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ABSTRACT 
In dehiscent fruits, such as the silique of Arabidopsis, housed ripe seeds are dispersed into the surrounding environment through a process 
known as pod shattering. This seed-expelling process is a consequence of the partial and gradual dismantling of the silique architecture. 
The shattering occurs at a precise site in the silique (i.e. valve margins, made up of a separation layer and adjacent lignified layer) and 
involves a network of tightly regulated genes. Thus, (i) INDEHISCENT (IND) primarily directs the differentiation of the valve-margin 
cells into the separation and lignified layers; (ii) SHATTERPROOF (SHP1, SHP2), ALCATRAZ (ALC ) and IND directs the valve-margin 
identity and pod shattering; (iii) SHP, ALC, IND and FRUITFULL (FUL) are required for lignification of the most internal valve-cell 
layer (enb); (iv) REPLUMLESS (RPL) and FUL have been found to set the boundaries of the genes that confer valve-margin identity; (v) 
FUL acts primarily in the valve to restrict the expression of IND, SHP, and ALC to the valve margin, rather than by playing a major role 
itself in specifying valve identity; (vi) RPL maintains the replum boundary by restricting the expression of SHP to the valve margin; (vii) 
JAGGED (JAG), that promotes lateral organ growth, and YABBY3 (YAB3) and FILAMENTOUS FLOWER (FIL), which are both related to 
establishing abaxial polarity in lateral organs, are necessary for expression of FUL and SHP in the valve and valve margin, respectively; 
and (viii) RPL regulates SHP indirectly by restricting JAG and FIL expression from the replum. In this review, knowledge concerning the 
opening of Arabidopsis fruit is compared with other still less-known crucifer and non-crucifer species. 
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INTRODUCTION 
 
Brassicaceae is a large plant family (338 genera and 3,700 

species) of major scientific and economic importance (Bai-
ley et al. 2006). Brassica is the most economically impor-
tant genus of Brassicaceae. Several species of this genus 
have been cultivated from ancient times. Thus, canola (B. 
napus, B. rapa and B. juncea) has emerged as an important 
agricultural plant and is now the second largest oilseed crop 
with an annual worldwide production of 38 million tons of 
oil (Economic Research Service 2001). In addition to its 
widespread use in food preparation, it is also used as a bio-
fuel for transportation. A recent directive from the Euro-
pean Union aims to promote a step-wise substitution of 
conventional fuel, such as diesel and gasoline, by crop-de-
rived biofuels (European Parliament 2003), thereby drama-
tically increasing the demand for an efficient breeding pro-
gramme. B. juncea (Indian mustard) is becoming the oil-
seed crop of choice in both India and Australia as a result of 
its increased heat and drought tolerance in comparison with 
B. napus (Burton et al. 2003; Gupta et al. 2004). B. juncea 

can be also used in phytoremediation projects to clean up 
contaminated soils, as it is able to accumulate heavy metals 
more efficiently than other Brassica species (Epstein et al. 
1999; Clemente et al. 2005). 

Many plants have developed mechanisms to self-dis-
perse seeds by highly modifying their fruit structure. Our 
ancestors began domesticating crop plants by selecting 
grains and legumes that had reduced seed-shattering charac-
teristics. Thus, in the course of rice domestication, the arti-
ficial selection of non-shattering habit makes easy harvest 
and decreases harvest losses (Li et al. 2006). Brassica and 
Arabidopsis (both members of the Brassicaceae) are esti-
mated to have diverged approximately 20 million years ago 
(Yang et al. 1999). This close relationship is also reflected 
in their similar overall fruit morphologies. Arabidopsis and 
Brassica plants disperse their seeds by a pod-shattering me-
chanism known as fruit dehiscence. Fruit dehiscence or pod 
shattering results in the opening of a seed pod and in the 
dispersal of its seeds. The pod shatters in the premature 
shedding of seeds from siliques prior to and during harvest. 
This process effectively discloses the mature seeds, which 
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can then be released and scattered by rain or wind. There-
fore dehiscence is an effective way for plants to optimise 
the chances of survival for the following generations. How-
ever, unsynchronised pod shattering constitutes huge losses 
for canola farmers. It has been reported that 11-25% of har-
vests are lost as a result of unsynchronised maturation 
(Price et al. 1996), and losses of up to 50% have been esti-
mated in seasons when adverse weather conditions have de-
layed harvesting. Moreover, the prematurely released seeds 
fall to the ground where they germinate to become weeds 
(volunteers), hindering the crop rotation practice used by 
many farmers. In oilseed rape, pod shattering can cause a 
loss of up to 50% of the potential seed yield if harvesting is 
delayed by adverse conditions. Moreover, seeds that are 
shed and persist in the soil give rise to weed oilseed plants 
contaminating crops that are subsequently grown. These 
studies suggest that genetic strategies for controlling pod 
shattering could have global importance for canola farmers. 

Pod shattering is not an isolated problem for Arabidop-
sis and Brassica plants, but has been recognized in several 
other dry-fruited crop plants including such legumes as 
birdsfoot trefoil (Lotus corniculatus) (Grant 1996; García-
Díez and Steiner 2000), soybean (Philbrook and Oplinger 
1989), and sesame (Day 2000). The mechanism of silique 
opening has been studied in detail in Arabidopsis and Bras-
sica by means of microscopy and molecular biology tech-
niques (Spence et al. 1996; Ferrándiz et al. 1999; Patterson 
et al. 2001; Ferrándiz et al. 2002; Roberts et al. 2002; Din-
neny and Yanofsky 2005; Lewis et al. 2006). Data from de-
hiscence in Arabidopsis are helping to understand the pod-
shattering mechanism (Christiansen et al. 2002). However, 
it is still not clear whether the genes identified in legumes 
share equivalent functions with their counterparts in Arabi-
dopsis. 
 
