ABSTRACT
SEHRA BHUPINDER Transcriptional Regulatory Logic of Valve Mardiatterningn
ArabidopsigUnder the direction dRobert G. Frank}
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 develagdmpergram to form
the dehiscence zone (DZ), longitudinal furrows in the walls of the seedmbaining
lignified and cell separation layers, which are required for pod shatter. The MADSIn
containingprotein paralogSHATTERPROOEF(SHPJ) andSHATTERROOR (SHP2 are
essential for VM and DZ formatioithis is evidenced by the loss of VM formation and the
indehiscenphenotype of thehpl shp2louble mutant seed pod. During VM development
SHP2expression within the lateral domains of the gynoeciumpisessed by MADS protein
FRUITFULL (FUL) expressed in the valve and BElike homeodomain protein

REPLUMLESS (RPLgxpressed in the replum.

Phylogenetic analysis of tt&HP2promoterenhancer highlights regions of high sequence
similarity: a 1kb region and 700bp enhancer region. Detailed analysis indicates a previously
identified 2.2kb region upstream from tBelP2translation start site (TSS) provides early
SHPZ2reporter expession in the medial portion of the gynoecium, VM and DZ expression. A
1kb region upstream from tI®HP2TSS and a 700bp both provide VM and DZ expression
highlighting two independemis-regulatory modules that provide VM and DZ expression.
Three closelypositioned MADS proteins binding siteSArG 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 moderaterdpression oSHP2within the valve domain,
suggesting a role for thes@ArG boxes inSHP2repression. Crossing thi3ArG box-
deficient reporter into &ul mutant background produces significant additional
derepression of the reporter. This actiorFfL on theCArG-box deficient reporter
suggests thatither additional noitonsensu€ArG boxes can be used to medi&atdL

repression oSHP2or that the repression 8HP2by FUL is in partCArG box independent.

We have also identified a cluster of @ish regions (GAGA elements) within 1kb of the
transldion start site, which may h@tential binding sites fdBBASIC PENTACYSTEINE
PROTEINS (BPQC)a family of transcription factors that have been shown to transcriptionally
represSSEEDSTICK (STK aparalog ofSHP2 Mutagenesis of specific GAGA elements in

the context of 2.2kb reporter produced no change in exprasgpbentawhen compared to

an umimutagenized version of thieporter, suggesting redundaiments may function in

place of the mutated GAGA elements. The 2.2kb andSHB2reporters irbpcl1 bpc2

bpc31 triple mutantgave consistently weak VM expression, unlike the expression observed
in a WTbackground. The effects of lossBIPC activity on theSHP2reporterexpression
suggests that additional regulatory mechanisms may be aff&tiRgexpressionn the

bpcl1 bpc2 bpc3dl mutantbackgroundWe also describe ongoing efforts to functionally
analyze three regions of high sequence similarity identified from phylogenetic

analysis of th6&HP25 6 r egul at ory regi on.
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CHAPTER 1: LITERATURE REVIEW

Transcriptional control of fruit patterning

Pattern formation during the development of biological organisms involveetiezation of
complex organizations akll fatesin a spatietemporal contextPatterning at theellular,

tissue and organ scale in multicellular organisms is influencdidebgctivities ofjene

regulatory networks, whictespond to positional cues and influence cell fate and cell identity

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

developmental time as the organism progresses through different life stages orNMbakes.
multi-cellular organisms undergo several developmental phase changes over the progression
from embryonic, to juvenile and adult state. The plthsege 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 depeatental 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 tdofwering and consequent production of the male and female

reproductive structures.

The model organisnArabidopsisthalianaproduces flowers that consist of four concentric
rings of organs (whorls) comprised of sepals, petals, stamens and carpelstéota muner
whorls. This is the general floral architecture of most-®u@icots, of whichArabidopsiss

a member, making ugpround D% of extant angiospern{®rinnan et al., 1994)

1


https://paperpile.com/c/FaMrfD/tlUL

The outermosbrgans, sepals and petals, form the perianth: sterile organs that protect pre
anthesis stamens and carpel, while the petals may serve to attract pollinatorsatahess
flowers. The stamens are the site of male gametophgtierp developmentCarpés 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 gyoaan generates the female gametophyte that costhie egg

cell which will become the embryo upon fertilization. TArabidopsisgynoecium is
comprised of two congenitally fused carpels. The sites of carpel fusion coincide with the
development of the medial meristematic ridges, from which ovules aadratgdially

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

septum, transmitting tract, replum, stigma and sfigeyesOlalde et al., 2013)


https://paperpile.com/c/FaMrfD/GksV

Figure 1: Developmentof the gynoecium during floral development

Reproduced fronfReyesOlalde et al.2013(used with permission)

Panel AB: Scanning electron microscopy imageg#\odbidopsisthaliana Landsberg erectacotypé gynoecia

from stages 7 to 13. PanelsJCtransverse crossections of gynoecia, staged.8. Crosssections are stained

with neutral red to highlight cell walls. Alcian blue stains acidic polysaccharides, a key component of the extra
cellular marix within the transmitting tract.

Development of the gynoecium Arabidopsishas been previousbharacterize@gnd
reviewed(Smyth et al., 1990; Sessions and Zambryski, 1B8#&man et al., 1999; Balanza

et al., 2006; Ostergaard, 2009; Seymour et al., 2@@)oecial growth is initiated at floral

stage 6 (stages according(8myth et al., 1990fter sepal, petal and stamammordia 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
3


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

medial and lateral domains, as well as inner (adaxidl)oaiter (abaxial) tissues are already
distinguishabl¢dBowman et al., 1999Abaxial and lateral marke@GRABS CLAWCRQ
andFILAMENTOUS FLOWERFIL) are expressed in the lateral doma{B®wman and

Smyth, 1999; Sawa et al., 1999a; Siegfried et al., 19@%)e the meristematic marker
SHOOTMERISTEMLESSTM and early medial mark@SHATTERPROOF(SHP2)are
expressed in the medial domain at this s{&gidge et al., 1995; Larsson et al., 2013;
Villarino et al., 2016; Scofield et al., 2007)he 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 tleximeter to form a hollow tubsith 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 ¢aehio the

center of the gynoecial cylinder (Figure-H). 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 aloraptbatbasal 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 melditeral 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

The cells of the valve margins (VM) located between the valves and replum, uadergo
particular developmental program to differentiate into thesdeinice 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 mathetyajority 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 mediateral 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 dateedioidge
flanked by the/Ms (Alonso-Cantabrana et al., 2007; Roeder et al., 2008 VMs are two
longitudinal urrows, only a few cells thicthat lie between the valves and replum. Cells
within theVM undergo a specific developmental program after pollination from stages 14 to
17 (van Gelderen et al., 201®) form the DZ, comprised of two cell layers with distinct cell
types that facilita 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 Robert{Fi9@)2).

The second layer, lgnified layer (LL), forms adjacent to the valve and is immediately
adjacent to a second lignified layer present in the inner walls of thesvalesvn as the

lignified endocarp or endocarp layerdnf). These tissues work in concert to provide the
tension needed for mechanical separation of the vé8m=nce et al., 1996)

5


https://paperpile.com/c/FaMrfD/dIUf+RsW9
https://paperpile.com/c/FaMrfD/C8PV
https://paperpile.com/c/FaMrfD/QIUr

Transcriptional control of valve margin development during fruit patterning

Fruit patterning along the mediateral axis of thérabidopsisfruit results in the
specification of three tissue types: valv@) and replum.The known gene regulatory
network involved in frit patterning along the mediateral axis is outlined in Figure 2
(Chavez Montes et al., 200LBMADS box proteing-RUITFUL (FUL), as well as
SHATTERPROOE(SHPJ), SHATTERPROOE(SHP? (together referretb here as

SHP and BELLlike homeodomain (BLH) proteiREPLUMLESSRPL) (also known as
PENNYWISEBELLRINGER and VAMAN/Alay key roles in fruit patterning by specifying
valve, VM and replum tissue, respectiveBu et al., 1998; Liljegren et al., 2000; Ferrandiz
et al., 2000; Roeder et al., 2003; Liljegren et al., 2004). andSHPbelong to the MADS
box family of transcription factordMCM1 from Saccharomyces cerevisig@GAMOUS

from Arabidopsisthaliana, DEFICIENSfrom Antirrhinum majusSRFfrom Homo sapiens
FUL andSHPare examples of Class Il or MIktype MADS proteins, which have become
highly diversified in land plants and include the waaracterizedoral homeotic preeins
(Munster et al., 1997; AlvareBuylla et al., 200Q)Chapter 2 provides a more detailed
discussion of the characteristics of MIKC clade of MADS proteins and the DNA binding
mot i fCArGbokes @ whi ch MA D BUL@ard8HPRInd tosandladt tkreugh

(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/@AS1/2) JAGGED (JAG)FILAMENTOUS FLOWER (FIL)YABBY3 (YAB3),
FRUITFULL, (FUL) specify the valveREPLUMLESS (RPL)BREVIPEDICELLUSBP), WUSHCELLIKE
HOMEOBOX 13 (WOX13), NO TRANSMITTING TRACT (NiROSHOOT MERISTEMLESS (SThfecify
replum growthSHATTERPROOR/2 (SHP1/2andINDEHISCENT(IND) are required for VM development;
ALCATRAZALC), andSPATULA(SPT)specify the SL and LLAPETALA 2 (AP2)s involved in the
specification of both VM and replum domains, and is expressed in both tissues. Expression gradients of valve
promotingFILAMENTOUS FLOWER (FILYJAGGED (JAGandYABBY3 (YAB3and replumpromoting
factors BP, RPL, NTTWOX13 STM patterning the valve, VM and replum domains. VM tissue forms in a
region of overlap where both valve promotiagnd replum promoting factors are expressed. SL = separation
layer; LL = lignified layer

TheSHPlandSHP2paralogs lie at the topf a transcriptional cascade which is critical for

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

DZ. shpl shp2louble mutants lack a DZ and seedpods fail to dehisce, while single mutants
produce no phenotype suggegtthatSHP1landSHP2function redundantly in VM

developmen{Gu et al., 1998; Liljegren et al., 200@HPlandSHP2also share similar
7


https://paperpile.com/c/FaMrfD/r7X2y+iHrIW

expression domains, including expression within the dewredogM, and also share 87%
sequence similarity at the amino acid lefih et al., 1991; Flanagan et al., 1996; Savidge et
al., 1995) Due to the redundancy between these two proteins, mubk airictional and

expression analysis h&scusedon SHP2

FUL and RPL repressSHP2expression in valve and replum domains, respectively, and
confine the expression oSHP2to the valve margin

SHP2expression is confined to the valve margin by repression in the vaikglby
(Ferrandiz et al., 2000)in addition to functioning directly or indirectly as a repressor of
SHP2 FUL is involved in valve idntity specification and fruit/valve elongatirljegren et
al., 2000, 2004; Gu et al., 1998; Ferrandiz et al., 2080png loswof-functionmutant alleles
such adul-1 or ful-2 exhibit ectopicpSHP2::GUSexpression 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 observedshpl shp2 futeedpods indicating that
ectopicSHPactivity is not solely responsible for this phenotyp&ulrmutants (Ferrandiz et
al., 2000). Conversely overexpression BUL, via a35S::FUL expression construct, mimics
ashpl shp2louble mutant resulting in the loss of the DZ formation and bS$@2::GUS
expression (Ferrandiz et al., 2000). The repression betademndSHP2is unidirectional
as ectopid=UL is not observed in the VM ishpl shp2iouble mutants, nor is expression
from aFUL GUSenhancer trap line diminished irB&S::SHP2overexpression line

(Ferrandiz et al., 2000).

