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ABSTRACT

Flowering in tomato (Solanum lycopersicum L.) has long been investigated by plant physiologists and horticulturists aiming to increase
productivity of this important fruit crop. The disruption of the sequence of events which give rise to normal development of the
reproductive structures by either the manipulation of the environment, hormones or mutations has provided information useful to unravel
the complexity of the implicated mechanisms. In this paper, we focus on the early stages of the flowering process, analysing how
flowering time and reproductive morphogenesis are regulated. Development of the reproductive structures up to anthesis, having been
reviewed on several occasions in the past, is not considered. Tomato is an autonomously flowering plant with a sympodial growth habit,
which means that it flowers repeatedly, at the top of an initial segment and of successive sympodial segments. The nature of its
reproductive structure, a raceme or a cyme, is still questioned but available evidence supports the view that the tomato inflorescence is
racemose. Flowering time is strongly dependent on the daily light energy integral and is regulated by an array of genes among which
SINGLE FLOWER TRUSS (SFT) and SELF PRUNING (SP) play a major role. SFT is a flowering promoter particularly active in the
initial segment while SP regulates sympodial development by controlling the regularity of the vegetative-reproductive switch of the
different sympodial segments. Many genes specifying the identity of the meristems and floral organs interact to regulate the
morphogenesis of the reproductive structures, opening a large field for future investigations.
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INTRODUCTION ever, this denomination has long been disputed and recently,
with the support of genomic analyses, its membership of the

The tomato is a member of the Solanaceae which has been  genus Solanum has been confirmed and the latin name Sola-

known from 1768 as Lycopersicon esculentum Mill. How-  num esculentum L. has been proposed (Peralta et al. 2005).

Received: 27 February, 2007. Accepted: 9 April, 2007.




International Journal of Plant Developmental Biology 1(1), 64-74 ©2007 Global Science Books

Tomato originated in the western coastal plain of South
America, extending from Ecuador to Chile and was domes-
ticated in Mexico (Harlan 1992). It was first introduced in
Europe in the middle of the XVIth century (Rick 1978;
Kalloo 1991). An early introduction was probably yellow,
since it was named "pomodoro" (golden apple) in Italy.
Tomato is now one of the most popular vegetables and one
of the most important fruit crops in the world. No horticul-
tural crop has received more attention and detailed study
than tomato which became a model crop for many experi-
mental investigations. Knowledge and information gathered
from these works have furthered our understanding of
flowering in this species. An abundance of applied and fun-
damental studies, devoted to the development of the flower
up to anthesis and of the fruit, have been published, thanks
to the economic importance of tomato. They have been
summarized on several occasions (Picken er al. 1985;
Picken and Grimmett 1986; Kinet and Peet 1997) and will
not be presented here.

In this review paper, we will focus on the early stages
of the flowering process, analysing how flowering time and
reproductive morphogenesis are regulated. However, before
entering these topics, structural considerations will be deve-
loped. The way structures are interpreted has indeed an im-

pact on the way the regulation of their genesis is understood.

Tomato is particular in that it grows sympodially; further-
more, the nature of its inflorescence is still a matter of
debate.

PLANT ARCHITECTURE

Tomato is a plant with a sympodial growth habit, i.e. after
the production of a limited number of leaves, the growth of
the primary shoot emerging from the seed is terminated by
the initiation of the first inflorescence which is displaced
from its terminal position by the active growth of the bud at
the axil of the last initiated leaf. This bud continues the
plant growth, carrying up the subtending leaf until it oc-
cupies a position above the inflorescence which is forced to
develop laterally (Fig. 1), and producing some leaves and a
second inflorescence which is once again rejected laterally
by the active outgrowth of an axillary bud. In the so-called
‘indeterminate’ tomatoes, this process is indefinitely reiter-
ated at initiation of each subsequent inflorescence (Calvert
1965; Sawhney and Greyson 1972; Ecole 1974). The stem
portion produced by the vegetative ‘shoot apical meristem’
(SAM), before the first inflorescence, constitutes the initial
segment. Additional stem portions, between inflorescences,
are called the sympodial segments; they are produced by
precociously activated axillary meristems, referred to as
‘sympodial meristems’. Activation of axillary and sympo-
dial meristems is regulated differently since mutations in
the LATERAL SUPPRESSOR (LS) gene that inhibits axil-
lary shoot outgrowth do not prevent sympodial growth
(Schumacher et al. 1995, 1999; Schmitz et al. 2002; Szym-
kowiak and Irish 2006).

The gene SELF PRUNING (SP) regulates the sympo-
dial development by controlling the regularity of the vege-
tative-reproductive switch of the different sympodial seg-
ments (Pnueli et al. 1998). The SP gene has been cloned
and is thought to be the orthologue of the Arabidopsis thali-
ana TERMINAL FLOWERI (TFLI) and Anthirrinum majus
CENTRORADIALIS (CEN) genes, both acting as inflores-
cence meristem identity genes (Pnueli e al. 1998). A role
for SP in the regulation of the development of the repro-
ductive structure of tomato is not excluded and will be dis-
cussed in the section devoted to the control of the repro-
ductive structure morphogenesis. TFLI, CEN and SP were
shown to share sequence identity with a group of mam-
malian polypeptides designated as phosphatidylethanol-
amine binding proteins (PEBPs) and are members of a
novel CETS (CEN, TFLI1, SP) family of regulatory genes
(Pnueli et al. 2001). This family contains five other mem-
bers in Arabidopsis thaliana (Kobayashi et al. 1999),
among which FLOWERING LOCUS T (FT) which has been
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Fig. 1 The sympodial growth
of tomato. The initial segment
initiated by the SAM is in
black. The successive sympo-
dial segments initiated by the
successive sympodial meris-
tems are alternatively in white
and grey (circle, flower; cen-
tral column, main shoot;
ellipse, leaf).
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shown to be a major integrator of the genetic pathways to
flowering. The FT product represents a part of the long dis-
tance signal(s) generated in cotyledons and leaves and ac-
ting at the shoot apex to trigger floral transition (Abe et al.
2005; Huang ef al. 2005).