SILIQUE DEVELOPMENTAL PATTERN IN 
OILSEED RAPE AND ARABIDOPSIS: 
STRUCTURAL ALTERATIONS 

 
A study of oilseed rape (B. napus) pods shows that the fruit 
is a bivalve silique (i.e. carpel houses two seed-containing 
valves separated by a pseudoseptum and a replar region) 
(Picart and Morgan, 1984). The silique architecture of this 
crucifer and its importance for pod shattering has also been 
described in detail (Morgan et al. 1998). Development of 
this pod is divided into three stages: (1) the first one (0-20 
days after anthesis, DAA), in which the silique reaches its 
maximum length and the two dehiscence zones (i.e. region 
1-3 cells wide that separates the vascular tissue from the 
valve edges) are distinguished at the carpel margins adja-
cent to the septum and runs the whole length of the silique 
(20 DAA) (Meakin and Roberts, 1990); (2) during the se-
cond stage (20-50 DAA), secondary cell wall (CW) mate-
rial is deposited in the walls of valve-edge cells, and the 
replum (pod framework which remains after the valves 
drop off) becomes progressively lignified (maximum of lig-
nification at 35 DAA) (Meakin and Roberts 1990); after 35 
DAA, the dehiscence zones are enclosed by thickened tis-
sues, and the cells exhibit a progressive reduction in both 
volume and organellar content, and from 40 DAA onwards 
CW degradation occurs in dehiscence zones, resulting in a 
loss in cellular cohesion (Petersen et al. 1996); and (3) the 
third developmental stage, from 50-70 DAA (third stage of 
development) the lignified cells undergo senescence (i.e. 
pods becomes desiccated, tensions in the silique wall 
caused primarily by the lignification of the endocarp cells 
surrounding the dehiscence zones are created, and the wea-
kened dehiscence zone CW eventually gives way, resulting 
in the shattering of the pod and release of the seeds) 
(Spence et al. 1996). In B. juncea lines that have a reduced 
tendency to shatter the endocarp layer (endb) is not com-
pletely lignified (Spence et al. 1996). Although the Arabi-
dopsis fruit structure is typical of several thousand species 
of Brassicaceae, including oil-seed crops such as canola, 
the replum morphology varies considerably (Brücker 2000). 

Thus, at the replum of Allairia petiolata of Cavara et 
Grande fruit is very large and protrudes from the fruit in a 
manner that is reminiscent of the ful mutant replum. In con-
trast, B. napus fruit forms a suture with no external replum 
where the valve margins come together in a V shape (Mea-
kin and Roberts 1990), which is reminiscent of the rpl-3 
mutant fruit. 

By contrast to oilseed rape, the female floral organ of A. 
thaliana (Fig. 1) was extensively studied. Thus, gynoecium 
is divided into four different parts: (a) the apex, a stigmatic 
tissue on which the pollen grain adheres and germinates; (b) 
the transmitting tract, a connecting apex-ovary tissue that 
exude sugars, proteins and signals that feed and guide the 
pollen tube to the ovules (Johnson and Preuss 2004); (c) the 
ovary, the longest part of gynoecium that houses the ovules; 
and (d) the gynophore, that attaches the ovary to the flower. 
While all of the tissue layers present in the mature silique 
are already formed in the gynoecium before fertilization 
(Spence et al. 1996; Vivian-Smith et al. 2001), tissues of the 
valve and valve margin region require as yet totally un-
known signals produced by post-fertilization processes to 
acquire their final differentiated state. That is, correct spatial 
regulation of where the dehiscence zone is drawn and when 
dehiscence occurs is crucial for successful seed dispersal. 
The signalling carried out by the housed seeds may be key 
in the pod-shattering process (Chaudhury et al. 1997; Viv-
ian-Smith et al. 2001). 

The general pattern of pod development in Arabidopsis 
is similar to that of oilseed rape, although the whole process 
occurs at a much faster rate (Ferrándiz et al. 1999). No dif-
ferences in silique dehiscence have been recorded within 
different ecotypes of Arabidopsis. In the Arabidopsis matu-
rating silique (Fig. 2), the valve consists of several cell 
layers (Spence et al. 1996; Vivian-Smith et al. 2001): (1) the 
outermost one (epidermic layer) has undifferentiated sto-
mata before fertilization; after fertilization, these stomatic 
apparatus end their differentiation, and the gas exchange is 
initiated; (2) under epidermic layer there are three cell lay-
ers that include photosynthetic cells which are transformed 

