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The final size and shape of fruits 
is determined by organogenesis. 

Organogenesis is the coordination of 
cell growth, cell differentiation and pat-
tern formation. Individual genes have 
been identified that affect lateral organ 
growth. A majority of these character-
ized growth genes in Arabidopsis affect 
all lateral plant organs and few of these 
have been placed into a regulatory net-
work controlling organ growth. We 
have recently characterized GORDITA 
(GOA), a MADS-box transcription fac-
tor, which represses cell expansion spe-
cifically in fruits and affects overall fruit 
size.1 Here we provide insights into a pos-
sible regulatory network in which GOA 
can function to regulate fruit growth. We 
further suggest how duplicated B-sister 
genes; GOA and TRANSPARENT 
TESTA 16 (TT16 ) could have acquired 
distinct regulatory roles.

Organ morphogenesis occurs through 
coordinated cell growth, proliferation and 
cell expansion in multi-cellular organisms. 
Although several genes have been isolated 
that affect organ shape by a change in the 
duration of cell proliferation or a change 
in cell expansion (Fig. 1), there appears 
to be some cross-talk between cell prolif-
eration and cell expansion by mutants that 
exhibit compensation.2-4 For example, an3 
leaves have far fewer cells however the 
leaf is nearly as large as wild type because 
the leaf cells are larger.3-5 This compensa-
tion phenomenon suggests that there is a 
mechanism whereby the organ can mea-
sure its overall size and adjust its growth 
accordingly.4 Fruits, which are modified 
leaves, provide a specialized example to 

study the mechanisms that control lateral 
organ size.

A Possible Regulatory Framework 
of a B-Sister MADS Box Protein; 

GOA Action

Studies on MADS-box transcription fac-
tors have demonstrated its role in control-
ling organ identity not only in Arabidopsis 
but in many flowering plant species.6 Cell 
fate determining B-function MADS box 
transcription factors are expressed in sec-
ond whorl sterile organs and third whorl 
male reproductive organs and they are 
necessary to determine the organ iden-
tity in these two whorls.7,8 Interestingly, a 
member of the B-sister MADS-box genes, 
TT16, regulates the development and pig-
mentation of the seed coat.9 Duplication 
and diversification of evolutionarily 
conserved transcription factors such as 
MADS-box proteins can bring about 
morphological variations among related 
organisms.10 Recently, we have demon-
strated the functional importance of one 
of the duplicated B-sister MADS-box 
genes, GORDITA (GOA).1 We showed 
that the dynamic spatiotemporal expres-
sion pattern of GOA during fruit devel-
opment is required to determine the final 
Arabidopsis fruit size largely by repressing 
cell expansion1 (Fig. 1). Our findings also 
reveal that GOA likely regulates integu-
ment differentiation additively with its 
paralog TT16.1,9

The final size and shape of an organ 
is likely determined by the interaction of 
pattern formation and growth.11 Much 
is known about the genes necessary 
for proper differentiation and pattern 
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expansion (Fig. 1). ARGOS-like (ARL) 
promotes cell expansion and is induced 
by plant hormone brassinosteroids.19 BIG 
PETALp (BPEp), a bHLH transcription 
factor, inhibits cell expansion specifically 
in petals.20 Although it has been suggested 
that the duration of cell proliferation is 
the main determinant of organ size and 
shape, several genes have been isolated 
that promote cell expansion and when 
mutated change the size and shape of 
lateral organs. Several molecular genetic 
studies in leaf growth have shown that 
cell expansion occurs in a polar direction. 
ANGUSTIFOLIA (AN) promotes polar 
cell expansion in the leaf width direction 
while ROTUNDIFOLIA3 (ROT3) and 
the closely related CYP90D1 promotes 
polar cell expansion in the leaf length 
direction independently of AN.21-25 ROT3 
encodes a cytochrome P450 involved in 
brassinosteroid synthesis. LONGIFOLIA 
1 and 2 (LNG1 and LNG2) belong to a 
small family of novel plant proteins.26 
LNG1 and LNG2 are important regula-
tors of leaf growth by polar cell expansion. 
Interestingly, LNG1 and LNG2 promote 
longitudinal cell expansion independently 
of ROT3 however LNG1/2 and ROT3 
promote longitudinal cell expansion at 
the expense of transverse cell expansion 
(Fig. 1). CYP78A9, a member of the cyto-
chrome P450 CYP78A family promotes 
fruit cell expansion in a longitudinal direc-
tion.27 ATHB13 is a homeobox leucine 
zipper protein that regulates leaf expan-
sion by promoting transverse cell expan-
sion.28 Although individual growth genes 
have been identified, little is known about 
the interaction of these growth genes and 
the pathways that control overall organ 
size and shape. Our findings of a role for 
GOA, a transcription factor, controlling 
fruit size largely by regulating cell expan-
sion presents a starting point to investigate 
its function in conjunction with known 
cell expansion regulators.1 Intriguingly, 
overexpression of GOA deregulates cell 
expansion controlling genes such as 
LNG1, LNG2 and ROT3.1 Though per-
turbation in the level of these genes might 
reflect indirect regulatory action of GOA, 
the implication of ROT3 in brassinos-
teroid signaling makes it tempting to 
speculate that GOA controls fruit size via 
brassinosteroid signaling, at least in part. 