The sp mutant is ‘determinate’: the number of vegeta-
tive nodes arising on successive sympodial shoots is gradu-
ally reduced until the vegetative phase is by-passed com-
pletely with the production of two successive inflorescences
(Pnueli et al. 1998). The sp mutant allele results from a
point substitution (P76L) within a conserved region of
CETS proteins (Pnueli ef al. 1998).

In addition to SP, five other members of the CETS fa-
mily were also found in tomato: SP9D, SP3D, SP5G, SP2I
and SP6A4 (Carmel-Goren et al. 2003). Their function is not
yet known, except for SP3D which was found to be allelic
with the SINGLE FLOWER TRUSS (SFT) gene of tomato
and is the orthologue of the FT gene of Arabidopsis thali-
ana (Lifschitz et al. 2006). The role of SFT is further des-
cribed in the sections devoted to the regulation of the
flowering time and of the reproductive morphogenesis.

Additional tomato genes implicated in the formation of
the sympodial segments are BLIND (BL) and TOROSA: the
mutants b/-1, bl-2 and to-1, that lack axillary buds in most
leaf axils, have also a tendency to terminate shoot growth
after formation of an inflorescence, a feature that is very
pronounced in b/-1. The b/ and to mutants have been found
to be affected in the same gene and b/-/ also contains a mu-
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tant sp allele (Schmitz ez al. 2002). The BL gene is a mem-
ber of the R2R3 class of MYB transcription factors and has
at least three Arabidopsis thaliana homologues termed
REGULATORS OF AXILLARY MERISTEMS (RAX) which
also control the axillary meristem formation (Miiller et al.
2000).

Both indeterminate and determinate tomatoes — which
are incorrectly termed since in both types, the SAM is com-
pletely consumed by the production of the first inflores-
cence (Picken et al. 1985) — are economically important.
The indeterminate or "vine" tomato, which produces inflo-
rescences and flowers continuously throughout the plant's
life, is largely used for production of fresh fruits in green-
houses and home gardens while the determinate or "bushy"
tomato, which has one time-limited flowering period fol-
lowed by a period of fruit development, is ideal for growing
unsupported in open and is mainly used for processed food.

INFLORESCENCE STRUCTURE

The inflorescence of tomato has been generally classified as
a cyme (Sawhney and Greyson 1972; Chandra Sekhar and
Sawhney 1984). However, it has also been viewed as a
raceme by some authors (Lewis 1953; Allen and Sussex
1996) and the confusion in the literature concerning the
type of inflorescence tomatoes produce remains large.
Since ontogenesis of both types of reproductive structures
is different (Kinet ez al. 1985; Weberling 1989), implicating
the functioning of an inflorescence meristem in the raceme
but not in the cyme — where the vegetative SAM becomes a
terminal flower and the subsequent floral meristems are
formed successively from the pedicel of the preceding
flower — the question thus arises as to whether an inflores-
cence meristem operates in tomato.

Before trying to answer this question and to understand
how these two interpretations of the reproductive structure
emerged, it is necessary to analyse precisely (1) the gross
morphology of the inflorescence and (2) the way it is initi-
ated by the SAM.

Inflorescence morphology

Looking down on an inflorescence tip, the sequential fea-
tures of ontogeny are easily observed. When flowers in an
inflorescence are numbered in order of their origin, inc-
reasing numbers represent younger stages of development
of a flower. This progression is called the floral cascade.
Flower primordia are in two rows, at right angles and suc-
cessive older primordia lie in alternate rows, forming a zig-
zag (Fig. 2).

Inflorescence morphogenesis

Dissections under the binocular as well as histological stu-
dies showed that, at floral transition, the SAM swells before
dividing into two parts which give rise to a first floral meri-
stem on one side and restore a mound of dividing cells on
the other side. This latter meristem has a continuous exis-
tence and bifurcates repeatedly for the production of each
new flower (Fig. 3A; Ecole 1974; Dielen et al. 1998; Qui-
net et al. 2006b). The successive planes of bipartition are at
right angles so that the flower positions form a zigzag (Fig.
3B; Allen and Sussex 1996).

Cyme vs. raceme

The development described above is similar to the one ob-
served by Green (1988) in Echeveria (except that in Eche-
veria, flowers are associated with 2 bracts). As stressed by
Green, such a development “is unusual for a cymose inflo-
rescence... In a cyme one expects sympodial growth with
intermittent renewal of the inflorescence by lateral, sub-
apical, flower initiation”. This would imply that, in Echeve-
ria as in tomato, the swelling transitional meristem should
be viewed “as a terminal floral apex which, as it deve-
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A

Fig. 2 The tomato inflorescence. (A) Top view of a tomato inflorescence.
(B) the floral cascade showing the zig-zag pattern. The flowers are repre-
sented by circles and numbered in order of initiation, the meristem (m) is
represented by a square.

Fig. 3 Schematic representation of (A) longitudinal sections of an
inflorescence of tomato during morphogenesis and of (B) top views of
the inflorescence of tomato at successive stages of development. In (B),
flowers and meristems are represented by squares. (a) The vegetative (v)
meristem initiates leaves. At floral transition, the shoot apical meristem
swells (b) before dividing into two parts (c) which give rise to a first floral
meristem (f) and restore a mound of dividing cells (m). (d) The floral
meristem gives the first flower (1) and the mound of dividing cells splits
then in turn at a right angle of the first division producing a new floral
meristem (f) and restoring the mound of dividing cells (m). (e-f) The
mound of dividing cells (m) continues to divide repeatedly at right angle
and the successive floral meristems (f) develop into flowers (2, 3, ...).

lops...produces a terminal flower and a “renewal” axillary
floral bud’. According to Green, “this notation is awkward
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Fig. 4 Schematic representation of longitudinal sections of an inflores-
cence of the compound inflorescence mutant of tomato during mor-
phogenesis. (a) The vegetative (v) meristem initiates leaves. At floral
transition, the shoot apical meristem swells (b) before dividing into two
parts (c) each giving rise to a mound of dividing cells (m) which divide
again into two parts, producing either a floral meristem (f) and a mound of
meristematic cells or two mounds of meristematic cells. (e, ¢’, €”). The
floral meristem gives the first flower (1) and the mound of dividing cells
splits then in turn at a right angle of the first division producing a new
floral meristem and restoring the mound of dividing cells or producing
two mounds of dividing cells, etc.