Fig. 1 General and transversal views of mature Arabidopsis fruit. WT 
silique (A) scanning electron micrograph of the apex and base of a mature 
WT of Arabidopsis, with the regions of the silique colorized as indicated. 
(B) Transverse section on a WT silique with the cell types colorized as in 
(A). (C) Close up of the valve margin region of the transverse section 
boxed in (B). Scale bars in (A) and (B) represent 200 �m, and in (C) 
represent 50 �m. Adapted from Liljegren et al. (2004). 
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after fertilization in auxiliary vascular strands; (3) the most-
internal cell layers are termed endocarp layer-b (enb) and 
endocarp layer-a (ena), respectively; whereas ena degene-
rates during silique maturation, enb is enriched in lignin. 
On the other hand, at the valve margins, two tissue layers 
differentiated into the dehiscence zone where the valves 
will separate from the replum. These cell layers are termed 
lignified and separation layer, respectively; the first one 
being continuous with the enb and will form the spring-like 
tension mechanism that drives the separation of the valves 
from replum during pod shattering (Spence et al. 1996). A 
separation process is considered an event that dissolves the 
adhesive substance (middle lamella) that holds plant cells 
together and/or that degrades their CW. Thus, dehiscence 
describes events that involve the release of an organ’s inter-
nal contents, such as when a fruit opens to scatter its seeds. 
During the dehiscence event, separation usually occurs in 
specialized, narrow bands of cells termed dehiscence zones. 
In Arabidopsis, the separation layer degenerates the middle 
lamella between adjacent CW and separate from each other 
during dehiscence, CW dismantling enzymes (i.e. polyga-
lacturonases) being involved (Petersen et al. 1996; Jenkins 
et al. 1999). A similar process where tensions in the pod 
and a zone of weakness contribute to pod dehiscence has 
also been described for other species, including sesame 
(Day 2000) and soybean (Tiwari and Bhatia 1995). 
 
ANATOMIC DIFFERENCES OF THE POD OPENING 
ZONE BETWEEN SOYBEAN AND CRUCIFERS 

 
Soybean, an ancient crop, has gained increasing impor-
tance as an inexpensive source of protein and edible oil in 
the past few decades. This fruit also undergoes shattering, 
this trait being highly dependent on the cultivar (Tiwari 
and Bhatnagar 1991). Anatomy of two-valvar soybean pod 
has been studied in detail (Esau 1977) and certain struc-
tures are important for resistance to shattering. Thus, 
length and thickness of the bundle cap as well as the thick-
ness of the pod wall have been found to correlate nega-
tively with shatter susceptibility (Tiwari and Bhatia 1995). 
As referred before, the problem of pod shattering has un-
doubtedly attracted the greatest attention in oilseed rape 
and in the model plant Arabidopsis. Soybean pods consist 

of a single carpel that encloses the central cavity where the 
seeds are housed. Each of the two sides of the pod, has a 
suture, the dorsal and ventral, where the pods open at matu-
rity (Fig. 3). Soybean pod opening zones (SPOZ) present a 
dehiscence zone beneath each suture. SPOZ are function-
ally equivalent to those found in crucifers but not exact co-
pies, as the ventral dehiscence zone does not span the entire 
pod wall. This fact corroborates the contention that pods 
have evolved from a single leaf where the leaf margins 
have merged at the dorsal suture, thus squeezing the seeds. 
Therefore the soybean ventral suture should be a remnant 
of the leaf midrib. In contrast, cruciferous siliques have 
evolved from two merging leaves. Likewise, whereas the 
parenchyma cells in the SPOZ are clearly distinguishable 
from the surrounding valve-edge cells by their morphology 
and CW, the dehiscence zone in crucifers at roughly the 
same stage are distinguishable only by their size (Meakin 
and Roberts 1990). The middle lamella has largely disap-
peared in the late stage of the dehiscence zone of the ma-
ture yellow pod, thereby weakening adhesion between the 
opposite edges of the valve. The valve-edge cells have all 
synthesised a large secondary CW, as opposed to the dehis-
cence-zone cells that have not. A remarkable difference 
with regard oilseed rape is that at the time of silique open-
ing, cells in the dehiscence zone are floating freely in the 
extracellular matrix with their primary wall severely thin-
ned (Petersen et al. 1996). Pod shattering usually commen-
ces on the dorsal side of the pod (Tiwari and Bhatia 1995). 
This is consistent with the feature that the ventral dehis-
cence zone does not span the mesocarp and therefore grea-
ter force is required to break open the pod on the ventral 
side than on the dorsal side where only the fibre cap cells 
connect the valve edges at maturity. In oilseed rape the de-
hiscence-zone cells, although stripped of most of their CW, 
remain viable and retain their size and shape even at the 
point of dehiscence. Pod opening in soybean is a conse-
quence of the weakening of the dorsal and ventral dehis-
cence zone combined with tension building up in the senes-
cing pod. For a extensive and comprehensive study related 
to the dehiscence zone in pod soybean, see Christiansen et 
al. (2002). 
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Fig. 2 Diagramatic view of the 
transverse cross section of mature 
silique of Arabidopsis and genetic 
pathway controlling its develop-
ment. The role of two set of genes 
and individual genes is described 
within the manuscript. 
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MUTATIONS THAT AFFECT SILIQUE OPENING 
 

In the recent years, a great number of genes involved in 
both development and disruption of silique have been 
isolated and studied in depth. Some of genes involved in 
dismantling of dehiscence zone of A. thaliana are included 
in Table 1. During the development of the gynoecium, the 
transcription factors SHATTERPROOF1 and 2 (SHP1 and 
SHP2; two MADS-box genes previously known as AGL1 
and AGL5 that share 87% identity at the amino-acid se-
quence level and show almost identical expression patterns 
in developing fruit) are expressed at the valve margin. The 
results of this expression appear to indicate that both genes 
may function both to specify the valve margin and to direct 
dehiscence-zone development in the mature fruit. The SHP 
mutants also deserve attention in that they provide an 
example of the importance of differentiation of unique 
cells within the region of cell separation. Although both 
single mutants have putative loss-of-function alleles, shp1-
1 and shp2-1, the fruit show no detectable differences from 
WT fruit (SHP1 and SHP2 are functionally redundant). 
However, shp1-1 shp2-1 double mutants have a striking 
phenotype, as the mature fruit is unable to shatter. Studies 
of shp1 shp2 fruits, and of plants constitutively expressing 
SHP1 and SHP2, show that these two genes control dehis-

cence-zone differentiation and promote the lignification of 
adjacent cells (Ferrándiz et al. 2000; Liljegren et al. 2000). 
In mature shp1 shp2 fruits, scanning electron reveals the 
absence of dehiscence zones whereas stain with phloroglu-
cinol a notable reduction in valve-margin-cell lignification 
was observed (Liljegren et al. 2000). On the other hand, the 
enhancer-trap marker line, YJ80, which is expressed in the 
valve margin, is still expressed at the apex of shp1 shp2 
fruits (Liljegren et al. 2004). All of these results suggest 
that SHP1 and SHP2 probably represent the top of the hier-
archy regulating dehiscence zone formation. 