Repression cEHP2expressionn the replum is mediated BBPL, which also functions to

specify replum tissue identiffRoeder et al., 2003Liliegren et al., 2004). In severpl-3
8
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mutants, the VMs fuse into a stripe of tissue a few cells thick in place of the replum and
ectopicpSHP2::GUSeporter expression is present in this regiRoecer et al., 2003)

suggesting the conversion of the replum fate &H&2expressing VM fate.

VM fate specification requires th&8HPparalog activate the basic hellrop-helix
transcription factorfNDEHISCENT(IND) andALCATRAZALC). IND specifies both the
LL and SL whileALC redundantly regulateSL specification in the VM together with
SPATULA(SPT) (Rajani and Sundaresan, 2001; Liljegren et al., 2004; Girin et al., 2011;
Groszmann et al., 20110 addition to repressingHPin the valve FUL also repressdsiD,
ALC andSPTin the valve confining the expression of these genes to th¢Rékandiz et
al., 2000;Rajani and Sundaresan, 2001; Liljegren et al., 2004hjle SHPpromotedND
expression, atND specific reporter is still weakly expressedshpl shp2 fulriple mutants,
indicating thatND may have other activators in additionSBlPlandSHP2(Ferrandk et

al., 2000).

Valve promoting fAlateral factorso and repl un
antagonistically to position the valve, valve margin and replum fates

Positioning and morphology of valve, VM and replum domains involves antagonistic
activities between valvw@romoting or lateral factors and replgpromoting or

O6meri st emat i ¢Hepwertthand Pautbt,a201b; GGongaleig et al., 2012;
Alonso-Cantabrana et al., 200oncentration of valwpromoting factors is highest in the
valve and lowest in the replum; replupromoting factors are highest in the replum and

medial domain and lowest in the valves (2). VM promoting factorsSlPare expressed in
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https://paperpile.com/c/FaMrfD/FLHm+wdSJ+dIUf
https://paperpile.com/c/FaMrfD/FLHm+wdSJ+dIUf

a narrow territorywhere both valveand replum promoting factors are expresg@&inneny

et al., 2005; Alons&antabrana et al., 2007; Gonzakeig et al., 2012)Figure 2).

SHPis mainly promoted in the VM bthe lateral/abaxial factoILAMENTOUS FLOWER
(FIL) (Chen et al., 1999; Sawa et al., 1999a, 1999RBBYJ3 YABJ (Siegfried et al., 1999)
and C2H2 zinc finger proteidAGGED(JAG) (Dinneny et al., 2004 Dinneny et al. propose
a model where b¥fIL, JAGandYAB3(referred to hereafter &L/JAG) work cooperatively
to promote bothrUL andSHPwithin their respective tissues in a concentration dependent
manner, with higher levels &iL/JAG activatingFUL, and lower levels activatingHP
(Dinneny et al., 2005) (see Figure 2). This implies aupatf a gradient oFIL/JAG activity
along the meid-lateral axis of the gynoecium, highést/JAG activity in the valve and
lower in the VM (Figure 3b{Dinneny et al., 2005)The lack ofSHPexpression in the
replum is due to the absenceFdE/JAG activity in this tissue (Dinenny et al., 2005).
FIL/JAG are repressed tRPLin the replum tissue; hence repressiosBPby RPLis
indirect, however, the direct repressiorSéiPby RPL cannot yet be excluded (Dinenny et
al., 2005) FIL/JAG activity alsonon-cell-autonomously represses replum growth by
negatively regulating the replum promoting fadd®®EVIPEDICELLUS/KNOTTEDR LIKE
IN ARABIDOPSIS THALIANA (BP/KNATJ) (Lincoln et al.,1994; Chuck et al., 1996;
Douglas et al., 2002; Venglat et al., 2002; Zhao et al., 26186¢ replum/medial domain

(GonzélezReig et al., 2012; Alons@antabrana et al., 2007)

Other laterally gpressed factorASYMMETRIC LEAVESAS1)andASYMMETRIC

LEAVES (AS2)do not directly affecBHPexpression but are important for the correct
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positioning of valve and replum domains (AlofSantabrana et al., 200AS1/2are also
required for the corregositioning of the sepal and petal AZ by repressioBRIn the distal
portions of the pedicélGubert et al., 2014AS1lencodes a myb transcription fac{8yrne

et al., 2000; Sun et al., 2002ndAS2encodes a protein containing tbeTERAL ORGAN
BOUNDARIESIomain(lwakawa et al., 2002; Shuai et al., 200pth function in the same
pathway to promote differentiation of leaf founder cells by repre&ihgNAT2and
KNATG6in the meristeniByrne et al., 2000; Ori et al., 2000; Semiarti et2001; Xu et al.,
2003). Theaslandas2single mutants form reduced valves and enlarged repla due to
overexpression AP, howeverSHPexpression is unchangg@onzalezReig et al 2012;
Alonso-Cantabrana et al., 200AS1/2act synergistically witldAG to prevent
overexpression dBP in the lateral domains nesutonomously (GonzaleReig et al., 2012).
Thus the lateral facto’sS1landAS2act antagonistically in opposition to the medial factor
BP with respect to the positioning of the valve margin patlerning along the mediateral

axis of the gynoecium.

The transcription factoAhPETALA2 (AP2acts as a repressor of both VM and replum growth
by repressing the VM identity gen8siPandIND and the repluapromoting geneBP and
RPLin the replum(Ripoll et al., 2011)AP2interacts withASlandAS2to repress replum
development and primarily modulates LL formation in the VM (Ripoll et al. 204R2is a
transcription factor belonging to tWd”2 Ethyleneresponsive 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; Jofukl,et@04; Kunst et al., 1989 is
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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 @ mediBRisakeygpmmater ad replum growthrough its activation oRPL
(Alonso-Cantabrana et al., 200BP aids proper replum patterning by repressing lateral
factorsFIL/JAG in the replum and medial domain in a emlitonomous fashion (Gonzalez
Reig et al., 2012)Additional replum promoting factoM/USCHEL RELATED
HOMEOBOX.3 (WOX13andNO TRANSMITTING TRACT (NTpiomote BP an®RPL
activities to redundantly facilitate reph formation (MarsctMartinez et al., 2014; Romera
Branchat et al., 2013)VOX13represses medial expressiorHtif, JAGandYAB3in a
gradientdependent manner to promote replum growth independently 8RlaeadRPL

pathway(RomeraBranchat et al., 2013)

WOX13also negatively regulaté2JL in the valves and VM marke&HP, IND and
KNOTTED1 LIKE IN ARABIDOPSIS THALIANAKNAT®6)directly or indirectly (Romera
Branchat et al., 2013NTT has been previsly characterized as an essential factor for
transmitting tract formatio(Crawford et al., 2007NTT also directly activateBP,
promoting replum growth and functions antagonistically to valve progédictorFUL

(Chung et al., 2013; Marsd¥lartinez et al., 2014)
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Elucidating the cisregulatory transcriptional logic underlying the SHP2expression
domain

The SHP2expression domain and function is best characterized in the context of VM
development (Liljegren et al., 200@HP2is also expressed in the medial domain of the
early carpel from stage 7 onwar@avidge 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 withAG andSEEDSTICKSTK) (Savidge et al., 1995; Colombo et al., 2010)
SHP2::GUSexpression has also been observed in the stylSHRparalogues redundantly
specify this structure together wi@RCandAINTEGUMENTAANT) (Colombo et al.,
2010). Reporter analysis has shown BidP2 is potentially expressed in other floral organs

(ChalfurrJunior et al., 2006Colombo et al., 2010).

MADS domain regulators and CArG box elements in theSHP2 cis-regulatory regions

As reviewed aboveSHP2is a key regulator of VM specification and subsequent
developmentSHP2expression is tightly confined to the valve margin through the action of

the medial and lateral factors described above. This thesis focuses on decipheaimg the
regulatory transcriptional logic behind the specification of3hi’expression domain with a
focus on the VM expression domain. Chapter two of this thesis presents a functional analysis
of cisregulatory elements that are present within a 2.2kb ragistream of th&HP2

translation start site (TSS). CArG boX&mmer et al., 1990; Pollock and Treisman, 1991,
Shore and Sharrocks, 1998gntified within this region (Chapter 2 of this tr®sare

potential candidates for directly mediating the repressi@Hi2by MADS box protein

FUL during VM development (Gu et al., 1998; Ferrandiz et al., 2000b). Published chromatin
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immunoprecipitation data also show that the MADS box prddéAMOUSLIKE 15
(AGL1H may bind to thé&sHP2promoter within this regio(Zheng et al., 2009AGL15
functions as a repressor of sepal and pdiatission and senescence, fruit maturation and
seeds desiccatidifrernandez et al., 2000; Fang and Fernandez, 2@02) 15works
redundantly withparalogAGAMOUS LIKE 1§AGL18 to repress flowering time
(Adamczyket al., 2007) The role of CArG boxes in the contextQifiP2regulation byFUL

andAGL15/18is further discussed in Chapter 2.

