
 

 

ABSTRACT 

SEHRA, BHUPINDER. Transcriptional Regulatory Logic of Valve Margin Patterning in 

Arabidopsis (Under the direction of Robert G. Franks.) 

 

 

In flowering plants the gynoecium (seedpod) is critical for reproductive success. The mature 

seedpod protects the seeds until maturation and dehiscence (pod shatter) occurs allowing for 

seed dispersal. The valve margin (VM) undergoes a specific developmental program to form 

the dehiscence zone (DZ), longitudinal furrows in the walls of the seedpod containing 

lignified and cell separation layers, which are required for pod shatter. The MADS-domain 

containing protein paralogs SHATTERPROOF1 (SHP1) and SHATTERPROOF2 (SHP2) are 

essential for VM and DZ formation. This is evidenced by the loss of VM formation and the 

indehiscent phenotype of the shp1 shp2 double mutant seed pod. During VM development 

SHP2 expression within the lateral domains of the gynoecium is repressed by MADS protein 

FRUITFULL (FUL) expressed in the valve and BELL-like homeodomain protein 

REPLUMLESS (RPL) expressed in the replum. 

 

Phylogenetic analysis of the SHP2 promoter-enhancer highlights regions of high sequence 

similarity: a 1kb region and 700bp enhancer region. Detailed analysis indicates a previously 

identified 2.2kb region upstream from the SHP2 translation start site (TSS) provides early 

SHP2 reporter expression in the medial portion of the gynoecium, VM and DZ expression. A 

1kb region upstream from the SHP2 TSS and a 700bp both provide VM and DZ expression 

highlighting two independent cis-regulatory modules that provide VM and DZ expression. 

Three closely positioned MADS proteins binding sites (CArG boxes) are located within the 

1kb region. Functional analysis of these binding sites by mutagenesis in the context of the 



 

 

2.2kb reporter results in a moderate de-repression of SHP2 within the valve domain, 

suggesting a role for these CArG boxes in SHP2 repression. Crossing this CArG box-

deficient reporter into a ful mutant background produces significant additional 

de-repression of the reporter. This action of FUL on the CArG-box deficient reporter 

suggests that either additional non-consensus CArG boxes can be used to mediate FUL 

repression of SHP2 or that the repression of SHP2 by FUL is in part CArG box independent. 

 

We have also identified a cluster of GA-rich regions (GAGA elements) within 1kb of the 

translation start site, which may be potential binding sites for BASIC PENTACYSTEINE 

PROTEINS (BPC), a family of transcription factors that have been shown to transcriptionally 

repress SEEDSTICK (STK), a paralog of SHP2. Mutagenesis of specific GAGA elements in 

the context of 2.2kb reporter produced no change in expression in planta when compared to 

an unmutagenized version of the reporter, suggesting redundant elements may function in 

place of the mutated GAGA elements. The 2.2kb and 1kb SHP2 reporters in bpc1-1 bpc2 

bpc3-1 triple mutants gave consistently weak VM expression, unlike the expression observed 

in a WT background. The effects of loss of BPC activity on the SHP2 reporter expression 

suggests that additional regulatory mechanisms may be affecting SHP2 expression in the 

bpc1-1 bpc2 bpc3-1 mutant background. We also describe ongoing efforts to functionally 

analyze three regions of high sequence similarity identified from phylogenetic 

analysis of the SHP2 5ô regulatory region.  
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CHAPTER 1: LITERATURE REVIEW  

 

 

Transcriptional control of fruit patterning  

Pattern formation during the development of biological organisms involves the generation of 

complex organizations of cell fates in a spatio-temporal context. Patterning at the cellular, 

tissue and organ scale in multicellular organisms is influenced by the activities of gene 

regulatory networks, which respond to positional cues and influence cell fate and cell identity 

in space and time. The activities of these gene regulatory networks change over 

developmental time as the organism progresses through different life stages or phases. Most 

multi-cellular organisms undergo several developmental phase changes over the progression 

from embryonic, to juvenile and adult state. The phase change occurs at key points governed 

by developmental switches: regulatory mechanisms that consolidate past and present cellular 

information, environmental cues and the genotype of the organism to progress through a 

development path. In plants each developmental stage switch differentially triggers 

multipotent cells within specialized meristematic regions to differentiate into new cell types 

and organs. One of the most important stages of development in angiosperms (flowering 

plants) is the transition to flowering and consequent production of the male and female 

reproductive structures.  

 

The model organism, Arabidopsis thaliana produces flowers that consist of four concentric 

rings of organs (whorls) comprised of sepals, petals, stamens and carpels from outer to inner 

whorls. This is the general floral architecture of most core-eudicots, of which Arabidopsis is 

a member, making up around 70% of extant angiosperms (Drinnan et al., 1994).  

https://paperpile.com/c/FaMrfD/tlUL
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The outermost organs, sepals and petals, form the perianth: sterile organs that protect pre-

anthesis stamens and carpel, while the petals may serve to attract pollinators to post-anthesis 

flowers. The stamens are the site of male gametophyte (pollen) development.  Carpels form 

within the innermost whorl and generate the gynoecium. The gynoecium is a complex 

structure with various functional domains that work in concert to nurture and protect the 

ovules and seeds. The gynoecium generates the female gametophyte that contains the egg 

cell which will become the embryo upon fertilization. The Arabidopsis gynoecium is 

comprised of two congenitally fused carpels. The sites of carpel fusion coincide with the 

development of the medial meristematic ridges, from which ovules and other medially 

derived structures required for reproductive competence are formed (i.e. the placenta, 

septum, transmitting tract, replum, stigma and style)(Reyes-Olalde et al., 2013). 

https://paperpile.com/c/FaMrfD/GksV
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Figure 1: Development of the gynoecium during floral development  
 

Reproduced from (Reyes-Olalde et al., 2013 (used with permission)  

Panel A-B: Scanning electron microscopy images of Arabidopsis thaliana (Landsberg erecta ecotype) gynoecia 

from stages 7 to 13. Panels C-J: transverse cross-sections of gynoecia, stages 6-13. Cross-sections are stained 

with neutral red to highlight cell walls. Alcian blue stains acidic polysaccharides, a key component of the extra- 

cellular matrix within the transmitting tract. 

 

Development of the gynoecium in Arabidopsis has been previously characterized and 

reviewed (Smyth et al., 1990; Sessions and Zambryski, 1997; Bowman et al., 1999; Balanza 

et al., 2006; Ostergaard, 2009; Seymour et al., 2013). Gynoecial growth is initiated at floral 

stage 6 (stages according to (Smyth et al., 1990) after sepal, petal and stamen primordia have 

arisen sequentially from the peripheral regions of the floral meristem. The gynoecium arises 

from the central dome of the floral meristem as a ring of cells (Figure 1C). At this stage 

https://paperpile.com/c/FaMrfD/GksV
https://paperpile.com/c/FaMrfD/khN1+vUU5+E5Uj+e8YO+ESKn+8C60
https://paperpile.com/c/FaMrfD/khN1+vUU5+E5Uj+e8YO+ESKn+8C60
https://paperpile.com/c/FaMrfD/khN1
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medial and lateral domains, as well as inner (adaxial) and outer (abaxial) tissues are already 

distinguishable (Bowman et al., 1999). Abaxial and lateral markers CRABS CLAW (CRC) 

and FILAMENTOUS FLOWER (FIL) are expressed in the lateral domains  (Bowman and 

Smyth, 1999; Sawa et al., 1999a; Siegfried et al., 1999), while the meristematic marker 

SHOOTMERISTEMLESS (STM) and early medial marker SHATTERPROOF2 (SHP2) are 

expressed in the medial domain at this stage (Savidge et al., 1995; Larsson et al., 2013; 

Villarino et al., 2016; Scofield et al., 2007).  The plant hormone auxin plays an important 

role in the early patterning of the gynoecium and this aspect of gynoecial development is 

reviewed in Appendix 1 of this thesis and previously has been published as a review article 

(Sehra and Franks, 2015). 

 

The gynoecium elongates along the perimeter to form a hollow tube with an oval cross 

section at stage 7 (Figure 1A). Cells in the medial domain proliferate along the two medial 

ridges and develop adaxially within the gynoecium making contact with each other in the 

center of the gynoecial cylinder (Figure 1D-E). These medial domain cells are the 

progenitors of the ovules and other medial derived structures (placenta, septum, transmitting 

tract, replum, style and stigma). By stage 10, patterning along the apical-basal axis of the 

gynoecium is morphologically visible. The apex of the gynoecial tube fuses and the style as 

well as the stigmatic tissue begin to development at apical positions by stage 11 (Figure 1A). 

There is also patterning along the medio-lateral axis. The abaxial (outer) portions of the 

medial domain develop into the replum, while the lateral domains develop into the valves, or 

walls of the ovary (Figure 1B).  

https://paperpile.com/c/FaMrfD/E5Uj
https://paperpile.com/c/FaMrfD/c7pC+X2L9+Xyz1
https://paperpile.com/c/FaMrfD/c7pC+X2L9+Xyz1
https://paperpile.com/c/FaMrfD/yP2B+GkDc+XmcU+YcbJ
https://paperpile.com/c/FaMrfD/yP2B+GkDc+XmcU+YcbJ
https://paperpile.com/c/FaMrfD/3TST
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The cells of the valve margins (VM) located between the valves and replum, undergo a 

particular developmental program to differentiate into the dehiscence zone (DZ), enabling the 

seedpod to fracture along the VMs and for seed dispersal to occur. By floral stage 12 the 

gynoecium is mature and able to accept pollen (Figure 1A). At maturity the majority of the 

gynoecium is comprised of the ovary, which is internally bisected by the septum into two 

locules with files of ovules in each locule (Figure 1B) 

 

Patterning along the medio-lateral axis of the mature seedpod involves the development of 

valves, VM and replum tissue. (Figure 1J). The valves protect the seeds during their 

development and detach after maturation to promote seed dispersal through dehiscence (pod 

shatter). The replum is medially derived and separates the two valves as a medio-lateral ridge 

flanked by the VMs (Alonso-Cantabrana et al., 2007; Roeder et al., 2003).  The VMs are two 

longitudinal furrows, only a few cells thick that lie between the valves and replum. Cells 

within the VM undergo a specific developmental program after pollination from stages 14 to 

17 (van Gelderen et al., 2016) to form the DZ, comprised of two cell layers with distinct cell 

types that facilitate valve detachment and consequently dehiscence (Figure 1B, J). The first 

layer of the DZ is a separation layer (SL), which forms adjacent to the replum allowing cell-

cell separation through the secretion of hydrolytic enzymes that disintegrate the middle 

lamella between cells (Jenkins, 1999; Peterson, 1996; Meakin and Roberts, 1990) (Figure 2). 

The second layer, a lignified layer (LL), forms adjacent to the valve and is immediately 

adjacent to a second lignified layer present in the inner walls of the valves known as the 

lignified endocarp or endocarp layer b (enb). These tissues work in concert to provide the 

tension needed for mechanical separation of the valves (Spence et al., 1996). 

https://paperpile.com/c/FaMrfD/dIUf+RsW9
https://paperpile.com/c/FaMrfD/C8PV
https://paperpile.com/c/FaMrfD/QIUr
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Transcriptional control of valve margin development during fruit patterning 

 

Fruit patterning along the medio-lateral axis of the Arabidopsis fruit results in the 

specification of three tissue types: valve, VM and replum.  The known gene regulatory 

network involved in fruit patterning along the medio-lateral axis is outlined in Figure 2 

(Chávez Montes et al., 2015). MADS box proteins FRUITFUL (FUL), as well as 

SHATTERPROOF1 (SHP1), SHATTERPROOF2 (SHP2) (together referred to here as 

SHP)  and BELL-like homeodomain (BLH) protein REPLUMLESS (RPL) (also known as 

PENNYWISE, BELLRINGER and VAMANA) play key roles in fruit patterning by specifying 

valve, VM and replum tissue, respectively (Gu et al., 1998; Liljegren et al., 2000; Ferrándiz 

et al., 2000; Roeder et al., 2003; Liljegren et al., 2004). FUL and SHP belong to the MADS-

box family of transcription factors (MCM1 from Saccharomyces cerevisiae, AGAMOUS 

from Arabidopsis thaliana, DEFICIENS from Antirrhinum majus, SRF from Homo sapiens). 

FUL and SHP are examples of Class II or MIKC-type MADS proteins, which have become 

highly diversified in land plants and include the well characterized floral homeotic proteins 

(Münster et al., 1997; Alvarez-Buylla et al., 2000). Chapter 2 provides a more detailed 

discussion of the characteristics of MIKC clade of MADS proteins and the DNA binding 

motifs or óCArG boxesô which MADS proteins like FUL and SHP bind to and act through 

(Tang and Perry, 2003; de Folter and Angenent, 2006). 

 

 

https://paperpile.com/c/FaMrfD/Kx2i
https://paperpile.com/c/FaMrfD/r7X2y+iHrIW+lI6V+RsW9+DkTd
https://paperpile.com/c/FaMrfD/r7X2y+iHrIW+lI6V+RsW9+DkTd
https://paperpile.com/c/FaMrfD/82Tx+WEvf
https://paperpile.com/c/FaMrfD/gUsC+xCKD
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Figure 2: Known gene regulatory networks of fruit patterning in Arabidopsis 

 

Known genes that specify valve (blue), valve margin/VM (dark green) and replum domains (red): 

ASYMMETRIC LEAVES 1/2, (AS1/2), JAGGED (JAG), FILAMENTOUS FLOWER (FIL); YABBY3 (YAB3), 

FRUITFULL, (FUL) specify the valve; REPLUMLESS (RPL),  BREVIPEDICELLUS (BP), WUSHCEL-LIKE 

HOMEOBOX 13 (WOX13), NO TRANSMITTING TRACT (NTT) and SHOOT MERISTEMLESS (STM) specify 

replum growth; SHATTERPROOF 1/2 (SHP1/2) and INDEHISCENT (IND) are required for VM development; 

ALCATRAZ (ALC),  and SPATULA (SPT) specify the SL and LL. APETALA 2 (AP2) is involved in the 

specification of both VM and replum domains, and is expressed in both tissues. Expression gradients of valve-

promoting FILAMENTOUS FLOWER (FIL), JAGGED (JAG) and YABBY3 (YAB3) and replum-promoting 

factors (BP, RPL, NTT, WOX13, STM) patterning the valve, VM and replum domains. VM tissue forms in a 

region of overlap where both valve promoting- and replum promoting factors are expressed. SL = separation 

layer; LL = lignified layer.  

 

The SHP1 and SHP2 paralogs lie at the top of a transcriptional cascade which is critical for 

VM differentiation and the subsequent formation of the LL and SL that constitute the 

DZ.  shp1 shp2 double mutants lack a DZ and seedpods fail to dehisce, while single mutants 

produce no phenotype suggesting that SHP1 and SHP2 function redundantly in VM 

development (Gu et al., 1998; Liljegren et al., 2000). SHP1 and SHP2 also share similar 

https://paperpile.com/c/FaMrfD/r7X2y+iHrIW
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expression domains, including expression within the developing VM, and also share 87% 

sequence similarity at the amino acid level (Ma et al., 1991; Flanagan et al., 1996; Savidge et 

al., 1995). Due to the redundancy between these two proteins, much of the functional and 

expression analysis has focused on SHP2.  

 

FUL and RPL repress SHP2 expression in valve and replum domains, respectively, and 

confine the expression of SHP2 to the valve margin 

 

SHP2 expression is confined to the valve margin by repression in the valve by FUL 

(Ferrándiz et al., 2000). In addition to functioning directly or indirectly as a repressor of 

SHP2, FUL is involved in valve identity specification and fruit/valve elongation (Liljegren et 

al., 2000, 2004; Gu et al., 1998; Ferrándiz et al., 2000). Strong loss-of-function mutant alleles 

such as ful-1 or ful-2 exhibit ectopic pSHP2::GUS expression in the valves and the valves 

appear lignified and adopt a valve margin identity (Gu et al., 1998; Ferrandiz et al., 2000). 

However, ectopic lignification is still observed in shp1 shp2 ful seedpods indicating that 

ectopic SHP activity is not solely responsible for this phenotype in ful mutants (Ferrandiz et 

al., 2000).  Conversely overexpression of FUL, via a 35S::FUL expression construct, mimics 

a shp1 shp2 double mutant resulting in the loss of the DZ formation and loss of SHP2::GUS 

expression (Ferrandiz et al., 2000). The repression between FUL and SHP2 is unidirectional 

as ectopic FUL is not observed in the VM in shp1 shp2 double mutants, nor is expression 

from a FUL GUS enhancer trap line diminished in a 35S::SHP2 overexpression line 

(Ferrandiz et al., 2000).  

 

Repression of SHP2 expression in the replum is mediated by RPL, which also functions to 

specify replum tissue identity (Roeder et al., 2003); Liliegren et al., 2004). In severe rpl-3 

https://paperpile.com/c/FaMrfD/Ozv1+qXW1+yP2B
https://paperpile.com/c/FaMrfD/Ozv1+qXW1+yP2B
https://paperpile.com/c/FaMrfD/lI6V
https://paperpile.com/c/FaMrfD/iHrIW+DkTd+r7X2y+lI6V
https://paperpile.com/c/FaMrfD/iHrIW+DkTd+r7X2y+lI6V
https://paperpile.com/c/FaMrfD/RsW9
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mutants, the VMs fuse into a stripe of tissue a few cells thick in place of the replum and 

ectopic pSHP2::GUS reporter expression is present in this region (Roeder et al., 2003) 

suggesting the conversion of the replum fate to a SHP2-expressing VM fate.  

 

VM fate specification requires that SHP paralogs activate the basic helix-loop-helix 

transcription factors INDEHISCENT (IND) and ALCATRAZ (ALC).  IND specifies both the 

LL and SL while ALC redundantly regulates SL specification in the VM together with 

SPATULA (SPT) (Rajani and Sundaresan, 2001; Liljegren et al., 2004; Girin et al., 2011; 

Groszmann et al., 2011). In addition to repressing SHP in the valve, FUL also represses IND, 

ALC and SPT in the valve confining the expression of these genes to the VM (Ferrándiz et 

al., 2000; Rajani and Sundaresan, 2001; Liljegren et al., 2004). While SHP promotes IND 

expression, an IND specific reporter is still weakly expressed in shp1 shp2 ful triple mutants, 

indicating that IND may have other activators in addition to SHP1 and SHP2 (Ferrandiz et 

al., 2000). 

 

Valve promoting ñlateral factorsò and replum promoting ñmedial factorsò act 

antagonistically to position the valve, valve margin and replum fates 

 

Positioning and morphology of valve, VM and replum domains involves antagonistic 

activities between valve-promoting or lateral factors and replum-promoting or 

ómeristematic/medial factorsô (Hepworth and Pautot, 2015; González-Reig et al., 2012; 

Alonso-Cantabrana et al., 2007). Concentration of valve-promoting factors is highest in the 

valve and lowest in the replum; replum-promoting factors are highest in the replum and 

medial domain and lowest in the valves (2). VM promoting factors like SHP are expressed in 

https://paperpile.com/c/FaMrfD/RsW9
https://paperpile.com/c/FaMrfD/AjJi+DkTd+CUv8+RdPS
https://paperpile.com/c/FaMrfD/AjJi+DkTd+CUv8+RdPS
https://paperpile.com/c/FaMrfD/lI6V+AjJi+DkTd
https://paperpile.com/c/FaMrfD/lI6V+AjJi+DkTd
https://paperpile.com/c/FaMrfD/FLHm+wdSJ+dIUf
https://paperpile.com/c/FaMrfD/FLHm+wdSJ+dIUf
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a narrow territory where both valve- and replum- promoting factors are expressed (Dinneny 

et al., 2005; Alonso-Cantabrana et al., 2007; González-Reig et al., 2012) (Figure 2).  

 

SHP is mainly promoted in the VM by the lateral/abaxial factors FILAMENTOUS FLOWER 

(FIL) (Chen et al., 1999; Sawa et al., 1999a, 1999b), YABBY3 (YAB3) (Siegfried et al., 1999) 

and C2H2 zinc finger protein JAGGED (JAG) (Dinneny et al., 2004). Dinneny et al. propose 

a model where by FIL, JAG and YAB3 (referred to hereafter as FIL/JAG) work cooperatively 

to promote both FUL and SHP within their respective tissues in a concentration dependent 

manner, with higher levels of FIL/JAG activating FUL, and lower levels activating SHP 

(Dinneny et al., 2005) (see Figure 2). This implies a set-up of a gradient of FIL/JAG activity 

along the medio-lateral axis of the gynoecium, highest FIL/JAG activity in the valve and 

lower in the VM (Figure 3b) (Dinneny et al., 2005).  The lack of SHP expression in the 

replum is due to the absence of FIL/JAG activity in this tissue (Dinenny et al., 2005). 

FIL/JAG are repressed by RPL in the replum tissue; hence repression of SHP by RPL is 

indirect, however, the direct repression of SHP by RPL cannot yet be excluded (Dinenny et 

al., 2005). FIL/JAG activity also non-cell-autonomously represses replum growth by 

negatively regulating the replum promoting factor BREVIPEDICELLUS/KNOTTED-1 LIKE 

IN ARABIDOPSIS THALIANA 1 (BP/KNAT1) (Lincoln et al., 1994; Chuck et al., 1996; 

Douglas et al., 2002; Venglat et al., 2002; Zhao et al., 2015) in the replum/medial domain 

(González-Reig et al., 2012; Alonso-Cantabrana et al., 2007).  

 

Other laterally expressed factors ASYMMETRIC LEAVES1 (AS1) and ASYMMETRIC 

LEAVES2 (AS2) do not directly affect SHP expression but are important for the correct 

https://paperpile.com/c/FaMrfD/Su29+dIUf+wdSJ
https://paperpile.com/c/FaMrfD/Su29+dIUf+wdSJ
https://paperpile.com/c/FaMrfD/X5qs+X2L9+Lokg
https://paperpile.com/c/FaMrfD/Xyz1
https://paperpile.com/c/FaMrfD/Xssz
https://paperpile.com/c/FaMrfD/Su29
https://paperpile.com/c/FaMrfD/MU6d+lALB+mVtp+cHXO+qlvz
https://paperpile.com/c/FaMrfD/MU6d+lALB+mVtp+cHXO+qlvz
https://paperpile.com/c/FaMrfD/wdSJ+dIUf
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positioning of valve and replum domains (Alonso-Cantabrana et al., 2007). AS1/2 are also 

required for the correct positioning of the sepal and petal AZ by repression of BP in the distal 

portions of the pedicel (Gubert et al., 2014). AS1 encodes a myb transcription factor (Byrne 

et al., 2000; Sun et al., 2002), and AS2 encodes a protein containing the LATERAL ORGAN 

BOUNDARIES domain (Iwakawa et al., 2002; Shuai et al., 2002). Both function in the same 

pathway to promote differentiation of leaf founder cells by repressing BP, KNAT2 and 

KNAT6 in the meristem (Byrne et al., 2000; Ori et al., 2000; Semiarti et al., 2001; Xu et al., 

2003) . The as1 and as2 single mutants form reduced valves and enlarged repla due to 

overexpression of BP, however SHP expression is unchanged  (Gonzalez-Reig et al 2012; 

Alonso-Cantabrana et al., 2007). AS1/2 act synergistically with JAG to prevent 

overexpression of BP in the lateral domains non-autonomously (Gonzalez-Reig et al., 2012). 

Thus the lateral factors AS1 and AS2 act antagonistically in opposition to the medial factor 

BP with respect to the positioning of the valve margin and patterning along the medio-lateral 

axis of the gynoecium. 