FRUITFULL (FUL), which corresponds to the AGL8 
MADS-box transcription factor gene, is required for speci-
fying a valve development and valve-cell fate in the mature 
gynoecium (Gu et al. 1998; Liljegren et al. 1998, 2004). 
Probably, FUL acts to prevent style elongation in WT fruits. 
Thus, the ful mutant siliques cannot elongate after fertiliza-
tion and cell division, and the mesocarp cells lignify ectopi-
cally (Liljegren et al. 2000). That is, cells in the mesophyll 
tissue layers become lignified late in fruit development and 
are much smaller than in WT (Ferrándiz et al. 2000). Due 
to scant valve elongation, the small viable seeds are strong-
ly compacted into a reduced space. The inhibition of elon-
gation affects only valves since replum and septum cells 
continue to elongate. Mature ful siliques fail to dehisce nor-

Fig. 3 Representation of cruci-
ferous silique and soybean pod. 
(A) Cross-section of a silique. 
The encircled area is enlarged to 
visualize the area containing one 
of the dehiscence zone. (B) 
Cross-sections of soybean pods. 
The areas around the dorsal and 
ventral sutures are depicted and 
the dehiscence zones are enlarged 
for comparison with the silique. 
BC, bundle cap; C, carpel; DZ, 
dehiscence zone; FS, false sep-
tum; R, replum; FC, fibre cap 
cells. Adapted from Christiansen 
et al. (2002). 

Table 1 Summary of genes controlling gynoecium and fruit development in A. thaliana 
Gene name Role References 
AGAMOUS (AG) Regulates the identitiy of the carpels Dinneny et al. 2005 
ALCATRAZ (ALC) Contributes in the formation of a strip of labile nonlignified cells link with partly 

lignified valve and replum, with provide the tension for pod dehiscence 
Rajani and Sundaresan 2001 

FRUITFULL (FUL) Represses expression of the valve-margin identity genes in the valves; promotes 
the lignification of the enb layer 

Liljegren et al. 1998, 2004 

INDEHISCENT (IND) Controls the development of the valve-margin separation layer and lignified layer; 
promotes the lignification of the end layer 

Liljegren et al. 2004; Dinneny 
and Yanofsky 2005 

FILAMENTOUS FLOWER (FIL) Regulate the polarity of tissues in lateral organs Eshed et al. 2004 
JAGGED (JAG) Promotes the growth of tissues in lateral organs Ohno et al. 2004 
REPLUMLESS (RPL) Represses expression of valve-margin identity genes in the replum Roeder et al. 2003 
SEEDSTICK (STK) Controls cell expansion and division in the funiculus;essential for seed abscission Pinyopich et al. 2003 
SHATTERPROOF 1,2 (SHP 1,2) Act together to promotes valve-margin development through activation of IND 

and ALC expression; are essential for the lignification of the enb layer 
Liljegren et al. 2000, 2004 

YABBY3 (YAB3) Establish abaxial polarity in lateral organs Eshed et al. 2004 
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mally, most likely owing to the abnormal valve-replum 
boundary, so that the growing seeds press against both 
valves, rupturing them (Gu et al. 1998). Ful negatively re-
gulates the SHP genes in the valves, as the SHP genes be-
come ectopically expressed in the valves of ful loss-of-
function mutants. Thus, fruits from plants constitutively 
expressing FUL are indehiscent due to a complete lack of 
dehiscent differentiation with conversion of all cells into 
valve-cell identity (Ferrándiz et al. 2000). Recent results 
have led to the hypothesis that loss-of-function mutations 
in valve-margin-identify genes should rescue ful valve de-
velopment (Dinneny and Yanofsky 2005). 

INDEHISCENT (IND; formerly GT140), a basic helix-
loop-helix (bHLH) gene that is required for fruit dehis-
cence, is now known to be the primary factor that directs 
the differentiation of the valve margin into separation and 
lignified layers, since the ind mutation was able to rescue 
many aspects of the ful-mutant phenotype and could sup-
press the ectopic lignification of ful valves (Liljegren et al. 
2004; Dinneny and Yanofsky 2005). Thus, of all the mut-
ations that affect dehiscence, loss-of-IND function has the 
strongest effect on valve-margin development (i.e. mutant 
siliques lack the lignified patches at the valve margins and 
are unable to shatter). In strong alleles of ind, both the lig-
nified layer and separation layer are eliminated throughout 
the fruit. On the other hand, ALCATRAZ (ALC), which en-
codes a myc/bHLH transcription-factor gene, also controls 
fruit dehiscence in Arabidopsis (Liljegren et al. 2000; Raj-
ani and Sundaresan 2001; Liljegren et al. 2004). The alc 
mutation, which affects only a select set of valve-margin 
tissues, has a well-developed lignified layer but lacks sepa-
ration-layer tissues and lignified cells form a bridge be-
tween the enb layer and the vascular bundle of the replum, 
blocking valve detachment after middle lamella disintegra-
tion (Rajani and Sundaresan 2001). ALC is also ectopically 
expressed in the valves of ful mutants (Liljegren et al. 
2004). Removal of ALC activity in these mutants, however, 
does not abolish the ectopic valve lignification, even when 
combined with shp1,2, although fruit size is moderately 
rescued in ful alc shp1,2 mutants. The al ful double mu-
tants show a partial reduction of ful phenotypes in the 
valves, suggesting that ALC might be repressed by FUL in 
this tissue, in a similar way to that observed for the SHP 
genes or IND (Rajani and Sundaresan 2001). 