BPCregulators and GA-rich GAGA cis-regulatory elements in theSHP2 cis-regulatory
regions

Consensus motifs ([z6dRBAFRAHERTPACYSTEINECPBQ@TEINS
(BPO) in vitro (Kooiker et al., 2005; Simonini et al., 201&)d GArich regions (together
referred to as O6GAGAOG si tSeiR2p.2hhupsireamal s o been
regulatory (Chapter 3 of this thesiBPC proteins are a plargpecific family of seven
transcription factors divided into 3 classes based on conserved regions in the amino acid
sequencéMeister 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 spacir{ferrigan et al., 1991; Tsukiyama et al., 1994; Okada and
Hirose, 1998; Orphanides et al., 1998)ass IBPC proteinBPC1ltranscriptionally repress

the SHPparalogSEEDSTICKSTK) during ovule development lsrabidopsisvia the
consensus motif, inducingpoformational changes to the DNKooiker et al., 2005)This
repression involves interaction betwd&C1 MADS proteinsAPETALAL(APY) and

SHORT VEGETATIVE PHASEVB and transcriptional regulatoBEUSSndLEUNIG
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(Franks et al., 2002; Simonini et al., 201@)ass IBPC proteins also play a role in meristem
size determinacgSimonini and Katr, 2014) The GAGArich potentiaBPCsites we have
identified are adjacent to the CArG boxes analyzed withiisthie22.2kb

promoter. Chromatin immunoprecipitation data shows this region is enriched when assaying
BPCbound regions (Veronica Gregis, pamal communication). In chapter three of this

thesis the functional role of GAGA sequences and the actiBRPGiregulators orsHP2

expression is tested.
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CHAPTER 2: Regulation of SHATTERPROOF2expression in the valve margin is
mediated by redundantFRUITFULL -responsive cisregulatory modules and CArG box
motifs
Bhupinder Sehra arf@obert G. Franks

Department of Plant and Microbial Biology, North Carolinat&taniversity, Raleigh, NC.
27606

ABSTRACT

Transcriptional regulation of the MADRox-containing transcription factegenes
SHATTERPROQORE?2 (SHPL/2) arecritical for proper valve margin (VM) and dehiscence
zone (DZ) development. Current modelsSéfP2regulation indicate that the transcription
factorFRUITFULL (FUL) mediates repression 8HP2in the developing valve domains,
thus restricting expressiori 8HP2to the VM.FUL encodes a MAD$0x containing
transcription factor that is predicted to act through GAOR containingcis-regulatory
motifs. Here we examined the role of CArG box motifs found withirsiH&2cis-regulatory

regions.

We have characterized in detail a 2.2kb region upstream &HRtranslation start sitthat
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 tBibpromoterand a
moderate deepression oSHP2reporter within the valve domain was detected, suggesting a
role for these CArG boxes BHPZ2repression. However, when this CArG baeficient

reporter was crossed intdd mutant background significaatiditional derepression of the

reporter construct was detected. This actioRWE on the CArGbox deficienfpromoter
22



suggests that either additional roonsensus CArG boxes can be used to meBldte
repression o6HP2or that the repression 8HP2by FUL is in part CArG box independent.
We furthermore have identified two separable, indeperadenégulatory modules, a 1kb
promoter region and a 700bp enhancer, that are capable of giving valve margin and
dehiscence zone expression. Our results arguaddiple independent cigegulatory

modules that suppo8HP2expresion in an overlapping fashion.

TheMADS-domain transcription factdkGAMOUS LIKE15 (AGL15)canbindin vivoto
the region containing thieinctional CArG boxesn theSHP25 éegulatory regionAGL15
and close paraloglADS-proteinAGAMOUSLIKE 18 (AGL18Yedundantly regulate floral
transitionand are expressed developing flowes. Analysis of the2.2kb SHP2promoterin
anagl15 agl18double mutanhighlights a possiblenechanisnior AGL15and/orAGL18

mediatedegulaton of SHP2in the younggynoecum.
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CHAPTER 2

Regulation of SHATTERPROOF2expression in the valve margin is mediated by
redundant FRUITFULL -responsive cisregulatory modules and CArG box motifs

BhupinderSehra and Robert G. Franks

Department of Plant and Microbial Biology, North Carolina State University, Raleigh, NC.
27606

INTRODUCTION

Abscission and dehiscence in plants involve controlled developmental programs that result in
the formation of specialed tissues, which aid cell separat{®pence et al., 1996; Kim,

2014; Dong and Wang, 2015)bscission in flowers allows the shedding of floral organs on
maturation at specific abscission ean(AZ). In the dry fruits of thdrassicaceatamily,

including CanolaBrassica napusand the model plarabidopsis thalianadehiscence

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

and DZs gene exprai®n, hormone and biochemical changes occur to produce two cell layers
with specific functiongSpence et al., 1996; Kim, 2014)he first layer is a separation layer

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

susceptible to fracturin@Bexton and Roberts, 1982he second layer, adjacent to the SL, is
the lignified layer (LL), a layer of cells with thick ligred cell walls that provide the tension

for fracture and separation to occum. agricultural varietiedraits associated with abscission
and dehiscence can be critical determinants of yiilckersgill, 2007; Dong and Wang,

2015)
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‘ SHP1
FUL —| Hp2 }— RPL

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 valvgcv), replum (r), gynophore (gn), ovary (ovy), and valve margin/dehiscence zone (dz) are indicated.
(B): Diagram of cross section of the ovary waBé. = separation layer, LL = lignified layevM = valve
margin.FRUITFULL (FUL) specifies the valve tissySHATTERPROOF1/2 (SHP1/&)ecify valve margin

tissue andREPLUMLESS/PENNYWISE/BELLRINGER/VAMANA (RPL/PNY/BELL/Spédfies the replum.

Panel (A) is reprintetvith permissiorfrom (Azhakanandam etl., 2008and Sehrand Frank2015

The mature Arabidopsis seedpod, or silique, is mainly comprised of the ovary which contains
the seed§Sessions and Zambryski, 1995, 1997; Ferrandiz et399) 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 theptacke and to the rest of the plafthe walls

of the ovary, or the valves, connect to the each other by the #a¢elially positioned and
medially derived replum (Figure laBetween the valves and the replum, a specialized
structure termed the valveamgin developgVM) (Dinneny et al., 2005; Dinneny and

Yanofsky, 2005)The VMis critical for the abscission of the valves and the dispersal of

seeds as it develops into the DZ allowing the logk®f/alves and the shattering of the seed

pod upon maturation.
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Upon seed pod maturation dehiscence occurs due to the action of cells within the DZ. The
DZ is characterized by longitudinal furrows tham the length of the seed patithe margin

of thevalves and adjacent to the replum. The DZ is only a few cells thickaantdics a

lignified layer (LL) (adjacent to the valves) and separation layer (&djecent to the

replum) (Figure 1 a, bWithin the inner epidermal layers of the valves, adjatzetiie LL on

the valve side, the lignified endocarp layeehlj develops. Thenband LL layers work in
concert to provide the necessary tension for mechanical separation of the valves that is

required for seed disperq@pence et al., 1996)

The MADS protein paralogSHATTERPROOFISHPJ) andSHATTERPROOFZSHP2

lie at the top of a transcriptional cascade that is critical for VM specification and the
subsequent formation of thignified and separation layevathin the DZ (Figure 1b)shpl
shp2double mutants lack a DZ and seedpods fail to dehisce, while single mutants produce no
phenotype suggesting thaHPlandSHP2function redundantly in VM developme(®u et

al., 1998; Liljegren et al., 20003HP1andSHP2also share similar expression domains and

both are expressed within the developing valve mgidmet al., 1991; Flanagan et al.,

1996; Savidge et al., 1995)he expression @HP2is tightly confined to the vak margin

as it is repressed ame side by th&1ADS proteinFRUITFULL (FUL) in the valves

(Ferrandiz, 2000and on the other side by tB&H proteinREPLUMLESS/PENNYWISE

(RPL) in the replumRoeder et al., 2003)

FUL, SHP1andSHP2belong to the eukaryot®side MADS box family of transcriptional
regulators which have highly diversified in plants, particularly angiosperms, where they
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occupy roles relating to threorphogenesis of almost all organs throughout the plant life
cycle(reviewed by Smaczniak et alSmaczniak et al., 201Zjwo lineages of MADS

proteins exis{AlvarezBuylla et al., 200Q)Class | MADS proteins are a large heterogeneous
group sharing only the MBS ( 6 M0 ) (Panicon®et ah, 2003; De Bodt et al., 2003;
Kofuji et al., 2003) Class Il proteins, or MIK@ype MADS proteins include the well
characterizedloral homeotic proteinsandont ai n sa ntdh eea ddM& ,i on al 61 6
60 K6 ( KileydamaingMinster et al., 1997nd a variable @erminal region
(Parenicov8 et al., 2003) The K domain is important for homand heteralimerizationand
higherorder complex formation and it is this feature of MIKC MADS proteins that is
thought to have contributed to their increased diversification in land gEgesCortines et
al., 1999; Honma and Goto, 2001; Yang and Jack, 2004; Melzer and Theissen|r20d%)
and in vivo assays have shown that MADS proteins can bind as dBaertlli and

Richmond, 2000; de Folter and Angenent, 2Q0G)NA motifscalled CArG boxesvith the
consensus Seqguenc etypd)CrCRA[TIRG, MmirésBiGly defetifas
CTA(A/T)ATAG, (MEF2type)(Sommer et al., 1990; Pollock and Treisman, 1991; Shore
and Sharrocks, 19950ther intermediate CArG boxes with a variable length A/T core may
also berecognizedn vivo (Nurrish and Treisman, 1995Jhe SRFtype CArG box is
favoredby many MADS complexes investigated thus(fdayes et al. 1988; Riechmann et
al. 1996; de Folter and Angenent 2008pwever, some MADS proteins such as
AGAMOUS-LIKE-15 (AGL15) have shown a preference for the longer MElge binding
site and associated intermediaf€ang and Perry, 2003CArG box consensus seques@re
plentiful throughout the Arabidopsis genofae Folter and Angenent, 200&)d thus the
presence of a CArG box motif is not indicative of function.
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In addition to their role in VM specification tf@HPlandSHP2genes redundantly function

to specify the endocarp layerénf (Liljegren et al., 2004)play a role in specifying ovule
identity with SEEDSTICKandAGAMOUS(Savidge et al. 1995; Flanagan et al. 1996; Roeder
et al. 2003; Pinyopich et al. 2008)d are gaable of specifying carpel identity in a pathway
independent cAGAMOUS(Pinyopich et al., 2003pHPlandSHP2also redundantly

promote style developmehy geneticallyinteractingwith CRABS CLAVénd

AINTEGUMENTA(Colombo et al., 2010)

Previous efforts to determine tB&1P2spatictemporal expression domain vrasitu
hybridization showed th&HP2mRNA accumulation is detected uniformly throughout the
carpel from stages 6 to 8 of floral developm@uvidge et al., 199%jloral stages according
to Smyth et al(Smyth et al., 1990)Thein situ hybridization experiments and results from
a SHP2::GUSreporter (using 2.1kb of tHe flanking region ofSHP2 indicated further
SHP2expressionin the septum, the ovules (within the inner integumiemiculi and in
mature ovule epitheligMa et al., 1991; Savidge et al., 98 Liljegren et al., 2000, 1998)
theVM, theDZ and the nectarigd.iljegren et al., 1998, 2000; Ferrandiz et al., 2000Db,
2000a; Colombo et al., 201@s well as the styiolombo et al., 2010pHP2:GUS
expression waalso detected ifilaments, sepals and pet&Solombo et al., 2010¥figure

4D), contrary to previous situ hybridization results that did not detect expression of the
SHP2mRNA in these tissug§avidge et al., 1995)n a separate set of experimerad.2kb
region was observed to confer predominardgtg SHP2expressior{ChalfunJunior et al.,
2006) The enhancer region1275bpto -55bp from the transcription start site €295bp to-
1487bp to the translation start site) was capable of driving reporter expression from floral
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stage 12 onwardsithin the DZ, stamens (filaments and pollen grains), petals, nectaries and

in the vasculajunction in the receptacle.