Fig. 5 The flowers of the stamenless mutant (above) and of the wild
type (below). Petals of mutant flower are transformed in sepals and sta-
mens in carpels that fuse with the central pistil in a unique gynoecium.
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because it implies that tissue of a terminal flower de-dif-
ferentiates to make the lateral renewal shoot”. It is however
the most common view encountered in literature for tomato.
The histological study of Ecole (1974) further supports the
view that the inflorescence of tomato is not functioning as a
cyme because the production of each new flower is not
associated with the formation of a shell zone as in the case
of flowers produced laterally in the cymes of Nicotiana glu-
tinosa (Bonnand 1961), another Solanaceae.

Phenotypes of mutants affected in their reproductive
structure also suggest that an inflorescence meristem is
operating in tomato. The compound inflorescence(s) mutant
produces a highly branched inflorescence (Rick and Butler
1956) bearing up to 200 flowers, in contrast to the simple
type of inflorescence produced by most cultivars. In this
mutant, when the swelling transitional meristem divides into
two parts for the first time, it generates two mounds of
dividing cells which divide again into two parts, producing
either a floral meristem and a mound of meristematic cells,
or two mounds of dividing cells (Fig. 4). This process is
frequently, but not systematically, reiterated during the sub-
sequent build-up of the inflorescence resulting in extensive
ramification of the inflorescence (Quinet ef al. 2006b). A
similar splitting of the swelling reproductive meristem into
two meristematic mounds was observed in the falsiflora (fa)
and anantha (an) mutants by Allen and Sussex (1996), but
the reproductive structures of these 2 mutants markedly
diverge from the inflorescence of s plants because they are
unable to form flowers. The an inflorescence consists only
of proliferating meristems while in the fa mutant, the repro-
ductive meristems ultimately reverts to vegetative meri-
stems. Thus, a common feature of the 3 mutants is that the
meristems of their reproductive structure were not deter-
mined straightaway to give a flower, but might turn into an
inflorescential meristem. The implication of these mutants
in flower morphogenesis will be analysed later in this paper.

Finally, it has been observed that, depending on envi-
ronmental conditions — such as low temperatures (Kinet
1989) — or on position on the plant, branched inflorescences
having two or more main axes occur on tomatoes which
normally produce the simple type inflorescence indicating
once again that the transitional meristem is not readily dedi-
cated to become a flower and that its fate may be dependent
on external or internal influences.

In conclusion, the reproductive structure of tomato ap-
pears to be of the raceme type, with a persistent inflores-
cence meristem producing flowers laterally. Several genes
controlling identity and/or maintenance of this inflorescence
meristem have been identified; they will be presented and
their role described in the section devoted to the morpho-
genesis of the reproductive structure.

If flower positioning in two rows, with successive older
flowers lying in alternate rows, is unusual, it is however
worth to recall here that raceme organisation in angiosperms
is highly variable, including spike, capitulum, corymb, um-
bell...and very peculiar flower groupings such as in Conval-
laria majalis and various Liliaceae (Kinet et al. 1985; Gor-
enflot 1997).

FLOWER STRUCTURE
Flower morphology

The tomato flower is hermaphroditic and actinomorph (Fig.
5). It consists from periphery to centre of (1) a whorl of 5-6
sepals, fused at the base in a short tube; (2) a corolla also
with a short supporting tube terminated in 5-6 petal lobes;
(3) a whorl of 5-6 stamens attached to the corolla by short
enlarged filaments that bear elongated anthers which are
laterally coalesced to form a hollow cone and (4) a central
gynoecium which consists of 2 to several carpels with a
long style terminating in a rather flattened stigma and is
enclosed within the encircling androecium (Cooper 1927,
Sawhney and Greyson 1973a).
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Flower morphogenesis

After initiation of the floral meristem, the 4 floral whorls
arise successively in the following order: calix, corolla,
androecium, and gynoecium. Sepals appear in a helical
sequence while the pattern of initiation is simultaneous for
petals, stamens and carpels (Chandra Sekhar and Sawhney
1984). After initiation, the sepal and petal, that arise as
separate organs, fuse in the basal region by “zonal growth”.
The cohesion of anthers to form the staminal tube occurs
later in development and is achieved by the interlocking of
epidermal hairs present on their lateral and adaxial surfaces.
Carpel primordia are produced at the periphery of the re-
maining meristem and fuse laterally, early during their de-
velopment.

CONTROL OF FLOWERING TIME

In a strict sense, the vegetative phase is usually short in to-
mato since, in most cultivars, floral transition of the initial
segment occurs when the third leaf is expanding. This is
within three weeks of cotyledon expansion (Hurd and Coo-
per 1970).