 

The transcription factor APETALA2 (AP2) acts as a repressor of both VM and replum growth 

by repressing the VM identity genes SHP and IND and the replum-promoting genes BP and 

RPL in the replum (Ripoll et al., 2011). AP2 interacts with AS1 and AS2 to repress replum 

development and primarily modulates LL formation in the VM (Ripoll et al. 2011). AP2 is a 

transcription factor belonging to the AP2/ Ethylene-responsive element binding 

protein (EREBP) family and is best characterized as a specifier of sepal and petal identity 

(Bowman et al., 1989, 1991; Drews et al., 1991; Jofuku et al., 1994; Kunst et al., 1989). It is 

https://paperpile.com/c/FaMrfD/4lbD
https://paperpile.com/c/FaMrfD/TNXA+ItVv
https://paperpile.com/c/FaMrfD/TNXA+ItVv
https://paperpile.com/c/FaMrfD/nDOy+ZFX6
https://paperpile.com/c/FaMrfD/TNXA+jBzF+m0tH+sDpO
https://paperpile.com/c/FaMrfD/TNXA+jBzF+m0tH+sDpO
https://paperpile.com/c/FaMrfD/lLCf
https://paperpile.com/c/FaMrfD/KIUU+Txf9+EXQW+WTzW+1KuD
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also a regulator of flowering time, shoot apical meristem maintenance and seed development 

(Jofuku et al., 1994; Ohto et al., 2005; Yant et al., 2010). 

 

The action of other replum-promoting factors in fruit patterning  

 

The ñmedial factorò BP is a key promoter of replum growth through its activation of RPL 

(Alonso-Cantabrana et al., 2007). BP aids proper replum patterning by repressing lateral 

factors FIL/JAG in the replum and medial domain in a cell-autonomous fashion (Gonzalez-

Reig et al., 2012).  Additional replum promoting factors WUSCHEL RELATED 

HOMEOBOX13 (WOX13) and NO TRANSMITTING TRACT (NTT) promote BP and RPL 

activities to redundantly facilitate replum formation (Marsch-Martinez et al., 2014; Romera-

Branchat et al., 2013). WOX13 represses medial expression of FIL, JAG and YAB3 in a 

gradient-dependent manner to promote replum growth independently of the BP and RPL 

pathway (Romera-Branchat et al., 2013).  

 

WOX13 also negatively regulates FUL in the valves and VM markers SHP, IND and 

KNOTTED-1 LIKE IN ARABIDOPSIS THALIANA6 (KNAT6) directly or indirectly (Romera-

Branchat et al., 2013). NTT has been previously characterized as an essential factor for 

transmitting tract formation (Crawford et al., 2007). NTT also directly activates BP, 

promoting replum growth and functions antagonistically to valve promoting factor FUL 

(Chung et al., 2013; Marsch-Martínez et al., 2014).  

 

  

https://paperpile.com/c/FaMrfD/WTzW+d7fd+LPIH
https://paperpile.com/c/FaMrfD/u0lM
https://paperpile.com/c/FaMrfD/SwMt
https://paperpile.com/c/FaMrfD/N5fm+Ljy6
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Elucidating the cis-regulatory transcriptional logic underlying the SHP2 expression 

domain 

 

The SHP2 expression domain and function is best characterized in the context of VM 

development (Liljegren et al., 2000). SHP2 is also expressed in the medial domain of the 

early carpel from stage 7 onwards (Savidge et al., 1995; Liljegren et al., 2000; Colombo et 

al., 2010) and in the inner integument of the ovule, reflective of its role in ovule identity 

specification with AG and SEEDSTICK (STK) (Savidge et al., 1995; Colombo et al., 2010). 

SHP2::GUS expression has also been observed in the style and SHP paralogues redundantly 

specify this structure together with CRC and AINTEGUMENTA (ANT) (Colombo et al., 

2010). Reporter analysis has shown that SHP2 is potentially expressed in other floral organs 

(Chalfun-Junior et al., 2006; Colombo et al., 2010). 

 

MADS domain regulators and CArG box elements in the SHP2 cis-regulatory regions 

 

As reviewed above, SHP2 is a key regulator of VM specification and subsequent 

development. SHP2 expression is tightly confined to the valve margin through the action of 

the medial and lateral factors described above. This thesis focuses on deciphering the cis-

regulatory transcriptional logic behind the specification of the SHP expression domain with a 

focus on the VM expression domain. Chapter two of this thesis presents a functional analysis 

of cis regulatory elements that are present within a 2.2kb region upstream of the SHP2 

translation start site (TSS). CArG boxes (Sommer et al., 1990; Pollock and Treisman, 1991; 

Shore and Sharrocks, 1995) identified within this region (Chapter 2 of this thesis) are 

potential candidates for directly mediating the repression of SHP2 by MADS box protein 

FUL during VM development (Gu et al., 1998; Ferrandiz et al., 2000b). Published chromatin 

https://paperpile.com/c/FaMrfD/yP2B+iHrIW+BDcQ
https://paperpile.com/c/FaMrfD/yP2B+iHrIW+BDcQ
https://paperpile.com/c/FaMrfD/yP2B+BDcQ
https://paperpile.com/c/FaMrfD/VKwX
https://paperpile.com/c/FaMrfD/mZK5+ilE7+fwfR
https://paperpile.com/c/FaMrfD/mZK5+ilE7+fwfR
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immunoprecipitation data also show that the MADS box protein AGAMOUS-LIKE 15 

(AGL15) may bind to the SHP2 promoter within this region (Zheng et al., 2009). AGL15 

functions as a repressor of sepal and petal abscission and senescence, fruit maturation and 

seeds desiccation (Fernandez et al., 2000; Fang and Fernandez, 2002).  AGL15 works 

redundantly with paralog AGAMOUS LIKE 18 (AGL18) to repress flowering time 

(Adamczyk et al., 2007). The role of CArG boxes in the context of SHP2 regulation by FUL 

and AGL15/18 is further discussed in Chapter 2. 

 

BPC regulators and GA-rich GAGA cis-regulatory elements in the SHP2 cis-regulatory 

regions 

 

Consensus motifs (óRGARARRAô) recognized by BASIC PENTACYSTEINE PROTEINS 

(BPC) in vitro (Kooiker et al., 2005; Simonini et al., 2012) and GA-rich regions (together 

referred to as óGAGAô sites) have also been identified in the SHP2 2.2kb upstream 

regulatory (Chapter 3 of this thesis). BPC proteins are a plant-specific family of seven 

transcription factors divided into 3 classes based on conserved regions in the amino acid 

sequence (Meister et al., 2004). Functionally they are analogous to, but not homologs of, 

GAGA factors found in Drosophila which interact with chromatin remodeling complexes to 

modify nucleosome spacing (Kerrigan et al., 1991; Tsukiyama et al., 1994; Okada and 

Hirose, 1998; Orphanides et al., 1998). Class I BPC protein BPC1 transcriptionally repress 

the SHP paralog SEEDSTICK (STK) during ovule development in Arabidopsis via the 

consensus motif, inducing conformational changes to the DNA (Kooiker et al., 2005). This 

repression involves interaction between BPC1, MADS proteins APETALA1 (AP1) and 

SHORT VEGETATIVE PHASE (SVP) and transcriptional regulators SEUSS and LEUNIG 

https://paperpile.com/c/FaMrfD/DEyt
https://paperpile.com/c/FaMrfD/fGKA+GsNc
https://paperpile.com/c/FaMrfD/tTef
https://paperpile.com/c/FaMrfD/aJeY+FdqN
https://paperpile.com/c/FaMrfD/zVgD
https://paperpile.com/c/FaMrfD/WaFG+Ldmg+4tCX+F3Q4
https://paperpile.com/c/FaMrfD/WaFG+Ldmg+4tCX+F3Q4
https://paperpile.com/c/FaMrfD/aJeY
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(Franks et al., 2002; Simonini et al., 2012). Class I BPC proteins also play a role in meristem 

size determinacy (Simonini and Kater, 2014). The GAGA-rich potential BPC sites we have 

identified are adjacent to the CArG boxes analyzed within the SHP2 2.2kb 

promoter.  Chromatin immunoprecipitation data shows this region is enriched when assaying 

BPC bound regions (Veronica Gregis, personal communication). In chapter three of this 

thesis the functional role of GAGA sequences and the action of BPC regulators on SHP2 

expression is tested.  

 

 

 

  

https://paperpile.com/c/FaMrfD/EAEk+FdqN
https://paperpile.com/c/FaMrfD/agCM
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ABSTRACT 

 

Transcriptional regulation of the MADS-box-containing transcription factors genes 

SHATTERPROOF1/2 (SHP1/2) are critical for proper valve margin (VM) and dehiscence 

zone (DZ) development. Current models of SHP2 regulation indicate that the transcription 

factor FRUITFULL (FUL) mediates repression of SHP2 in the developing valve domains, 

thus restricting expression of SHP2 to the VM. FUL encodes a MADS-box containing 

transcription factor that is predicted to act through CArG-box containing cis-regulatory 

motifs. Here we examined the role of CArG box motifs found within the SHP2 cis-regulatory 

regions.   

 

We have characterized in detail a 2.2kb region upstream of the SHP2 translation start site that 

gives early and late medial expression in the gynoecium and within the VM and DZ. Three 

closely positioned CArG box motifs were mutated in the context of this 2.2kb promoter and a 

moderate de-repression of SHP2 reporter within the valve domain was detected, suggesting a 

role for these CArG boxes in SHP2 repression. However, when this CArG box-deficient 

reporter was crossed into a ful mutant background significant additional de-repression of the 

reporter construct was detected. This action of FUL on the CArG-box deficient promoter 
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suggests that either additional non-consensus CArG boxes can be used to mediate FUL 

repression of SHP2 or that the repression of SHP2 by FUL is in part CArG box independent. 

We furthermore have identified two separable, independent cis-regulatory modules, a 1kb 

promoter region and a 700bp enhancer, that are capable of giving valve margin and 

dehiscence zone expression. Our results argue for multiple independent cis-regulatory 

modules that support SHP2 expression in an overlapping fashion.  

 

The MADS-domain transcription factor AGAMOUS LIKE15 (AGL15) can bind in vivo to 

the region containing the functional CArG boxes in the SHP2 5ô regulatory region. AGL15 

and close paralog MADS-protein AGAMOUS-LIKE 18 (AGL18) redundantly regulate floral 

transition and are expressed in developing flowers. Analysis of the 2.2kb SHP2 promoter in 

an agl15 agl18 double mutant highlights a possible mechanism for AGL15 and/or AGL18 

mediated regulation of SHP2 in the young gynoecium.  
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INTRODUCTION  

 

Abscission and dehiscence in plants involve controlled developmental programs that result in 

the formation of specialized tissues, which aid cell separation (Spence et al., 1996; Kim, 

2014; Dong and Wang, 2015).  Abscission in flowers allows the shedding of floral organs on 

maturation at specific abscission zones (AZ).  In the dry fruits of the Brassicaceae family, 

including Canola (Brassica napus) and the model plant Arabidopsis thaliana, dehiscence 

zones (DZs) in the seedpod form to facilitate seed dispersal through pod shatter.  Within AZs 

and DZs gene expression, hormone and biochemical changes occur to produce two cell layers 

with specific functions (Spence et al., 1996; Kim, 2014). The first layer is a separation layer 

(SL) characterized by short, cytoplasmically dense cells with thin cell walls that are 

susceptible to fracturing (Sexton and Roberts, 1982). The second layer, adjacent to the SL, is 

the lignified layer (LL), a layer of cells with thick lignified cell walls that provide the tension 

for fracture and separation to occur.  In agricultural varieties, traits associated with abscission 

and dehiscence can be critical determinants of yield (Pickersgill, 2007; Dong and Wang, 

2015).   
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Figure 1: Structure of the gynoecium and genetic regulation of valve margin patterning 
 

(A): A scanning electron microscopic image of a mature Arabidopsis gynoecium. The stigma (stg), style (sty), 

carpel valve (cv), replum (r), gynophore (gn), ovary (ovy), and valve margin/dehiscence zone (dz) are indicated. 

(B):  Diagram of cross section of the ovary walls. SL = separation layer, LL = lignified layer; VM = valve 

margin. FRUITFULL (FUL) specifies the valve tissue, SHATTERPROOF1/2 (SHP1/2) specify valve margin 

tissue and REPLUMLESS/PENNYWISE/BELLRINGER/VAMANA (RPL/PNY/BELL/VAN) specifies the replum. 

Panel (A) is reprinted with permission from (Azhakanandam et al., 2008 and Sehra and Franks.2015) 

 

The mature Arabidopsis seedpod, or silique, is mainly comprised of the ovary which contains 

the seeds (Sessions and Zambryski, 1995, 1997; Ferrándiz et al., 1999). At the apex the 

stigma facilitates capture and germination of pollen and the style physically connects the 

stigma to the ovary and contains the upper portions of the transmitting tract. The gynophore 

below the ovary attaches the seedpod to the receptacle and to the rest of the plant.  The walls 

of the ovary, or the valves, connect to the each other by the medio-laterally positioned and 

medially derived replum (Figure 1a).  Between the valves and the replum, a specialized 

structure termed the valve margin develops (VM) (Dinneny et al., 2005; Dinneny and 

Yanofsky, 2005). The VM is critical for the abscission of the valves and the dispersal of 

seeds as it develops into the DZ allowing the loss of the valves and the shattering of the seed 

pod upon maturation.    

 

https://paperpile.com/c/ZzEOAX/Hubs
https://paperpile.com/c/ZzEOAX/a4I2+ilYz+Uez0
https://paperpile.com/c/ZzEOAX/2kJC+WhtN
https://paperpile.com/c/ZzEOAX/2kJC+WhtN


 

26 

Upon seed pod maturation dehiscence occurs due to the action of cells within the DZ. The 

DZ is characterized by longitudinal furrows that run the length of the seed pod at the margin 

of the valves and adjacent to the replum. The DZ is only a few cells thick and contains a 

lignified layer (LL) (adjacent to the valves) and separation layer (SL) (adjacent to the 

replum) (Figure 1 a, b). Within the inner epidermal layers of the valves, adjacent to the LL on 

the valve side, the lignified endocarp layer b (enb) develops. The enb and LL layers work in 

concert to provide the necessary tension for mechanical separation of the valves that is 

required for seed dispersal (Spence et al., 1996).  

 

The MADS protein paralogs SHATTERPROOF1 (SHP1) and SHATTERPROOF2 (SHP2) 

lie at the top of a transcriptional cascade that is critical for VM specification and the 

subsequent formation of the lignified and separation layers within the DZ (Figure 1b).  shp1 

shp2 double mutants lack a DZ and seedpods fail to dehisce, while single mutants produce no 

phenotype suggesting that SHP1 and SHP2 function redundantly in VM development (Gu et 

al., 1998; Liljegren et al., 2000). SHP1 and SHP2 also share similar expression domains and 

both are expressed within the developing valve margin (Ma et al., 1991; Flanagan et al., 

1996; Savidge et al., 1995). The expression of SHP2 is tightly confined to the valve margin 

as it is repressed on one side by the MADS protein FRUITFULL (FUL) in the valves 

(Ferrandiz, 2000) and on the other side by the BLH protein REPLUMLESS/PENNYWISE 

(RPL) in the replum (Roeder et al., 2003).  

 

FUL, SHP1 and SHP2 belong to the eukaryote-wide MADS box family of transcriptional 

regulators which have highly diversified in plants, particularly angiosperms, where they 

https://paperpile.com/c/ZzEOAX/dGN7
https://paperpile.com/c/ZzEOAX/mMId+MiV6
https://paperpile.com/c/ZzEOAX/mMId+MiV6
https://paperpile.com/c/ZzEOAX/4BVT+T2nQ+xm9L
https://paperpile.com/c/ZzEOAX/4BVT+T2nQ+xm9L
https://paperpile.com/c/ZzEOAX/HNbT
https://paperpile.com/c/ZzEOAX/fGjL
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occupy roles relating to the morphogenesis of almost all organs throughout the plant life 

cycle (reviewed by Smaczniak et al., (Smaczniak et al., 2012). Two lineages of MADS 

proteins exist (Alvarez-Buylla et al., 2000). Class I MADS proteins are a large heterogeneous 

group sharing only the MADS (óMô) domain  (Par↑enicov§ et al., 2003; De Bodt et al., 2003; 

Kofuji et al., 2003). Class II proteins, or MIKC-type MADS proteins include the well 

characterized floral homeotic proteins and contains the óMô,  and additional óIô (Intervening), 

óKô (Keratin-like) domains (Münster et al., 1997) and a variable C-terminal region 

(Par↑enicov§ et al., 2003). The K domain is important for homo- and hetero-dimerization and 

higher-order complex formation and it is this feature of MIKC MADS proteins that is 

thought to have contributed to their increased diversification in land plants (Egea-Cortines et 

al., 1999; Honma and Goto, 2001; Yang and Jack, 2004; Melzer and Theissen, 2009). In vitro 

and in vivo assays have shown that MADS proteins can bind as dimers (Santelli and 

Richmond, 2000; de Folter and Angenent, 2006) to DNA motifs called CArG boxes with the 

consensus sequence ñCCA[A/T]6GG (SRF-type) or C[A/T]8G, more strictly defined as 

CTA(A/T)4TAG, (MEF2-type) (Sommer et al., 1990; Pollock and Treisman, 1991; Shore 

and Sharrocks, 1995).  Other intermediate CArG boxes with a variable length A/T core may 

also be recognized in vivo (Nurrish and Treisman, 1995). The SRF- type CArG box is 

favored by many MADS complexes investigated thus far (Hayes et al. 1988; Riechmann et 

al. 1996; de Folter and Angenent 2006). However, some MADS proteins such as 

AGAMOUS-LIKE-15 (AGL15) have shown a preference for the longer MEF2- type binding 

site and associated intermediates (Tang and Perry, 2003). CArG box consensus sequences are 

plentiful throughout the Arabidopsis genome (de Folter and Angenent, 2006) and thus the 

presence of a CArG box motif is not indicative of function. 

https://paperpile.com/c/ZzEOAX/8FxX
https://paperpile.com/c/ZzEOAX/0kCY
https://paperpile.com/c/ZzEOAX/h5ra+6Ykh+3S9I
https://paperpile.com/c/ZzEOAX/h5ra+6Ykh+3S9I
https://paperpile.com/c/ZzEOAX/ctAl
https://paperpile.com/c/ZzEOAX/h5ra
https://paperpile.com/c/ZzEOAX/doeQ+0B0j+Vx31+LeUZ
https://paperpile.com/c/ZzEOAX/doeQ+0B0j+Vx31+LeUZ
https://paperpile.com/c/ZzEOAX/JmAF+lu9p
https://paperpile.com/c/ZzEOAX/JmAF+lu9p
https://paperpile.com/c/ZzEOAX/kApt+8AGg+J8s3
https://paperpile.com/c/ZzEOAX/kApt+8AGg+J8s3
https://paperpile.com/c/ZzEOAX/4hM7
https://paperpile.com/c/ZzEOAX/IAu0+cCYT+lu9p
https://paperpile.com/c/ZzEOAX/IAu0+cCYT+lu9p
https://paperpile.com/c/ZzEOAX/lm0F
https://paperpile.com/c/ZzEOAX/lu9p
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In addition to their role in VM specification the SHP1 and SHP2 genes redundantly function 

to specify the endocarp layer b (enb) (Liljegren et al., 2004), play a role in specifying ovule 

identity with SEEDSTICK and AGAMOUS (Savidge et al. 1995; Flanagan et al. 1996; Roeder 

et al. 2003; Pinyopich et al. 2003) and are capable of specifying carpel identity in a pathway 

independent of AGAMOUS (Pinyopich et al., 2003). SHP1 and SHP2 also redundantly 

promote style development by genetically interacting with CRABS CLAW and 

AINTEGUMENTA (Colombo et al., 2010).  

 

Previous efforts to determine the SHP2 spatio-temporal expression domain via in situ 

hybridization showed that SHP2 mRNA accumulation is detected uniformly throughout the 

carpel from stages 6 to 8 of floral development (Savidge et al., 1995) (floral stages according 

to Smyth et al. (Smyth et al., 1990). The in situ hybridization experiments and results from 

a  SHP2::GUS reporter (using 2.1kb of the 5ô flanking region of SHP2) indicated further 

SHP2 expression  in the septum, the ovules (within the inner integument, funiculi and in 

mature ovule epithelia) (Ma et al., 1991; Savidge et al., 1995; Liljegren et al., 2000, 1998), 

the VM, the DZ and the nectaries (Liljegren et al., 1998, 2000; Ferrandiz et al., 2000b, 

2000a; Colombo et al., 2010), as well as the style (Colombo et al., 2010). SHP2::GUS 

expression was also detected in filaments, sepals and petals (Colombo et al., 2010): figure 

4D), contrary to previous in situ hybridization results that did not detect expression of the 

SHP2 mRNA in these tissues (Savidge et al., 1995). In a separate set of experiments, a 1.2kb 

region was observed to confer predominantly late SHP2 expression (Chalfun-Junior et al., 

2006). The enhancer region (-1275bp to -55bp  from the transcription start site or -295bp to -

1487bp to the translation start site) was capable of driving reporter expression from floral 

https://paperpile.com/c/ZzEOAX/AAJS
https://paperpile.com/c/ZzEOAX/xm9L+T2nQ+fGjL+315z
https://paperpile.com/c/ZzEOAX/xm9L+T2nQ+fGjL+315z
https://paperpile.com/c/ZzEOAX/315z
https://paperpile.com/c/ZzEOAX/WAzD
https://paperpile.com/c/ZzEOAX/xm9L
https://paperpile.com/c/ZzEOAX/u0ga
https://paperpile.com/c/ZzEOAX/4BVT+xm9L+MiV6+a8yg
https://paperpile.com/c/ZzEOAX/a8yg+MiV6+Vvm1+WlUM+WAzD
https://paperpile.com/c/ZzEOAX/a8yg+MiV6+Vvm1+WlUM+WAzD
https://paperpile.com/c/ZzEOAX/WAzD
https://paperpile.com/c/ZzEOAX/WAzD
https://paperpile.com/c/ZzEOAX/xm9L
https://paperpile.com/c/ZzEOAX/0SDU
https://paperpile.com/c/ZzEOAX/0SDU
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stage 12 onwards within the DZ, stamens (filaments and pollen grains), petals, nectaries and 

in the vascular junction in the receptacle. 

 

Sequence blocks within the SHP2 promote-enhancer region that mediate proper expression 

have been identified and available evidence suggests MADS domain proteins FUL and 

AGAMOUS (AG) regulate SHP2 expression (Savidge et al., 1995; Ferrandiz et al., 2000). 

The SHP2 upstream regulatory region contains CArG box consensus sequences. However, it 

is not known to what extent CArG boxes found in the cis-regulatory regions are required for 

the correct expression pattern within the tissues and stages that SHP2 is expressed. 

Additionally potential redundancy of cis-regulatory elements has not been previously 

addressed.  In this study we demonstrate a functional role of CArG boxes within the SHP2 

cis-regulatory regions for repression of SHP in the valves.  Additionally, we identify two 

redundant cis-regulatory regions; each of which individually is sufficient for expression 

within the valve margins. Furthermore we demonstrate a role for the MADS box genes 

AGAMOUS-LIKE 15 (AGL15) and AGAMOUS-LIKE 18 (AGL18) in the regulation of SHP2 

within the carpel of the developing flower.  
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RESULTS 

 

Phylogenetic footprinting identifies regions of high sequence similarity within the SHP2 

genomic region. 