Thus far, genes controlling replum development have 
yet to be identified. Recently, the REPLUMLESS (RPL) 
gene was characterized in Arabidopsis (Roeder et al. 2003). 
RPL belongs to the BELL1 family of homeodomain trans-
cription factors (Becker et al. 2002). RPL encodes a ho-
meodomain protein that prevents replum cells from adop-
ting a valve-margin-cell fate by negatively regulating ex-
pression of the SHP1 and SHP2 genes. Both RPL and FUL 
are required to limit SHP1 and SHP2 expression to a nar-
row strip of cells so that the valve margin differentiates 
precisely at the valve/replum boundary. The double mutant 
termed rpl ful affects the plant architecture and appears to 
lack the replum, whereas the overall fruit morphology of 
the rpl-1 single mutant is similar to WT, except that the 
mutant fruits are about half as long as WT (Roeder et al. 
2003). As an extreme case (i.e. rpl-3 fruit), the valves ap-
pear to have encroached on the replum region. The SHP 
activity was removed by constructing the rpl-1 shp1 shp2 
triple mutant or ful rpl-1 shp1 shp2 quadruple mutant 
which possesses replum; replum restoration indicated that 
the ectopic expression of the SHP genes is largely respon-
sible for the loss of replum development in rpl mutants. 
Lastly, the dehiscence studies in rpl mutants suggest that 
one role for the outer replum is to prevent the valve-margin 
lignified layers from fusing together and inhibiting dehis-
cence (Roeder et al. 2003). 

A crucial aspect of fruit development that is not well 
understood is how the pattern of gene activities that control 
valve-margin formation is initially established. Recently, it 
was demonstrated that the Filamentous flower (FIL) and 
YABBY3 (YAB3) genes (two YABBY-family transcription 

factors), which regulate the polarity of tissues in lateral or-
gans (Eshed et al. 2004), are required to promote the ex-
pression of FUL and SHP in the valves and valve margin, 
respectively (Dinneny et al. 2005). The unrelated gene, 
JAGGED (JAG; a C2H2 zinc-finger transcription factor), 
which promotes the growth of tissues in lateral organs 
(Dinneny et al. 2004; Ohno et al. 2004), acts redundantly 
with FIL and YAB3 to promote the expression of FUL and 
SHP, with jag fil yab3 triple mutants lacking FUL and SHP 
expression in the valves or valve margins. In fil yab3 fruit, 
which is indehiscent, the expression of FUL is absent 
throughout the valves (Dinneny et al. 2005). On the other 
hand, it has been found that the expression of the floral 
homeotic gene, AGAMOUS (AG; member of monophyletic 
clade of MADS-box genes that includes SHP1, SHP2 and 
STK), which regulates the identity of the carpels, is unaf-
fected in fil yab3 mutants. This feature indicates that FIL/ 
YAB and AG represent independent pathways regulating 
FUL and SHP expression (Dinneny et al. 2005). Likewise, 
there are data to suggest that the activation of FUL and 
SHP expression may require different levels of FIL, YAB3 
and JAG activity (i.e. FUL expression is strongly affected 
in fil yab3 mutants, whereas SHP expression is lost in only 
part of the fruit). That is, FIL, YAB3 and JAG redundantly 
contribute to proper valve and valve-margin development 
by promoting the expression of FUL and SHP in a region-
specific manner (Lewis et al. 2006). Finally, replum forma-
tion is restored in jag-5D fruit by removing SHP activity, 
further demonstrating that RPL might indirectly regulate 
SHP by restricting JAG from the replum (Dinneny et al. 
2005). 

Once the silique opens, the attached seeds are released 
from funiculus. Recently, SEEDSTICK (STK), a MADS-
domain transcription factor closely related to SHP1 and 
SHP2, has been functionally characterized in Arabidopsis. 
The results point out that STK controls cell expansion and 
division in the funiculus (i.e. an umbilical-cord-like struc-
ture that connects the developing seed to the fruit), and is 
essential for seed abscission (Pinyopich et al. 2003). How-
ever, other gene signals appear to be involved in the abscis-
sion zone of higher plants (von Stackelberg et al. 2003). 
One candidate might be the gene product that is affected in 
a pea mutant, development funiculus (def): funiculi in def 
pods also lack seed abscission zones, preventing seed dis-
persal. The phenotype of stk loss-of-function mutants was 
studied in depth, and a failure of the seeds to be released 
from the mature fruits was observed as the most striking 
characteristic. The separation of abscission zone cells (loca-
ted immediately adjacent to the seed body in WT) fails to 
occur in stk fruit (Pinyopich et al. 2003). In rice plants, 
shattering habit has been shown to be controlled by the for-
mation of abscission layer, which occurs at the juncture be-
tween the sterile lemma and pedicel (Watanabe et al. 2003). 
By classical genetic analysis and molecular analysis, seve-
ral genes have been identified to control seed shattering in 
rice (Thomson et al. 2003). It has been speculated that two 
dominants genes located on chromosome 1 and 4, respec-
tively, may be important for seed shattering in rice (Cai and 
Morishima 2000). During abscission of seed in rice plant, 
the gene of chromosome 1 (qsh1) controls the formation of 
abscission layer at the base of sterile lemma; a mutant, g to 
t occurring in the regulatory region located 12kb away from 
qsh1, leads to the absence of abscission layer in japonica 
rice (Konishi et al. 2006). 
 