Sajuence blocks withithe SHP2promoteenhancer region that mediate proper expression
have been identifiednd available evidence suggeetdDS domain proteisFUL and
AGAMOUS (AG) regulateSHP2expressior{Savidge et al., 195; Ferrandiz et al., 2000).
The SHP2upstream regulatory region contal@8rG boxconsensus sequences. However, it
is not known to what extent CArG boxes found inc¢teeregulatory regions are required for
the correct expression pattexthin the tissue and stages th&HP2is expressed.
Additionally potential redundancy ofs-regulatory elements has not been previously
addressedIn this study we demonstrate a functional role of CArG boxes withiS 2
cis-regulatory regions for repression®HPin the valves.Additionally, we identify two
redundantis-regulatory regions; each of which individually is sufficient for expression
within the valve margins. Furthermore we demonstrate a role for thed#igenes
AGAMOUSLIKE 15(AGL15 andAGAMOUSLIKE 18 (AGL18§ in the regulation 0SHP2

within the carpel of the developing flower.
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RESULTS
Phylog_enetig footprinting identifies regions of high sequence similarity within th&HP2
genomic region.
In order to identify conserved regulagalements within theSHP2promoter, we examined
sequence similarity of th&tSHP2upstream cisegionsto those of orthologs ifour other
relatedBrassicacaeagpeciesArabidopsis lyrataCapsella rubellaBrassica rapaand
Eutrema salsugineulfiormerly Eutrema halophila(Yang et al., 2013)Approximately three
kilobases of the upstream regions (relative to the translation start site)S¥E#orthologs
in each of these other species was obtained using Phytozorfi€oodstein et al., 2012)
and was aligned using the multiple sequence aligner Digllggos(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 O the lowest. The output from the Di@lgros alignment
was converted to a GBrowse annmta track (Figure 2). Previously a 2.2 kb region covering
-2168 to +1 relative to th8HP2translation 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. 2@d@tained within
this 2.2 kb region, here termed region A, we identified two-sighring regions of sequence
similarity: region B béween-988bp and +1and region C spanning the upstream region

between1820bp and1132bp relative to the translation start site.
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Figure 2: Alignment of 3kb of theSHP25 6 r egul at ory region with ¢
Brassicaceae species

Dialign Chaos multiple sequence alignment comparing approximately 3kb $HR2promoter toSHP2
orthologs inA. lyrata, C.rubella, B. rapa and E. salsugineubialign Chaos alignment scores from 0 to 9 are
displayed: 9 denotes a region with high seqeesimilarity. Regions A, B and C of tlgHP2promoter
correspond to the 2.2kb (pSHB2, 1kb (pSHP¥*) and 700bp(pSHPZY) fragments used ipromoter

reporter fusions, respectivelgescribedn this paper. Region Aaversthe intergenic region betwe&HP2and
the neighboring gene AT2G42820 oriented in the opposite direction. The positions of CArGHBtp},

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). Theireagn a b o v e i 8 HP lindieted adilghestoting cegiai of
alignment with theAtSHP 1promoter region-f81bp to-691bp. The +1 site indicates the start of translation of
the AtSHP2protein. All nucleotide positions are denoted relativéhis ste.

Transcription factor binding sites from the PLAQHigo et al., 1998and TRANSFAC
(Matys et al., 2006)latabasesas well a®ther experimentally determined consensus
sequences curated from literature that were not contained in these databesesapped
onto theSHP2upstreanregulatoryregion using PatMaNPrufer et al., Q08). 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 resptamsent/factor
(SRE or SRF) type CAr®@ o xCC[Af]6G G o(Jreisman, 1990yvas identified. Thigis

element has also been identifiadvitro via an electrphoreticmobility shift (gel shift) assay
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as apotential AGAMOUS binding site within th&SHP2promoter(Savidge et al.,

1995) Two MEF2 type CArGbhoxeswith a longer A/T core (C[A/TG) (Pollodk and
Treisman, 1991; Tang and Perry, 2088) located within the 1kb region-@82bp and
869bp (Figure 2A). Additional MEF2 type CArG boxes are lodaie1554bp (within region

C)and at1873bpandl 936 bp upstream of r egniooregiolA. and wi

CArG boxes 13 within region B are situated within 1Bp of each other. According to the

O0Fl oral Quartet Model 8, MADS proteins form h
non-MADS proteins by binding to at least 2 CAd§®&x like DNA mdifs located at short
distance from each oth€Fheissen and Saedler, 200Genetic analyses have previously
indicated thaBHP2is directly or indirectly regulated by MADS proteins during floral
develgment in various tissueSHP2is positively regulated bhGAMOUSAG,) in the
carpel(Savidge et al., 1995is repressed biyUL in the valvegFerrandiz, 2000and is

repressed bAPETALA 1(APJ) in the outer whorls of the flowgKaufmann et al., 2010)

The genomic locus frorl041bp 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., 2014ndicating direct binding of a number of MADS and
nonMADS domain transcriptiofactors:AG (Wellmer et al. 2006)SEPALLATA 3 (SEP3J
(Kaufmann et al., 200OAGAMOUS-LIKE 15 (AGL1YH (Zheng et al., 2009AP1

(Kaufmann et al., 2010B5VP(Tao et al., 2012andAP2 (Yant et al., 2010)We note that
AtSHP2andAtSHP1genes share a short region of sequence similarity f6&ibp to-

781bp, coinciding with the location of CArG box 1 and 2 withinAt®HP2promoter

(Figure 2). The region fron®86bp to-517bp, which includes CArG boxes 1, 2 and 3, also
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coincides with aegion ofDNasel hypersensitivity (DH site) assayed in floral tisgdbang

et al., 2012)Chromatin with increased sensitivity[dNaseis an indicator of open chromatin
and isassociated with active DA includingcis-regulatory elementgGross and Garrard
1988; Boyle et al. 2008; Hesselberth et al. 2009; Cockerill 2011; Song et al. CAtE)

box 4 located in region A and C alsoincides with an identified DH site located8236bp

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

Deletion analysis of cigegulatory elements defines regions sufficient foBHP2
expression in the developing flower and gynoecium

To test the function of putativ@s-regulatory elements we generated a deletion series of the
upstream regions and examined the ability of these upstream regions to recapitulate elements
of theSHP2expression pattern within the developing inflorescence and gynoecium. Using a
GAL4/pUAS:YFRwo component reporter systdillarino et al., 2016we examined the

ability of the A, B and C genomic regiottsgenerate specific patterns of expressidhe
expression domain observed with the 2.2kb region A promoter:reporter fusion (abbreviated
here to pSHP¥®) has been briefly described in thel calbackgroundVillarino et al.,

2016)and in early floral stages in the GdlecotypgLarsson et al., 2014We refer to the
reporters based on the 1kb region B el 70bp region C region as pSH#2and

pSHP2'%% respectively. Using a scoring system based on YFP intensity within floral tissues
(see Methods)ndependenT? lines expressing pSHB?, pSHP2** and pSHP?®lines
wereanalyzedIn some cases, tissues were divided into apical and basalg¢giscore

variable regiorspecific YFP intensities that were often observed in different floral organs.
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Figure 3: Expression of pSHP2X, pSHPZ*® and pSHPZ%%Preporters in Col-0 plants

Confocal microscope images (maximum intensity projectiongjpasgenic lines expressing 2.2kb (pSHP2

(A-L), pSHP2¥* (M-P) and pSHP?2% GAL4/pUAS::YFP fusions. AV pSHP2*; N-R pSHP2*; S.U

pSHPZ00bp

Me = medial domain of gynoecium; pVm = pralve 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 78 gynoecium with medial expression; (B): stage 8 gynoecium with medial expression; (C) Stage 10
(preVM); (D) Stage 12 gynoecium with valve margin (VM); (E) Stage 13 gynoecium expression in style; (F)
Stage 12 gynoeciumvith expression in midline of valy¢G) Stage 11 ovule; (H) Stage 11 adaxial stamitm
expression in stomium region@) stage 11 abaal stamen; (J) Left to righElowers (leftright gage 9, 8, 1
expressiorvisible in sepalAZ; (K) Flowers(left-right: stage 9, 8, 11kxpression in sepals and sepal abscission
zone; (L) Stage 13 petal; (M) Adaxial rosette leakpression in stomat(N) Stage 8 (apical expression); (O)
Stage 910 gynoecium, apical expression; (P) Stage 11 gynoecium; (Q) stage 12 gynaeqession itV M;

(R) Flowers (Left to right: stage 9, 10, 9, 18xpression in pedicel§S) Stage 12 gynoecium, expression in
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style and apical VM; (T) Stage 13 gynoeciuempression 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 ith observable expression oEHP2reporter
fragments (pSHPZ2K/A, pSHP2K/B, pSHP2°%F/C) in various tissues, aikey stages of
development

Values are percentages (rounded to nearest whole value) of independent lines where YFP was observed in the
tissueindicated; 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 Mdfhitney U Test based on intensity scores (See methods).