 

In order to identify conserved regulatory elements within the  SHP2 promoter, we examined 

sequence similarity of the AtSHP2 upstream cis-regions to those of orthologs in four other 

related Brassicacaeae species, Arabidopsis lyrata, Capsella rubella, Brassica rapa and 

Eutrema salsugineum (formerly Eutrema halophila: (Yang et al., 2013). Approximately three 

kilobases of the upstream regions (relative to the translation start site) of the SHP2 orthologs 

in each of these other species was obtained using Phytozome.net v10 (Goodstein et al., 2012) 

and was aligned using the multiple sequence aligner Dialign-Chaos (Brudno et al., 2004).  

Dialign-Chaos confers a score on each region of the alignment, with 9 denoting the highest 

level of sequence similarity and 0 the lowest. The output from the Dialign-Chaos alignment 

was converted to a GBrowse annotation track (Figure 2). Previously a 2.2 kb region covering 

-2168 to +1 relative to the SHP2 translation start site was shown to be sufficient for 

expression of a reporter gene within the valve margins and the early medial domain (Figure 2 

- region A; (Roeder et al. 2003; Larsson et al. 2014; Villarino et al. 2016). Contained within 

this 2.2 kb region, here termed region A, we identified two high-scoring regions of sequence 

similarity: region B between -988bp and +1  and region C spanning the upstream region 

between -1820bp and -1132bp relative to the translation start site.  

 

 

 

 

https://paperpile.com/c/ZzEOAX/FKS7
https://paperpile.com/c/ZzEOAX/buKr
https://paperpile.com/c/ZzEOAX/F4QV
https://paperpile.com/c/ZzEOAX/fGjL+9Dln+5MJC
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Figure 2: Alignment of 3kb of the SHP2 5ô regulatory region with orthologs in other 

Brassicaceae species 

 
Dialign Chaos multiple sequence alignment comparing approximately 3kb of the SHP2 promoter to SHP2 

orthologs in A. lyrata, C.rubella, B. rapa and E. salsugineum. Dialign Chaos alignment scores from 0 to 9 are 

displayed: 9 denotes a region with high sequence similarity. Regions A, B and C of the SHP2 promoter 

correspond to the 2.2kb (pSHP22kb), 1kb (pSHP1kb ) and 700bp  (pSHP2700b) fragments used in promoter-

reporter fusions, respectively, described in this paper. Region A covers the intergenic region between SHP2 and 

the neighboring gene AT2G42820 oriented in the opposite direction. The positions of CArG box1 (-748bp), 

CArG box 2 (-782bp), CArG box 3 (-869bp), CArG box 4 (-1554bp), CArG box 5 (-1873bp) and CArG box 6 

(-1936bp) are shown (red arrows). The region above in blue labelled ñSHP1ò indicates a high scoring region of 

alignment with the AtSHP1 promoter region (-781bp to -691bp). The +1 site indicates the start of translation of 

the AtSHP2 protein. All nucleotide positions are denoted relative to this site. 

 

Transcription factor binding sites from the PLACE (Higo et al., 1998) and TRANSFAC 

(Matys et al., 2006) databases, as well as other experimentally determined consensus 

sequences curated from literature that were not contained in these databases, were mapped 

onto the SHP2 upstream regulatory region using PatMaN (Prüfer et al., 2008). The output 

from PatMaN was converted to a GBrowse annotation track using a script for easy 

visualization (see Methods). A cluster of three CArG boxes located within region B was 

identified. At the -748 bp position a sequence matching a serum response element/factor 

(SRE or SRF) type CArG box (ñCC[A/T]6GGò) (Treisman, 1990) was identified. This cis 

element has also been identified in vitro via an electrophoretic mobility shift (gel shift) assay 

https://paperpile.com/c/ZzEOAX/gwBs
https://paperpile.com/c/ZzEOAX/73hs
https://paperpile.com/c/ZzEOAX/bxTj
https://paperpile.com/c/ZzEOAX/AT3D
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as a potential AGAMOUS binding site within the SHP2 promoter (Savidge et al., 

1995).  Two MEF2 type CArG boxes with a longer A/T core (C[A/T]8G) (Pollock and 

Treisman, 1991; Tang and Perry, 2003) are located within the 1kb region at -782bp and -

869bp (Figure 2A). Additional MEF2 type CArG boxes are located at -1554bp (within region 

C) and at -1873bp and -1936bp upstream of region C and within the 5ô portion of region A.  

 

CArG boxes 1-3 within region B are situated within 100bp of each other. According to the 

óFloral Quartet Modelô, MADS proteins form higher order complexes with other MADS and 

non-MADS proteins by binding to at least 2 CArG-box like DNA motifs located at short 

distance from each other (Theissen and Saedler, 2001). Genetic analyses have previously 

indicated that SHP2 is  directly or indirectly regulated by MADS proteins during floral 

development in various tissues: SHP2 is positively regulated by AGAMOUS (AG) in the 

carpel (Savidge et al., 1995), is repressed by FUL in the valves (Ferrandiz, 2000) and is 

repressed by APETALA 1 (AP1) in the outer whorls of the flower (Kaufmann et al., 2010). 

The genomic locus from -1041bp to -511bp, in which CArG boxes 1, 2 and 3 are located, is 

also enriched in a number of published Chromatin Immunoprecipitation (ChIP) experiments 

(reviewed by (Heyndrickx et al., 2014) indicating direct binding of a number of MADS and 

non-MADS domain transcription factors: AG (Wellmer et al. 2006); SEPALLATA 3 (SEP3) 

(Kaufmann et al., 2009), AGAMOUS-LIKE 15 (AGL15) (Zheng et al., 2009), AP1 

(Kaufmann et al., 2010), SVP (Tao et al., 2012) and AP2 (Yant et al., 2010). We note that 

AtSHP2 and AtSHP1 genes share a short region of sequence similarity from -691bp to -

781bp, coinciding with the location of CArG box 1 and 2 within the AtSHP2 promoter 

(Figure 2). The region from -986bp to -517bp, which includes CArG boxes 1, 2 and 3, also 

https://paperpile.com/c/ZzEOAX/xm9L
https://paperpile.com/c/ZzEOAX/xm9L
https://paperpile.com/c/ZzEOAX/8AGg+lm0F
https://paperpile.com/c/ZzEOAX/8AGg+lm0F
https://paperpile.com/c/ZzEOAX/STy4
https://paperpile.com/c/ZzEOAX/xm9L
https://paperpile.com/c/ZzEOAX/HNbT
https://paperpile.com/c/ZzEOAX/WLji
https://paperpile.com/c/ZzEOAX/qisN
https://paperpile.com/c/ZzEOAX/5x4f
https://paperpile.com/c/ZzEOAX/lTSr
https://paperpile.com/c/ZzEOAX/WLji
https://paperpile.com/c/ZzEOAX/HWhE
https://paperpile.com/c/ZzEOAX/M9iy
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coincides with a region of DNase I hypersensitivity (DH site) assayed in floral tissue (Zhang 

et al., 2012). Chromatin with increased sensitivity to DNase is an indicator of open chromatin 

and is associated with active DNA, including cis-regulatory elements (Gross and Garrard 

1988; Boyle et al. 2008; Hesselberth et al. 2009; Cockerill 2011; Song et al. 2011). CArG 

box 4 located in region A and C also coincides with an identified DH site located at -1236bp 

and -1357bp (Zhang et al., 2012; Heyndrickx et al., 2014). 

 

 

Deletion analysis of cis-regulatory elements defines regions sufficient for SHP2 

expression in the developing flower and gynoecium 

 

To test the function of putative cis-regulatory elements we generated a deletion series of the 

upstream regions and examined the ability of these upstream regions to recapitulate elements 

of the SHP2 expression pattern within the developing inflorescence and gynoecium. Using a 

GAL4/pUAS:YFP two component reporter system (Villarino et al., 2016) we examined the 

ability of the A, B and C genomic regions to generate specific patterns of expression.  The 

expression domain observed with the 2.2kb region A promoter:reporter fusion (abbreviated 

here to pSHP22kb) has been briefly described in the ap1 cal background (Villarino et al., 

2016) and in early floral stages in the Col-0 ecotype (Larsson et al., 2014). We refer to the 

reporters based on the 1kb region B and the 700bp region C region as pSHP21kb and 

pSHP2700b, respectively. Using a scoring system based on YFP intensity within floral tissues 

(see Methods), independent T2 lines expressing pSHP22kb, pSHP21kb and pSHP2700b lines 

were analyzed. In some cases, tissues were divided into apical and basal regions to score 

variable region-specific YFP intensities that were often observed in different floral organs.  

 

https://paperpile.com/c/ZzEOAX/Jklf
https://paperpile.com/c/ZzEOAX/Jklf
https://paperpile.com/c/ZzEOAX/vu2HW+eSCa+1dYK+f4Tf+Go4M
https://paperpile.com/c/ZzEOAX/vu2HW+eSCa+1dYK+f4Tf+Go4M
https://paperpile.com/c/ZzEOAX/Jklf+qisN
https://paperpile.com/c/ZzEOAX/5MJC
https://paperpile.com/c/ZzEOAX/5MJC
https://paperpile.com/c/ZzEOAX/5MJC
https://paperpile.com/c/ZzEOAX/9Dln
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Figure 3: Expression of pSHP22kb, pSHP21kb and pSHP2700bp reporters in Col-0 plants 

 
Confocal microscope images (maximum intensity projections) of transgenic lines expressing 2.2kb (pSHP22kb) 

(A-L), pSHP21kb (M-P) and pSHP2700b GAL4/pUAS::YFP fusions. A-M pSHP22kb; N-R pSHP21kb; S-U 

pSHP2700bp 

Me = medial domain of gynoecium; pVm = pre-valve margin; vm = valve margin; v = valve; st = style; Mv = 

midline valve; StR = stomium region of anther (dehiscence zone); se = sepal; seAZ = sepal abscission zone; ac 

= apical gynoecium; pe = pedicel.  

(A) Stage 7-8 gynoecium with medial expression; (B): stage 8 gynoecium with medial expression; (C) Stage 10 

(pre-VM); (D) Stage 12 gynoecium with valve margin (VM); (E) Stage 13 gynoecium expression in style; (F) 

Stage 12 gynoecium with expression in midline of valve; (G) Stage 11 ovule; (H) Stage 11 adaxial stamen with 

expression in stomium regions; (I) stage 11 abaxial stamen; (J) Left to right: Flowers (left-right stage 9, 8, 10)  

expression visible in sepal-AZ; (K) Flowers (left-right: stage 9, 8, 11), expression in sepals and sepal abscission 

zone ; (L) Stage 13 petal; (M) Adaxial rosette leaf, expression in stomata; (N) Stage 8 (apical expression); (O) 

Stage 9-10 gynoecium, apical expression; (P) Stage 11 gynoecium; (Q) stage 12 gynoecium, expression in VM; 

(R) Flowers (Left to right: stage 9, 10, 9, 10), expression in pedicels; (S) Stage 12 gynoecium, expression in 
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style and apical VM; (T) Stage 13 gynoecium, expression in VM; (U) Stage 13 gynoecium with expression in 

VM and valve. Scale bars represent 50um. X and Y scale bars represent 100um 

 

Table 1: Percentages of T2 lines with observable expression of SHP2 reporter 

fragments (pSHP22kb/A, pSHP21kb/B, pSHP2700bp/C) in various tissues, at key stages of 

development 

 
Values are percentages (rounded to nearest whole value) of independent lines where YFP was observed in the 

tissue indicated; N values indicate the number of independent T2 families assayed. VM = valve margin; DZ = 

Dehiscence Zone; ap = apical; b = basal; me = medial. Where stated numbers in parentheses indicate floral 

stage; All statistical comparisons made using Mann Whitney U Test based on intensity scores (See methods). 

The ñ*ò symbol indicates a statistical difference in the distribution of intensity scores when 

comparing  pSHP22kb to  pSHP21kb; the ñ+ò indicates a statistical difference in the distribution of intensity 

scores when comparing pSHP22kb to pSHP2700bp; the ñ$ò indicates a statistical difference in the distribution of 

intensity scores when comparing pSHP21kb to pSHP2700bp); ñ*ò, ñ+ò, and ñ$ò  indicate a p value < 0.1; ñ**ò, 

ñ++ò and ñ$$ò  indicate a p value < 0.05;  

 

 

Pre VM 

(b, 10) 

**++  

VM  

(ap, 11) 

++$ 

VM  

(b, 11) 

**$  

DZ 

(17) 

Valve 

(11) 

Style 

(13) 

Carpel 

(ap, 8) 

**++$$ 

Carpel 

(me, 8) 

*++ 

 

Carpel 

(me, 11) 

**++  

Pedicels 

(8) 

**$$ 

pSHP22kb (A) 

N = 31 26 94 90 100 58 26 48 29 39* 0 

pSHP21kb (B) 

N = 19 0 74 37 100 5 32 16 0 0 42 

pSHP2700bp  (C) 

N = 22 0 5 0 100 1 23 0 0 0 5 

 
 

 

The spatio-temporal expression of the pSHP22kb reporter was analyzed in 31 independent T2 

lines, revealing that this region is sufficient to recapitulate previously described expression 

patterns of SHP2 during floral development (Savidge et al., 1995; Colombo et al., 2010; 

Larsson et al., 2014; Villarino et al., 2016) (Table 1).  Expression from the YFP reporter was 

observed in mainly the apical portion of the gynoecium (48%) from stage 6 onwards and in 

the medial domain (26% of stage 6 flowers). Later in floral stages 8-10 expression is detected 

internally in medial tissues including in the ovules and the septum (Figure 3, A-B, G). 

 

Lines with early medial expression later displayed pre-valve margin (pre-VM) expression in 

stage 10 gynoecia, visible in the form of two narrow stripes of expression on the outer cell 

layers of the gynoecium (Figure 3, C). We consider this pre-valve margin (pre-VM) 



 

36 

expression because the valve margin is not yet morphologically distinct at this stage. Later, 

expression was also observed from the pSHP22kb reporter in the VM from stage 11 and in the 

DZ in stage 13+ flowers in all lines (Figure 3, D). Expression of the reporter was also 

detected in the style as previously characterized (Figure 3, E) (Colombo et al., 2010).  Weak 

expression within the valve (along the basal midline) at floral stage 11 and beyond was 

observed in 58% of lines examined (Figure 3, F). This expression pattern has not previously 

been reported. This may suggest that some regulatory elements required to confine SHP2 

expression to the endogenous expression domain lie outside of the 2.2 kb fragment or that a 

relatively weak expression of the endogenous SHP2 gene in this region had yet to be 

characterized.  

 

We also noted expression from the pSHP22kb reporter visible in the stamens from 

approximately stage 8 to stage 11, on the adaxial surface in the stomium region (site of 

anther dehiscence) and abaxial surface of the anthers (Figure 3, H, I). Expression was also 

seen in sepals (58%), predominantly in stage 10 and older flowers as described by Villarino 

et al (2016), and in the vasculature of post-anthesis floral petals (26%) (Figure 3, L). 

Previously uncharacterized expression in the sepal abscission zone (sepal AZ), where the 

base of the sepals joins the pedicel, was observed in flowers of all stages (Figure 3, J-

K).  This expression domain extended several cells layers into the proximal portion of the 

pedicle below the sepal AZ in a óVô shape (Figure 3, I). Expression was also visible in the 

basal portions of the medial sepals in stage 11 flowers and older in an óinverted Vô shape 

(Figure 3, K), similar to the pattern of the AZ in the base of the medial sepals of 

ASYMMETRIC LEAVES (AS) mutants (Gubert et al., 2014).  In AS mutants, sepal and petal 

https://paperpile.com/c/ZzEOAX/oM1B


 

37 

AZs are incorrectly positioned due to a mis-regulation of BREVIPEDICELLUS/KNOTTED-1 

LIKE IN ARABIDOPSIS THALIANA 1 (BP/KNAT1) expression, which regulates distal 

pedicel development (Gubert et al., 2014). Based on the expression observed in the medial 

sepals, the 2.2kb pSHP2 fragment may lack repressor elements that confine the YFP reporter 

to the sepal and petal AZ. Alternatively the 2kb fragment may lack elements that prevent 

reporter expression in these tissues where native endogenous expression is not observed 

(Liljegren et al., 2000; Savidge et al., 1995).   

 

We also observed YFP in the rosette leaves (post-bolting) and cauline leaves within the 

stomata and in pavement cells (Figure 3, M). These data suggest the 2.2kb region 5ô of the 

SHP2 gene contains cis-regulatory elements for proper medial, VM and DZ expression but 

may not contain all the regulatory elements required to repress expression in the basal 

portions of the valve, in the cauline and rosette leaves, sepals, stamens and sepal AZ.  

 

A 1kb region is sufficient to provide early and late gynoecial expression 

 

To further dissect the regulatory effects conferred by the SHP2 cis regulatory regions, 

transgenic lines containing the 1kb region B (pSHP21kb) and the 700bp region C (pSHP2700b) 

were created (Figure 2).  YFP expression was observed in 19 pSHP21kb independent T1 lines 

(n=19) that were subsequently analyzed in the T2 generation.  

 

A noticeable difference between expression from the pSHP21kb lines when compared to the 

expression from the pSHP22kb construct is the absence or significant reduction of medial 

domain expression from the pSHP21kb lines in the carpel in young (stage 6-10) flowers 

https://paperpile.com/c/ZzEOAX/oM1B
https://paperpile.com/c/ZzEOAX/MiV6+xm9L


 

38 

(Figure 3, N-O) (p < 0.1). Furthermore pre-VM expression in stage 10 flowers and stage 11 

medial expression was also not observed in any pSHP21kb lines (p <0.05). The lack of early 

medial domain and valve margin expression in the pSHP21kb lines suggests the absence of 

cis-regulatory elements that promote SHP2 expression in the early medial domain from this 

1kb upstream region.  Only later, at floral stage 11, was VM expression detected; thus 

expression persisted in older flowers within the DZ (Figure 3, Q). VM expression at stage 11 

was often stronger in the apical regions of the VM close to the style and in more basal 

portions of the VM when compared to the 2kb reporter lines (p <0.05, Figure 3, P). 

Additionally, the basal midline valve expression observed in the pSHP22kb was less 

frequently visible in the pSHP21kb reporter (p < 0.1). 

 

We also observed YFP beneath the sepal AZ extending to the proximal regions of the 

pedicels (the short stem linking the flower to the inflorescence axis), under flowers of all 

stages of development (Figure 3, R) and in some cases expression was observed within the 

stem of the entire plant (data not shown) in pSHP21kb lines (p < 0.05), which was not 

observed in pSHP22kb lines.  

 

These experiments suggest that many of the regulatory elements required for later VM and 

DZ expression are found within the pSHP21kb fragment.  However, some key regulatory 

elements required to repress SHP2 expression in the pedicels, as well as those required to 

promote early SHP2 expression in the medial domain of the carpel lie outside of the 1kb 

region assayed. 
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The SHP2 promoter-enhancer region contains redundant elements that promote valve 

margin expression 

 

Analysis of the pSHP2700b construct in 34 independent T2 lines showed that in a manner 

similar to the other reporters assayed, expression was present in the VM (Figure 3, T). 

However, the onset of this expression was later than that observed in the pSHP21kb and 

pSHP22kb lines. Predominantly apical VM expression appeared at stage 12 (Figure 3, S), 

contrary to pSHP21kb and pSHP22kb, which exhibited VM specific expression as early as 

stage 11. Expression was also detected in the DZ in older flowers in all lines assayed, but 

was absent soon after stage 13. Expression was also observed in the sepal AZ and weakly in 

the pedicels (as with the pSHP21kb reporter).  YFP was also visible in the petal vasculature of 

some pre-anthesis stage 12 flowers unlike the pSHP22kb and pSHP21kb reporters. Early 

medial expression was absent from all lines, however, 23% of lines did display basal valve 

expression (Figure 3, U). These results indicate that the pSHP2700b (region C) contains 

redundant cis elements that are sufficient for later VM and DZ expression of SHP2, and late 

medial domain (ovule, septum) expression but may lack elements that support earlier 

expression elements in the medial domain and in the early VM, as well as lack pedicel-

specific repressor elements.  

 

To determine whether presence of redundant cis elements were due to sequence duplications 

within the SHP2 promoter-enhancer region, the sequences of the 1kb and the 700bp enhancer 

region were aligned using Dialign-Chaos and ClustalX (Larkin et al., 2007). The results of 

the alignment did not detect any regions of strong sequence similarity between SHP2 

genomic regions B and C, suggesting that they contain independent and redundant modules 
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of cis-regulatory elements that are both sufficient for promoting SHP2 expression in the VM 

and DZ.   

 

CArG boxes mediate repression of SHP2 in various tissues including the valves and 

pedicels 

 

The three CArG boxes located within the region B of the SHP2 promoter/enhancer region 

were mutated to ascertain whether they play a role in regulating SHP2 expression within the 

seedpod and in other tissues. Mapping transcription factor binding sites from specific 

databases revealed the presence of three CArG box consensus sequences within 1kb of the 

SHP2 translation start site. These are referred to as CArG box 1, 2 and 3, located at -748bp, -

782bp and -869bp upstream from the SHP2 translation start site, respectively. These binding 

sites were found to lie in a region enriched in a number of MADS protein ChIP experiments 

and within a DNase hypersensitive (DH) site (Zhang et al., 2012). One of the key regulators 

of SHP2 during VM specification is the MADS protein FUL. The ful mutants exhibit ectopic 

SHP2 expression in the valves concomitant with ectopic DZ tissue in the valve tissue 

(Ferrandiz et al., 2000). However, it is unknown if this repression is exerted directly (through 

specific CArG boxes) or indirectly. It is also unclear which cis-regulatory region(s) of SHP2 

are used to mediate the effects of FUL. Therefore we sought to test if mutating the CArG 

boxes 1-3 would cause the pSHP22kb reporter to be ectopically expressed within the valves, 

mimicking the loss of FUL activity.  

 

To create the mutated reporter (referred to as pSHP22kbCArG), specific substitution mutations 

were introduced to disrupt binding site function. The CArG box located closest to the 

translation start site has been previously characterized as an AG binding site (Savidge et al., 

https://paperpile.com/c/ZzEOAX/Jklf
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1995) with the consensus sequence CC[A/T]6GG. To mutate this site óGGô nucleotides were 

substituted with óAAô (Savidge et al. 1995; Hong et al. 2003). Two other CArG boxes with a 

longer A/T core and the consensus sequence óC[A/T]8Gô, a CArG box motif that is 

preferentially used by AGL15 proteins (Tang and Perry, 2003) are located further upstream. 

Nucleotide substitutions in these longer CArG boxes converted the óCô and óGô nucleotides 

into óTô in order to disrupt protein binding (Zhu et al., 2004). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://paperpile.com/c/ZzEOAX/xm9L+rvHx
https://paperpile.com/c/ZzEOAX/lm0F
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Figure 4: Mutation of CArG boxes within SHP2 regulatory regions causes a moderate 

de-repression of SHP2 expression within the valve, but mutated reporters remain FUL 

responsive 

Confocal microscope images (maximum intensity projections) of transgenic lines expressing 2.2kb (pSHP22kb) 

(A-L), pSHP21kb (M-P) and pSHP2700b GAL4/pUAS::YFP fusions. A-M pSHP22kb; N-R pSHP21kb; S-U 

pSHP2700bp  

Me = medial domain of gynoecium; vm = valve margin; v = valve; st = style; Mv = midline valve; se = sepal; 

seAZ = sepal abscission zone; ac = apical gynoecium; pe = pedicel.  