UPDATE ON FRUIT DEHISCENCE PROCESS IN 
BRASSICACEAE 

 
The fruit of Arabidopsis and Brassica (i.e. silique) are com-
posed of three major tissues: the replum, with its attached 
seeds; the valves, a protective ovary walls; and the valve 
margin (dehiscence zone), located between the replum and 
valves and constituted by a separation layer and an adjacent 
layer of lignified cells (Figs. 1, 2). The lignified and rigid 
cells of the margin valves together the enb, produce a ten-
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sion within the drying silique that contributes to an active 
fruit-opening process termed dehiscence (i.e. the valves 
detach from the replum, allowing the seed to be released). 
In recent years, substantial molecular and genetic evidence 
has been accumulated to identify the major genes control-
ling fruit dehiscence in Brassicaceae (Figs. 2, 4). At pre-
sent, it is known that: (i) SHATTERPROOF1 and 2 (SHP1 
and SHP2; two redundant MADS-box genes) act together 
to constitutively regulate valve-margin differentiation, con-
trol dehiscence zone differentiation and promote the ligni-
fication of adjacent cells, both genes being essential for 
normal pod dehiscence (Liljegren et al. 2000, 2004). (ii) 
INDEHISCENT (IND), a basic helix-loop-helix bHLH 
gene, primarily directs the differentiation of the valve-mar-
gin cells into the separation and lignified layers (Liljegren 
et al. 2004) (Fig. 4). (iii) IND, SHP1, SHP2 and ALCA-
TRAZ (ALC; contributes to the formation of a strip of labile 
nonlignified cells linked with partly lignified valve and 
replum, which provide the tension for pod dehiscence) 
control valve-margin identity and pod shattering (Liljegren 
et al. 2000; Rajani et al. 2001; Liljegren et al. 2004), and 
IND, SHP, ALC and FRUITFULL (FUL) are required for 
enb lignification (Liljegren et al. 2004) (Fig. 4). (iv) RE-
PLUMLESS (RPL), a transcription factor expressed in the 
replum (Roeder et al. 2003), and FUL have been found to 

set the boundaries of the genes that confer valve-margin 
identity. (v) FUL acts primarily in the valve to restrict the 
expression of IND, SHP, and ALC to the valve margin, 
rather than by playing a major role itself in specifying valve 
identity (Gu et al. 1998; Ferrándiz et al. 2000; Liljegren et 
al. 2004); that is, FUL negatively regulates the SHP genes 
in the valves, as the SHP genes become ectopically expres-
sed in the valves of full loss-of-function mutants (Dinneny 
and Yanofsky 2005). Conversely, fruits from plants consti-
tutively expressing FUL are dehiscent due to a complete 
lack of dehiscent-zone differentiation with conversion of all 
cells into a valve-cell identity (Ferrándiz et al. 2000). This 
phenotype in somewhat more severe than the shp1 and shp2 
phenotype, suggesting that FUL probably not only acts 
through SHP repression, but is also able to regulate other 
factors involved in dehiscence-zone cell-fate specifications; 
FUL’s main role in valve development is to suppress the 
expansion of valve-margin-identity gene expression within 
the valves (Dinneny and Yanofsky 2005). (vi) RPL main-
tains the replum boundary by restricting the expression of 
SHP to the valve margin (Roeder et al. 2003). (vii) JAG-
GED (JAG), which promotes lateral organ growth, and 
YABBY3 (YAB3) and FILAMENTOUS FLOWER (FIL), 
both related to establishing abaxial polarity in lateral organs, 
are necessary for expression of FUL and SHP in the valve 
and valve margin, respectively (Dinneny et al. 2005). (viii) 
RPL is known to regulate SHP indirectly by restricting JAG 
and FIL expression from the replum (Dinneny et al. 2005), 
and RPL gene is required to prevent the ectopic expression 
of valve-margin markers in the replum (Roeder et al. 
2003); that is, RPL is not directly required for replum for-
mation, but is instead required to prevent the expression of 
SHP in replum cells (Roeder et al. 2003). (ix) While FIL, 
YAB3 and JAG are expressed in both the valves and pre-
sumptive valve margin, FUL and SHP are expressed in mu-
tually exclusive domains in these tissues (Dinneny et al. 
2005). 