Flowering time of the initial segment

Flowering time of the initial segment, as measured by the
number of leaves produced before the conversion of the ve-
getative SAM into a reproductive structure, is rather stable
in various environmental conditions (Kinet and Peet 1997).
Usually, the first inflorescence differentiates after initiation
of 6-12 leaves, a number which is under genetic control.
The major effect upon the extent of the vegetative growth is
attributable to the light energy integral, i.e. the accumu-
lation of photosynthetic active radiations (PAR), to which
plants are exposed within a 24-h cycle (Kinet and Peet
1997). High irradiance reduces the number of leaves below
the first inflorescence and stimulates the rate of leaf initi-
ation, resulting in earlier flowering as measured by the
number of days from sowing to macroscopic appearance of
the reproductive structure or first anthesis (Calvert 1959;
Kinet 1977a). This effect of high light, along with the fin-
ding that continuous removal of young leaves results in ear-
lier flowering, suggests that floral transition is stimulated
by increasing assimilate availability. It has been indeed pos-
tulated that vegetative growth and reproductive develop-
ment strongly compete for available assimilates in tomato
(de Zeeuw 1954; Kinet 1977b). In insufficient light condi-
tions, this competition never benefits generative develop-
ment, suggesting a priority of vegetative growth. Stimula-
tion of flowering by increasing assimilate availability is
also suggested by the observation that altering starch/suc-
rose-partitioning by increasing the capacity for sucrose
synthesis in transgenic tomatoes results in a reduced time to
50% flowering (Micallef et al.1995).

When the daily light energy integral, is kept constant,
flowering is advanced in short days (Binchy and Morgan
1970; Kinet 1977a). However, as typical growing condi-
tions of tomatoes in temperate regions are long days, this
species is classified as day-neutral plant that flowers auto-
nomously: its conversion from vegetative to reproductive
development is normally regulated by a developmental
program rather than by environmental cues and the plant
flowers with time, provided the environmental conditions
allow growth.

The potential role of photoreceptors in the regulation of
the flowering time of tomato did not receive much attention,
probably because the plant is essentially not dependent on
daylength for flowering. Recently however, the manipu-
lation of the blue light photoreceptor CRYPTOCHROME 2
(CRY2) was reported to strongly influence flowering time
in tomato. Its overexpression increases the number of days
to first anthesis under both short and long days without
affecting the number of leaves below the first inflorescence
(Giliberto ef al. 2005). This retardation in flowering time is
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unexpected since in A. thaliana, CRY2 overexpressors
flower earlier than the wild type under short days but not
long days (Guo et al. 1998). Further work is required to
explain this finding.

Flowering time is also affected by temperature: lower-
ing temperature during early plant growth reduces the num-
ber of leaves preceding floral initiation but slows down the
leaf initiation rate (Calvert 1959) so that the number of days
to flowering is not necessarily less. Tomato seeds cannot be
vernalized (Calvert 1957; Wittwer and Teubner 1957).

In contrast to Arabidopsis thaliana, there are only a lim-
ited number of tomato mutants that have been reported to be
affected in flowering time. Two main explanations could
account for such a discrepancy between the two species.
First, tomato has been far less investigated than A. thaliana
with respect to flowering time. Second, domestication that,
most probably, considered mainly fruit traits, may have un-
wittingly eliminated potential mechanisms controlling
flowering time in order to extend the environmental condi-
tions under which tomato is able to flower. Tomato mutants
affected in their flowering time are also most usually late
flowering, a situation that, once again, could be due to the
domestication process that frequently resulted in shortening
life cycles (Evans 1993). The precocious floral transition of
the initial segment of tomato probably makes easier the
occurrence of late flowering than early flowering mutants.
Four early flowering mutants have however been recorded
in an isogenic ‘mutation library’ developed by Menda ef al.
(2004), but none of them was precisely characterised.

Up to date, no pathway controlling flowering time in
tomato has been clearly identified. FALSIFLORA (FA),
SINGLE FLOWER TRUSS (SFT) and, in a lesser extent,
JOINTLESS (J) and BLIND (BL) could act as regulatory
components of a promotion autonomous pathway.

The sft and fa mutations produce a late flowering phe-
notype in both long-day and short-day conditions and the
combination of both mutations completely block the transi-
tion to flowering (Molinero-Rosales et al. 1999, 2004). The
FA gene is the orthologue of the 4. thaliana LEAFY (LFY)
and Anthirrinum majus FLORICAULA (FLO) genes; all
three genes are acting as floral identity genes (see following
section). As fa, the [fy mutant shows a late flowering phe-
notype (Blazquez ef al. 1997) but it is not the case for flo
(Coen et al. 1990).

The flowering delay in the j mutant, is slight and usually
not statistically significant as compared to the wild-type; it
is however consistently recorded in all conditions (Emery
and Munger 1967; Philouze 1978; Quinet ef al. 2006b). The
J gene was shown to belong to the extensive family of
MADS box genes in the same clade as the 4. thaliana
SHORT VEGETATIVE PHASE (SVP) gene, a floral transi-
tion repressor (Hartmann et al. 2000; Mao et al. 2000; Brill
and Watson 2004).

Defects due to the b/ mutation are multiple affecting
both vegetative and reproductive development (Schmitz et
al. 2002), including a slightly delayed flowering (Quinet et
al. 2006a).

An environmentally regulated pathway for the control
of floral transition in tomato, implicating the promoter
genes UNIFLORA (UF) and COMPOUND INFLORES-
CENCE (S), would also exist. Mutations in these genes that
have not been sequenced so far, delay flowering especially
in winter (Dielen ef al. 1998; Quinet ef al. 2006b).

In uf, an adequate supply of sugars to the meristem
could constitute the essential signal since flowering is ad-
vanced by a high daily light energy integral and by continu-
ous excision of growing leaves which compete for nutrients
with the flowering process. Interestingly, Dielen et al.
(2004) observed that the uf mutant develops strong lateral
shoots at node levels grossly corresponding with the level
where the wild type cultivar initiates its first reproductive
structure under the same growing conditions (Fig. 6). Re-
lease of apical dominance is considered to be an early event
associated with floral evocation (Bernier e al. 1981), and it
thus appears that the uf plants undergo a partial evocation at
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Fig. 6 Develoment of strong axillary shoots remoted from repro-
ductive structure in uniflora. (A) Flowering in the tomato wild type. (B)
Development of strong axillary shoots in the uniflora mutant at the level
where the wild type initiates its first inflorescence. The initial segment
initiated by the SAM is in black. In the wild type, the successive sym-
podial segments initiated by the successive sympodial meristems are alter-
natively in white and grey. In the uniflora mutant, the vegetative segment
after the partial evocation is lined white and black (circle, flower; central
column, main shoot; line, leaf; arrow, developed axillary shoot; cross,
inhibited axillary bud).