(A-C): pSHP22kb; (A) Stage 12 pSHP22kb, basal midline valve expression; (B) Stage 12 VM pSHP22kb; (C) 

Flowers (left to right: stage 9, 8, 10) pSHP22kb, expression in sepal AZ; (D) Stage 11-12 pSHP22kbCArG , basal 

valve; (E) Stage 11-12 pSHP22kbCArG , YFP in style; (F) Young flowers (6-9) pSHP22kbCArG , basal sepal, sepal-

AZ, pedicel expression; (G) stage 12 pSHP22kb in  ful-2; (H) Late stage 12 pSHP22kb in ful-2; (I) gynoecium 

stage 10-11 pSHP22kbCArG in ful-2; (J) Stage 11 pSHP22kbCArG in ful-2, basal valve; (K) Stage 12 pSHP22kbCArG in 

ful-2. Scale bars represent 50um. Brackets indicate the breadth of reporter expression within the valve. 
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Table 2: Percentages of T2 siblings expressing pSHP22kb or pSHP22kbCArG  with 

observable expression in specific tissues across specific stages of developmental 

  
Values are percentages (rounded to nearest whole value) of independent sibling lines where YFP was observed 

in the tissue indicated; N values indicate the number of independent T2 families assayed. VM = valve margin; 

DZ = Dehiscence Zone; ap = apical; b = basal; me = medial. Where stated numbers in parentheses indicate 

floral stage; All statistical comparisons made using Mann Whitney U Test based on intensity scores (See 

methods). ñ*ò indicates a p value < 0.1; ñ**ò indicates a p value < 0.05;  

 

  

Pre-

VM 

(ap, 10) 

Pre-

VM (b, 

10) 

VM 

(ap,11) 

VM  

(b, 11) 

DZ  

(17) 

Valve 

(11) 

Carpel 

(ap, 8) 

Carpel 

(me, 8) 

Carpel 

(me, 11) 

 

Pedicels 

(8) 

**  

pSHP22kb (A) 

N = 31 26 26 94 90 100 58 48 29 39 0 

pSHP22kbCArG   

N = 22 32 32 100 100 100 59 68 45 59 73 

 

 

 

Expression was seen in 60% of T1 transformants containing the pSHP22kbCArG construct and 

22 independent lines were randomly selected and propagated for analysis in the T2 

generation. We observed expression in the early medial portion of the carpel and pre-

VM/VM/DZ and sepal as well as petals of older flowers older than stage 13 comparable to 

the unmutated pSHP22kb reporter. In contrast to the unmutated 2kb reporter YFP was present 

strongly in the more distal portions of the pedicels (stage 6-10; Figure 4 F). Notably, a much 

broader pattern of YFP expression was observed in the basal valve region of the gynoecium 

during stages 11-12 when compared to the unmutated pSHP22kb reporter(Figure 4, A, D). 

This expansion of valve expression in the pSHP22kbCArG construct suggests that the three 

CArG boxes mutated in the pSHP22kbCArG construct mediate a portion of the valve domain 

repression of SHP2 expression. However, this ectopic valve expression was never observed 

throughout the entire valve and diminishes in flowers older than stage 12. If repression of 

SHP2 by FUL is mediated exclusively through the mutated CArG boxes, expression should 

resemble that of SHP2 expression in a ful mutant (i.e. it should be observed throughout the 

valve indicating a complete loss of repression of the reporter). Thus the ectopic expression 
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seen with the pSHP22kbCArG construct is modest when compared to the de-repression seen in 

the ful mutant. This suggests that alternative CArG boxes located in the 2.2kb SHP2 

upstream regulatory region may redundantly mediate repression of SHP2 by FUL or that 

FUL may act in part in a CArG box independent manner. 

 

To see if loss of FUL activity would result in a further increase in reporter expression 

throughout the valves, the pSHP22kb, pSHP21kb and pSHP22kbCArG reporters were crossed into 

the strong mutant allele ful-2 background. Expansion of the reporter across the entire the 

valve region was observed in stage 12 gynoecia with all reporters in the ful-2 background 

indicating that all three reporters are responsive to the repressive action of the FUL regulator. 

However, the developmental progression of the expression of the three reporters in the ful-2 

mutant differed. The de-repression of YFP in the valves in the pSHP22kb and pSHP21kb  lines 

progresses from both the apical and basal VM regions with a broadening of the VM at stage 

11 and 12 (Figure 4: G) before YFP is visible throughout the valve  (Figure 4: H). In contrast, 

within the pSHP22kbCArG lines valve-specific de-repression broadens primarily from the basal 

valve region from stage 11 and within the basal replum (Figure 4: I, J), before being visible 

throughout the valve, without expression in the replum, at stage 12 as seen with the 

unmutated 2kb and 1kb reporters (Figure 4, K).  

 

The de-repression in the valves due to mutations in the CArG boxes in the pSHP22kb 

construct compared to the unmutated reporter indicates that repression of SHP2 in the valves 

is at least partly mediated by the three CArG boxes that we have mutated in this study. 
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Additionally, these CArG boxes may also mediate repression of SHP2 in the pedicels as is 

evidenced by the expanded expression in this structure in the pSHP22kbCArG reporter.   

 

Loss of AGL15 and AGL18 activities affect early medial expression of SHP2 in the 

carpel 

 

The majority of the CArG box binding sites identified in the 2.2kb region upstream of the 

SHP2 TSS (CArG boxes 2-6) have the consensus sequence ñCA[A/T]6AGò.  These 

consensus motifs contain a longer A/T tract that is preferentially bound by AGL15 (Tang and 

Perry, 2003). ChIP-chip data also identifies the locus containing CArG boxes 1, 2 and 3 as a 

region bound by AGL15 (Zheng et al., 2009). AGL18 shares close homology with AGL15 and 

redundantly functions with AGL15 to repress floral transition in Arabidopsis (Adamczyk et 

al., 2007). Both AGL15 and AGL18 are expressed in the flower including the developing 

carpel from stage 7 onwards, with similar expression patterns (Adamczyk et al., 2007) and 

are detected in young carpels from previously published microarray data (Wynn et al., 2011). 

AGL15 can also interact with AGL18 in vivo and heterodimerize (Serivichyaswat et al., 

2015). These data suggest that AGL15 and AGL18 may function redundantly to regulate 

SHP2 expression. To determine if loss of AGL15 and AGL18 activities would affect the 

spatio-temporal expression of the SHP2 reporters, we analyzed the pSHP22kb and pSHP21kb 

reporters in an agl15 agl18 double mutant background, referred to hereafter as ñpSHP22kb; 

agl15/18ò or  ñpSHP21kb; agl15/18ò 

 

 

 

 

 

https://paperpile.com/c/ZzEOAX/lm0F
https://paperpile.com/c/ZzEOAX/lm0F
https://paperpile.com/c/ZzEOAX/lTSr
https://paperpile.com/c/ZzEOAX/XKyg
https://paperpile.com/c/ZzEOAX/XKyg
https://paperpile.com/c/ZzEOAX/XKyg
https://paperpile.com/c/ZzEOAX/IPSg
https://paperpile.com/c/ZzEOAX/MRUh
https://paperpile.com/c/ZzEOAX/MRUh
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Table 3: Percentage expression of the pSHP22kb reporter in T2 wild type and agl15 

agl18 double mutant backgrounds in various tissues across developmental stages 

 
Values are percentages (rounded to nearest whole value) of independent sibling lines where YFP was observed 

in the tissue indicated; N values indicate the number of independent T2 families assayed. VM = valve margin; 

DZ = Dehiscence Zone; ap = apical; b = basal; me = medial. Where stated numbers in parentheses indicate 

floral stage; All statistical comparisons made using Mann Whitney U Test based on intensity scores (See 

methods). Where stated numbers in brackets indicate floral stage; All statistical comparisons made using Mann 

Whitney U Test based on intensity scores (See methods). ñ*ò indicates a p value < 0.1; ñ**ò indicates a p value 

< 0.05;  

 

 

VM  

(ap, 11) 

VM  

(b, 11) 

DZ 

(13) 

Valve 

(b, 12) 

**  

Style 

(13) 

*  

Carpel 

(ap, 8) 

**  

Carpel 

(me, 8) 

*  

Carpel 

(me,11) 

**  

Pedicels 

(8) 

pSHP22kb (A) 

N = 31 94 90 100 13 26 48 29 39 0 

pSHP22kb;agl15/18 

N = 21 90 86 100 0 5 5 5 10 0 

 

 

In 21 independent T2 lines expressing pSHP22kb in the agl15/18 double mutant background, 

expression in the VM and DZ was comparable with pSHP22kb in a WT background (N = 31). 

However in pSHP22kb;agl15/18 lines we observed less frequent expression in the early carpel 

(stages 6-10) in both apical (p < 0.05) and basal (p < 0.1) regions and in the medial domain at 

stage 11 (p < 0.05). We also observed no expression in the basal valve in the agl15/18 double 

mutant background (p < 0.05) and less late style expression (p < 0.1).  

 

Expression across all floral organs and developmental stages of T2 lines in the agl15/18 

double mutant background (N = 20)   showed no significant difference to the pSHP21kb 

reporter in a WT background (N = 19). The difference in effects of the loss of AGL15/18 

activities on the pSHP22kbagl15/18 suggests that AGL15 and/or AGL18 are likely to mediate 

SHP2 regulation upstream of the 1kb region potentially through CArG boxes 4, 5, 6 in 

addition to CArG boxes 1, 2 and 3 as highlighted by previous ChIP-chip data (Zheng et al., 

https://paperpile.com/c/ZzEOAX/lTSr
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2009). In addition, AGL15 and AGL18 may play a role in promoting early medial expression 

within the carpel.  

 

DISCUSSION 

 

The SHP2 promoter contains separable independent redundant elements that are 

sufficient for expression within the valve margin and dehiscence zone 

 

In this study we have identified two separable portions of the SHP2 cis-regulatory region that 

are each sufficient to support late expression within the valve margin and DZ. Both the 

pSHP21kb fragment (fragment B) and the pSHP2700bp fragment (fragment C) were able to 

drive expression within the developing VM after stage 11. Furthermore these two redundant 

fragments are both responsive to the repressive action of FUL, as both are de-repressed in the 

ful mutant (Figure 4). Our results indicate that there are at least two independent, FUL-

responsive enhancer modules regulating SHP2 that can support VM expression. The presence 

of multiple redundant enhancers has been previously reported in Drosophila Gap genes 

required for embryonic development. (Perry et al., 2011). Perry et al. have proposed that 

these duplicative enhancer modules might underlie the robustness of the expression patterns 

observed even under variable environmental conditions. They proposed a model of enhancer 

synergy where by multiple overlapping enhancer elements work together to contribute to 

increase the robustness of the expression patterns. We have not tested this model with respect 

to the redundant SHP2 cis-regulatory elements identified here. 

 

 

 

 

https://paperpile.com/c/ZzEOAX/lTSr
https://paperpile.com/c/ZzEOAX/JQDA
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The entire 2.2 kilobase region A is required for strong early expression of SHP2 within 

the carpel margin meristem  

 

The medial portions of the early stage 6-8 gynoecium contain a set of meristematic cells, the 

carpel margin meristem (CMM), that are important for the reproductive competence of the 

gynoecium (Reyes-Olalde et al., 2013).  This meristematic region gives rise to the ovules, the 

precursors of the seeds and to other vital female reproductive structures. SHP2 is expressed 

within the carpel margin meristem during stages 6-8 although the function of SHP2 in this 

tissue at this stage is currently unknown. Our data indicate that the pSHP22kb promoter 

fragment is sufficient to drive the expression of the YFP reporter gene within the CMM and 

the medial portions the developing gynoecium in the earliest stages (Figure 3, A, B). While 

both region B and the 700bp enhancer region C could produce late VM expression, they did 

not support early medial domain expression, We were not able to identify a smaller portion 

of the promoter fragment (smaller than the  pSHP22kb promoter fragment)   that is sufficient 

to support the early medial domain expression. This result suggests that the elements required 

for CMM/early medial domain expression may be distributed throughout fragment A such 

that most or all of this fragment is required to give the early expression pattern.  

 

The deletion of three CArG boxes results in the moderate de-repression of reporter 

gene expression within the valve  

 

Previous experiments have indicated that FUL is required to repress the expression of SHP2 

within the developing valve. FUL encodes a MADS box containing transcriptional factor 

(Mandel and Yanofsky, 1995; Gu et al., 1998) that is predicted to bind to CArG box 

elements. In an effort to determine the importance of the CArG boxes within the SHP2 cis-

regulatory regions, we created promoter fragments within which three CArG boxes (CArG 

https://paperpile.com/c/ZzEOAX/jcSy
https://paperpile.com/app/p/6854a10b-ccf5-0dd8-b68a-b6bfd00b7aa5
https://paperpile.com/app/p/7e1b7959-f73d-023d-970d-6e37681de3a6
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boxes 1-3) were specifically mutated. Mutation of these three CArG boxes within the context 

of the pSHP22kb reporter (i.e. pSHP22kbCArG) resulted in a moderate degree of de-repression 

within the valve (figure 4, D). These results support the prediction that at least a portion of 

the repressive action of FUL on SHP2 expression is mediated through these three CArG 

boxes present within the SHP2 cis-regulatory regions.  

 

In order to determine the extent to which FUL could still repress pSHP2 reporter gene 

expression when three CArG boxes were mutated, we crossed the pSHP22kbCArG reporter 

lines into a ful mutant background.  In all cases we observed a significant additional de-

repression of pSHP22kbCArG reporter expression in the valves when FUL activity was reduced. 

The data suggests that FUL is still able to mediate a significant degree of repression on the 

pSHP22kbCArG reporter even though the three CArG boxes within the conserved sequence 

block of region A were mutated. One possibility is that FUL may be able to act through the 

CArG 4-6, boxes located between -1554bp and -1936bp upstream of the TSS. Alternatively 

FUL may repress SHP2 through non-consensus or degenerate CArG boxes located in 

fragment A or potentially through non CArG box cis-regulatory elements as part of a larger 

regulatory complex without making contact with the DNA. Finally, FUL may act indirectly 

on SHP2 expression, via the regulation of intermediate transcriptional regulators. Additional 

experiments will be required to distinguish between these possibilities.  
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Deletion of CArG boxes and the 1kb SHP2 fragment produces a de-repression of 

reporter gene expression in the pedicels 

 

We observed YFP reporter in the sepal-AZ and in the base of the inflorescence internodes in 

lines expressing the 2.2kb SHP2 fragment A, across flowers of all stages. Mutations in CArG 

boxes 1-3 in the pSHP22kbCArG  reporter caused reporter expression to also be observed 

further into the distal regions of the pedicel and more strongly at base of the internodes. 

Expression from the 1kb SHP2 óBô fragment is also detected in the proximal portions of the 

pedicels and in the stem.  

 

The ectopic expression of the pSHP22kbCArG and the pSHP21kb reporters into the pedicel is 

reminiscent of the expansion of sepal AZ markers (BLADE ON PETIOLE1/2 (BOP1/2), 

KNOTTED-1 LIKE IN ARABIDOPSIS THALIANA 2/KNAT2, KNOTTED-1 LIKE IN 

ARABIDOPSIS THALIANA 6/KNAT6) in bp and rpl single mutants and bp rpl double 

mutants (Smith and Hake, 2003; Douglas and Riggs, 2005). This may suggest that either 

repression by factors expressed in the distal pedicel such as BP and RPL may repress 

SHP2.  This might occur via CArG boxes 1-3 or via cis-regulatory elements located in the 5ô 

portion of the 2kb SHP2 fragment A, upstream of fragment B. The latter may be the case as 

lines expressing fragment C, which lies upstream in A showed no expression in the pedicels. 

 

To see if loss of RPL activity would cause expansion of the reporter into the pedicels in 

pSHP22kb lines, we crossed the pSHP22kb construct into a rpl-7 mutant (Gish, 2013), 

however, no expression in the distal or proximal pedicel was observed (data not 

shown).  Previous descriptions of the SHP2 endogenous expression pattern during floral 

https://paperpile.com/c/ZzEOAX/5NSB+6beg
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development do not report SHP2 expression in the sepal or petal AZs (Savidge et al., 1995; 

Liljegren et al., 2000). It is possible that regions of the SHP2 promoter-enhancer assayed in 

this work are missing repressor elements that prevent endogenous expression in the sepal AZ. 

Further in-situ hybridization experiments are required to clarify if this is the case.  Additional 

cis-regulatory elements may also be located in the SHP2 2nd intron. The 2nd intron is fairly 

large (2056bp), similar to MADS protein paralog AG which is transcriptionally regulated by 

enhancer elements located within the AG 2nd intron (Sieburth and Meyerowitz, 1997; 

Deyholos and Seiburth, 2000; Hong et al., 2003).    

 

METHODS 

 

Genotyping 

DNA was extracted by grinding leaf tissue in Edwards Buffer (Edwards et al., 1991) 

centrifuging at >10 000 g for 10 min, precipitating the supernatant in 100% ethanol for 

5 min, centrifuging again for 10 min at >10 000 g, rinsing with 70% ethanol, and 

resuspending in 100 ɛl 10 mm Tris-HCl, pH 7.5.  

 

Mutant alleles ful-2, agl15-3 (SALK_093946), agl18-1 (SALK_083061) are in the Col-0 

background and have been characterized: (Kunst et al., 1989; Yi and Jack, 1998; Ferrandiz, 

2000; Alonso et al., 2003; Lehti-Shiu et al., 2005). The blr-7 allele contains a T to G 

missense mutation at position 1191 in the coding sequence. This is a dominant negative allele 

in a mixed Col-0 and Ler background. Plants selected from stock seeds did not contain the 

ERECTA mutation. The allele is characterized by Gish, (2013).  Mutant alleles were 

https://paperpile.com/c/ZzEOAX/xm9L+MiV6
https://paperpile.com/c/ZzEOAX/xm9L+MiV6
https://paperpile.com/app/p/9993daa2-7f1e-04ed-b552-77d2ae0f9634
https://paperpile.com/app/p/b0d6d7d9-7824-0089-adf1-5c13bb8fc92f
https://paperpile.com/app/p/e0c1a8ae-b3d6-0578-8121-1c7b0d09bbcd
https://paperpile.com/c/ZzEOAX/3nvT
https://paperpile.com/c/ZzEOAX/Y6WX+eqgN+HNbT+Jfpy+4cnW
https://paperpile.com/c/ZzEOAX/Y6WX+eqgN+HNbT+Jfpy+4cnW
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identified via PCR-based genotyping and phenotypic selection. Genotyping for agl15-3 

agl18-1 double mutants is previously described (Lehti-Shiu et al., 2005). To genotype blr-7 

mutants: primers blr7F and blr7R were used to produce a 243bp PCR amplicon from 

genomic DNA, which is cleaved by Tsp509I (New England Biolabs) in WT DNA and is 

uncleaved in DNA with the blr-7 allele (Gish, 2013). Genotyping of the ful-2 allele was 

carried out as described in (Ferrandiz, 2000). 

 

Construction of pSHP2::GAL4/pUAS::3xARAYPet dual construct promoter-reporter 

lines and deletion and mutational analysis of promoter fragments 

 

Construction of the 2.2kb pSHP2-GAL4/pUAS-3xYpet is as described in Villarino et al., 

(Villarino et al., 2016). Additional SHP2 promoter fragments were amplified from Col-0 

genomic DNA: 1kb_pSHP2 (-992 to +1) using primers SHP2_ATG_1000L (5ô 

CACCTCATTGTCTCGCTTGGTAGTTG 3ô), and SHP2_ATG_1000R (5ô 

CATTTCTATAAGCCCTAGCTGAAG 3ô) and a 700bp_pSHP2 upstream element (-1132 to 

-1820) using primers SHP2_1100_1800chimeraL 

(5ôCACCAATTTCAATTATCAATCATCGTTCA 3ô), SHP2_1100_1800chimeraR (5' 

CCTCTCCAAATGAAATGAACTTCCTTATATAGAGGAAGGGTCTTGCtggacattaggttag

tccaacg 3ô) and SHP2_1100_18002ndfusion (5ô 

CATATCGGGGTCGTCCTCTCCAAATGAAATGAACTTCCTTATATAGAGGAAGGGT

CTTGCTGGACATTAGGTTAGTCCAAC 3ô). The resulting amplicon from primers 

SHP2_1100_1800chimeraL, SHP2_1100_1800chimeraR was fused to the primer 

SHP2_1100_18002ndfusion via PCR. SHP2_1100_18002ndfusion contains a CaMV 35s 

minimal promoter from the hygromycin cassette of pEG303GAL4 up to the translation start 

https://paperpile.com/c/ZzEOAX/4cnW
https://paperpile.com/c/ZzEOAX/HNbT
https://paperpile.com/c/ZzEOAX/5MJC
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site of the hygromycin coding sequence. The 2.2kb and 1kb promoter fragments contain the 

5ôUTR, the first intron and the first Methionine codon of SHP2.  

 

PCR fragments pSHP21kb, and pSHP2700bp were cloned into pENTR-D-Topo (Invitrogen) to 

create plasmids, BS013, and BS051, respectively, which were recombined into vector 

pEarleygate303-GAL4 (pEG303GAL4) via Gateway LR Recombinase II (Invitrogen) to 

form plasmids BS008 (pSHP21kb) and BS149 (pSHP2700bp). These were introduced into 

Agrobacterium tumefaciens strain C58: Stock numbers: BS087: pSHP21kb; BS063: 

pSHP2700bp. Mutagenized 2.2kb construct pSHP22kbCArG was generated by Genscript Inc 

using plasmid AAS003 as a template producing plasmid BS159. This was used to transform 

Agrobacterium tumefaciens strain GV3101 (Stock number: BS108). 

 

Creation of transgenic lines  

Generation of the transgenic line containing 2.2kb pSHP2::GAL4/pUAS::3xARAYPet is 

outlined in (Villarino et al., 2016). Transgenic lines containing pSH21kb were produced by 

Agrobacterium-mediated transformation (Clough and Bent, 1998) of plants expressing the 

pUAS::3xARAYPet responder construct (JMA721). Transgenic lines containing pSHP2700bp , 

pSHP22kbCArG constructs were created by Agrobacterium-mediated transformation (Clough 

and Bent, 1998) of Col-0 plants with both pUAS-3xYpet responder construct JMA721 

(Villarino et al., 2016) and one of vectors containing the GAL4 component to generate 

pSHP2:GAL4/pUAS-3xYpet dual constructs (Villarino et al., 2016)  Double mutant agl15 

agl18  lines (Stock No. 2175) expressing pSHP22kb and pSHP21kb reporters  were also 

https://paperpile.com/c/ZzEOAX/5MJC
https://paperpile.com/c/ZzEOAX/VwXu
https://paperpile.com/c/ZzEOAX/VwXu
https://paperpile.com/c/ZzEOAX/5MJC
https://paperpile.com/c/ZzEOAX/5MJC
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generated through Agrobacterium mediated transformation of double mutant plants with both 

JMA721 and one of AAS003 or BS009 constructs. 

 

Selection of transformants 

Seeds were surface sterilized with 40% (v/v) bleach and 0.05% Tween 20 for 5 minutes, 

washed with sterile water and plated on 0.5x MS (Murashige and Skoog, 1962); 

supplemented with 10 g Lī1 sucrose, 8.2 g Lī1 phytoagar (Caisson Labs), pH 5.6 to 5.7), with 

25ug-l Basta, 25ug-l Hygromycin for selection of transformants and 100ug-l Timentin to 

inhibit agrobacterial growth. Plates were grown for 24 hours in continuous light (22°C), 

transferred to a dark chamber at 22 °C for 4 days to allow etiolation and subsequently placed 

in continuous light for 48 hours (22 °C) before resistant seedlings were transferred to soil.  