For growers of many oilseeds crops, such as canola 
(Brassica napus, B. rapa, and B. juncea), pod shattering 
still causes significant harvest losses (Price et al. 1996). Re-
cently, it has been demonstrated how studies of fruit patter-
ning and dehiscence in Arabidopsis can be applied to im-
prove the seed yields of important crops such as canola. Ec-
topic expression of FUL MADS-box gene is found to pre-
vent pod shattering in B. juncea, demonstrating that genetic 
interactions that control valve-margin development are con-
served between closely related plants (Østegard et al. 2006). 
When the FUL gene is constitutively expressed from 
CaMV 35S promotor, SHP expression is absent from the 
valve margin. Consequently, 35S::FUL fruit fail to dif-
ferentiate valve margins (Østegard et al. 2006) and in these 
shatter-resistant fruit the pod fails to open and the seeds are 
trapped inside. The overall similarity between Arabidopsis 
and Brassica suggests that similar genetic pathways may be 
responsible for fruit development in these species. On the 
other hand, CaMV 35S promotor was used to drive the ex-
pression of the Arabidopsis FUL gene in transgenic B. jun-
cea to test whether constitutive FUL expression could pre-
vent fruit opening as in Arabidopsis. The expression of 
FUL resulted in shatter-resistant fruit with seed trapped in-
side the pods (Østegard et al. 2006). In 35S::FUL Arabi-
dopsis plants, early flowering, terminal flowers, and in-
creased seed weight were reported, in addition to the inde-
hiscent fruit (Ferrándiz et al. 2000). Early flowering was 
also shown in 35S::MADSB transgenic oilseed rape plants 
(Chandler et al. 2005). Likewise, several loci that regulate 
seed shattering in crop plants (e.g. Sht1 and Sh1 in buck-
wheat and sorghum, respectively) have been gradually 
known (Matsui et al. 2004). Finally, the B. juncea ortho-
logue of the Arabidopsis SHP1 (BjSHP1) gene was ex-
pressed in narrow strips at the margin, and in developing 
ovules. As expected, valve margin expression of BjSHP1 
could not be detected in the 35S::FUL 1 and 35S::FUL 2 
transgenic lines (Østegard et al. 2006). However, the ex-
pression of BjSHP1 was still detected in the ovules of these 

Fig. 4 Setting the silique valve margin in Arabidopsis. A model of the 
regulatory network specifying valve margin development (A) and a 
model for the regulation of the valve lignified layer (B). Representation 
of WT, ind, ind alc shp1 shp2, and ind alc shp1 shp2 ful fruit cross-sec-
tions depicting the replum (red), valves (green), lignified margin layer 
and lignified valve layer (magenta), and separation layer of the margin 
(black). Adapted from Liljegren et al. (2004). 
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transgenic lines, as previously reported for Arabidopsis 
(Ferrándiz et al. 2000), indicating that FUL is not suffici-
ent to repress SHP1 expression in ovules. That is, ectopic 
expression of FUL in B. juncea is sufficient to negatively 
regulate BjSHP1 expression in the valve margin and inhibit 
valve-margin differentiation. These data suggest that a si-
milar mechanism of gene regulation is used to control pod 
shattering in Arabidopsis, B. juncea, and, most likely, in 
other Brassica species. 
 
IS ETHYLENE INVOLVED IN SILIQUE 
DISMANTLING? 

 
During the pod-shattering process all of the cells of the de-
hiscence zone undergo CW breakdown at approximately 
the same time. Likewise, pod shattering occurs at the same 
time as seed abscission. For this to occur, there must be 
some trigger that starts the process of separation, and the 
same signal or a second one may coordinate the events that 
result in pod shattering. However, little data are available 
to confirm this supposition. Unlike abscission (González-
Carranza et al. 1998), there is little evidence to suggest that 
ethylene (ET) acts as a regulator of pod-shattering. For 
example, in A. thaliana, with a non-functional ET receptor 
(i.e. etr1), there was a normal time course of valve separa-
tion (Roberts et al. 2002). As an attractive hypothesis, the 
ET produced from housed seeds should trigger pod-dehis-
cence. Thus, mustard and canola seeds produce significant 
amounts of ET during embryogenesis, specifically in the 
early pre-desiccation stages (Child et al. 1998). However, 
the role of valves in controlling the ET production from 
seeds and the capacity of their own valves to produce it, is 
at present unknown. In parthenocarpic siliques of B. napus 
the peak in ET occurs 20 days later than that observed in 
seeded pods (Child et al. 1998), whereas dehiscence is de-
layed only in the former compared to the latter by a few 
days. On the other hand, the inhibition of ET synthesis by 
the addition of aminoethoxyvinylglycine (inhibitor of 
ACC-synthase activity) to pods of B. napus has a weak ef-
fect on the timing of pod dehiscence (Child et al. 1998). 
Recently, Matilla’s group demonstrated that when the si-
lique wall and housed seeds of Brassica rapa cv. ‘Rapa’ 
tend to turn yellow, the last step of ET biosynthesis is 
strongly inhibited, so much so that ACC-oxidase activity is 
undetectable during the two last phases of desiccation (Ro-
dríguez-Gacio and Matilla 2001). Likewise, the expression 
of BrACO1 gene was undetectable in both silique-wall and 
housed seeds during desiccation (Rodríguez-Gacio et al. 
2004). On the other side, due to the similarities between 
valve separation and abscission process (Roberts et al. 
2002), it was also proposed that ABA could be involved in 
shattering in crucifers (Ferrándiz 2002). At the desiccation 
phase of silique valves of B. rapa cv. ‘Rapa’ a major peak 
of free-ABA was detected (Puga-Hermida et al. 2003). 
 