approximately the same time as the wild type, but that they
are unable to complete the process. This phenotype is indi-
cative of the occurrence of processes upstream of UF that
direct the SAM of the initial segment into reproductive
growth. These processes could be triggered by the SFT
gene that was shown recently to have a primary role in the
regulation of the floral transition in tomato (Lifschitz et al.
2006; Lifschitz and Eshed 2006). SFT has been identified
as the orthologue of the FT gene of Arabidopsis thaliana
which is a major integrator of the pathways to flowering.
SFT generates a graft-transmissible signal which comple-
ment the defects in sf# plants as long as the graft union with
a donor over-expressing SFT under the constitutive 35S
promoter is maintained. After removal of the donor, all
mutant sf? features reappear in the receptor. The SF7T signal
also substitutes for the high light requirement of uf. Indeed,
uf 35S:SFT plants flower precociously, after 3-5 leaves,
even in poor light conditions which suppress flowering of
the mutant and grafts with 35S:SFT donors induce very
early flowering of uf receptors. Once again, as in the case
of sft grafts, the graft union has to be maintained to rescue
the uf mutant phenotype indicating that it is the graft-trans-
missible signal generated by the 35S:SFT transgenic plants
which promotes flowering in uf. SFT also induces early
flowering in a day-neutral tobacco Samsun and substitutes
for the photoperiodic signal in the short day plant tobacco
Maryland Mammoth and in the long day plant Arabidopsis
thaliana (Lifschitz et al. 2006).

Other genes may control the flowering time in tomato.
A constitutive expression of the A. thaliana APETALAI
(API) gene, another floral meristem identity gene, in to-
mato reduces the flowering time: transgenic tomato plants
undergo floral transition after the production of 6 vegetative
nodes as compared to 11 nodes for the wild type plant, sug-
gesting that the AP/ tomato homologue can promote
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flowering (Ellul et al. 2004). The tomato AP1I orthologue is
thought to be LeMADS-MC (Vrebalov et al. 2002) but the
first description of the macrocalyx (mc) tomato mutant
which is affected in this gene mentions only reproductive
structure defects (Rick and Butler 1956). Similarly, trans-
genic plants expressing LeMADS-MC antisense RNA were
just reported to produce indeterminate inflorescences with
large sepals and no allusion was made to their flowering
time (Vrebalov ef al. 2002).

Genetic interactions in flowering time regulation have
been investigated using double and sometimes triple mu-
tants. The uf>bl, uf:sp, j:uf, and s:uf double mutants are late
flowering (Quinet et al. 2006a). Flowering time in uf:b/ and
uf-sp is intermediate between their two parents, which
means that it is in advance as compared to the uf simple mu-
tant. This result is puzzling since the b/ and sp mutations
alone are either delaying or not affecting the flowering time
of the initial segment as compared to the wild-type. Both
mutations however activate the flowering of the sympodial
segments, which could suggest that when flowering, the
meristem of the double mutants is in a condition reminiscent
of that of a sympodial meristem (see below). Both j:uf and
s:uf double mutants flowered later than the uf parent. The
slight and consistent delay in j flowering time in comparison
to the wild type may apparently be cumulated with the de-
laying effect of the uf mutation. In the s:uf double mutant,
flowering was particularly delayed, being observed before
the 40" leaf, in a very small proportion of plants when
growing conditions were highly favourable and failing to
occur under low light. This difficulty to undergo floral
transition could be due to the fact that two critical processes
that take place in sequence, namely the inflorescence meri-
stem and the floral meristem specifications (see below), are
impaired, increasing the chance of flowering inhibition
during each successive sympodial phase. Molinero-Rosales
et al. (2004) and Lifschitz and Eshed (2006) reported that
the sfi.fa and sft:uf double mutants are non flowering in
their experimental conditions, suggesting that the genes af-
fected in these mutants are not acting in a same sequence.

In double mutants, mutated in UF, strong lateral shoots
develop in a few nodes well before flowering occurrence, a
typical trait of the uf mutant (see above), and with a slight
delay, in term of node number, as compared to the single uf
mutant (Table 1). This confirms that the genes combined
with uf marginally influence the timing of events that ac-
tually initiate the floral transition of the initial segment.
After its partial evocation, the uf SAM is returning to a ve-
getative functioning and apical dominance is re-established
as axillary outgrowth is inhibited at upper nodes (Fig. 6;
Dielen et al. 2004). Apparently, from that time point, the
different genes associated with uf in double mutants are
strongly interacting to regulate flowering time (Table 1).
Hence, it could be possible that in the uf mutant and the
double mutants, after the partial evocation, the plants are in
a condition comparable to that of the wild type during its
sympodial growth, which results in the regular alternation of
vegetative and reproductive phases (Dielen et al. 2004).
This condition is not alike the one of plants during their ini-
tial growth from germination to floral transition of initial
segment since, as demonstrated by Pnueli et al. (1998, see
below), flowering time of the sympodial and of the initial
segments of tomato is not regulated in the same way. In the
uf mutant and the double mutants, genes affecting the
flowering time of the sympodial segments could thus be ac-
tivated after the first partial floral evocation, a process
which could be reiterated, even if the plants had not initiated
flowers.

Although SP has been reported not to be involved in the
regulation of floral transition of the initial segment (Pnueli
et al. 1998), it has been observed that the sp mutation pro-
motes this transition, in peculiar genetic backgrounds, par-
tially rescuing flowering of the non-flowering double mu-
tants sff fa and sft uf in triple mutant combinations (Lifschitz
and Eshed 2006). However, in the absence of a precise
description of the plants, it is not possible to know whether
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Table 1 Number of nodes to first reproductive structure and to first strong axillary shoot in the simple zf mutant and in double mutants mutated in uf'and
either in s, b/, sp orj.