 

Plant growth 

All plants were grown in continuous light at 22 °C.  

 

Screening and scoring of YFP expression in transgenic lines 

All transgenic lines were screened and scored using a LEICA M165C stereomicroscope with 

a GFP3 (470-40nm) filter. For each transgenic line, T1 progeny, representing independent 

transformation events, with flowers that were positive for YFP were examined and scored in 

the T2 generation. 

 

 

 

https://paperpile.com/c/ZzEOAX/YCuB
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Scoring schema for reporter lines 

All YFP expression across floral tissues and developmental stages was scored on a zero to 5 

scale; 0 is weakest (no expression detected); 5 is the strongest. All T2 siblings were screened 

at the rosette stage post bolting, cauline leaf post bolting and inflorescences when mature 

flowers were present (1 week post bolting). Flowers were examined within the primary 

inflorescence on an individual basis.  Stage 17 siliques were examined first (post complete 

abscission of perianth organs), then open flowers (stage 13/stage 14), followed by flowers 

that were still closed at stages 12, 11, 10, 8 and 6. At each floral stage YFP in the pedicels 

and abscission zones (the dehiscence zone of sepals and petals) was scored. Sepals (apical 

and basal), petals and stamens were examined followed by seedpods. Seedpods at each floral 

stage were scored for YFP apically and basally and dissected to score medial/ovule/seed 

expression. Care was taken to whether YFP observed was due to YFP within the 

ovules/medial tissue or present in the valves. 

 

At least 20 T2 lines, where available, representing independent transformation events, were 

examined per transgenic line. If available more than one plant per T2 sibling was examined 

and mean averages of YFP scores at each floral stage and each tissue were calculated using a 

python script (packages: Pandas, OpenXL). Scripts available from 

https://github.com/bsehra/Statistical_analysis 

 

Generating count data and statistical Analysis of YFP scores. 

YFP scores generated for each transgenic line were counted and sorted into bins (ñ0ò, 

ñ0<n=<1ò, ñ1<n=<2ò, ñ2<n=<3ò, ñ3<n=<4ò, ñ4<n=<5ò) corresponding to ranges of values 

https://github.com/bsehra/Statistical_analysis


 

56 

for each floral stage of development and tissue using a python script (modules: Pandas, 

OpenXL). Statistical comparisons of count distribution data of transgenic lines at each floral 

stage and tissue were conducted using the Mann Whitney U Test in R. Mann Whitney U tests 

and P-value tables for each set of pairwise comparisons between transgenic lines were 

generated using R scripts (packages: XLConnect) available at 

https://github.com/bsehra/Statistical_analysis  

 

Confocal Microscopy 

Confocal microscopy was performed using a Zeiss LSM 710 (Carl Zeiss, Inc. Thornwood, 

943 NY). Images were subsequently analyzed using Zen Imaging Software and ImageJ.  

 

Determining regions of sequence similarity in the SHP2 promoter using phylogenetic 

analysis of AtSHP2 and orthologs in other Brassicaceae 

 

A 3kb region upstream of the of the SHP2 translational start site putative promoter region (-

2999 to +1 relative to the ATG start codon) in Arabidopsis thaliana (TAIR10) up to the first 

methionine codon (ATG) was aligned with approximately 3kb of the promoter sequence of 

orthologs of AtSHP2 in Arabidopsis lyrata, Capsella rubella, Brassica rapa and Eutrema 

halophila using Dialign-chaos multiple sequence aligner (Brudno et al., 2004). Orthologs 

were identified by TNBlast alignment of the AtSHP2 amino acid coding sequence to 

genomes of the respective Brassicaceae species using Phytozome.net v 10 (Goodstein et al., 

2012). Blast alignment of genomic regions from TBlastN results with lowest E values were 

reciprocally aligned to the Arabidopsis thaliana TAIR10 version of the genome. Regions 

from the reciprocal Blast that aligned back to the AtSHP2 genomic locus were accepted as 

https://paperpile.com/c/ZzEOAX/F4QV
https://paperpile.com/c/ZzEOAX/buKr
https://paperpile.com/c/ZzEOAX/buKr
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orthologs in the genomes of the respective species. Weighting scores at each base provided 

by Dialign-chaos across the multiple sequence alignment were converted to Genome 

Browser annotation tracks using Python script for viewing on TAIR. Scripts available at: 

https://github.com/bsehra/Annotation__track_scripts 

 

Mapping of transcription factor binding sites to SHP2 promoter-enhancer 

Binding sites from PLACE (Higo et al., 1998), AGRIS (Yilmaz et al., 2011) and 

TRANSFAC (Matys et al., 2006) databases were mapped to a genomic locus that is 3kb 

upstream of the SHP2 translation start site using PatMaN software (Prüfer et al., 2008). 

Output results files from PatMaN were converted to annotation tracks for viewing in Genome 

Browser in TAIR using python scripts (available at 

https://github.com/bsehra/Annotation__track_scripts 

  

https://paperpile.com/c/ZzEOAX/gwBs
https://paperpile.com/c/ZzEOAX/7gUA
https://paperpile.com/c/ZzEOAX/73hs
https://paperpile.com/c/ZzEOAX/uSCo
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ABSTRACT 

 

In this chapter we investigate the function of conserved GAGA elements identified within the 

SHATTERPROOF 2 (SHP2) 5ô regulatory region, as well as the potential for BASIC 

PENTACYSTEINE PROTEINS (BPC) proteins to regulate SHP2 expression through these 

conserved elements. 

 

The MADS proteins SHATTERPROOF 1 (SHP1) and (SHP2) contribute to valve margin and 

dehiscence zone specification. SHP2 is also present in the early gynoecium, functions in 

carpel development, ovule identity and style development. Previous characterization of the 

SHP2 5ô regulatory region highlighted a 2.2kb and a 1kb region that produced early and late 

SHP2 expression in the medial portion of the carpel, the valve margin (VM) and dehiscence 

zone (DZ). We have identified a cluster of GA-rich regions (GAGA elements) within 1kb of 

the translation start site, which may be potential binding sites for BPC, a family of 

transcription factors that have been shown to confer transcriptional repression of 

SEEDSTICK (STK), a paralog of SHP2. Mutagenesis of the identified GAGA elements in the 

context of a 2.2kb regulatory region produced no change in expression in planta when 

compared to a mutagenized version of the reporter suggesting that these elements are either 



 

66 

non-functional or that additional functionally-redundant GAGA elements may be present. 

Mutagenized GAGA elements in the context of the 1kb SHP2 reporter have yet to be 

examined in planta. Transformation of bpc1-1 bpc2 bpc3-1 triple mutants with 2.2kb and 

1kb SHP2 reporters produced lines with consistently weak VM expression that is present 

briefly from floral stages 12 to 14, unlike the consistent expression derived from this reporter 

in a WT background. The reduction in SHP2 reporter expression with the loss of BPC protein 

activity highlights that other regulatory mechanisms may be affecting SHP2 expression in the 

bpc1-1 bpc2 bpc3-1 mutant background. 
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INTRODUCTION  

 

 

The BASIC PENTACYSTEINE PROTEIN/BARLEY B RECOMBINANT (BPC/BBR) family 

are a plant-specific family of seven transcription factors in Arabidopsis (BPC1 through 

BPC7), first functionally characterized in Hordeum vulgare (barley)  (Santi et al., 2003; 

Meister et al., 2004; Monfared et al., 2011). Functionally BPC proteins are analogous to, but 

not homologs of, GAGA Factors (dGaF) in Drosophila, which interact with chromatin 

remodeling subunits NURF and FACT via GAGA DNA motifs to affect nucleosome spacing 

(Kerrigan et al., 1991; Tsukiyama et al., 1994; Okada and Hirose, 1998; Orphanides et al., 

1998). Homologs of the BPC/BBR family have also been characterized in Glycine max 

(soybean) and Oryza sativa (rice) (Sangwan and OôBrian, 2002; Santi et al., 2003; Berger et 

al., 2011). 

 

BPC proteins can be subdivided into three classes, Class I, II and III, based on domains of 

sequence similarity (Meister et al., 2004; Monfared et al., 2011). BPC1, BPC2 and BPC3 

belong in Class I; BPC4, BPC5, and BPC6 are Class II proteins and BPC7 is the sole 

member of Class III (Monfared et al., 2011). BPC5 is a putative pseudogene due to the 
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presence of an in-frame stop-codon (Meister et al., 2004; Monfared et al., 2011). Single bpc7 

mutants produce no observable phenotype, nor does bpc7 contribute to higher order 

combinations of bpc mutants and therefore may not be essential (Meister et al., 2004; 

Monfared et al., 2011). Higher order combinations of other BPC mutants result in pleiotropic 

phenotypes, including aberrant phyllotaxy and homeotic transformations of floral organs 

(Monfared et al., 2011). Class I and Class II have overlapping functions during development, 

however, there is evidence indicating that BPC3 may have roles antagonistic to other Class I 

and II BPC genes (Monfared et al., 2011). 

 

BPC proteins bind to GA-repeat motifs in the regulatory regions of target genes (Meister et 

al., 2004; Wanke et al., 2011) and are expressed broadly throughout the plant over the course 

of development (Monfared et al., 2011). As with the Drosophila dGaF, BPC proteins regulate 

the transcription of homeotic genes (Simonini et al., 2012); BPC1 represses the YABBY 

family member, INNER NO OUTER (INO), and the MADS box protein SEEDSTICK (STK) 

during ovule development in Arabidopsis. Repression of STK involves Class I BPCs 

physically interacting with APETALA1 (AP1), SHORT VEGETATIVE PHASE (SVP) and the 

transcriptional regulators SEUSS (SEU) and LEUNIG (LUG) (Franks et al., 2002; Simonini 

et al., 2012), facilitating complex formation in vivo. An in-vitro based consensus motif, 

óRGARARRAô for BPC1 DNA binding has been defined (Monfared et al., 2011). However, 

Class I BPC proteins also recognize other GA-repeat motifs and GA-rich regions in the DNA 

(Meister et al., 2004; Wanke et al., 2011; Simonini et al., 2012; Simonini and Kater, 2014).  

Class I BPCs also regulate LEAFY COTYLEDON 2 (LEC2) during embryo development 

https://paperpile.com/c/jD1Ycp/TnOk+t0rU
https://paperpile.com/c/jD1Ycp/TnOk+t0rU
https://paperpile.com/c/jD1Ycp/TnOk+t0rU
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(Berger et al., 2011) and regulate inflorescence meristem size and determinacy by repressing 

BREVIPEDICELLUS (BP) and SHOOTMERISTEMLESS (STM) (Simonini and Kater, 2014).  

BPC proteins mediate transcriptional control potentially by interacting with members of 

POLYCOMB REPRESSOR COMPLEX 1 (PRC1) and POLYCOMB REPRESSOR 

COMPLEX 2 (PRC2) (Lanzuolo and Orlando, 2012; Hecker et al., 2015). PRC2 causes tri-

methylation of histone H3 lysine 27 (H3K27 trimethylation), facilitating a repression of 

transcription initiation. It is thought that PRC2 acts upstream of PRC1 as the latter binds 

H3K27me3 marks and subsequently ubiquitinates histone H2A, causing chromatin 

compaction and limiting access to transcriptional machinery (Aranda et al., 2015).  In 

Arabidopsis Class II BPC protein BPC6 interacts with plant PRC1 subunit LIKE 

HETEROCHROMATIN PROTEIN 1/TERMINAL FLOWER 2 (LHP1/TFL2) in vitro and in 

vivo, recruiting LHP1 to GAGA motifs in the DNA (Hecker et al., 2015). GAGA motifs are 

enriched in known LHP1 and H3K27 trimethylation targets (Hecker et al., 2015). BPC6 also 

associates with the plant-specific PRC2 component VERNALISATION 1 (VRN1) in vivo, 

suggesting that LHP1 may function as a bridge between PRC1 and PRC2 in plants ((Hecker 

et al., 2015)). More recently BPC1, BPC2, BPC4 and BPC6 have been shown to promote 

lateral root formation by direct recruitment of PRC2 to repress ABSCISIC ACID 

INSENSITIVE 4 (ABI4) by H3K27 trimethylation (Mu et al., 2017). Genetic interaction 

between BPCs and ABI4 also modulates auxin signaling (Mu et al., 2017).  

 

The MADS proteins paralogs SHATTERPROOF 1 (SHP1) and SHATTERPROOF 2 (SHP2) 

are best known for their role in specifying valve margin (VM) fate (Liljegren et al., 2000). 

However they also redundantly function to specify ovule identity (Flanagan et al., 1996; 

https://paperpile.com/c/jD1Ycp/rG1U
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Savidge et al., 1995a; Roeder et al., 2003; Pinyopich et al., 2003), style expression (Colombo 

et al., 2010) and carpel development (Pinyopich et al., 2003). SHP1 and SHP2 have similar 

expression patterns (Flanagan et al., 1996; Savidge et al., 1995b; Liljegren et al., 2000) and 

much of the analysis of SHP function and expression has focused on SHP2. Previous SHP2 

reporter analysis highlights expression in other tissues (Chalfun-Junior et al., 2006; Colombo 

et al., 2010).  

 

BPCs are expressed in the floral organs throughout development (Monfared et al., 2011), 

interact with MADS proteins (Simonini et al., 2012) and have been shown to 

transcriptionally repress the MADS protein STK (Kooiker et al., 2005; Simonini et al., 2012). 

However, it is unknown whether BPCs also regulate SHATTERPROOF genes or other 

MADS proteins that function as homeotic factors during flower development in a similar 

manner. This work focuses on investigating whether BPC proteins play a role in regulating 

SHP2 during floral development by functionally analyzing GA-rich cis-regulatory elements 

and BPC consensus binding motifs (hereafter referred to as óGAGA sitesô) within the SHP2 

cis-regulatory regions. We also examine the expression of pSHP2 reporter lines in a bpc1 

bpc2 bpc3 triple mutant in an effort to determine if the BPC family members regulate SHP2.  

 

Our experiments did not detect an alteration of reporter expression upon the mutation of 

multiple GAGA elements located within the SHP2 cis-regulatory regions. Furthermore the 

alterations to the pSHP22kb and pSHP21kb reporters in the bpc1-1 bpc2-1 bpc3-1 triple 

mutants (Simonini et al., 2012) were modest. We conclude that either the GAGA elements 

https://paperpile.com/c/jD1Ycp/FD50+xVfK+qoDJ+v7T3
https://paperpile.com/c/jD1Ycp/byxw
https://paperpile.com/c/jD1Ycp/byxw
https://paperpile.com/c/jD1Ycp/v7T3
https://paperpile.com/c/jD1Ycp/FD50+ofeO+R5m4
https://paperpile.com/c/jD1Ycp/7aXB+byxw
https://paperpile.com/c/jD1Ycp/7aXB+byxw
https://paperpile.com/c/jD1Ycp/t0rU
https://paperpile.com/c/jD1Ycp/Sgm4
https://paperpile.com/c/jD1Ycp/roCn+Sgm4
https://paperpile.com/c/jD1Ycp/Sgm4
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we mutated are not required for regulation of SHP2 expression or that additional redundant 

elements in these cis-regulatory regions can substitute for the mutated GAGA elements.  

 

RESULTS 

 

The SHP2 promoter-enhancer region contains multiple GAGA elements  

 

Previous analysis of the SHP2 cis-regulatory region defined a 2.2kb region (-2168 to +1, 

where +1 is defined as the translation start site) as sufficient to drive reporter expression in 

the early and late medial carpel, VM and dehiscence zone (DZ) domains (Chapter 2; 

(Villarino et al., 2016; Larsson et al., 2014; Roeder et al., 2003). A shorter 1kb region was 

shown to support late VM and DZ expression (Chapter 2). 

 

In chapter 2 we showed that the 2.2kb and 1kb regions of the SHP2 promoter-enhancer 

coincide with areas of high sequence similarity across other Brassicaceae species: 

Arabidopsis lyrata, Capsella rubella, Brassica rapa and Eutrema salsugineum (formerly 

Eutrema halophila: (Yang et al., 2013)  (see Chapter 2, Methods). The multiple sequence 

alignment of 3kb upstream of the AtSHP2 translation start site (TSS) with SHP2 orthologs in 

Arabidopsis lyrata, Capsella rubella, Brassica rapa and Eutrema salsugineum (formerly 

Eutrema halophila: (Yang et al., 2013) were converted to GBrowse tracks for visualization 

(Chapter 2, Methods). 

  

https://paperpile.com/c/jD1Ycp/Ot0k+Qe5S+qoDJ
https://paperpile.com/c/jD1Ycp/XKLps
https://paperpile.com/c/jD1Ycp/XKLps
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Figure 1: GAGA sites located upstream of the SHP2 translation start site 
 

Three GAGA elements listed as GA1, GA2 and GA3 (each with multiple overlapping óRGARARRAô sites) are 

located in the 2.2kb region upstream of the translation start site (+1): GA1 (-675bp to -684bp), GA2 (-594bp to 

-622bp), and GA3 (-445bp to -467bp). GA2 coincides with a region potentially bound by Class I BPC proteins 

from ChIP-qPCR analysis (-488bp to -673bp) (Veronica Gregis Personal communication). GA1 and GA2 also 

overlap with a published DNase I hypersensitive site (DH site; -986bp to -517bp) (Zhang et al., 2012). GA 

elements 1-3 also lie downstream of three CArG boxes located between -748bp and -869bp, which play a role 

in the repression of SHP2 in the valve (Chapter 2). All nucleotide positions are relative to the translation start 

site of the SHP2 coding sequence, designated as +1.  

 

Within the 2.2kb region we mapped consensus sequences for BPC binding, defined as 

'RGARAGRRAô in vitro assays as well as by functional analysis of the STK promoter 

(Kooiker et al., 2005; Simonini et al., 2012) using PatMaN software (Prüfer et al., 2008). 

Non consensus GA- rich motifs were also mapped within the SHP2 2.2kb region, as BPC 

proteins can interact with the DNA through GA repeats and other non-consensus motifs 

within cis-regulatory regions (Meister et al., 2004; Simonini et al., 2012; Simonini and Kater, 

2014) (Figure 1). A number of GAGA elements were found within the 2.2kb region assayed. 

We focused on GAGA elements located within a region spanning -986bp to -517bp from the 

TSS which is a site of a DNase I hypersensitivity site (DH site) ((Zhang et al., 2012)), which 

correlates with transcriptionally active chromatin (Boyle et al., 2008; Gross and Garrard, 

1988; Hesselberth et al., 2009; Cockerill, 2011; Song et al., 2011). GAGA elements 1, 2 and 

https://paperpile.com/c/jD1Ycp/zDrl
https://paperpile.com/c/jD1Ycp/roCn+Sgm4
https://paperpile.com/c/jD1Ycp/zoJ9
https://paperpile.com/c/jD1Ycp/TnOk+Sgm4+zIcK
https://paperpile.com/c/jD1Ycp/TnOk+Sgm4+zIcK
https://paperpile.com/c/jD1Ycp/zDrl
https://paperpile.com/c/jD1Ycp/VC1T+iWKv+bdNp+7wkI+hD0I
https://paperpile.com/c/jD1Ycp/VC1T+iWKv+bdNp+7wkI+hD0I
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3 are located between -445 and -684bp upstream from the translational start site. Chromatin 

immunoprecipitation (ChIP) qPCR experiments indicated that a region between -488bp to -

673bp covering GAGA elements 1 and 2 GAGA elements is bound by Class I BPC proteins 

in vivo (personal communication, Veronica Gregis, University of Milan). 

 

 

 
Figure 2: Dinucleotide substitutions introduced within GAGA elements within the 2.2 

and 1kb SHP2 promoter fragments 
 

ó1ô, ó2ô and ó3ô refer to GAGA elements located within the 2.2kb and 1kb region upstream from the SHP2 

translation start site (1 = -675bp; 2 = -594bp; 3 = -445bp. ó2xGAGAô mutations introduce single dinucleotide 

substitutions to disrupt GAGA elements ó1ô and ó2ô in the context of the 2.2kb fragment (pSHP22kb2xGAGA) and 

1kb fragment (pSHP21kb2xGAGA). ó8xGAGAô mutations disrupt all three GAGA elements (1 mutation in GAGA 

element 1, 4 mutations in GAGA element 2, and 3 mutations in GAGA element 3) in the context of the 2.2kb 

(pSHP22kb8xGAGA) and 1kb fragment (pSHP21kb8xGAGA). All nucleotide positions are relative to the translation 

start site of the SHP2 coding sequence. 

 

To determine if the identified GAGA sites contributed to regulation of SHP2 expression we 

introduced substitution mutations at key dinucleotides which have previously been shown to 

disrupt BPC protein binding (Kooiker et al., 2005; Simonini et al., 2012). Two sets of 

mutations were introduced into the context of the 2.2kb and 1kb SHP2 regulatory regions 

referred to as ó2xGAGAô and ó8xGAGAô (Figure 2). The 2xGAGA mutagenized lines 

contain a dinucleotide substitution converting an óAGô or óCTô dinucleotide to óggô purines 

https://paperpile.com/c/jD1Ycp/roCn+Sgm4
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within a BPC consensus motif at -609bp upstream from the TSS (GAGA element 1) and a 

GA- rich element at -675bp (GAGA element 2). This type of substitution mutation has been 

shown to disrupt BPC binding in vitro and in vivo (Kooiker et al., 2005; Simonini et al., 

2012). 8xGAGA mutagenized lines contain disruptions in all three GAGA elements 

including GAGA element 3 located at -445bp (see Methods).  

 

 

Mutation of GAGA elements analyzed in the context of the 2kb and 1kb SHP2 reporter 

lines do not alter reporter expression 

To assess whether three key GAGA elements within the SHP2 cis-regulatory regions play a 

role in the regulation of SHP2, a series of mutagenized constructs were generated in the 

context of previously characterized 2.2kb and 1kb regions upstream of the SHP2 translation 

start site driving a reporter (Chapter 2). These regions have been previously shown to contain 

cis regulatory elements that mediate SHP2 regulation (Chapter 2). We used a 

SHP2::GAL4/pumas::3xARAYPet-based double reporter system to assay reporter expression 

(Villarino et al., 2016). The 2.2kb reporter region upstream of the  SHP2 translation start site 

(referred to as pSHP22kb) drives expression in the early and late carpel, in the VM, DZ and in 

other floral organs including the stamens, petals, sepals and in the sepal abscission zone 

(AZ)  (see chapter 2). The 1kb SHP2 reporter (referred to a pSHP21kb hereafter) produces a 

similar spatio-temporal expression pattern but drives predominantly late VM, DZ and pedicel 

expression (Chapter 2). 

 

We examined two sets of mutagenized reporters in planta: 2xGAGA mutagenized reporter 

lines minimally disrupt two key GAGA elements (elements 1 and 2) (referred to as 

pSHP22kb2xGAGA); and 8xGAGA lines contain 8 dinucleotide substitutions which cause 

https://paperpile.com/c/jD1Ycp/roCn+Sgm4
https://paperpile.com/c/jD1Ycp/roCn+Sgm4
https://paperpile.com/c/jD1Ycp/Ot0k
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maximal disruption of all three GAGA elements of interest. We compared the expression of 

independent T2 lines expressing pSHP22kb2xGAGA (n = 20) and pSHP22kb8xGAGA (n = 22) with 

previously characterized pSHP22kb lines (n = 31) (see Chapter 2). Independent T2 lines were 

examined and scored according to intensity in different floral organs from developmental 

stages 6 - 17 (stages according to (Smyth et al., 1990). Floral organs were scored in both 

apical and basal portions of the organ to account for local variations in expression. Scores for 

each transgenic line were summarized in the form of counts and compared across lines in a 

stage and tissue specific manner using the Mann Whitney U test (see Methods).  