The A*0 symbol indicates a statistical difference in
comparingpSHPZto pSHP2: 't he fA+0 indicates a st atniensityi cal di f f e
scores when comparing pSHF2o pSHP2®  t he @#A$0 indicates a statistical
intensity scores when comparing pSHP# pSHP2°®) ;.  fd* 60, fi+d, carndck @SSP value <

i ++ 0 a nindicafe $pF/alue < 0.05;

Pre VM VM VM Carpel | Carpel Carpel Pedicels
(b, 10) | (ap,11) | (b, 11) Dz Valve Style | (ap, 8) | (me, 8) | (me,11) (8)
bt ++$ **$ (17) (11) (13) | **++$$ | *++ bt **$$
PSHPZ® (A)
N=31 26 94 90 100 58 26 48 29 39* 0
pSHP2 (B)
N=19 0 74 37 100 5 32 16 0 0 42
pSHP2/%% (C)
N =22 0 5 0 100 1 23 0 0 0 5

The spatistemporal expression of the pSHZeporter wa analyzedn 31independent2

lines, revealinghat this region is sufficient t@capitulate previously described expression
patterns oSHP2during floral developmer(Savidge et al., 1995; Colombo et al., 2010;
Larsson et al., 2014/illarino et al., 2016)Table 1). Expression frm 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 stagésekpression is detected

internally in medial tissues including in the ¢esiand the septum (Figure 3;B\ G).

Lines with early medial expression later displayedvyaee margin (pre/M) expression in
stage 10 gynoeciaisible in the form of two narrow stripes of expression on the outer cell

layers of the gynoecium (FiguB C). We consider this prealve margin(pre-VM)
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expression because the valve margin is not yet morphologically distinct at this stage. Later,
expression was also observed from the pSKP@porter in the VM from stage 11 and in the
DZ in stage 13+ flowes 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., B@&HYK.
expression within the valve (along the basal midline) at floral stage 11 and beyond was
observe in 58% of lines examined (Figure 3, F). This expression pattern has not previously
been reported. This may suggest that some regulatory elements required toQidRne
expression to the endogenous expression domain lie outside of the 2.2 kb fragimatng or
relatively weak expression of the endogen8ti?2gene in this region had yet to be

characterized.

We also noted expression from the pSHP&porter visible in the stamens from
approximately stage 8 to stage 11, on the adaxial surface irothieist region (site of

anther dehiscence) and abaxial surface of the anthers (Figure 3, H, 1). 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 pasthesis floral petals (26%) (Figure, 3).
Previouslyuncharacterizedxpression 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 extendedesl cells layers into the proximal portion of the

pedicle below the sepal AZ in a O0V0O0 shape

( F

basal portions of the medial sepals in stage

(Figure 3, K), similato the pattern of the AZ in the base of the medial sepals of
ASYMMETRIC LEAVE@S mutantGubert et al., 2014)In ASmutants, sepal and petal
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AZs are incorrectly positioned due to a fmegulation oBREVIPEDICELLUS/KNOTTEDR

LIKE IN ARABIDOPSIS THALIANA 1 (BP/KNAT&¥pression, which regulates distal

pedicel developmerfGubert et al., 2014Based 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 theBssues where native endogenous expression is not observed

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

We also observed YFP in the rosette leaves {poking) and cauline leaves within the
ss omata and in pavement <cells (Figure 3, M).
SHP2gene containsis-regulatory elements for proper medial, VM and DZ expression but
may not contain all the regulatory elements required to repress expressierbasal

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 bystHB2cis regulatory reigns,
transgenic lines containing the 1kb region B (pSH®2nd the 700bp region C (pSHEY)
were created (Figure 2)YFP expression was observed in 19 pSHHadependent T1 lines

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

A noticeable difference between expression from the p&fi@es when compared to the
expression from the pSHB2 construct is the absence or significant reduction of medial
domain expression from the pSHf¥ines in the carpel in young (stagel8) flowers
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(Figure 3, NO) (p < 0.1). Furthermore piéM expression in stage 10 flowers and stage 11
medial expression was also not observed in any p&fIR2s (p <0.05). The lack of early
medial domain and valve margin expression in the p$fiR2es suggests the absence of
cis-regulatory elements that prom@&eiP2expression in the early medial domain frins

1kb upstream regionOnly later, at floral stage 11, wa$M expression detectethus
expression persisted in older flowers within B (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 pression observed in the pSHP2vas less

frequently visible in the pSHP*® 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 axidgy dilowers 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 pS¥Ries (p < 0.05), which was not

observed in pSHP® lines.

These experiments suggest thatny of the regulatory elements required for later VM and
DZ expression are found within the pSH®Zragment. However, some key regulatory
elements required to repreSkiP2expression in the pedicels, as well as those required to
promote earhSHP2expression in the medial domain of the carpel lie outside of the 1kb

region assayed.
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The SHP2promoter-enhancer region contains redundant elements that promote valve
margin expression

Analysis of the pSHP2% construct in 34ndependenT?2 lines showed thah a manner

similar to the other reporters assayexpression was present in the VM (Figure 3, T).
However, the onset of this expression was later than that observed in the'fSIH&e?2

pSHPZ¥ lines. Predominantly apical VM expression appeared at stage 12 (Figure 3, S),
contrary to pSHP%® and pSHPZ®, 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 pSH2reporter). YFP was also visible in the petal vasculature of
some preanthesis stage 12 flowers unlike the pS#Pand pSHPZ® 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 p8H@&gion Q contains
redundantis elements that are sufficient for later VM abd expression 0§HP2 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 psence of redundant cis elements were due to sequence duplications
within the SHP2promoterenhancer region, the sequences of the 1kb and the 700bp enhancer
region were aligned using Dialigbhaos and ClustalX (Larkin et al., 2007). The results of

the aligyment did not detect any regions of strong sequence similarity beSten

genomic regions B and,Buggesting that they contain independent and redundant modules
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of cis-regulatory elements that are both sufficient for promo8kidP2expression in the VM

and DZ.

CArG boxes mediate repression o8HP2in various tissues including the valves and

pedicels

The three CArG boxes located within the region B ofSki#>2promoter/enhancer region

were mutated to ascertain whether they play a role in regulakiiRPexpression 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
SHP2translation start sitelThese are referred to @ArG box 1, 2 and 3, located -&48bp,-

782bp and869bp upstream from tHgHP2translation start site, respectively. Tadsnding

sites were found tod in a region enriched in a number of MADS protein ChIP experiments
and within a DNase hypersensiti(i2H) site(Zhang et al., 2012)0ne of the key regulators

of SHP2during VM specification is the MADS protefUL. Theful mutants exhibit ectopic
SHP2expression in the valves concomitant with ectopictidsue 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 whichreigulatory region(s) ddHP2
areused to mediate the effectsFilL. Therefore we sought to test if mutating the CArG

boxes 13 would cause the pSH®®2reporter to be ectopically expressed within the valves,

mimicking the loss of FUL activity.

To create the mutated reporter (referred to as p3#2%), specific subtitution mutations
were introduced to disrupt binding site function. The CArG box located closest to the
translation start site has been previowsigracterize@s anAG binding site (Savidge et al.,
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1995) with the consensus sequence CC[&#Q3. Tomutaed t hi s site 6GGO6 nuc
substitut Edvidgeiettalhl1995;AHArd et al. 200B)o other CArG boxes with a
l onger A/ T core and t @) a€Ar@ Isor madifthatissequence 6
preferentially used baAGL15proteins(Tang and Perry, 2003ye located further upstream.
Nucl eotide substitutions in these | desger CATr

into 6T6 in order (Zhwetal,i260F upt protein binding
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Figure 4: Mutation of CArG boxes within SHP2regulatory regions causes a moderate
de-repression of SHP2expression within the valve, but mutated reporters remairFUL
responsive

Confocal microscope images (maximum intensity projections) of transgenic lines expressing 2.2kiZpSHP2
(A-L), pSHP2¥* (M-P) and pSHP?2% GAL4/pUAS::YFP fusions. AV pSHP2*; N-R pSHP2*; S.U
pSHPZ00bp

Me = medial domain of gynoeciumgnv= valve margin; v = valve; st = style; Mv = midline valve; se = sepal,
seAZ = sepal abscission zone; ac = apical gynoecium; pe = pedicel.

(A-C): pSHP2'®; (A) Stage 12 pSHP¥, basalmidline valve expression; (B) Stage 12 VM pSHP2(C)
Flowers (eft to right: stage9, 8, 10 pSHPZ*®, expression in sepéZ; (D) Stage 1112 pSHP2®CAC  pasal
valve; (E) Stage £12 pSHPZ®CAC YFP in style; (F) Young flowers {8) pSHP2KCA'C  hasal sepal, sepal
AZ, pedicel expression; (G) stage 12 pSHP® ful-2; (H) Late stage 12 pSHP®in ful-2; (1) gynoecium
stage 1611 pSHP2CACn ful-2; (J) Stage 11 pSHPPCACin ful-2, basal valve; (K) Stage 12 pSHEF2ACin
ful-2. Scale bars represent 50uBrackets indicate the breadth of reposepression within the valve.
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Table 2: Percentages of T2 siblings expressing pSHP2 or pSHP22KPCATG yyith
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; bbasal; me = medial. Where stated numbers in parentheses indicate

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

met hods). #A*0 i ndi dnditacsapaalup<®0d;]l ue < 0. 1; A**0
T/ﬁ' VII\D/Ir% VM VM DZ Valve | Carpel | Carpel | Carpel | Pedicels
' ap,11 b, 11 17 11 ap, 8 me, 8 me, 11 8
@10) | 10y | @D | 01D | @) | @) | @8 | (me8) | (me1l) | (@)
PSHPZ® (A)
N=31 26 26 94 90 100 58 48 29 39 0
pSszzkbCArG
N =22 32 32 100 100 100 59 68 45 59 73

Expression was seém 60% of T1 transformants containing the pSEP2"© construct and

22 independent lines werandomly selected argtopagated for analysis in the T2

generation. We observed expression in the early medial portion of the carpel-and pre
VM/VM/DZ and sepalas well as petals of older flowers older than stage 13 comparable to
the unmutated pSHP? reporter. In contrast to the unmutated 2kb reporter YFP was present
strongly in themoredistal portions of the pedicels (stagd®, Figure 4 F). Notably, a much
broader pattern of YFP expression was observed in the basal valve region of the gynoecium
during stages 12 when compared to the unmutate8HPZ*° reporter(Figure 4, A, D).