FUTURE PERPECTIVES OF SHATTERING 
 
The gynoecium, constituted by many different cell types 
(Fig. 1) and controlled by complex genetic interactions 
(Figs. 2, 4), is perhaps the most complex organ structure in 
higher plants (Scutt et al. 2006). The process of pod-shatter 
requires a patterning mechanism to draw a dehiscence line 
in the ovary. The dehiscence process in mature fruits of the 
Brassicaceae family is perhaps one of the latest important 
steps of gynoecium development, since the seed dispersal is 
involved. In-depth knowledge of this process will provide 
tools to engineer shatter-resistant seed pods to prevent crop 
loss in plants of agronomic importance. Brassica species 
are closely related to Arabidopsis and represent ideal candi-
dates for model-to-crop approaches as they include impor-
tant crop plants, such as canola. Although the pod-shat-
tering mechanism is an advantage in nature, unsynchro-
nised pod-shatter constitutes one of the biggest problems 
for canola farmers. Several strategies for breeding crops 
with a reduced capacity to shatter are currently underway. B. 

napus displays little variation in resistance to shattering be-
tween current cultivars; however, resistant lines have been 
found within the crop’s diploid parents (B. oleraceae and B. 
rapa). Synthetic B. napus lines have been generated from 
different lines of B. oleraceae and B. rapa, and these show 
increased variation in pod-shattering susceptibility (Morgan 
et al. 1998). These synthetic lines, however, contain many 
agronomically deleterious traits that make them unsuitable 
as cultivars (Morgan et al. 1998). Intergeneric crosses be-
tween B. napus and Sinapis alba (yellow mustard) are also 
being generated, in an attempt to transfer a number of bene-
ficial agronomic traits to oilseed rape, including resistance 
to drought stress as well as pod shattering (Brown et al. 
1997). As with B. napus, there is little variation in pod-shat-
tering resistance among individuals of birdsfoot trefoil 
(Lotus corniculatus), and breeding to reduce shatter through 
recurrent selection has been unsuccessful (Grant 1996). At 
present, attempts are being made to transfer the indehiscent 
seed-pod trait from distantly related species (e.g. interspe-
cific somatic hybridisation) (Grant 1996). In soybean, stu-
dies are currently underway to identify QTL that confers re-
sistance to pod dehiscence (Bayley et al. 1997). Five po-
tentially independent RFLP markers were associated with 
pod dehiscence, one of which accounted for 44% of the var-
iation in shatter. In sesame the only varieties with high seed 
retention are those that are homozygous for the recessive 
indehiscent gene (id) (Day 2000). 

As described above in detail, notable advances on fruit 
dehiscence were carried out over the past two years. With 
this new understanding of the genes that control dehiscence, 
it may be possible to modify crops to inhibit pod shattering 
and prevent such heavy seed loss, particularly under adverse 
weather conditions. For example, the FUL key role during 
Arabidopsis silique opening was indefectibly demonstrated 
(Dinneny et al. 2005; Lewis et al. 2006). The first success-
ful attempt to transfer FUL MADS-box gene from Arabi-
dopsis into B. juncea was carried out by Yanofsky’s group 
(Østegard et al. 2006). Ectopic expression of the FUL gene 
in B. juncea leads to a lack of valve-margin specification in 
the fruit and, consequently, to a failure in fruit opening. 
Likewise, it was also confirmed that the genetic pathway for 
dehiscence-zone development is regulated similarly in Ara-
bidopsis and Brassica (e.g. canola). If this strategy is con-
firmed, it should also be applicable for controlling pod-
shatter in other important Brassica crop species, and sets the 
direction for future work in this field. In addition, valve-
margin-identity genes could also be used to identify and 
characterize naturally occurring genetic variation in the 
form of QTL affecting dehiscence. Since completely inde-
hiscent fruit present their own problems, making seed har-
vesting more difficult, QTLs of moderate effect may repre-
sent more useful tools for fine tuning the dehiscence process. 

Once a set of genes belonging to valve margins were 
identified in Arabidopsis, the future work should be the 
functional analysis of those transcripts (Somerville et al. 
2004; Yong et al. 2005). The knowledge emerging from 
these studies should be applied to plants with high agrono-
mic interest (e.g. canola and rice). Quantitative genetics and 
genome analysis are also being used to characterize loci that 
regular seed shattering in crop plants, such as Sh1 in sorg-
hum and Sht1 in buckwheat (Paterson et al. 1995; Matsui et 
al. 2004). Likewise, it was recently demonstrated that seed 
shattering in rice is controlled by a single dominant gene, 
Shattering1 (SHA1), and that g237t mutation in SHA1 ac-
counts for the elimination of seed shattering (Lin et al. 
2006). Lin et al. (2006) demonstrated that SH4, an allelic 
gene of SHA1 (98% amino acid identity), is involved in abs-
cission-layer development. Consequently, understanding the 
molecular basis of the non-shattering grains grown today 
will be particularly satisfying, as they underlie some of the 
first traits incorporated by our ancestors into their crops. 

Although knowledge on ET signalling has advanced 
considerably in the third millennium (de la Torre et al. 
2006), almost nothing has been discovered concerning the 
implications of the action mechanism of ET during the pod-
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shattering process. If it is inequivocally demonstrated that 
ET is a hormonal signal related to the dismantling of the si-
lique, then it will be possible to make a precise and tho-
rough study of the protein factors directly involved. Poly-
galacturonases and other enzymes that hydrolyse the struc-
ture of the CW should be carefully analysed, both molecu-
larly and biochemically, in relation to the mutants described 
in this review. Several previous studies made in the last 
decade (Jenkins et al. 1996; Petersen et al. 1996; Sander et 
al. 1996; Jenkins et al. 1999; Whitelaw et al. 1999; Sander 
et al. 2001; Christiansen et al. 2002; Roberts et al. 2002; 
Rodríguez-Gacio et al. 2004) will no doubt serve as the ba-
sis for beginning to decipher the complex puzzle that cons-
titutes the dismantling of such a complex structure as the 
dehiscent fruit. 
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