 

The effect of disrupting the GAGA elements (2xGAGA and 8xGAGA mutations) in the 

context of the 2.2kb SHP2 reporter produced no significant change in reporter expression 

when compared to the pSHP22kb reporter lines. This indicates that these GAGA elements 

may not be functional in the regulation of SHP2 or that they may work redundantly with 

GAGA elements located upstream or downstream of GAGA elements 1, 2 and 3.  

 

We also compared independent T2, pSHP21kb lines (n = 19) to T2 1kb reporter lines 

containing 2xGAGA mutations (pSHP21kb2xGAGA) (n = 20). In this comparison we also found 

no significant change in reporter expression in the flower across the developmental stages 

assayed. This suggests that other GAGA elements may work in conjunction with the 

elements mutagenized or that the GAGA elements disrupted do not play a role in SHP2 

regulation. Analysis of the expression pattern generated by the 1kb reporter with 8xGAGA 

mutations will be required in order to clarify this. 

 

https://paperpile.com/c/jD1Ycp/FGQp
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SHP2 reporter expression is reduced in Class I triple mutants:  

Class I BPC proteins repress MADS protein STK, a paralog of SHP2 during ovule 

development (Simonini et al., 2012; Kooiker et al., 2005). To see if loss of the activities of 

Class I BPC proteins, BPC1, BPC2 and BPC3 produce an effect on SHP2 regulation, we 

analyzed pSHP22kb and pSHP21kb reporters in bpc 1-1, 2-1, 3-1 triple mutants (referred to as 

bpc1 bpc2 bpc3 triple mutants hereafter). We transformed bpc1 bpc2 bpc3 triple mutants 

with pSHP22kb and pSHP21kb constructs and examined the expression in the T2 generation. 

 

 

Figure 3: 2.2kb SHP2 reporter in Col -0 and a bpc1 bpc2 bpc3 triple mutant  

(A): pSHP22kb reporter in Col-0, stage 12 to 13; (B) pSHP22kb in bpc1-1 bpc2 bpc3-1 triple mutant; stage 12. 

VM = valve margin; R = replum; V = valve 

 

In all independent T2 bpc1 bpc2 bpc3 mutant lines expressing pSHP22kb (n = 7) and 

pSHP21kb (n = 10) VM reporter expression was observed later and at a lower intensity in the 

longitudinal portion of the VM compared to the reporters in Col-0. VM reporter expression 

was not observed before stage 12 and DZ expression was not observed in bpc1 bpc2 bpc3 

flowers older than stage 14, contrary to the reporters in Col-0. Reporter expression was also 
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absent from all other floral organs including other domains of the carpel throughout the 

stages of development assayed (stage 6 to 17) in the bpc1 bpc2 bpc3 triple mutants, which is 

different to the varied expression patterns observed with pSHP22kb and pSHP21kb reporters in 

Col-0. 

 

It is unclear why there is a reduction of the SHP2 reporters in the mutant background 

compared to Col-0, despite their roles as repressors. The reduced expression may be caused 

by post transcriptional gene silencing (Mlotshwa et al., 2010) caused by the presence of T-

DNA insertions in bpc1 and bpc2 mutant lines (Alonso et al., 2003; Monfared et al., 2011). 

bpc1 bpc2 bpc3 triple mutants exhibit an array of pleiotropic defects, including aberrant 

floral and fruit patterning and reduction in fertility (Meister et al., 2004; Monfared et al., 

2011, Simonini and Kater, 2014), which may indirectly affect SHP2 expression.   

 

Defects in fruit patterning in bpc1 bpc2 bpc3 mutants include enlarged repla, concomitant 

with mis-expression of replum promoting factors including 

BREVIPEDICELLUS/KNOTTED-1 LIKE IN ARABIDOPSIS THALIANA (BP/KNAT1) 

(Simonini and Kater, 2014).  The enlarged repla in bpc1 bpc2 bpc3 triple mutants is 

reminiscent of the phenotype of the ASYMMETRIC LEAVES1/2 mutants (Alonso-Cantabrana 

et al., 2007)  caused by shifts in gene expression gradients of antagonistically functioning 

valve and replum promoting factors (González-Reig et al., 2012); (Alonso-Cantabrana et al., 

2007)). A similar shift in gene expression gradients along the medio-lateral axis of the 

seedpod may contribute to the reduced SHP2 reporter expression in the longitudinal portions 

of the VM in triple mutants when compared to Col-0.  While VM- and DZ- specific reporter 

https://paperpile.com/c/jD1Ycp/c46H
https://paperpile.com/c/jD1Ycp/wRlL+t0rU
https://paperpile.com/c/jD1Ycp/zIcK
https://paperpile.com/c/jD1Ycp/utfl
https://paperpile.com/c/jD1Ycp/utfl
https://paperpile.com/c/jD1Ycp/qQaP
https://paperpile.com/c/jD1Ycp/utfl
https://paperpile.com/c/jD1Ycp/utfl
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expression was observed later and had lower intensity in the mutant background compared to 

WT, we did not see an expansion of YFP in the valve in any lines assayed with either the 

pSHP22kb or pSHP21kb reporter. This could indicate that additional BPC family members 

other than BPC1, BPC2 or BPC3 can compensate to maintain SHP2 repression in the valve. 

Analyzing SHP2 reporters in higher order bpc mutants may reveal more about the 

mechanisms by which BPC proteins regulate SHP2. SHP2 expression in the VM is robust to 

concentration changes of the lateral factors FILAMENTOUS FLOWER (FIL), JAGGED 

(JAG) and YABBY3 (YAB3), which promote VM and valve development (Dinneny et al., 

2005). This is supported by the observation that SHP2::GUS expression in the gynoecium is 

strongly reduced only in a fil jag yab3 triple mutant background (Dinneny et al., 2005). The 

expression of SHP2 in other domains, including the carpel medial domain, may be less robust 

to changes in the concentrations of factors that promote SHP2 activity in a specific tissue 

within the bpc1 bpc2 bpc3 background.   

 

Further experiments are needed to clarify whether SHP2 expression is affected by the loss of 

BPC activity and whether this results in changes to the DZ and fruit dehiscence. Additional 

transgenic lines are needed for a statistical comparison with WT lines expressing these SHP2 

reporters to assess whether the loss of reporter expression in all other tissues organs apart 

from the VM and DZ is consistent. Quantitative real time-PCR (qRT-PCR), to measure 

differences in SHP2 expression between bpc mutant combinations compared to WT, is 

needed to clarify whether BPC proteins have a repressive effect on SHP2 expression. 

Significant changes in SHP2 expression may be observed in other higher order BPC mutants 

including mutations in Class I and Class II BPC. Additionally assaying changes in the 

https://paperpile.com/c/jD1Ycp/IpEl
https://paperpile.com/c/jD1Ycp/IpEl
https://paperpile.com/c/jD1Ycp/IpEl


 

79 

lignified layer by phloroglucinol staining (Liljegren, 2010) of higher order BPC mutant 

carpels and quantification of subsequent changes in fruit dehiscence will also be needed if 

endogenous SHP2 changes do lead to changes in DZ formation. 

  

CONCLUSIONS 

 

Our results suggest that the mutation of the three GAGA rich regions (with up to 8 

dinucleotide substitutions) was insufficient to dramatically alter the expression of the 

pSHP22kb and pSHP21kb reporters. These substitutions have been previously demonstrated to 

disrupt BPC binding to GAGA elements (Kooiker et al., 2005; Simonini et al., 2012). There 

are several possible explanations for our results. One possibility is that the GAGA elements 

are not important for the regulation of SHP2. A second possibility is that the importance of 

these GAGA sites is obscured by additional functionally redundant sequences elsewhere in 

the SHP2 promoter. These redundant sites might be cryptic GAGA sites or might be non-

GAGA sites that are functionally redundant with the mutated elements. Additional analysis 

of mutated GAGA elements including larger deletions might help to distinguish between 

these possibilities.  

 

We did detect some differences in the expression patterns of the pSHP22kb and pSHP21kb 

reporters in the bpc1 bpc2 bpc3 triple mutant as compared to the wild type 

background.  Expression within the VM was delayed; expression was detected at stage 13 in 

bpc1 bpc2 bpc3 triple mutants but detected at stage 11 in wild type.  Additionally, expression 

https://paperpile.com/c/jD1Ycp/HoXG
https://paperpile.com/c/jD1Ycp/roCn+Sgm4
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within the pedicels, perianth and other areas outside the VM/DZ was not detected in the bpc1 

bpc2 bpc3 triple. These results are currently difficult to interpret.   
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METHODS 

 

Genotyping 

DNA was extracted by grinding leaf tissue in Edwards Buffer (Edwards et al., 1991) 

centrifuging at >10 000 g for 10 min, precipitating the supernatant in 100% isopropanol for 

5 min, centrifuging again for 10 min at >10 000 g, rinsing with 70% ethanol, and 

resuspending in 100ɛl 10 mm Tris-HCl, pH 7.5. Mutant alleles bpc1-1 (Salk 072966), bpc1-2 

(salk_101466), bpc2 (Salk_ 090810), bpc3-1 (Tilling) are all in the Col-0 background, 

previously characterized and genotyping described: (Alonso et al., 2003; Monfared et al., 

2011). Mutant alleles were identified via PCR-based genotyping and phenotypic selection as 

per Monfared et al., (2011).  

 

Construction of pSHP2::GAL4/pumas::3xARAYPet dual construct promoter-reporter 

lines and deletion and mutational analysis of promoter fragments 

 

Construction of the 2.2kb pSHP2-GAL4/pUAS-3xYpet (pSHP22kb) construct is as described 

in Villarino et al., (2016). Construction of the 1kb pSHP2-GAL4/pUAS-3xARAYPET 

(pSHP21kb) is as described in Chapter 2. Mutagenized 2.2kb constructs pSHP22kb8xGAGA and 

pSHP22kb2xGAGA were generated by Genscript Inc using plasmid AAS003 as a template, 

creating plasmids BS158 (pSHP22kb8xGAGA) and BS160 (pSHP22kb2xGAGA).  

ó8xGAGAô substitution mutations (nucleotide positions relative to +1, the translation start 

site): 

GAGA element 1 (-445 to -467bp): agaagagaaaagaagaaagaaa to agaagccaaaagaaccaaccaa 

GAGA element 2 (-594 to -622bp): tcttctttctttctttttctttctttct to tcttggttggttctttttggttggttct 

GAGA element 3 (-675 to 684bp): tgaaagaaa, tgaaccaaa 

 

https://paperpile.com/c/jD1Ycp/wRlL+t0rU
https://paperpile.com/c/jD1Ycp/wRlL+t0rU
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ó2xGAGAô substitutions:  

GAGA element 2 (-609 to -617b): tttctttct to tttggttct  

GAGA element 3 (-675 to 684bp): tgaaagaaa, tgaaccaaa 

 

1kb Fragments containing 8xGAGA or 2xGAGA mutations were amplified from BS158 and 

BS160, respectively, using primers SHP2_ATG_1000L (5ô 

CACCTCATTGTCTCGCTTGGTAGTTG 3ô) and SHP2_ATG_1000R (5ô 

CATTTCTATAAGCCCTAGCTGAAG 3ô). 1kb mutagenized fragments were cloned into 

pENTR-D-TOPO to generate constructs BS099 (pSHP21kb2xGAGA) and BS128 

(pSHP21kb2xGAGA). BS099 and BS128 were shuttled into vector JMA859 via Gateway LR 

Recombinase II to create plasmids BS161 and BS095. All plasmids containing 2.2kb and 1kb 

mutagenized fragments in the pEG303GAL4 backbone were used to transform 

Agrobacterium tumefaciens strain GV3101: stock numbers (BS124: pSHP22kb8xGAGA; BS136: 

pSHP22kb2xGAGA; BS092: pSHP21kb8xGAGA; BS111: pSHP21kb2xGAGA).  

 

Creation of transgenic lines  

Generation of the transgenic line containing 2.2kb pSHP2::GAL4/pUAS::3xARAYPet is 

outlined in Villarino et al (2016). Transgenic lines containing pSHP22kb8xGAGA, 

pSHP22kb2xGAGA, pSHP21kb8xGAGA and pSHP21kb2xGAGA constructs were created by 

Agrobacterium mediated transformation (Clough and Bent, 1998) of Col-0 plants with both 

pUAS::3xYpet responder construct JMA721 (Villarino et al., 2016) and one of the vectors 

containing the GAL4 component to generate pSHP2:GAL4/pUAS-3xYpet dual constructs. 

(Villarino et al., 2016). 
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Selection of transformants 

Seeds were surface sterilized with 40% (v/v) bleach for 5 minutes, washed with sterile water 

and plated on 0.5x GM (Murashige and Skoog, 1962); supplemented with 10 g Lī1 sucrose, 

8.2 g Lī1 phytoagar (Caisson Labs), pH 5.6 to 5.7), with 25ug/uL Basta and 25ug/uL 

Hygromycin for selection of transformants and 100ug-l Timentin to inhibit agrobacterial 

growth. Plates were grown for 24 hours in continuous light (22°C), transferred to a dark 

chamber at 22°C for 4 days to allow etiolation and subsequently placed in continuous light 

for 48 hours (22°C) before resistant seedlings were transferred to soil.  

 

Plant growth 

All plants were grown in continuous light at 22 °C.  

 

Screening, scoring, count data generation and statistical analysis of YFP expression in 

transgenic lines 

 

All transgenic lines were screened and scored using a LEICA M165C stereomicroscope with 

a GFP3 (470-40nm) filter. For each transgenic line, independent T1 lines with YFP positive 

flowers were examined and scored in the T2 generation. The scoring scheme used to generate 

count data is as outlined in Chapter 2 óMethodsô. Count data for mutagenized lines 

(pSHP22kb8xGAGA, pSHP22kb2xGAGA, pSHP21kb8xGAGA and pSHP21kb2xGAGA) was statistically 

compared to either pSHP22kb or pSHP21kb count using the Mann Whitney U Test as outlined 

in Chapter 2 óMethodsô to ascertain statistical significance. 

 

 

https://paperpile.com/c/jD1Ycp/VJaq
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Confocal Microscopy 

Confocal microscopy was performed using a Zeiss LSM 710 (Carl Zeiss, Inc. Thornwood, 

943 NY). Images were subsequently analyzed using Zen Imaging Software.  

 

Determining regions of sequence similarity in the SHP2 promoter using phylogenetic 

analysis of AtSHP2 and SHP2 orthologs in other Brassicaceae 
 

A 3kb region upstream of the of the SHP2 translational start site putative promoter region (-

2999 to +1 relative to the ATG start codon of the SHP2 protein coding sequence) in 

Arabidopsis thaliana (TAIR10) up to the first methionine codon (ATG) was aligned with 

approximately 3kb of the promoter sequence of orthologs of AtSHP2 in Arabidopsis lyrata, 

Capsella rubella, Brassica rapa and Eutrema halophila using Dialign-chaos multiple 

sequence aligner (Brudno et al., 2004). Orthologs were identified by TNBlast alignment of 

the AtSHP2 amino acid coding sequence to genomes of the respective Brassicaceae species 

using Phytozome.net v 10  (Goodstein et al., 2012). Blast alignment of genomic regions from 

TBlastN results with lowest E values were reciprocally aligned to the Arabidopsis thaliana 

TAIR10 version of the genome. Regions from the reciprocal Blast that aligned back to the 

AtSHP2 genomic locus were accepted as orthologs in the genomes of the respective species. 

Weighting scores at each base provided by Dialign-chaos across the multiple sequence 

alignment were converted to Genome Browser annotation tracks using Python scripts for 

viewing on TAIR (available at https://github.com/bsehra/Annotation__track_scripts). 

 

Mapping of transcription factor binding sites to SHP2 promoter  

Binding sites from PLACE (Higo et al., 1998), AGRIS (Yilmaz et al., 2011) and 

TRANSFAC (Matys et al., 2006) databases were mapped to a genomic region 3kb upstream 

https://paperpile.com/c/jD1Ycp/H6ye
https://paperpile.com/c/jD1Ycp/CTkJ8
https://paperpile.com/c/jD1Ycp/VlvAT
https://paperpile.com/c/jD1Ycp/L4ekt
https://paperpile.com/c/jD1Ycp/Ab2AL
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of the SHP2 translation start site using PatMaN software (Prüfer et al., 2008). Output results 

files from PatMaN were converted to annotation tracks for viewing Genome Browser in 

TAIR using Python scripts (https://github.com/bsehra/Annotation__track_scripts). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

https://paperpile.com/c/jD1Ycp/zoJ9
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ABSTRACT 

 

This body of work focuses on functionally analyzing previously uncharacterized cis 

regulatory elements that may contribute to the expression domain of SHATTERPROOF 2 

(SHP2). SHP2 is expressed and is best known for its function in valve margin (VM) 

specification. SHP2 is also expressed in the early gynoecium and redundantly functions in 

carpel specification, ovule identity and style development. We have previously characterized 

the a 2.2kb and 1kb region within the SHP2 5ô regulatory region that produced early and late 

SHP2 expression in the medial portion of the carpel, the valve margin (VM) and dehiscence 

zone (DZ). Comparison of 3kb of SHP2 5ô regulatory region with orthologs in other 

Brassicaceae including Arabidopsis lyrata, Brassica rapa, Capsella rubella, Eutrema 

halophila, highlight three regions of high sequence similarity. These regions are located 

within 1kb upstream from the translation start site of the SHP2 coding sequence. Two of 

these regions contain consensus motifs that include binding sites for proteins involved in 

cytokinin response and for YABBY proteins that have been shown to promote SHP2 in the 

valve margin. We describe the ongoing functional analysis of these regions within the SHP2 

promoter-enhancer region in the context of 2.2kb and 1kb SHP2 reporters.  
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INTRODUCTION  

 

In Chapter 2 we compared 3kb of the SHP2 promoter-enhancer regions to upstream regions 

of orthologs in Arabidopsis lyrata, Capsella rubella, Brassica rapa and Eutrema halophila 

using Dialign-chaos multiple sequence aligner (Brudno et al., 2004). Dialign Chaos confers a 

weighting (from 0 to 9; 9 is the highest denoting high sequence similarity) to regions of the 

aligned reference sequence (in this case the SHP2 upstream sequence from Arabidopsis 

thaliana), which were converted to a GBrowse track for visualization (see Chapter 2 

óMethodsô). Three regions of high sequence similarity were identified from the alignment: 

scoring ó9ô (Region 1) located at -733bp, ó8ô (Region 2) at -673bp and ó7ô (Region 3) at -

419bp upstream from the translation start site of the SHP2 coding sequence.  

 

 

Figure 1: Regions of high sequence similarity in the SHP2 5ô regulatory region when 

compared to other Brassicaceae members  
 

Multiple sequence alignment between SHP2 5ô regulatory region and the upstream regions of SHP2 orthologs 

in A. lyrata, B. rapa, C. rubella, E. halophila. Output from Dialign Chaos alignment is visualized as a GBrowse 

track, showing the scores given to regions of alignment (0-9; highest is 9 and denotes most conserved sequence 

across the alignment). Regions with highest scores (ó7ô (-419bp), ó8ô  (-673bp) and ó9ô  (-733bp) are marked 

with a red triangle and the score for that region is given above. 9- and 8- scoring regions overlap with a region 

of DNase I hypersensitivity located at -986bp to -517bp (DH site; (Zhang et al., 2012). The 9-scoring region lies 

closest to a several CArG boxes that lie between -748bp and -869bp. The 2.2kb and 1kb fragments are portions 

https://paperpile.com/c/9ij21X/laKVX
https://paperpile.com/c/9ij21X/APrw
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of the 5ô regulatory region of SHP2 that contributes to the SHP2 expression domain (Chapter 2). All nucleotide 

positions are relative to +1, which denotes the translation start site of the SHP2 coding sequence. 

 

As conservation of sequence correlates with function, we reasoned that these high scoring 

regions within the SHP2 5ô regulatory region may contribute to SHP2 regulation. The 9-

scoring region located at -733bp lies closest to CArG boxes binding sites for MADS box 

proteins (reviewed by), located between -784bp and -869bp from the TSS. These CArG 

boxes have been shown to be functional and contribute to SHP2 repression in the valve 

(Chapter 2). All three loci overlap with a region of DNase I hypersensitivity which lies 

between -986bp to -517bp (DH site; (Zhang et al., 2012) indicating a region of transcriptional 

activity (Boyle et al., 2008; Gross and Garrard, 1988; Hesselberth et al., 2009; Cockerill, 

2011; Song et al., 2011). Region 3,  a 7-scoring region, lies upstream of the DH site and the 

CArG boxes but is proximal to a GA-rich site (-445bp to -467bp) which may be binding sites 

for BASIC PENTACYSTEINE PROTEINS/BARLEY B RECOMBINANT (BPC/BBR) (Kooiker 

et al., 2005; Simonini et al., 2012). Binding sites from PLACE (Higo et al., 1998), AGRIS 

(Yilmaz et al., 2011) and TRANSFAC (Matys et al., 2006) databases as well as 

experimentally derived motifs from literature were mapped to the 9-, 8- and 7- scoring 

regions using PatMaN software (Prufer et al., 2008). Table 1 lists consensus motifs that map 

to these high scoring regions. Consensus binding motifs for DNA with one finger (DOF) 

transcription factors (TF) (Cominelli et al., 2011; Noguero et al., 2013), ARABIDOPSIS 

RESPONSE REGULATOR proteins (Sakai et al., 2001; Imamura et al., 2003) and YABBY 

proteins (Siegfried et al., 1999; Bowman, 2000; Kumaran et al., 2002; Eshed et al., 2004; 

Goldshmidt et al., 2008; Sarojam et al., 2010) are found in the 9- and 8- scoring region. DOF 

proteins have diverse functions throughout the plant light response, hormone signaling and 

https://paperpile.com/c/9ij21X/APrw
https://paperpile.com/c/9ij21X/ljKf+G6lh+yeBy+maVB+9Wx6
https://paperpile.com/c/9ij21X/ljKf+G6lh+yeBy+maVB+9Wx6
https://paperpile.com/c/9ij21X/MeAb+73RK
https://paperpile.com/c/9ij21X/MeAb+73RK
https://paperpile.com/c/9ij21X/O2ODQ
https://paperpile.com/c/9ij21X/Qnl6N
https://paperpile.com/c/9ij21X/JjjUu
https://paperpile.com/c/9ij21X/oalH+POr5
https://paperpile.com/c/9ij21X/j5wx+sc8d
https://paperpile.com/c/9ij21X/Shtk+3mj7+rcbf+C7LO+GRjL+xWuZ
https://paperpile.com/c/9ij21X/Shtk+3mj7+rcbf+C7LO+GRjL+xWuZ
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seed germination (Noguero et al., 2013). ARR proteins function within the cytokinin 

signaling pathway and some members have been shown to bind to motif óRGATYô in vitro 

(Sakai et al., 2001; Imamura et al., 2003; Hosoda et al., 2002). YABBY proteins constitute a 

large family of TFs that mainly promote abaxial identity and laminar growth (Siegfried et al., 

1999; Bowman, 2000; Kumaran et al., 2002; Eshed et al., 2004; Goldshmidt et al., 2008; 

Sarojam et al., 2010). YABBY proteins FILAMENTOUS FLOWER and YABBY3 promote the 

expression of SHP2 in the VM (Dinneny et al., 2005). In a chromatin immunoprecipitation 

(ChIP)-seq experiment to elucidate targets of YABBY transcription factors, 

motifs  óGARAGAAAô and  óCCCCACô were over-represented in peaks of enrichment using 

MEME motif finding software (Bailey et al., 2006; Shamimuzzaman and Vodkin, 2013). No 

consensus motifs were mapped to the 7-scoring region.  