This expansion of valve expression in the pS#¥27¢ construct suggests that the three

CArG boxes mutated in the pSH#2A® construct mediate a portion of the valve domain
repression oEHP2expression. However, this ectopic valve expression was never observed
throughout the entire valve and diminishe#iamvers older than stage 12. If repression of
SHP2by FUL is mediated exclusively through the mutated CArG boxes, expression should
resemble that dbHP2expression in &l mutant(i.e. it shouldbe observed throughout the

valve indicating a complete Is®f repression of the reportefhus the ectopic expression
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seen with the pSHP®CA'C construct is modest when compared to theepeession seen in
theful mutant. This suggests that alternative CArG boxes located in the 2.2kb SHP2
upstream regulatomegion may redundantly mediate repressioBidP2by FUL or that

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

To see if loss oFUL activity would result in a further increase in reporter expression
throughout the valves, the pSHE2 pSHP2** and pSHPZ*“A"® reporters were crossed into
the strong mutant allefel-2 background. Expansion of the reporter across the entire the
valve region was observed in stage 12 gyireoefth all reporters in th&ul-2 background
indicating that all three repters are responsive to the repressive action d¥ltheregulator.
However, the developmental progression of the expression of the three reportefali@ the
mutant differed. The deepression of YFP in the valves in the pSHPand pSHP2® lines
progresses from both the apical and basal VM regions with a broadening of the VM at stage
11and 12(Figure 4: Glhefore YFP is visible throughoute valve (Figure 4: H). Incontrast
within the pSHPZ®CA¢ |ines valvespecific derepression bradens primarily from the basal
valve region from stage 11 and within the basal refligure 4: 1, J) before being visible
throughout the valve, without expression in the replum, at stage 12 as seen with the

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

The derepression in the valvekie to mutations in the CArfBoxes in thggSHPZP
construct compared to the unmutated reporter indicates that represSidR2if the valves

is at least partly mediated by the three CArG boxes that we have mutdiedsiudly.
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Additionally, these CArG boxes may also mediate repressi®@H&R2in the pedicelss is

evidenced by the expanded expression in this structure in the pSHfeporter.

Loss ofAGL15and AGL18 activities affect early medial expression o6HP2in the
carpel

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

SHP2TSS (CArGhoxes-B) have the consepgAsGo3heseequence

=
)

consensus motifs contain a longer A/T tract that is preferentialiydobyAGL15(Tang and
Perry, 2003) ChIRchip data also identifies the locus containing CArG boxes 1, 2 and 3 as a
region bound bYAGL15(Zheng et al.2009) AGL18shares close homology wikGL15and
redundantly functions witAGL15to repress floral transition in Arabidopg&sdamczyk et

al., 2007) BothAGL15andAGL18are expressed in the flower lnding the developing

carpel from stage 7 onwards, with similar expression pat(@desmczyk et al., 2007nd

are detected in young carpels from previously published microarrajMigiten et al., 2011)
AGL15can also interact witAGL18in vivo and heterodimere(Serivichyaswat et al.,

2015) These data suggest tgBL15andAGL18may function redundantly to regulate
SHP2expression. To determine if lossAGL15andAGL18activities would affect the
spatietemporal expression of tt&HP2reporters, wanalyzedhe pSHPZ® and pSHPZ®
reportesin anagll5 agl18double mutantbackr ound, referred?% o her ea

agl 1% ABOHPR2gl 15/ 180
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Table 3: Percentage expression of the pSHP® reporter in T2 wild type and agl15
agl18double 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; bbasal; 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 statisticatisompanade using Mann
Whitney U Test based on intensity scoindicatefa®eatue met hod s
< 0.05;

Valve Style Carpel Carpel Carpel
VM VM Dz (b, 12) (13) (ap, 8) (me, 8) | (mell) | Pedicels
(ap,11) | (b, 11) (13) * * = * * ()
pPSHP2® (A)
N =31 94 90 100 13 26 48 29 39 0
pSHPZ:agl15/18
N =21 90 86 100 0 5 5 5 10 0

In 21 independent T2 lines expressing pSH#FA theagl15/18double mutant background,
expression in the VM and DZ was comparable with pS¥2a WT background (N = 31).
However in pSHPZ®;agl15/18lines we observed less frequent expression in the early carpel
(stages 6L0) in both apical (p < 0.05) and bagak(0.1) regions and in the medial domain at
stage 11 (p < 0.05). We also observed no expression in the basal valvagh 8i@8double

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

Expression across all floral organs and developmental stages of T2 linesghlthd 8
double mutant background (N = 2@howed no significant difference to the pSHP2
reporter in a WT background (N = 19). The difference in effects of the 108SIdf5/18
activities on the pSHPB®29151&ggests thaAaGL15and/orAGL18are likely to mediate
SHP2regulation 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-Chif’data(Zheng et al.,
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2009) In addition, AGL15andAGL18may play a role in promoting early medial expression

within the carpel.

DISCUSSION
The SHP2promoter contains separable independent redundant elementlat are
sufficient for expression within the valve margin and dehiscence zone
In this study we have identified two separable portions oSthB2cis-regulatory region that
are each sufficient to support late expression within the valve margin arigbbthe
pSHP2® fragment (fragment B) and the pSHE2Pfragment (fragment C) were able to
drive expression within the developiW@/ after stage 11. Furthermore these two redundant
fragments are both responsive to the repressive actiédlafas both ee derepressed in the
ful mutant (Figure 4). Our results indicate that there are at least two indepéfidlent,
responsive enhancer modules regulagitP2that can support VM expression. The presence
of multiple redundant enhancers has been previoustytexpinDrosophilaGap genes
required for embryonic developme(®erry et al., 2011 Perryet al have proposed that
these duplicative enhancer modules might underlie the robustness of the expission p
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 nothissteatiel with respect

to the redundarBHP2cis-regulatory elements identified here.
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The entire 2.2 kilobase region A is required for strong early expressioof SHP2within
the carpel margin meristem

The medial portions of the early stag8 §ynoeciumn contain a set of meristematic cells, the
carpel margin meristem (CMM), that are important for the reproductive competence of the
gynoecium(ReyesOlalde et al., 2013)This meristematic region gives rise to the ovules, the
precursors of the seeds and to other vital female reproductive struSidfeais expressed
within the carpel margin meristem during stagesd@though the function @HP2in this

tissue at thistage is currently unknown. Our data indicate that the p&fip@moter

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 th8HPZ® promoter fragment)that is sufficient

to support the early medial domain expression. fdssaltsuggests 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 thiyeexpression pattern.

The deletion of three CArG boxes results in the moderate depression of reporter
gene expression within the valve

Previous experiments have indicated fdt is required to repress the expressiosHP2
within the developingalve.FUL encodes a MADS box containing transcriptional factor
(Mandel and Yanofsky, 199%u et al., 1998thatis predicted to bind to CArG box

elements. In an effort to determine the importance of the CArG boxes witHaHtP2cis-
regulatory regions, we created promoter fragments within which three CArG boxes (CArG
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boxes 13) were specifically mutated. Mutation of these three CArG boxes within the context
of the pSHPZ® reporter (i.e. pSHP®CA) resulted in a moderate degree ofrdpression

within the valve (figure 4, D). These results support the predictidrath@ast a portion of

the repressive action UL on SHP2expression is mediated through these three CArG

boxes present within tif@HP2cis-regulatory regions.

In order to determine the extent to whiedL could still repress $HP2reporter gene
expression when three CArG boxes were mutated, we crossed the p&#S2eporter

lines into aful mutant backgroundin all cases we observed a significant additional de
repression of pSHE®CAC reporter expression in the valves whddL activity was redaed.
The data suggesthatFUL is still able to mediate a significant degree of repression on the
pSHPZKCAG reporter even though the three CArG boxes within the conserved sequence
block of region A were mutated. One possibility is thal. may be able to act through the
CArG 4-6, boxes located betweetb54bp and1936bp upstream of the TSS. Alternatively
FUL may represSHP2through norconsensus or degenerate CArG boxes located in
fragment A or potentially through non CArG bois-regulatey elements as part of a larger
regulatory complex without making contact with the DNA. FindlyL may act indirectly

on SHP2expression, via the regulation of intermediate transcriptional regulators. Additional

experiments will be required to distingnibetween these possibilities.
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Deletion of CArG boxes and the 1kiSHP2fragment produces a derepression of
reporter gene expression in the pedicels

We observed YFP reporter in the sepd and in the base of the inflorescence internodes in

lines exprssing the 2.2kisHP2fragment A, across flowers of all stages. Mutations in CArG

boxes 13 in the pSHPZCAC reporter caused reporter expression to also be observed

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

Expression fromthe 1kBHP26 B6 f r agment i s al so detected i

pedicels and in the stem.

The ectopic expression of the pSH®%A¢and the pSHP¥® reporters into the pedicel is

reminiscent of the expansion of sepal AZ markBisADE ON PETIOLE1/2 (BOP1/2)

KNOTTED1 LIKE IN ARABIDOPSIS THALIANA 2/KNATRNOTTEDL1 LIKE IN

ARABIDOPSIS THALIANA 6/KNAY® bp and rpl single mutantndbp rpl double

mutants(Smith and Hake, 2003; Douglas and Riggs, 200B)s may suggest that either

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

SHP2. This might occur vi&CArG boxes 33 orviacisr egul at ory el ement s |
portion of the 2kiSHP2fragment 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 ifloss ofRPLactivity would cause expansion of the reporter into the pedicels in
pSHPZ* [ines, we crossed the pSH¥2construct into apl-7 mutant (Gish, 2013),
however, no expression in the distal or proximal pedicel was observed (data not

shown). Previous descriptions of tfeHP2endogenous expression pattern during floral
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development do not repdsHP2expression in the sepal or petal AZavidge et al., 1995;

Lililegren et al., 2000)It is possible that regions of tif&HP2promoterenhancer assayed in

this work are missing repressor elements that prevent endogenous expression in the sepal AZ.
Further insitu hybridizationexperiments are required to clarify iighs the caseAdditional
cis-regulatory elements may also be located inSH&22nd intron. The 2nd intron is fairly

large (2056bp), similar to MADS protein parald® which is transcriptionally regulated by
enhancer elements located within &@ 2ndintron (Sieburth and Meyerowitz, 1997

Deyholos and Seiburth, 200dong et al., 2008

METHODS

Genotyping

DNA was extracted by grinding leaf tissue in Edwards Byteiwards et al., 1991
centrifuging at >1®@00g for 10 min, precipitating the supernatant in 100% ethanol for
5 min, centrifuging again for 1@in at >10000g, rinsing with 70% ethanol, and

resuspending in 100 | minQdris-HCI, pH 7.5.

