne et al., 2015) with
RNA-seq data obtained following CK treatment (13 day old tomato
leaves treated with 5 mM Benzyl Adenine (BA) or the solvent ve-
hicle control dimethyl sulfoxide (DMSO) for 2 h) from Aaron Ra-
shotte (Shi et al., 2013). Both treatments were applied to young
tomato leaves in a similar time frame. We were interested to ex-
amine whether the antagonistic relationship between GA and CK
is exhibited through shared genes with antagonistic responses
between the two datasets. Two transcription factors were found to
be affected similarly by GA and CK treatments. The first is BIM2
(Table 1), which contains a bHLH-like transcription factor domain,
and may be involved in regulating the plant's response to various
hormonal states given its co-upregulation under both GA and CK
treatments. BIM transcription factors were found to be involved in
brassinosteroid signalling (Belkhadir and Chory, 2006; Yin et al.,
2005) and BIM1, though not BIM2, was found to affect Arabidopsis
embryogenesis through interaction with the DRN and DRNL tran-
scription factors (Chandler et al., 2009). BIM was also found to be
involved in shade avoidance syndrome in Arabidopsis (Cifuentes-
Esquivel et al., 2013). A second gene affected by both CK and GA is
SCARECROW, which has well established functions in various
hormonal responses in Arabidopsis. The transcription factors
SCARECROW (SCR) and SHORT ROOT (SHR) are members of the
GRAS family. In Arabidopsis, they were found to regulate root stem
cell specification and maintenance, and radial patterning (Di
Laurenzio et al., 1996; Helariutta et al., 2000; Sabatini et al., 2003).
Both SCR and SHR regulate quiescent centre (QC) markers (Sarkar
et al., 2007) and microRNAs involved in root vascular differentia-
tion (Carlsbecker et al., 2010). SCR and SHR are also involved in
lateral root formation (Lucas et al., 2011; Malamy and Benfey,
1997), and SCR was reported to be induced by auxin (Moubayidin
et al., 2013). There are very few reports of SCR activity in tomato,
though it was suggested to be conserved with Arabidopsis (Ron
et al., 2014). Here we show that one SCR family member in tomato
is repressed by both CK and GA, suggesting that SCR may have
additional roles in hormone regulation or response to hormonal
balance in specific developmental processes.

Interestingly, Auxin related genes show differential expression
patterns in both experiments (Table 1). For example, one Auxin
Response Factor (ARF) gene shows a significant increase in ex-
pression due to GA treatment, while a different ARF shows a de-
crease in expression due to CK treatment. This behaviour was also
observed with SAUR genes and auxin efflux trans-membrane
transporter activity related genes. Additionally, a JA-amino syn-
thetase activity gene showed a decrease in response to GA treat-
ment, while in response to CK treatment we found a homologous
gene displaying opposite regulation. These results suggest that the
antagonistic relationship between CK and GA may involve auxin
regulatory elements and is possibly regulated through additional
hormones. Our analyses also showed that CKX genes are upregu-
lated following both CK and GA treatment, demonstrating that the
regulatory mechanism maintaining CK and GA antagonistic effects
may be executed by a similar mechanism to which CK itself is
negatively feedback-regulated. Interestingly, SlRRA1, a key type-A
response regulator was upregulated in response to GA and down
regulated in response to CK, once again suggesting that the re-
lationship between CK and GA is regulated through CK regulation
mechanisms.

Thus, while several reports have observed antagonistic re-
lationships between CK and GA, with the data available to us we
were able to uncover only a very limited number of genes which
may be involved in such antagonistic effects. Due to the limited
data available it is difficult to tell whether the antagonistic effect is
not facilitated mainly by a direct effect on common targets, is
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facilitated by a limited number of common targets with a central
role, or whether different tissues or time points are needed to
identify common targets. It will be interesting both to further
examine the role of each hormone in leaf development and to
generate additional data and examine relationships between
hormones both at the systematic level and at the molecular re-
solution of the involvement of specific genes in hormonal reg-
ulation of developmental processes.
7. Concluding remarks

Patterning of compound tomato leaves involves the main-
tenance of an extended window of morphogenesis, during which
distinct and separated leaflets develop. Plant hormones and the
interaction between them are important regulators of these pro-
cesses. The balance between GA and CK affects the extent of the
morphogenetic window, and the formation of well-separated
auxin maxima specify leaflet formation and separation. Each of
these hormones as well as the cross-talk among them affects
multiple aspects of leaf development, and further understanding
of these complex interactions will require additional research.
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