 

Table 1: Consensus motifs mapped to regions of high sequence similarity within the 

SHP2 5ô regulatory region 

 

Region Consensus motif 

located within 

region 

Putative function of 

consensus motif 

Reference  

9_scoring WAAAG DNA binding with one 

finger (DOF)  binding motif 

(Cominelli et al., 2011) 

9_scoring RGATY Arabidopsis Response 

Regulator (GARP protein) 

binding motif 

(Sakai et al., 2001) 

8_scoring GARAGAAA YABBY protein binding motif 

in soybean 

(Shamimuzzaman and 

Vodkin, 2013) 

8_scoring CCCCAC YABBY protein binding motif 

in soybean 

(Shamimuzzaman and 

Vodkin, 2013) 

 

 

https://paperpile.com/c/9ij21X/POr5
https://paperpile.com/c/9ij21X/j5wx+sc8d+cA8h
https://paperpile.com/c/9ij21X/Shtk+3mj7+rcbf+C7LO+GRjL+xWuZ
https://paperpile.com/c/9ij21X/Shtk+3mj7+rcbf+C7LO+GRjL+xWuZ
https://paperpile.com/c/9ij21X/Shtk+3mj7+rcbf+C7LO+GRjL+xWuZ
https://paperpile.com/c/9ij21X/ey2a
https://paperpile.com/c/9ij21X/eXN6+MEBh
https://paperpile.com/c/9ij21X/oalH
https://paperpile.com/c/9ij21X/j5wx
https://paperpile.com/c/9ij21X/MEBh
https://paperpile.com/c/9ij21X/MEBh
https://paperpile.com/c/9ij21X/MEBh
https://paperpile.com/c/9ij21X/MEBh
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To ascertain whether these three regions contain cis regulatory elements that affect the SHP2 

expression domain, the 9-, 8- and 7- scoring regions in the context of previously 

characterized 2.2kb and 1kb reporters (Chapter 2) were mutagenized. Substitution mutations 

were made within the three regions of high sequence similarity by replacing 22nt of the 

native sequence with a 22nt motif: ñATCGATCGATCGATCGATCGATò (see Methods). To 

check for consensus motifs that may be created after mutagenesis, known transcription factor 

binding sites were mapped to an approximately 50bp sequence covering the mutated 

sequence and flanking regions of the native SHP2 reporter. No consensus motifs were 

detected in the mutated sequence or were found in flanking regions as a result of the 

substitution. Transgenic lines have been created containing the following mutagenized 

reporters:  pSHP22kb_9 (9-scoring), pSHP22kb_8 (8- scoring) and pSHP22kb_7 (7-scoring) (see 

Methods). The pSHP22kb_8 reporter line has been analyzed in T1 generation (n = 21). YFP 

positive lines will be scored in the T2 generation for statistical comparison with the 

unmutagenized pSHP22kb reporter (Chapter 2). We do not yet have enough lines containing 

pSHP22kb_9 and pSHP22kb_7 reporters to determine convincingly if these mutations alter the 

expression pattern of the SHP2 reporter. Transgenic lines will be created which contain the 

substitution mutations in the context of the 1kb SHP2 promoter fragment.  

 

Although this work is still in progress, if we are able to detect significant changes to the 

pSHP2 reporter expression pattern upon mutating the high scoring regions (7, 8 or 9 scoring 

regions) this may provide insight into relative small (22nt) elements that are required for 

proper expression.  Although beyond the scope of this current thesis, future efforts including 



 

95 

yeast-one hybrid approaches, might be employed in an effort to identify transcriptional 

regulators that act through these novel sequence motifs. 

 

METHODS 

 

Construction of pSHP2::GAL4/pUAS::3xARAYPet dual construct promoter-reporter 

lines and deletion and mutational analysis of promoter fragments 
 

Generation of Construction of the 2.2kb pSHP2-GAL4/pUAS-3xYpet (pSHP22kb) and the 1kb 

pSHP2-GAL4/pUAS-3xYpet (pSHP21kb) constructs is as described in Villarino et al., 

(Villarino et al., 2016). Substitution mutations, replacing 22nt of endogenous sequence 

located at -419bp (7-scoring region), -673bp (8-scoring region) and -733bp (9-scoring 

region) with ñATCGATCGATCGATCGATCGATò were introduced into pSHP22kb constructs 

by Genscript using plasmid AAS003 as a template. Constructs BS073 (pSHP22kb_7), BS071 

(pSHP22kb_8) and BS069 (pSHP22kb_9) were generated and introduced into Agrobacterium 

tumefaciens strain GV3101: stock numbers BS148 (pSHP22kb_7), BS149 (pSHP22kb_8), 

BS150 (pSHP22kb_9). 1kb fragments containing 22nt substitution mutations were created by 

amplification from plasmids BS073, BS071 and BS069 using primers SHP2_ATG_1000L 

(5ô CACCTCATTGTCTCGCTTGGTAGTTG 3ô) and SHP2_ATG_1000R (5ô 

CATTTCTATAAGCCCTAGCTGAAG 3ô). PCR fragments were cloned into pENTR-D-

Topo (Invitrogen) to create plasmids, BS151 (pSHP21kb_7), BS152 (pSHP21kb_8) and BS153 

(PSHP21kb_9). These were recombined into vector pEarleygate303-GAL4 (pEG303GAL4) 

via Gateway LR Recombinase II (Invitrogen) to form plasmids BS154 (pSHP21kb_7), BS155 

(pSHP21kb_8) and BS156 (pSHP21kb_9) and introduced into Agrobacterium tumefaciens strain 

GV3101: stock numbers: BS157 (pSHP21kb_7), BS158 (pSHP21kb_8) and BS159 (pSHP21kb_9). 

https://paperpile.com/c/9ij21X/9FdPH


 

96 

Creation of transgenic lines  

Generation of the transgenic line containing pSHP22kb and pSHP21kb constructs 2.2kb 

pSHP2::GAL4/pUAS::3xARAYPet is outlined in (Villarino et al., 2016). Transgenic lines 

containing pUAS::3xARAYPet responder construct JMA721 (Villarino et al., 2016) and one 

of pSHP22kb_7, pSHP22kb_8, pSHP22kb_9, pSHP21kb_7, pSHP21kb_8 , pSH21kb_9  were produced 

by Agrobacterium-mediated transformation  of Col-0 plants (Clough and Bent, 1998) with 

both JMA721 and one of vectors containing the GAL4 component to generate 

pSHP2:GAL4/pUAS-3xYpet dual construct reporter lines (Villarino et al., 2016).  

 

Selection of transformants 

Seeds were surface sterilized with 40% (v/v) bleach and 0.05% Tween 20 for 5 minutes, 

washed with sterile water and plated on 0.5x MS (Murashige and Skoog, 1962); 

supplemented with 10 g Lī1 sucrose, 8.2 g Lī1 phytoagar (Caisson Labs), pH 5.6 to 5.7), with 

25ug-l Basta, 25ug-l Hygromycin for selection of transformants and 100ug-l Timentin to 

inhibit agrobacterial growth. Plates were grown for 24 hours in continuous light (22°C), 

transferred to a dark chamber at 22°C for 4 days to allow etiolation and subsequently placed 

in continuous light for 48 hours (22°C) before resistant seedlings were transferred to soil. 

 

Plant growth 

All plants were grown in continuous light at 22 °C.  

 

 

 

https://paperpile.com/c/9ij21X/9FdPH
https://paperpile.com/c/9ij21X/9FdPH
https://paperpile.com/c/9ij21X/3pbL
https://paperpile.com/c/9ij21X/9FdPH
https://paperpile.com/c/9ij21X/oQjZK
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Screening and scoring of YFP expression in transgenic lines 

All transgenic lines were screened and scored using a LEICA M165C stereomicroscope with 

a GFP3 (470-40nm) filter. For each transgenic line, T1 progeny, representing independent 

transformation events, with flowers that were positive for YFP were examined, propagated 

and scored in the T2 generation.  

 

Scoring schema 

For each transgenic line Independent T2 lines expressing YFP were scored according to the 

scoring schema described in Chapter 2, óMethodsô.  At least 20 T2 lines, where available, 

representing independent transformation events, were examined per transgenic line. If 

available more than one plant per T2 sibling was examined and mean averages of YFP scores 

at each floral stage and each tissue were calculated using a python script (packages: Pandas, 

OpenXL). Generation of count data and statistical analysis of YFP scores across transgenic 

lines was undertaken according to the schema laid out in Chapter 2 óMethodsô. 

 

Confocal Microscopy 

Confocal microscopy was performed using a Zeiss LSM 710 (Carl Zeiss, Inc. Thornwood, 

943 NY). Images were subsequently analyzed using Zen Imaging Software and ImageJ. 

 

Mapping of transcription factor binding sites to SHP2 promoter  

Binding sites from PLACE (Higo et al., 1998), AGRIS (Yilmaz et al., 2011) and 

TRANSFAC (Matys et al., 2006) databases were mapped to the SHP2 genomic locus 

including 3kb upstream of the SHP2 translation start site using PatMaN software (Prufer et 

https://paperpile.com/c/9ij21X/O2ODQ
https://paperpile.com/c/9ij21X/Qnl6N
https://paperpile.com/c/9ij21X/JjjUu
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al., 2008). Output PatMaN files were converted to annotation tracks for viewing Genome 

Browser using python scripts https://github.com/bsehra/Annotation__track_scripts).  
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DISCUSSION 

 

 

The dehiscence zone shares the characteristics of an abscission zone 

 

The SHATTERPROOF1/2 (SHP1/2) MADS-domain protein paralogs are critical for valve 

margin (VM) specification and development in Arabidopsis (Liljegren et al., 2000). This 

work has focused on elucidating the cis-regulatory logic underlying the SHP2 expression 

domain, highlighting regulatory elements that affect VM and dehiscence zone (DZ) 

patterning (Chapter 2). We also observed SHP2 driven reporters expressed in the sepal and 

petal abscission zones (AZ) and the anther dehiscence zones (Sanders et al., 1999) in addition 

to the VM and DZ (Chapter 2). Previously characterized endogenous expression does not 

explicitly show that SHP2 is expressed in floral AZs or in the stamens (Savidge et al., 1995; 

Liljegren et al., 2000). However, SHP2 expression correlates with lignin deposition in the 

seedpod (Liljegren et al., 2000; Ferrándiz et al., 2000). It is possible that SHP2 may have a 

redundant function within floral AZ and stamen DZ development that has yet to be 

characterized; in-situ hybridization to visualize the endogenous expression in these tissues is 

required for clarification.  

 

AZs and DZs share structural characteristics and aspects of gene expression and hormone 

control during development (Hepworth and Pautot, 2015; Estornell et al., 2013). Both AZs 

and DZs comprise structures that aid cell separation; a cell separation layer susceptible to 

fracture when adjacent to a layer of cells with thickened, lignified cell walls that provide 

tension (Spence et al., 1996). Cell files within AZs and the separation layer (SL) of the DZ 

are small, cytoplasmically dense compared to neighboring cells and respond to signals 

https://paperpile.com/c/yUcAHp/A8Ln
https://paperpile.com/c/yUcAHp/ZK6i+A8Ln
https://paperpile.com/c/yUcAHp/ZK6i+A8Ln
https://paperpile.com/c/yUcAHp/A8Ln+0I7F
https://paperpile.com/c/yUcAHp/jMKb+eXs1
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promoting abscission by breakdown of the middle lamella between cell walls leading to 

fracture (Roberts, 1982). 

 

Similar regulator interactions occur during the development of AZs and DZs, including the 

antagonistic interactions between factors promoting lateral growth and those that maintain 

meristematic identity (Alonso-Cantabrana et al., 2007; McKim et al., 2008; Gubert et al., 

2014). In the fruit, valve and lateral growth promoting factors ASYMMETRIC LEAVES1/2 

(AS1/2) are required for correct positioning of the valve, DZ and replum domains by 

repressing replum/meristem promoting factor BREVIPEDICELLUS (BP) (Alonso-

Cantabrana et al., 2007). AS1/2 reprises its role in the AZ by affecting positioning of medial 

sepal and petal AZs, once again through the repression of BP (Gubert et al., 2014). BP 

represses HAESA and HAESA-LIKE2 (HAE-HSL2) signaling and is therefore a repressor of 

abscission (Shi et al., 2011). AZ and DZs both derive from boundaries (zones of restricted 

cell growth separating meristematic regions from lateral growth) (Ģ§dn²kov§ and Simon, 

2014; Hepworth and Pautot, 2015) and express boundary marker genes KNOTTED-1 LIKE 

IN ARABIDOPSIS THALIANA 2/6 (KNAT2/6) and BLADE ON PETIOLE 1/2(BOP1/2) 

during development (Khan et al., 2012b; Ragni et al., 2008; Zhao et al., 2015; Alonso-

Cantabrana et al., 2007). Single loss of function bop1, bop2, KNAT2 and KNAT6 mutants and 

KNAT2 KNAT6 double mutant combinations produce no VM or dehiscence defects and may 

not directly regulate SHP1/2 this tissue (Ragni et al., 2008; Khan et al., 2012a). BOP1/2 and 

KNAT2/6 are likely to function in the VM by repressing BP and 

REPLUMLESS/PENNYWISE/BELLRINGER/VAMANA (RPL/PNY/BELL/VAN), a specifier of 

replum tissue (Hepworth and Pautot, 2015; Ragni et al., 2008; Khan et al., 2012a). BOP1/2 is 

https://paperpile.com/c/yUcAHp/8s8I
https://paperpile.com/c/yUcAHp/C99X+vKAn+bGVb
https://paperpile.com/c/yUcAHp/C99X+vKAn+bGVb
https://paperpile.com/c/yUcAHp/C99X
https://paperpile.com/c/yUcAHp/C99X
https://paperpile.com/c/yUcAHp/bGVb
https://paperpile.com/c/yUcAHp/2lhE
https://paperpile.com/c/yUcAHp/iD60+jMKb
https://paperpile.com/c/yUcAHp/iD60+jMKb
https://paperpile.com/c/yUcAHp/k0QO+3UuR+TxyX+C99X
https://paperpile.com/c/yUcAHp/k0QO+3UuR+TxyX+C99X
https://paperpile.com/c/yUcAHp/3UuR+BQC0
https://paperpile.com/c/yUcAHp/jMKb+3UuR+BQC0
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required for AZ formation, promoting separation layer formation and lignification via 

KNAT2/6 and BELL-homeodomain protein ARABIDOPSIS THALIANA HOMEOBOX 

GENE1 (ATH1) activities, the latter is also involved in stamen abscission development 

(McKim et al., 2008; Gómez-Mena and Sablowski, 2008). BOP1/2 function in AZ 

development is conserved in Nicotiana benthamiana (tobacco) and in legumes including 

Medicago truncatula (Couzigou et al., 2016; Wu et al.). KNAT2/6 activate cell wall modifiers 

to promote cell separation in AZs (Shi et al., 2011). Based on their roles in AZ development, 

BOP1/2 and KNAT2/6 may promote differentiation of the cells within the DZ separation 

layer (SL) and formation of the lignified layer (LL) (Ragni et al., 2008; McKim et al., 2008; 

Shi et al., 2011; Khan et al., 2012b, 2012a).  The INFLORESCENCE DEFICIENT IN 

ABSCISSION (IDA) peptide and HAE-HSL2 receptor like kinase signaling pathway activates 

cell separation in floral organ and stamen AZs and potentially the DZ (Shi et al., 2011; 

Stenvik et al., 2008) through the upregulation of KNAT2/6 activities (Shi et al., 2011).  

There is also conservation of genetic regulatory networks between fruit DZ and seed AZ 

development (Balanzà et al., 2016). Related polygalacturonases (PG) (enzymes that degrade 

cell wall pectins) encoding genes ARABIDOPSIS DEHISCENCE ZONE 

POLYGALACTURONASE1/2 (ADPG1/2) and QUARTET2 (QRT2) are expressed in fruit and 

anther DZs as well floral and seed AZs to aid cell separation (Ogawa et al., 2009). 

Upregulation of PGs is correlated with ethylene, jasmonic acid and abscisic acid signaling, 

which promotes abscission.  

 

Abscission and dehiscence events require low levels of auxin, increasing susceptibility to 

ethylene signaling, which affects the timing and promotes separation (Child et al., 1998; 
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Patterson, 2001; Estornell et al., 2013; Kim, 2014). Auxin minima promote abscission in 

floral organ AZs (Basu et al., 2013). Recent evidence indicates that low auxin levels are also 

present within late DZ development (van Gelderen et al., 2016). This is contrary to an earlier 

model proposed where a low auxin niche facilitated by PIN FORMED 3 (PIN3) auxin efflux 

carrier was thought to be required for SL specification (Sorefan et al., 2009; Girin et al., 

2011; van Gelderen et al., 2016).  Van Gelderen and coworkers proposed that DZ formation 

begins earlier in fruit development (Wu et al., 2006) and that a DZ-specific auxin minimum 

is established towards the end of DZ development (van Gelderen et al., 2016; Sorefan et al., 

2009; Chauvaux et al., 1997) to aid separation processes as found in other AZs (Chauvaux et 

al., 1997; Sorefan et al., 2009; Girin et al., 2011; van Gelderen et al., 2016). Cytokinin and 

gibberellic acid (GA) also play a role in VM development (Marsch-Martínez et al., 

2012).  Cytokinin signaling is disrupted in SHP1/2 and IND mutants, which lack VMs, and is 

rescued by exogenous application of cytokinin (Marsch-Martínez et al., 2012).   Local GA 

production promotes SL formation in the VM (Arnaud et al., 2010). GA is upregulated by 

IND in the VM, releasing transcription factors SPATULA and ALCATRAZ from DELLA 

repression to specify the SL (Arnaud et al., 2010; Groszmann et al., 2011).   

 

Conservation of VM development genes in other fruit bearing species 

Orthologs of genes involved in VM development and positioning in Arabidopsis also play a 

role in abscission, dehiscence and fruit ripening in other species (Ferrándiz and Fourquin, 

2014; Dong and Wang, 2015). In Arabidopsis, a member of the Brassicaceae family, the 

MADS proteins FRUITFUL (FUL) and SHATTERPROOF1/2 (SHP1/2, collectively referred 

to as SHP) and BELL-like homeodomain protein RPL are key fruit patterning factors that 
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affect the specification or position of the VM and DZ during fruit development (Gu et al., 

1998; Ferrándiz et al., 2000; Roeder et al., 2003; Liljegren et al., 2000). Downstream of SHP, 

IND, ALCATRAZ (ALC) and SPATULA (SPT) specify the VM by promoting formation of the 

SL and LL within the DZ (Liljegren et al., 2004; Groszmann et al., 2011; Girin et al., 2011). 

Brassica species exhibit a range of fruit phenotypes that from dehiscent fruits similar in 

morphology to Arabidopsis, to INDEHISCENT fruits and heteroarthrocarpic fruits, which are 

double segmented with an INDEHISCENT and dehiscent segment (Avino et al., 2012; 

Mühlhausen et al., 2013). These changes in fruit morphology are partly due to changes in the 

spatio-temporal expression of Arabidopsis fruit patterning gene orthologs (Avino et al., 2012; 

Mühlhausen et al., 2013). Dehiscent Lepidium campestre fruits show conserved fruit 

patterning gene regulatory networks between Arabidopsis and L. campestre, while the 

INDEHISCENT fruit of Lepidium appellianum exhibits a complete loss of VM-positioning 

genes (Mühlhausen et al., 2013). In the heteroarthrocarpic fruits of Erucaria erucarioides 

and Cakile lanceolata VM specification orthologs are absent from INDEHISCENT segments 

and expressed in dehiscent regions (Avino et al., 2012). Within legumes, the coiled pod 

morphology of some Medicago species are derived from a change in the expression of SHP 

homologs altering placement of the VM placement (Fourquin et al., 2013). These studies 

indicate that evolutionary modifications of the core SHP/FUL/RPL regulatory system and 

downstream targets has resulted in a variety of different pod/fruit morphologies within the 

Brassicaceae. Within the Brassicaceae there is also conservation of regulatory regions 

associated with orthologs that function in VM development (Girin et al., 2010). Orthologs of 

IND, which is required for VM specification IND has conserved regulation and function in 

Brassica rapa (turnip) and Brassica oleracea (broccoli) (Girin et al., 2010). A 400bp-region 
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in the AtIND promoter confers VM specific expression and is also regulated by SHP1/2 and 

FUL within this region (Girin et al., 2010). This conservation of regulatory elements is also 

seen when comparing the upstream regulatory regions of SHP2 across other Brassicaceae 

SHP2 orthologs more evolutionary distant than B. rapa (Chapter 2). The apparent 

conservation and modification of these regulatory mechanisms within the Brassicaceae 

indicate that studies of these regulatory mechanisms within Arabidopsis will have utility for 

the understanding and potentially even the modification of varying seed pod morphologies 

outside of Arabidopsis. This strategy has been used successfully to breed shatter resistant 

varieties of canola: mutations in IND have created canola varieties with decreased dehiscence 

in windy conditions to reduce seed yield loss (www.research.bayer.com/en/canola.aspx).  

 

Homologs of SHP1/2, FUL and RPL function and genetically interact in similar ways in 

dehiscence, abscission and fruit ripening processes outside of the Brassicaceae (Ferrándiz 

and Fourquin, 2014; Dong and Wang, 2015).   A homolog of SHP promotes dehiscence in 

Nicotiana benthamiana and Nicotiana tabacum species (tobacco), and is repressed by FUL 

homologs, preserving the FUL-SHP interaction found in Arabidopsis (Fourquin and 

Ferrándiz, 2012). A single nucleotide polymorphism (SNP) in the RPL homolog 

SHATTERING1 (SH1) in domesticated Japonica rice produces seed shatter resistant 

phenotypes (Konishi et al., 2006). Incidentally the narrow replum phenotype of B. rapa fruits 

is also caused by the same SNP upstream of BraRRPL (Arnaud et al., 2011).  

 

SHP and FUL homologs also function in fleshy fruits. In Solanum lycopersicum  (tomato) 

TAGL1, an ortholog of AtSHP promotes fruit ripening and is repressed by FUL orthologs in 
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the pericarp, the edible outer layer of the fruit (Itkin et al., 2009; Vrebalov et al., 2009; 

Bemer et al., 2012; Shima et al., 2014). In Prunus persica (peach) and Fragaria × ananassa 

(strawberry) a SHP-ortholog contributes to fruit ripening (Tadiello et al., 2009; Daminato et 

al., 2013), while a FUL homolog in Malus domestica (apple) is linked to variation in fruit 

flesh firmness (Cevik et al., 2010). 

 

Within the Brassicaceae and in other valuable legume, cereal and fleshy fruit crops there is a 

degree of conservation of function and regulation of genes in the known fruit patterning 

network within Arabidopsis. Arabidopsis is closely related to other valuable Brassica crops 

that are prized for their oil content such as Brassica juncea (mustard), Brassica napus 

(canola) or for their nutritional content as part of the human diet such as Brassica oleracea 

(broccoli). The variation in fruit morphology within Brassica genera and also the Medicago 

genera can be correlated to changes in the spatio-temporal expression of fruit patterning 

genes. The conservation of AtSHP and AtFUL within tomato, peach and apple in fruit 

ripening processes suggests that these may be connected to fruit patterning and dehiscence in 

some way.  Understanding the cis and trans regulation of fruit patterning in Arabidopsis may 

lead to further insight in fruit development processes in more evolutionarily distant crops.  