Mutant alleledul-2, agl153 (SALK_093946),agl181 (SALK_083061) are in the Cdl

background and have beemaracterizedKunst et al., 1989; Yi and Jack, 1998; Ferrandiz,

2000; Alonso et al., 2003; Lekshiu et al.2005) Theblr-7 allele containsa T to G

missense mutation at position 1191 in the coding sequence. This is a dominant negative allele
in a mixed Col0 and Ler background. Plants selected from stock seeds did not contain the

ERECTAmutation. The allelesicharacterizethy Gish, (2013).Mutant alleles were
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identified via PCRoased genotyping and phenotypic selection. Genotypinaglat-3
agl181 double mutants is previously descrilfgéehti-Shiu etal., 2005) To genotypélr-7
mutants: primers blr7F and blr7R were used to produce a 243bp PCR amplicon from
genomic DNA, which is cleaved by Tsp5091 (New England Biolabs) in WT DNA and is
uncleaved in DNA with thelr-7 allele (Gish, 2013)Genotyping otheful-2 allele was

carried out as described (Rerrandiz, 2000)

Construction of pSHP2::GAL4/pUAS::3xARAYPet dual construct promoter-reporter
lines and deletion and mutational analysis of promoter fagments

Construction of the 2.2kb pSHRZAL4/pUAS-3xYpet is as described in Villarino et al.,
(Villarino et al., 2016)Additional SHP2promoter fragments were amplified from &bl
genomic DNA: 1kb_pSHP@992 to +1) using primers SHP2_ATG_100@ @
CACCTCATTGTCTCGCTT G,@idsaEPR TAGG_R000 (6
CATTTCTATAAGCCCT A Gand &M pSHB2 upstream elemelit32 to
-1820) using primers SHP2_1100_1800chimeralL

( CACCAATTTCAATTATCAATCATCGTTCA 3 ¢ JHP2_1100_1800chimerdB
CCTCTCCAAATGAAATGAACTTCCTTATATAGAGGAAGGGTCTTGCtggacattaggttag
tccaacgnd86SHP2 1100 _18002ndfusion (56
CATATCGGGGTCGTCCTCTCCAAATGAAATGAACTTCCTTATATAGAGGAAGGGT
CTTGCTGGACATTAGGTTAGTCCAAC3 6) . The resulting amplico
SHP2_ 1100 _1800chimeralL, 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 pPEG303GAL4 up to the translation start
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site of the hygromgin coding sequence. The 2.2kb and 1kb promoter fragments contain the

56UTR, t hhe f i r dethionimécodomoSHPE d t he f i r st

PCR fragments pSHP®, and pSHPZ *Pwere cloned into pENT®-Topo (Invitrogen) to
create plasmids, BS013, and BS051, respectively, which were recombined into vector
pEarleygate30&AL4 (pEG303GAL4) via Gateway LR Recombinase Il (Invitrogen) to
form plasmids BS008 (pSHP®) and BS149 (pSHP%"M. These were introduced into
Agrobacterium tumefaciersérain C58Stock numbers: BS087: pSHP2 BS063:
pSHPZ% Mutagenized.2kb construct pSHE®CACwas generated by Genscript Inc
using plasmid AASO003 as a template producing plasmid BST59 was used transform

Agrobacterium tumefaciersérain GV3101 (Stock numhe8S108).

Creation of transgenic lines

Generation of the transgenic line containing 2.2kb pSHP2::GAL4/pUAS::3XxARAYPet is
outlined in(Villarino et al., 2016) Transgenic lines containing pS¥2were produced by
Agrobacteriuramediated transformation (Clough and Bent, 1998) of plants expressing the
PUAS::3xARAYPet responder construct (JMA721). Transgenic lines containing g%#m2
pSHPZKCAC constructs were created by Agrobacteromadiated transformatiof€Clough

and Bent, 1998)f Col-0 plants with both pUASxYpet responder construct JIMA721
(Villarino et al., 2016)and one of vectors containing the GAL4 component to generate
pSHP2:GAL4/pUAS3xYpet dual construct@/illarino et al., 2016)Double mutantagll15

agl18 lines (Stock No. 2175) expressing pSHPand pSHPZ® reporterswere also
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generated through Agrobacterium mediated transformation of double mutant plants with both

JMA721 and one of AAS0O03 or BS009 constructs.

Selection of transformants

Seeds wersurface sterilized with 40% (v/v) bleach and 0.05% Twaéefor 5 minutes,
washed with sterile water and plated on 0.5x (M8rashige and Skoog, 1962)
supplemented with 10 ¢ I!sucrose, 8.2 g'L'phytoayar (Caisson Labs), pH 5.6 to 5.7), with
25ugl Basta, 25ug Hygromycin for selection of transformants and 100dgnentin to

inhibit agrobacterial growth. Plates were grown for 24 hours in continuous ligi@)(22
transferred to a dark chamber at°Z2for 4 days to allow etiolation and subsequently placed

in continuous light for 48 hours (2Z) before resistant seedlings were transferred to soil.

Plant growth

All plants were grown in continuous light at 22 °C.

Screening and scoring of YFRexpression in transgenic lines

All transgenic lines were screened and scored using a LEICA M165C stereomicroscope with
a GFP3 (47&10nm) filter. For each transgenic line, T1 progeny, representing independent
transformation events, with flowers that wersipige for YFP were examined and scored in

the T2 generation.
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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 stronlyd®2.séblings 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 basiStage 17 $igues 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 (thehdEence 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. Q& 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 thaa 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, OpenXcyipts available from

https://github.com/bsehra/Statistical_analysis

Generating count data and statistical Analysis of YFP scores.
YFP scores generated for each transgenic | in
A0<n=<10, fl<n=<20, i 2 < n = < @nding tofradhges of valdes , i 4<n
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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 Méhitney U Test in R. Mann Whitney U tests
and Rvalue tables for each set of pairwise comparisons between transgenic lines were
generated using R scripts (packages: XLConraaa)lable at

https://github.com/bsehra/Statistical_analysis

Confocal Microscqy
Confocal microscopy was performed using a Zeiss LSM 710 (Carl Zeiss, Inc. Thornwood,

943 NY). Images were subsequerahalyzedising Zen Imaging Software and ImageJ.

Determining regions of sequence similarity in th&SHP2 promoter using phylogenetic
analysis of AtSHP2and orthologs in other Brassicaceae

A 3kb region upstream of the of tB¢1P2translational start site putative promoter region (
2999 to +1 relative to the ATG start codon)Arabidopsis thaliangdTAIR10) up to the first
methionine codo (ATG) was aligned with approximately 3kb of the promoter sequence of
orthologs ofAtSHP2in Arabidopsis lyrata, Capsella rubella, Brassica ragrad Eutrema
halophilausing Dialigrchaos multiple sequence aligriBrudno et al., 2004)Orthologs

were identified by TNBlast alignment of th¢SHP2amino acid coding sequence to
genomes of the respective Brassicaceae species using Phytozome.(@budLein 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 thaligned back to thAtSHP2genomic locus were accepted as
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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 traskusing Python script for viewing on TAIRcripts available at:

https://github.com/bsehra/Annotation__track_scripts

Mapping of transcription factor binding sites to SHP2 promoter-enhancer

Binding sites from PLACHEHigo et al., 1998)AGRIS (Yilmaz et al., 2011and
TRANSFAC (Matys et al., 2006)latabases were mappedatgenomic locus that kb
upstrem of theSHP2translation start site using PatMaN softwérelfer et al., 2008)
Output results files from PatMaN were converted to annotation tracks for viewidgnome
Browser in TAIR using pythoscripts(available at

https://github.com/bsehra/Annotation__track_scripts
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ABSTRACT

In this chapter we investigate the function of conserved GAGA elements identified within the
SHATTERPROOF 2 (SHP2)6 r egul at or ytherpatanialdaBASIG s wel | as
PENTACYSTEINE PROTEINBPC) proteins to regulat8HP2expression through these

con®rved elements.

The MADS proteinSHATTERPROOF (SHPJ) and SHP2)contribute to valve margin and
dehiscence zone specificati®@HP2is also present in the early gynoecium, functions in

carpel development, ovule identity and style development. Previ@wmaaterization of the

SHP256 regul atory region highlighted a 2. 2kb
SHP2expression in the medial portion of the carpel, the valve margin (VM) and dehiscence
zone (DZ). We have identified a cluster of @&ah regions (GAGA elements) within 1kb of

the translation start site, which may be potential binding siteBRG;, a family of

transcription factors that have been shown to confer transcriptional repression of

SEEDSTICK (STK a paralog o6HP2 Mutagenesis of the identified GAGA elements in the
context ofa 2.2kbregulatory regiomproduced no change in expressiomplantawhen

compared to a mutagenized version of the repettggesting thahese elements are either
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nonfunctional or thaadditional functionallyredundant GAGA elements may be present
Mutagenized GAGA elements in the context of the 3k 2reporter have yeo be
examinedn planta Transformation obpcl1 bpc2 bpcal triple mutants with 2.2kb and

1kb SHP2reporters produced lines with consistently weak VM expression that is present
briefly from floral stages 12 to 14, unlike the consistent expressioveddriom this reporter

in a WT background. The reduction$tdP2reporter expression with the loss of BPC protein
activity highlights that other regulatory mechanisms may be affeStifeRexpression in the

bpcl1 bpc2 bpc3dl mutantbackground.
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CHAPTER 3
Investigating the role of BASIC PENTACYSTEINE PROTEIN transcriptional
regulators and GAr i ¢ h 1 Gi&r&galatory elements in the regulation ofSHP2
expression
Bhupinder Sehra Veronica Gregi Robert Franks

! Department of Plant and Microbial Biology, North Carolina State University, Raleigh, NC.
27695 2Department of Biological Sciences, University of Milan, Milan, Italy

INTRODUCTION

TheBASIC PENTACYSTEINE PROTEIN/BARLEY B RECOMBINBNT/BBR family

are a planspecific family of seven transcription factorsArabidopsis(BPC1through

BPC?), first functionally characterized iHordeum vulgarébarley) (Santi et al., 2003;
Meisteret al., 2004; Monfared et al., 201BunctionallyBPC proteins are analogous to, but
not homologs of, GAGA Factors (dGaF) in Drosophila, which interact with chromatin
remodeling subunitSlURFandFACT 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 Oryzmtiva (riceY Sangwan and O&6Brian, 2002;

al., 2011)