fruits have valve margin cells that develop 
in place of the replum due to the ectopic 
expression of SHP1/2. JAG and additional 
regulatory proteins activate both FUL and 
SHP1/2.12 Further genetic interaction of 
these regulators with GOA should eluci-
date the regulatory frame work of fruit size 
control via coordinated cell proliferation 
and cell expansion (Fig. 2). Such studies 
should further reveal how organ size con-
trolling mechanisms is linked to pattern-
ing and organogenesis.

Plant hormones likely act as morpho-
gens that play a crucial role in the final 
size and shape of an organ.18 Several 
genes have been isolated that regulate cell 

formation within the Arabidopsis fruit.12 
FRUITFULL (FUL) is important for the 
proper differentiation of the valve cells and 
repressing the valve margin identity genes 
SHATTERPROOF 1 and 2 (SHP1/2)13-15 
(Fig. 2). ful fruits are indehiscent and the 
valve cells are small and lignified due to 
the ectopic expression of SHP1/2. SHP1/2 
are valve margin identity genes and shp1 
shp2 double mutants are indehiscent due 
to a lack of lignification of the valve mar-
gin cells.15 INDEHISCENT (IND) is also 
important for valve margin identity and 
ind fruits are indehiscent.16 REPLUMLESS 
(RPL) is required for replum identity and 
repressing SHP1/2 in the replum.17 rpl 

Figure 1. The size of an organ is determined by cell proliferation and cell expansion. Many 
proteins have been identified in Arabidopsis that play a role in these processes, however, little is 
known about the regulatory networks that control these processes.

Figure 2. Patterning and growth during Arabidopsis fruit development. SHP1, SHP2, IND and 
ALC are necessary for patterning cells within the valve margin (vm). FUL represses the expres-
sion of these vm genes in the valves and RPL represses these vm genes in the replum. This sets 
up boundaries for patterning the various tissues of the fruit. JAG and other genes are necessary 
for proper FUL and vm gene expression. GOA represses fruit growth in the valves and FUL could 
repress GOA expression in the valves. Figure adapted from Dinneny et al. 2005.
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that some of TT16 expression domains 
should be distinct from that of GOA.9 In 
accordance we find some distinct puta-
tive cis—regulatory elements present in 
the promoter of GOA but not in TT16 
and vice versa (Fig. 3). These predictive 
analyses exemplify how duplicated genes 
could acquire new domains of expres-
sion. Although the functional validation 
and importance of putative cis-elements 
unique to the GOA promoter still need to 
be characterized, the presence of poten-
tial binding sites (HD motif PCPR2) for 
Arabidopsis homeodomain protein PRHA 
and the MYB2AT motif of Persimmon 
DkMyb4 provide a starting point for 
unraveling the network involved in the 
GOA mediated control of fruit size.30,31 
It would not be surprising if a combina-
tion of both, altered protein sequence and 
unique cis-regulatory sequences, are uti-
lized by Arabidopsis B-sister duplicated 
paralogs to deliver new regulatory roles in 
addition to their conserved function.
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