 

 

  

https://paperpile.com/c/yUcAHp/OdbY+akEy+TyAm+zIDL
https://paperpile.com/c/yUcAHp/OdbY+akEy+TyAm+zIDL
https://paperpile.com/c/yUcAHp/eXn5+LaFq
https://paperpile.com/c/yUcAHp/eXn5+LaFq
https://paperpile.com/c/yUcAHp/etry


 

109 

REFERENCES 

Alonso-Cantabrana, H., Ripoll, J.J., Ochando, I., Vera, A., Ferrándiz, C., and 

Martínez-Laborda, A. (2007). Common regulatory networks in leaf and fruit patterning 

revealed by mutations in the Arabidopsis ASYMMETRIC LEAVES1 gene. Development 134: 

2663ï2671. 

Arnaud, N., Girin, T., Sorefan, K., Fuentes, S., Wood, T.A., Lawrenson, T., Sablowski, 

R., and Østergaard, L. (2010). Gibberellins control fruit patterning in Arabidopsis thaliana. 

Genes Dev. 24: 2127ï2132. 

Arnaud, N., Lawrenson, T., Østergaard, L., and Sablowski, R. (2011). The same 

regulatory point mutation changed seed-dispersal structures in evolution and domestication. 

Curr. Biol. 21: 1215ï1219. 

Avino, M., Kramer, E.M., Donohue, K., Hammel, A.J., and Hall, J.C. (2012). 

Understanding the basis of a novel fruit type in Brassicaceae: conservation and deviation in 

expression patterns of six genes. Evodevo 3: 20. 

Balanzà, V., Roig-Villanova, I., Di Marzo, M., Masiero, S., and Colombo, L. (2016). 

Seed abscission and fruit dehiscence required for seed dispersal rely on similar genetic 

networks. Development 143: 3372ï3381. 

Basu, M.M., González-Carranza, Z.H., Azam-Ali, S., Tang, S., Shahid, A.A., and 

Roberts, J.A. (2013). The manipulation of auxin in the abscission zone cells of Arabidopsis 

flowers reveals that indoleacetic acid signaling is a prerequisite for organ shedding. Plant 

Physiol. 162: 96ï106. 

Bemer, M., Karlova, R., Ballester, A.R., Tikunov, Y.M., Bovy, A.G., Wolters-Arts, M., 

Rossetto, P. de B., Angenent, G.C., and de Maagd, R.A. (2012). The tomato FRUITFULL 

homologs TDR4/FUL1 and MBP7/FUL2 regulate ethylene-independent aspects of fruit 

ripening. Plant Cell 24: 4437ï4451. 

Cevik, V., Ryder, C.D., Popovich, A., Manning, K., King, G.J., and Seymour, G.B. 
(2010). A FRUITFULL-like gene is associated with genetic variation for fruit flesh firmness 

in apple (Malus domestica Borkh.). Tree Genet. Genomes 6: 271ï279. 

Chauvaux, N., Child, R., John, K., Ulvskov, P., Borkhardt, B., Prinsen, E., and Van 

Onckelen, H.A. (1997). The role of auxin in cell separation in the dehiscence zone of oilseed 

rape pods. J. Exp. Bot. 48: 1423ï1429. 

Child, R.D., Chauvaux, N., John, K., Van Onckelen, H.A., and Ulvskov, P. (1998). 

Ethylene biosynthesis in oilseed rape pods in relation to pod shatter. J. Exp. Bot. 49: 829ï

838. 

http://paperpile.com/b/yUcAHp/C99X
http://paperpile.com/b/yUcAHp/C99X
http://paperpile.com/b/yUcAHp/C99X
http://paperpile.com/b/yUcAHp/C99X
http://paperpile.com/b/yUcAHp/wM4O
http://paperpile.com/b/yUcAHp/wM4O
http://paperpile.com/b/yUcAHp/wM4O
http://paperpile.com/b/yUcAHp/vIzi
http://paperpile.com/b/yUcAHp/vIzi
http://paperpile.com/b/yUcAHp/vIzi
http://paperpile.com/b/yUcAHp/yqql
http://paperpile.com/b/yUcAHp/yqql
http://paperpile.com/b/yUcAHp/yqql
http://paperpile.com/b/yUcAHp/hoB4
http://paperpile.com/b/yUcAHp/hoB4
http://paperpile.com/b/yUcAHp/hoB4
http://paperpile.com/b/yUcAHp/hoB4
http://paperpile.com/b/yUcAHp/TyAm
http://paperpile.com/b/yUcAHp/TyAm
http://paperpile.com/b/yUcAHp/TyAm
http://paperpile.com/b/yUcAHp/TyAm
http://paperpile.com/b/yUcAHp/etry
http://paperpile.com/b/yUcAHp/etry
http://paperpile.com/b/yUcAHp/etry
http://paperpile.com/b/yUcAHp/MiEt
http://paperpile.com/b/yUcAHp/MiEt
http://paperpile.com/b/yUcAHp/MiEt
http://paperpile.com/b/yUcAHp/SO15
http://paperpile.com/b/yUcAHp/SO15
http://paperpile.com/b/yUcAHp/SO15


 

110 

Couzigou, J.-M., Magne, K., Mondy, S., Cosson, V., Clements, J., and Ratet, P. (2016). 

The legume NOOT-BOP-COCH-LIKE genes are conserved regulators of abscission, a major 

agronomical trait in cultivated crops. New Phytol. 209: 228ï240. 

Daminato, M., Guzzo, F., and Casadoro, G. (2013). A SHATTERPROOF-like gene 

controls ripening in non-climacteric strawberries, and auxin and abscissic acid 

antagonistically affect its expression. J. Exp. Bot.: ert214. 

Dong, Y. and Wang, Y.-Z. (2015). Seed shattering: from models to crops. Front. Plant Sci. 

6: 476. 

Estornell, L.H., Agustí, J., Merelo, P., Talón, M., and Tadeo, F.R. (2013). Elucidating 

mechanisms underlying organ abscission. Plant Sci. 199-200: 48ï60. 

Ferrándiz, C. and Fourquin, C. (2014). Role of the FUL-SHP network in the evolution of 

fruit morphology and function. J. Exp. Bot. 65: 4505ï4513. 

Ferrándiz, C., Liljegren, S.J., and Yanofsky, M.F. (2000). Negative regulation of the 

SHATTERPROOF genes by FRUITFULL during Arabidopsis fruit development. Science 

289: 436ï438. 

Fourquin, C. and Ferrándiz, C. (2012). Functional analyses of AGAMOUS family 

members in Nicotiana benthamiana clarify the evolution of early and late roles of C-function 

genes in eudicots. Plant J. 71: 990ï1001. 

van Gelderen, K., van Rongen, M., Liu, A. ôan, Otten, A., and Offringa, R. (2016). An 

INDEHISCENT-Controlled Auxin Response Specifies the Separation Layer in Early 

Arabidopsis Fruit. Mol. Plant 9: 857ï869. 

Girin, T., Paicu, T., Stephenson, P., Fuentes, S., Kºrner, E., OôBrien, M., Sorefan, K., 

Wood, T.A., Balanzá, V., Ferrándiz, C., Smyth, D.R., and Østergaard, L. (2011). 

INDEHISCENT and SPATULA interact to specify carpel and valve margin tissue and thus 

promote seed dispersal in Arabidopsis. Plant Cell 23: 3641ï3653. 

Girin, T., Stephenson, P., Goldsack, C.M.P., Kempin, S.A., Perez, A., Pires, N., 

Sparrow, P.A., Wood, T.A., Yanofsky, M.F., and Østergaard, L. (2010). Brassicaceae 

INDEHISCENT genes specify valve margin cell fate and repress replum formation: Tissue 

specification by INDEHISCENT in Brassicaceae. Plant J. 63: 329ï338. 

Gómez-Mena, C. and Sablowski, R. (2008). ARABIDOPSIS THALIANA HOMEOBOX 

GENE1 establishes the basal boundaries of shoot organs and controls stem growth. Plant Cell 

20: 2059ï2072. 

Groszmann, M., Paicu, T., Alvarez, J.P., Swain, S.M., and Smyth, D.R. (2011). 

SPATULA and ALCATRAZ, are partially redundant, functionally diverging bHLH genes 

required for Arabidopsis gynoecium and fruit development. Plant J. 68: 816ï829. 

http://paperpile.com/b/yUcAHp/Ihie
http://paperpile.com/b/yUcAHp/Ihie
http://paperpile.com/b/yUcAHp/Ihie
http://paperpile.com/b/yUcAHp/LaFq
http://paperpile.com/b/yUcAHp/LaFq
http://paperpile.com/b/yUcAHp/LaFq
http://paperpile.com/b/yUcAHp/hsSZ
http://paperpile.com/b/yUcAHp/hsSZ
http://paperpile.com/b/yUcAHp/eXs1
http://paperpile.com/b/yUcAHp/eXs1
http://paperpile.com/b/yUcAHp/Morg
http://paperpile.com/b/yUcAHp/Morg
http://paperpile.com/b/yUcAHp/0I7F
http://paperpile.com/b/yUcAHp/0I7F
http://paperpile.com/b/yUcAHp/0I7F
http://paperpile.com/b/yUcAHp/oWR0
http://paperpile.com/b/yUcAHp/oWR0
http://paperpile.com/b/yUcAHp/oWR0
http://paperpile.com/b/yUcAHp/VHpQ
http://paperpile.com/b/yUcAHp/VHpQ
http://paperpile.com/b/yUcAHp/VHpQ
http://paperpile.com/b/yUcAHp/8P8v
http://paperpile.com/b/yUcAHp/8P8v
http://paperpile.com/b/yUcAHp/8P8v
http://paperpile.com/b/yUcAHp/8P8v
http://paperpile.com/b/yUcAHp/Qryc
http://paperpile.com/b/yUcAHp/Qryc
http://paperpile.com/b/yUcAHp/Qryc
http://paperpile.com/b/yUcAHp/Qryc
http://paperpile.com/b/yUcAHp/va8e
http://paperpile.com/b/yUcAHp/va8e
http://paperpile.com/b/yUcAHp/va8e
http://paperpile.com/b/yUcAHp/2I8r
http://paperpile.com/b/yUcAHp/2I8r
http://paperpile.com/b/yUcAHp/2I8r


 

111 

Gubert, C.M., Christy, M.E., Ward, D.L., Groner, W.D., and Liljegren, S.J. (2014). 

ASYMMETRIC LEAVES1 regulates abscission zone placement in Arabidopsis flowers. BMC 

Plant Biol. 14: 195. 

Gu, Q., Ferrándiz, C., Yanofsky, M.F., and Martienssen, R. (1998). The FRUITFULL 

MADS-box gene mediates cell differentiation during Arabidopsis fruit development. 

Development 125: 1509ï1517. 

Hepworth, S.R. and Pautot, V.A. (2015). Beyond the Divide: Boundaries for Patterning 

and Stem Cell Regulation in Plants. Front. Plant Sci. 6: 1052. 

Itkin, M., Seybold, H., Breitel, D., and Rogachev, I. (2009). TOMATO AGAMOUS LIKE 1 

is a component of the fruit ripening regulatory network. The Plant. 

Khan, M., Tabb, P., and Hepworth, S.R. (2012a). BLADE-ON-PETIOLE1 and 2 regulate 

Arabidopsis inflorescence architecture in conjunction with homeobox genes KNAT6 and 

ATH1. Plant Signal. Behav. 7: 788ï792. 

Khan, M., Xu, M., Murmu, J., Tabb, P., Liu, Y., Storey, K., McKim, S.M., Douglas, 

C.J., and Hepworth, S.R. (2012b). Antagonistic interaction of BLADE-ON-PETIOLE1 and 

2 with BREVIPEDICELLUS and PENNYWISE regulates Arabidopsis inflorescence 

architecture. Plant Physiol. 158: 946ï960. 

Kim, J.  (2014). Four shades of detachment: regulation of floral organ abscission. Plant 

Signal. Behav. 9: e976154. 

Konishi, S., Izawa, T., Lin, S.Y., Ebana, K., Fukuta, Y., Sasaki, T., and Yano, M. (2006). 

An SNP caused loss of seed shattering during rice domestication. Science 312: 1392ï1396. 

Liljegren, S.J., Ditta, G.S., Eshed, Y., Savidge, B., Bowman, J.L., and Yanofsky, M.F. 
(2000). SHATTERPROOF MADS-box genes control seed dispersal in Arabidopsis. Nature 

404: 766ï770. 

Liljegren, S.J., Roeder, A.H.K., Kempin, S.A., Gremski, K., Østergaard, L., Guimil, S., 

Reyes, D.K., and Yanofsky, M.F. (2004). Control of fruit patterning in Arabidopsis by 

INDEHISCENT. Cell 116: 843ï853. 

Marsch-Martínez, N., Ramos-Cruz, D., Irepan Reyes-Olalde, J., Lozano-Sotomayor, P., 

Zúñiga-Mayo, V.M., and de Folter, S. (2012). The role of cytokinin during Arabidopsis 

gynoecia and fruit morphogenesis and patterning. Plant J. 72: 222ï234. 

McKim, S.M., Stenvik, G.-E., Butenko, M.A., Kristiansen, W., Cho, S.K., Hepworth, 

S.R., Aalen, R.B., and Haughn, G.W. (2008). The BLADE-ON-PETIOLE genes are 

essential for abscission zone formation in Arabidopsis. Development 135: 1537ï1546. 

Mühlhausen, A., Lenser, T., Mummenhoff, K., and Theißen, G. (2013). Evidence that an 

evolutionary transition from dehiscent to INDEHISCENT fruits in Lepidium (Brassicaceae) 

was caused by a change in the control of valve margin identity genes. Plant J. 73: 824ï835. 

http://paperpile.com/b/yUcAHp/bGVb
http://paperpile.com/b/yUcAHp/bGVb
http://paperpile.com/b/yUcAHp/bGVb
http://paperpile.com/b/yUcAHp/JDRf
http://paperpile.com/b/yUcAHp/JDRf
http://paperpile.com/b/yUcAHp/JDRf
http://paperpile.com/b/yUcAHp/jMKb
http://paperpile.com/b/yUcAHp/jMKb
http://paperpile.com/b/yUcAHp/OdbY
http://paperpile.com/b/yUcAHp/OdbY
http://paperpile.com/b/yUcAHp/BQC0
http://paperpile.com/b/yUcAHp/BQC0
http://paperpile.com/b/yUcAHp/BQC0
http://paperpile.com/b/yUcAHp/k0QO
http://paperpile.com/b/yUcAHp/k0QO
http://paperpile.com/b/yUcAHp/k0QO
http://paperpile.com/b/yUcAHp/k0QO
http://paperpile.com/b/yUcAHp/DrWi
http://paperpile.com/b/yUcAHp/DrWi
http://paperpile.com/b/yUcAHp/Rdus
http://paperpile.com/b/yUcAHp/Rdus
http://paperpile.com/b/yUcAHp/A8Ln
http://paperpile.com/b/yUcAHp/A8Ln
http://paperpile.com/b/yUcAHp/A8Ln
http://paperpile.com/b/yUcAHp/voFO
http://paperpile.com/b/yUcAHp/voFO
http://paperpile.com/b/yUcAHp/voFO
http://paperpile.com/b/yUcAHp/oTSa
http://paperpile.com/b/yUcAHp/oTSa
http://paperpile.com/b/yUcAHp/oTSa
http://paperpile.com/b/yUcAHp/vKAn
http://paperpile.com/b/yUcAHp/vKAn
http://paperpile.com/b/yUcAHp/vKAn
http://paperpile.com/b/yUcAHp/EnNn
http://paperpile.com/b/yUcAHp/EnNn
http://paperpile.com/b/yUcAHp/EnNn


 

112 

Ogawa, M., Kay, P., Wilson, S., and Swain, S.M. (2009). ARABIDOPSIS DEHISCENCE 

ZONE POLYGALACTURONASE1 (ADPG1), ADPG2, and QUARTET2 are 

Polygalacturonases required for cell separation during reproductive development in 

Arabidopsis. Plant Cell 21: 216ï233. 

Patterson, S.E. (2001). Cutting loose. Abscission and dehiscence in Arabidopsis. Plant 

Physiol. 126: 494ï500. 

Ragni, L., Belles-Boix, E., Günl, M., and Pautot, V. (2008). Interaction of KNAT6 and 

KNAT2 with BREVIPEDICELLUS and PENNYWISE in Arabidopsis inflorescences. Plant 

Cell 20: 888ï900. 

Roberts, S.A. (1982). Cell Biology of Abscission. Annu. Rev. Plant Physiol. 33: 133ï162. 

Roeder, A.H.K., Ferrándiz, C., and Yanofsky, M.F. (2003). The role of the 

REPLUMLESS homeodomain protein in patterning the Arabidopsis fruit. Curr. Biol. 13: 

1630ï1635. 

Sanders, P.M., Bui, A.Q., Weterings, K., McIntire, K.N., Hsu, Y.-C., Lee, P.Y., Truong, 

M.T., Beals, T.P., and Goldberg, R.B. (1999). Anther developmental defects in Arabidopsis 

thaliana male-sterile mutants. Sex. Plant Reprod. 11: 297ï322. 

Savidge, B., Rounsley, S.D., and Yanofsky, M.F. (1995). Temporal relationship between 

the transcription of two Arabidopsis MADS box genes and the floral organ identity genes. 

Plant Cell 7: 721ï733. 

Shi, C.-L., Stenvik, G.-E., Vie, A.K., Bones, A.M., Pautot, V., Proveniers, M., Aalen, 

R.B., and Butenko, M.A. (2011). Arabidopsis class I KNOTTED-like homeobox proteins act 

downstream in the IDA-HAE/HSL2 floral abscission signaling pathway. Plant Cell 23: 2553ï

2567. 

Shima, Y., Fujisawa, M., Kitagawa, M., Nakano, T., Kimbara, J., Nakamura, N., 

Shiina, T., Sugiyama, J., Nakamura, T., Kasumi, T., and Ito, Y. (2014). Tomato 

FRUITFULL homologs regulate fruit ripening via ethylene biosynthesis. Biosci. Biotechnol. 

Biochem. 78: 231ï237. 

Sorefan, K., Girin, T., Liljegren, S.J., Ljung, K., Robles, P., Galván-Ampudia, C.S., 

Offringa, R., Friml, J., Yanofsky, M.F., and Østergaard, L. (2009). A regulated auxin 

minimum is required for seed dispersal in Arabidopsis. Nature 459: 583ï586. 

Stenvik, G.-E., Tandstad, N.M., Guo, Y., Shi, C.-L., Kristiansen, W., Holmgren, A., 

Clark, S.E., Aalen, R.B., and Butenko, M.A. (2008). The EPIP peptide of 

INFLORESCENCE DEFICIENT IN ABSCISSION is sufficient to induce abscission in 

Arabidopsis through the receptor-like kinases HAESA and HAESA-LIKE2. Plant Cell 20: 

1805ï1817. 

http://paperpile.com/b/yUcAHp/dI35
http://paperpile.com/b/yUcAHp/dI35
http://paperpile.com/b/yUcAHp/dI35
http://paperpile.com/b/yUcAHp/dI35
http://paperpile.com/b/yUcAHp/YuSg
http://paperpile.com/b/yUcAHp/YuSg
http://paperpile.com/b/yUcAHp/3UuR
http://paperpile.com/b/yUcAHp/3UuR
http://paperpile.com/b/yUcAHp/3UuR
http://paperpile.com/b/yUcAHp/8s8I
http://paperpile.com/b/yUcAHp/gclj
http://paperpile.com/b/yUcAHp/gclj
http://paperpile.com/b/yUcAHp/gclj
http://paperpile.com/b/yUcAHp/ZK6i
http://paperpile.com/b/yUcAHp/ZK6i
http://paperpile.com/b/yUcAHp/ZK6i
http://paperpile.com/b/yUcAHp/2lhE
http://paperpile.com/b/yUcAHp/2lhE
http://paperpile.com/b/yUcAHp/2lhE
http://paperpile.com/b/yUcAHp/2lhE
http://paperpile.com/b/yUcAHp/zIDL
http://paperpile.com/b/yUcAHp/zIDL
http://paperpile.com/b/yUcAHp/zIDL
http://paperpile.com/b/yUcAHp/zIDL
http://paperpile.com/b/yUcAHp/HoA3
http://paperpile.com/b/yUcAHp/HoA3
http://paperpile.com/b/yUcAHp/HoA3
http://paperpile.com/b/yUcAHp/c2m4
http://paperpile.com/b/yUcAHp/c2m4
http://paperpile.com/b/yUcAHp/c2m4
http://paperpile.com/b/yUcAHp/c2m4
http://paperpile.com/b/yUcAHp/c2m4


 

113 

Tadiello, A., Pavanello, A., Zanin, D., Caporali, E., Colombo, L., Rotino, G.L., 

Trainotti, L., and Casadoro, G. (2009). A PLENA-like gene of peach is involved in carpel 

formation and subsequent transformation into a fleshy fruit. J. Exp. Bot. 60: 651ï661. 

Vrebalov, J., Pan, I.L., Arroyo, A.J.M., McQuinn, R., Chung, M., Poole, M., Rose, J., 

Seymour, G., Grandillo, S., Giovannoni, J., and Irish, V.F. (2009). Fleshy fruit expansion 

and ripening are regulated by the Tomato SHATTERPROOF gene TAGL1. Plant Cell 21: 

3041ï3062. 

Wu, H., Mori, A., Jiang, X., Wang, Y., and Yang, M. (2006). The INDEHISCENT protein 

regulates unequal cell divisions in Arabidopsis fruit. Planta 224: 971ï979. 

Wu, X.-M., Yu, Y., Han, L.-B., Li, C.-L., Wang, H.-Y., Zhong, N.-Q., Yao, Y., Xia, G.-

X., Ll, C., and Qz, N. The Tobacco BLADE-ON-PETIOLE2 Gene Mediates Differentiation 

of the Corolla Abscission Zone. 

Ģ§dn²kov§, P. and Simon, R. (2014). How boundaries control plant development. Curr. 

Opin. Plant Biol. 17: 116ï125. 

Zhao, M., Yang, S., Chen, C.-Y., Li, C., Shan, W., Lu, W., Cui, Y., Liu, X., and Wu, K. 
(2015). Arabidopsis BREVIPEDICELLUS interacts with the SWI2/SNF2 chromatin 

remodeling ATPase BRAHMA to regulate KNAT2 and KNAT6 expression in control of 

inflorescence architecture. PLoS Genet. 11: e1005125. 

  

http://paperpile.com/b/yUcAHp/eXn5
http://paperpile.com/b/yUcAHp/eXn5
http://paperpile.com/b/yUcAHp/eXn5
http://paperpile.com/b/yUcAHp/akEy
http://paperpile.com/b/yUcAHp/akEy
http://paperpile.com/b/yUcAHp/akEy
http://paperpile.com/b/yUcAHp/akEy
http://paperpile.com/b/yUcAHp/h9sz
http://paperpile.com/b/yUcAHp/h9sz
http://paperpile.com/b/yUcAHp/eo3V
http://paperpile.com/b/yUcAHp/eo3V
http://paperpile.com/b/yUcAHp/eo3V
http://paperpile.com/b/yUcAHp/iD60
http://paperpile.com/b/yUcAHp/iD60
http://paperpile.com/b/yUcAHp/TxyX
http://paperpile.com/b/yUcAHp/TxyX
http://paperpile.com/b/yUcAHp/TxyX
http://paperpile.com/b/yUcAHp/TxyX


 

114 

APPENDICIES 

 

  



 

115 

APPENDIX A : Auxin and cytokinin act during gynoecial patterning and the 
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