Genotype Number of nodes to first Number of nodes to first Differences between mean numbers of nodes to first
reproductive structure' strong axillary shoot' reproductive structure and to first strong axillary shoot
uf 28.9+4.14 10.1 £ 1.5a 18.8
ufs - 11.5+1.5b >28.5
uf 189+14a 10.5+0.7a 8.4
uf:bl 16.3+1.9b 10.6 +1.1a 5.7
uf 184+1.1a 10.3+£0.6a 8.1
ufisp 15.5+1.6b 11.0+24a 4.5
uf 19.0+£52a 10.3+£0.5a 8.7
uf’j 26.2+2.1b 122+ 1.2b 14.0

- = no plants flowered before the initiation of the 40™ leaf.
! values followed by the same letter in a column for a same comparison are not statistically different at the 5% level

Table 2 Tomato genes regulating morphogenesis of reproductive structures in tomato and their homologue in Arabidopsis.

Function Tomato Arabidopsis
Inflorescence development
Inflorescence meristem identity gene UF UNIFLORA
BL=TO BLIND = TOROSA
Floral meristem identity gene S COMPOUND INFLORESCENCE
AN ANANTHA
FA FALSIFLORA LEAFY
Inflorescence identity maintenance J JOINTLESS
SFT SINGLE FLOWER TRUSS FLOWERING LOCUS T
LeMADS-MC LeMADS-MC APETALAL
Flower development
Class A genes LeMADS-MC LeMADS-MC APETALAI
Class B genes SL=CS STAMENLESS = COROLLALESS
GPI GREEN PISTILLATE
TM6 = TGR6 TOMATO MADS BOX GENE 6 APETALA3
LeAP3 Lycopersicum esculentum AP3 APETALA3
Class C genes TAGI TOMATO AGAMOUS1 AGAMOUS
Class E genes TM5 = TGRS TOMATO MADS BOX GENE 5 SEPALLATA3
T™M29 TOMATO MADS BOX GENE 29 SEPALLATA
Others TM4 =TGR4 TOMATO MADS BOX GENE 4 FRUITFULL
LS LATERAL SUPPRESSOR
Floral organ fusion SF SOLANIFOLIA

the meristem that flowered previously passed through a par-  schitz et al. 2006).

tial evocation in which case it could be in a condition dif- Lifschitz and Eshed (2006) postulate that the SFT to SP
ferent from its initial vegetative state. balance could be a major determinant in the control of floral

transition of both initial and sympodial tomato segments.
Flowering time of the sympodial segments They hypothesise that SFT is increasingly up-regulated in

the initial segment relative to SP while SP only becomes ex-
Before undergoing floral transition, the sympodial units  pressed at high levels in the axillary and sympodial buds.
most usually produce 3 leaves although this number may be ~ This would explain that the initial SAM is indifferent to the
modulated by environmental conditions, being increased  sp mutation but highly sensitive to SF7T and that the sym-
under low light daily integrals, or by genotype. The vegeta-  podial segments hardly react to increased levels of SFT, but
tive-reproductive switch of the different sympodial seg-  are sensitive to a reduction in SP. How SP function nullifies
ments is controlled by SP which has to be down-regulated  after three leaves in the sympodial segments remains how-
with each successive internode of each sympodial segment  ever unknown and interactions with additional factors must
to permit transition to flowering after three internodes.  be involved. A role for FA4, S, UF or J could be considered.
Constitutive expression of SP increases the number of
leaves and thus delays floral transition of sympodial seg- CONTROL OF REPRODUCTIVE MORPHOGENESIS
ments (Pnueli et al. 1998).

Other genes, including FA4, BL, S, J and UF also affect = An influence of the environment and of hormonal factors on
flowering of sympodial meristems (Molinero-Rosales ef al.  the structure of the tomato inflorescence and of the flower,
1999; Schmitz et al. 2002; Quinet 2005). b/ mutants show a  although limited, has been reported in a few studies. Major
tendency to terminate shoot growth after formation of an  effects are on inflorescence branching and number of floral
inflorescence (Schmitz et al. 2002) while the other four  organs, especially the number of stamens and carpels is in-
genes have an effect opposite to SP, since, when mutated,  creased under low temperature (Sawhney 1983; Lozano et

more leaves are produced in the sympodial segments. Ac-  al. 1998). The number of locules in the ovary is also en-
cording to Emery and Munger (1970) and Philouze (1978)  hanced by GA; (Sawhney and Greyson 1973b).

the j mutation partly masks the sp character suggesting that The genes regulating the morphogenesis of the tomato
J acts upstream from SP. reproductive structure may be divided into 3 categories

Although being critical in the control of floral transition  (Table 2), respectively (1) specifying and/or maintaining the
of the initial segment, SF'T appears to have a limited influ-  identity of the inflorescence meristem, (2) specifying the
ence on flowering in sympodial segments. The sympodial  identity of the floral meristem and (3) specifying the iden-
growth pattern is indeed maintained in transgenic plants  tity of the floral organs. Many genes of the first 2 categories
overexpressing SFT under the constitutive 35S promoter, also affect flowering time and have already been presented
with two or three leaves per segment, depending on the  in the preceding sections.
358:SFT plant, i.e. on the strength of the transgene (Lif-
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Inflorescence meristem identity and/or
maintenance genes

SFT and UF are among the genes that control the identity
of the tomato inflorescence meristem. The morphology of
the reproductive structure of the sft mutant is highly vari-
able and strongly affected by environmental conditions
(Quinet ef al. 2006b). Solitary flowers are more frequent in
winter, when light conditions are poor. In contrast, the re-
productive structure of uf is remarkably stable. Throughout
the years we have not found a single treatment capable of
modifying the single-flower phenotype of this mutant. This
altered developmental pattern indicates that an inflores-
cence meristem is not functioning and that both SFT and
UF are implicated in the regulation of the inflorescence
meristem identity.

SFT is also involved, along with the J, LeMADS-MC
and BL genes, in the maintenance of this identity, preven-
ting reversion to a vegetative identity or early termination
of the inflorescence. In summer conditions, the sff mutant
produces indeed simple or branched inflorescences, with
variable numbers of leaves, which revert to sympodial
growth. The reproductive structure of the j mutant contains
flowers and leaves (Rick and Butler 1956; Philouze 1978;
Quinet et al. 2006b). A first leaf is initiated usually after the
production of two flowers, and then the inflorescence pro-
duces some flowers and leaves alternately before reverting
to a sympodial growth. Axillary meristems are always
found at the axil of the leaves and the leaf-axillary meri-
stem complex frequently develops in the place occupied by
a flower in the wild-type ‘zigzag’ inflorescence confor-
mation. Apparently, the inflorescence meristem of the j mu-
tant progressively returned to a vegetative functioning, ac-
quiring a vegetative identity by sectors until its total con-
version into a vegetative meristem (Quinet et al. 2006b).
The inflorescence axis of the mc mutant and of plants ex-
pressing the antisense of LeMADS-MC is indeterminate
(Rick and Butler, 1956; Vrebalov et al. 2002) while in b/,
inflorescences are highly reduced, producing only 1 to 4
flowers (Schmitz et al. 2002).

The s:uf, uf>sp, uf:bl and j:uf double mutants all initiate
solitary normal fertile flowers, as the uf mutant, indicating
that UF is epistatic to S, SP, BL and J in regulating morpho-
genesis of the reproductive structure of tomato. The repro-
ductive structure of the sft:uf mutant has not been observed.
However, when the SFT gene is overexpressed in a uf back-
ground, the reproductive structure of the transgenic plant is
once again a solitary flower (Lifschitz ef al. 2006; Lifschitz
and Eshed 2006). This suggests that UF is also epistatic to
SFT with respect to the type of the reproductive structure
although the reverse was found for the regulation of the
flowering time (see above). Dielen et al. (1998, 2004) pos-
tulated that UF is a pivotal gene with a dual role, regulating
flowering time and inflorescence meristem identity (Dielen
et al. 1998, 2004) That UF acts upstream of J, BL and S is
consistent with the view that J and BL are involved in the
maintenance of the inflorescence meristem identity and that
S is a floral meristem identity gene (see below), hence all
three acting necessarily downstream of a gene which regu-
lates the production of an inflorescence meristem. The SP
gene has been reported not to be implicated in the regu-
lation of the reproductive structure development (Pnueli et
al. 1998), thus accounting for the prevailing role of the uf
mutation in the double mutant uf:sp. Several double mu-
tants having sp as one of the parents have been described
and, in agreement with the view that SP would not be in-
volved in the morphogenesis of the reproductive structures,
their phenotype is reminiscent of that of the non sp parent.
(Pnueli et al. 1998; Schmitz et al. 2002; Molinero-Rosales
et al. 2004).

The j:bl-2 double mutant plants are highly determinate,
terminating with a solitary flower as a result of the com-
bined loss of inflorescence and sympodial meristems
(Szymkowiak and Irish 2006). This additive phenotype in-
dicates that BL and J are acting independently until the
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pathways in which they work converge at some point as
suggested by the presence of large and leaf-like sepals in the
double mutant’s flower.

Floral meristem identity genes

The phenotypes of 3 mutants affected in a gene specifying
the identity of the floral meristem, namely COMPOUND
INFLORESCENCE (S), FALSIFLORA (FA) and ANANTHA
(AN) have already been described in section III of this
review, devoted to the ‘inflorescence architecture’. They
produce inflorescences either bearing numerous flowers due
to a repeated branching of the reproductive structure, as in s
(Quinet et al. 2006b), or vegetative inflorescences with
leaves, in the case of fa, or without leaves as in an (Allen
and Sussex 1996). Another mutant affected in floral meri-
stem identity, namely leafy inflorescence (Ifi), was shown to
be allelic to fa. The Ifi mutant shows a less strong phenotype
than fa since in this mutant, some fleshy carpeloid leaves
developed and were able to ripen to a red colour (Kato ef al.
2005). As already reported, the F4 tomato gene is the or-
thologue of the 4. thaliana LFY gene (Molinero-Rosales et
al. 1999), one of the most important floral meristem identity
genes in this species. The S and AN tomato genes have not
been cloned yet.

Phenotypes of different double mutants having an as
one of the 2 parents have been described by Allen and Sus-
sex (1996), Pnueli ef al. (1998) and Szymkowiak and Irish
(2006). They indicate that fa is completely epistatic to an
which is consistent with the fact that fa appears to be
blocked at an earlier stage than an (Allen and Sussex
1996).The inflorescence structure of the an:j and bl:an
double mutants is strongly altered and not easily interpreted
(Szymkowiak and Irish 2006). In both cases, floral develop-
ment is inhibited and vegetative development is promoted:
inflorescences composed of leaves and elongated internodes,
bearing occasionally carpel-like structures, are produced.
This phenotype could be indicative of synergistic interac-
tions among the implicated genes.

Finally, a role for SP is not completely excluded since
overexpression of SP in wild-type tomato and sp mutant
plants resulted in a tendency for the transgenics to promote
development of extra leaves in the inflorescences (Pnueli et
al. 1998). On the same way, an and an:sp plants overex-
pressing SP have a phenotype similar to an;j or fa (Allen
and Sussex 1996; Pnueli ef al. 1998, 2001).

Floral organ identity genes

Some mutants, with organ transformations that fit the two-
whorl combinatorial ABC model developed by Coen and
Meyerowitz (1991) and Meyerowitz et al. (1991) for A. tha-
liana and Antirrhinum majus, have been identified in tomato.
Most of them are B class genes, affected in the second and
third whorls, with different degrees of sepaloid petals and
carpelloid stamens. Two allelic series were represented
among 8 stamenless mutants analysed by Nash et al. (1985).
Unfortunately, the description of these mutants is frequently
insufficient to relate them to those that were most inves-
tigated, namely stamenless-2 (sl-2) (Sawhney and Greyson
1973a; Sawhney 1992), stamenless (sl) (Marc et al. 1994;
Gomez et al. 1999), and green pistillate (gpi) (Rasmussen
and Green 1993). s/-2 and s/ probably belong to the same
allelic series, but the genetic interaction of gpi with other re-
lated mutants has not been analysed although the pheno-
types of the gpi and s/ flowers are strikingly similar. Flower
alterations in s/-2, are less than in s/ and gpi. Apparently
only stamens are modified in s/-2. They are laterally free,
twisted, shorter and paler than wild type stamens; they con-
tain abnormal pollen and bear naked external ovules. In s/
and gpi, both whorls two and three are profoundly modified:
petals are transformed in sepals and stamens in carpels (Fig.
5). The transformed carpels, which may contain ovules
(Marc et al. 1994), fuse with the central pistil in a unique
gynoecium. In both s/-2 and s/, the mutant phenotype is sen-
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sitive to temperature and gibberellins, reverting to wild type
after treatments at relatively low temperature or by gib-
berellic acid (Sawhney and Greyson 1973b; Sawhney 1983,
1992; Gomez et al. 1999).

Some tomato genes homologue to ABC genes of 4. tha-
liana have been isolated. The TOMATO MADS BOX GENE
6 (TM6) and L. esculentum AP3 gene are homologues to the
B class APETALA3 gene (Pnueli et al. 1991; Rijpkema et al.
2006); LeMADS-MC is the putative orthologue of API
(Vrebalov ef al. 2002) and a homologue of the class C
AGAMOUS gene of A. thaliana has been designated TAG!
(Pnueli et al. 1994b). Much remains to be discovered about
the precise function of these genes in tomato flower deve-
lopment. If phenotype of transgenic plants expressing 7TAG1
antisense RNA is consistent with the role of a class C gene,
mutations in LeMADS-MC cause homeotic conversion from
sepals to leaf-like structures without affecting petals iden-
tity, which contrasts with the phenotype of the ap/ mutant
of A. thaliana, and the role of the dual AP3/TM6 system re-
mains unknown. FALSIFLORA was shown to positively re-
gulate the expression of TM6 and TAGI (Kato et al. 2005)
suggesting that, as in Arabidopsis thaliana, the floral organ
identity genes are induced by a meristem identity gene.

The ABC model has now become more complex and
includes two additional classes of genes referred to as the
D- and E-function genes. D genes characterized in petunia
(Angenent ef al. 1995) are necessary for determining ovule
identity and E genes, the SEPALLATA (SEP) genes in A.
thaliana, are required for B and C floral organ identity
functions (Honma and Goto 2001). In tomato, D genes have
not been identified so far while two E class genes that are
orthologues of the SEP genes of 4. thaliana: the TOMATO
MADS BOX GENE 5 (TM5) and TOMATO MADS BOX
GENE 29 (TM29) have been isolated (Pnueli ef al. 1994a;
Ampomah-Dwamena et al. 2002). They regulate the for-
mation of the inner three whorls of the tomato flower. TM5
is positively regulated by FA4 (Kato et al. 2005) and its
transcripts accumulate in response to a low temperature
treatment which enhance the number of stamens and car-
pels in the flower (Lozano et al. 1998).

Several other genes implicated in the differentiation of
the floral organs have been identified, indicating that there
is still a large field to investigate to understand flower mor-
phogenesis in tomato. They will not be exhaustively re-
viewed and just the cases of the LATERAL SUPPRESSOR
(LS) and SOLANIFOLIA (SF) genes will be quoted here as
examples of the diversity of functions of genes implicated
in the process. The /s mutation, so called because it sup-
presses certain axillary meristems, also suppresses petals
(Schumacher et al. 1995) whereas the SF' gene controls the
fusion of floral organs in the flower. It has been investi-
gated by Chandra Sekhar and Sawhney (1987, 1990)
through a refined analysis of mutant plants.

CONCLUSION

Tomato is for a long time a model plant to investigate the
physiological control of flowering in autonomously flower-
ing species. The influences of environmental conditions and
of internal signals, such as hormones or carbohydrates, re-
ceived much attention. Recently, genetic and molecular stu-
dies allowed the identification of numerous genes implica-
ted in the regulation of various aspects of tomato repro-
duction but there is still an important gap preventing the
connection with the physiological work. An improved
knowledge of how expression of the flowering genes is
affected by environmental and internal signals and of how

these genes interact during the flowering process is required.

Unravelling the mechanisms involved in the regulation
of flowering time in tomato is complicated because the
plant has a sympodial growth habit: it flowers repeatedly in
successive plant segments and floral transition is not re-
gulated in the same way in the initial and sympodial seg-
ments. Schemes intended to summarise the genetic control
of flowering of tomato have to take into account this
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particular and challenging features.

There is a need for a unified vision of the structure and
genesis of the inflorescence and flowers of tomato. In the
absence of such an agreement, conflicting views concerning
the role of the genes regulating the production of the repro-
ductive structures may emerge. One example is provided by
the SF'T gene that, depending on the interpretation of the na-
ture of the tomato inflorescence, is considered to control
flower meristem (Lozano et al. 2000; Molinero-Rosales et
al. 2004) or inflorescence meristem (Quinet et al. 2006b)
identity. Available evidence strongly supports the view that
the tomato inflorescence is a raceme.

Further development of reproductive structures to anthe-
sis received much attention since the failure of the tomato
plant to set fruit is a common problem. Both fundamental
and applied studies investigated the causes of flower abor-
tion before anthesis and of flower shedding after they open.
Particular attention was paid to flower fertility and many
mutations that affect microsporogenesis and cause male ste-
rility have been investigated (Kaul 1991). Several reviews
focussed on theses aspects that are out of the scope of the
present paper and the interested readers are referred to these
publications (Picken ef al. 1985, 1986; Gorman and McCor-
mick 1997; Kinet and Peet 1997).
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