BPCproteins can be subdivided into three classes, Class I, Il and Ill, based on domains of
sequence similaritfMeister et al., 2004; Monfared et al., 201BPC1, BPC2ndBPC3
belong in Class BPC4 BPC5 andBPC6are Class Il proteins aBPC7is the sole

member of Class Ili{Monfared et al., 2011BPC5is a putative pseudogene due to the
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presence of an #irame stopcodon(Meister et al., 2004; Monfared et al., 2013)nglebpc7
mutants produce no observable phenotype, neslojac7contribute to higher order
combinations obpcmutants and therefore may not be esse(aister et al., 2004;

Monfared et al., 2011Higher order combinations of othBPC mutants result in pleiotropic
phenotypes, including aberrant phyllotaxy and homeotic transformations of floral organs
(Monfared et al., 2011 Class | and Class Il have overlapping functions during development,
however, there is evidence indicating tB®®C3may have roles antagonistic to other Class |

and IIBPCgenegMonfared et al., 2011)

BPCproteins bind to GAepeat motifs in the regulatory regions of target géhesster et

al., 2004; Wanke et al., 2014ahd are expressed broadly throughout the plant over the course
of developmen{Monfared et al., 2011 As with the Drosophila dGaBPC proteins regulate
the transcription of homeotic gen&monini et al., 2012 BPClrepresses théABBY

family member]NNER NO OUTER (INQ)and the MADS box proteiSEEDSTICK (STK)
during ovule development ifirabidopsis Repression ddTKinvolves Class BPCs

physicaly interacting withAPETALA1(AP1), SHORT VEGETATIVE PHASEVP and the
transcriptional regulatolSEUSYSEU)andLEUNIG (LUG) (Franks et al., 2002; Simonini

et al., 2012)facilitating complex famation in vivo. An invitro based consensus motif,

0 RGA R A RRBRTC1ONA binding has been defindonfared et al., 2011 However,
Class IBPC proteins also recognize other @8peat motifs and GAich regions in the DNA
(Meister et al., 2004; Wanke et al., 2011; Simonini et al., 2012; Simonini and Kater, 2014)

Class IBPCs also regulateEAFY COTYLEDON ALEC2) during embryo developme

68


https://paperpile.com/c/jD1Ycp/TnOk+t0rU
https://paperpile.com/c/jD1Ycp/TnOk+t0rU
https://paperpile.com/c/jD1Ycp/TnOk+t0rU
https://paperpile.com/c/jD1Ycp/t0rU
https://paperpile.com/c/jD1Ycp/t0rU
https://paperpile.com/c/jD1Ycp/TnOk+mNEc
https://paperpile.com/c/jD1Ycp/TnOk+mNEc
https://paperpile.com/c/jD1Ycp/t0rU
https://paperpile.com/c/jD1Ycp/Sgm4
https://paperpile.com/c/jD1Ycp/91c3+Sgm4
https://paperpile.com/c/jD1Ycp/91c3+Sgm4
https://paperpile.com/c/jD1Ycp/t0rU
https://paperpile.com/c/jD1Ycp/TnOk+mNEc+Sgm4+zIcK

(Berger et al., 20119nd regulate inflorescence meristem size and determinacy by repressing
BREVIPEDICELLUSBP) andSHOOTMERISTEMLESSTM (Simonini and Kater, 2014)
BPCproteins mediate transcriptional control potentially by interacting with members of
POLYCOMB REPRESSOR COMPLEX 1 (PR&IHPOLYCOMB REPRESSOR
COMPLEX 2 (PRC2{Lanzwlo and Orlando, 2012; Hecker et al., 201BRC2causes tri
methylation ofistone H3 lysine 2{H3K27 trimethylation), facilitating a repression of
transcription initiation. It is thought th®RC2acts upstream dfRC1as the latter binds
H3K27me3 marksind subsequently ubiquitinates histone H2A, causing chromatin
compaction and limiting access to transcriptional machi(@rgnda et al., 2015)In
ArabidopsisClass IIBPC proteinBPC6interacts with planPRC1subunitLIKE
HETEROCHROMATIN PROTEIN 1/TERMINAL FLOWERBP1/TFL2 in vitro and in
vivo, recruitingLHP1to GAGA motifs in the DNAHecker et al., 2015 GAGA motifs are
enriched in knowrLHP1 and H3K27 trimethylation targe(blecker et al., 2015BPC6also
associates with the plaspecificPRC2componenVERNALISATION {VRNY in vivo,
suggesting thdtHP1 may function as aridge betwee?RClandPRC2in plants (Hecker
et al., 2015) More recenthBPC1 BPC2 BPC4andBPC6have been shown to promote
lateral root formation by direct recruitmentPRC2to represABSCISIC ACID
INSENSITIVE 4ABI4) by H3K27 trimethylatior(Mu et al., 2017)Genetic interaction

betweerBPCsandABI4 also modulates auxin signaliflu etal., 2017)

The MADS proteins paralog3HATTERPROOF 1 (SHPaphdSHATTERPROOF SHP2
are best known for their role in specifying valve margin (VM) tatgegren et al., 2000)

However they also redwlantly function to specify ovule identi(fFflanagan et al., 1996;
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Savidge et al., 1995a; Roeder et al., 2003; Pinyopich et al.,,Z00@) expressio(Colombo
et al., 2010pnd carpel developme(Rinyopich et al., 2003p5HPlandSHP2have similar
expression patterr(&lanagn et al., 1996; Savidge et al., 1995b; Liljegren et al., 2000)
much of the analysis @HPfunction and expression has focuseds#iP2 PreviousSHP2
reporter analysis highlights expression in other tiséGaalfurrJunior et al., 2006; Colombo

et al., 2010)

BPCs are expressed in the floral organs throughout develogMenfared et al., 2011)

interact with MADS proteingSimonini et al., 20123nd have been shown to

transcriptionally repress the MADS protein STKooiker et al., 2005; Simonini et al., 2012)
However,it is unknown whetheBPCs also regulatS8 HATTERPROOBenes 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
SHP2during floral development by functionally analyzing @i&h cisregulatory elements
andBPCconsensus binding motifs (hereaSHP2r ref e
cis-regulatory regions. We also examine the expressi@sbiP2reporter lines in &pcl

bpc2 bpc3riple mutant in an effort to determine if the BPC family members reg8ldR2

Our experiments did not detect an alteration of reporter expression upon the mutation of
multiple GAGA elements located within tisHP2cis-regulatory regions. dithermore the
alterations to the pSHP?® and pSHP¥® reporters in thépcl-1 bpc21 bpc31 triple

mutants(Simonini et al., 2012yvere modest. We conclude that either the GAGA elements
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we mutated are not required for regulatiorsefP2expression or that additional redundant

elements in these eregulatory regions can substitute for the mutated GAGA elements.

RESULTS

The SHP2promoter-enhancer region contains multiple GAGA elements

Previous analysis of tieHP2cis-regulatory region defined a 2.2kb regieB168 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., 2@08horter 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 &HIR2 promoteenhancer
coincide with areas of high sequence similarity across other Brassicaceae species:
Arabidopsis lyrataCapsella rubellaBrassica rapandEutrema salsugineuifiormerly
Eutrema halophila(Yang et al., 2013)see Chapter 2, Methods). The multiple sequence
alignment of 3kb upstream of theSHP2translation start site (TSS) wiHP2orthologs in
Arabidopsis lyrataCapsella rubellaBrassica rapandEutrema salsugineuifiormerly
Eutrema halophila(Yang et al., 2013ere converted to GBrowse tracks for visualization

(Chapter 2, Methods).
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Figure 1: GAGA sites located upstream of the&SHP2translation start site

Three GAGA el ements |isted as GAl, GA2 and GA3 (each
located in the 2.2kb region upstream of the translation start site (+1):-628bp to-684bp), GA2 {594bp to

-622bp), and GA3-845bp to-467bp). GA2 cocides with a region potentially bound by Clag&RC proteins

from ChIRgPCR analysis-488bp to-673bp) (Veronica Gregis Personal communication). GA1 and GA2 also

overlap with a published DNase | hypersensitive site (DH €&8bp to-517bp)(Zhang et al., 2012)GA

elements 13 also lie downstream of three CArG boxes located betwétbp and869bp, which play a role

in the repression @dHP2in the valve (Chapter 2). All nucleotide positions alative to the translation start

site of theSHP2coding sequence, designated as +1.

Within the 2.2kb region we mapped consensus sequendd®@hinding, defined as

" RGARAGRRAOG in vitro assays aSTKmommbtér as by f u
(Kooiker et al., 2005; Simonini et al., 201%ing PatMaN softwar@rifer et al., 2008)

Non consensus GAich motifs were also mapped within tB&lP22.2kb region, aBPC

proteins can interact with the DNA through GA repeats and othecomasensus motifs

within cisregulatory regiongMeister et al., 2004; Simonini et al., 2012; Simomind 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 spanrf@B&pp to-517bp from the

TSS which is a site of a DNase | hypersensitivity site (DH qii)ang et al., 2012)which

correlates with transcriptionally active chromgfoyle et al., 2008; Gross and Garrard,

1988; Hessellyéh et al., 2009; Cockerill, 2011; Song et al., 203AGA elements 1, 2 and
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3 are located betweenA45 and-684bp upstream from the translational start site. Chromatin
immunoprecipitation (ChIP) gPCR experiments indicated that a region bet#&&bp to-
673bp covering GAGA elements 1 and 2 GAGA elements is bound by @&sSdroteins

in vivo (personal communication, Veronica Gregis, University of Milan).

I = GAGA element

l k [ I } SH 22kb2xGAc, A
-2.2kb 12 ] p P
j: SH Tkb2xGAGA
-1kb ' ? 1 pSHP2
| I |” | SH 2kb8XGAGA
-2.2kb 2 s i p P2 G
mj]z SHP2 1kb8XGAGA
1kp ' ? ? 1 P

Figure 2: Dinucleotide substitutions introduced within GAGA elements within the 2.2
and 1kb SHP2 promoter fragments

616, 0626 and 0636 refer to GAGA el ements ISHRRat ed withi
translation start site (1 675bp; 2 =594bp;3=4 45 b p . 602xXxGAGAO6 mutations introd!
substitutionstal i sr upt GAGA el ements 0610 and 062&"HYanche cont e
1kb fragment (pSHP&>CAGA 68 x GAGAOG mutations disrupt all three
element 1, 4 mutations in GAGA element 2, and 3 mutationiBA&element 3) in the context of the 2.2kb

(pSHP ZKb8xGAGA) gnd 1kb fragment (pSHPEEXCACA - All nucleotide positions are relative to the translation

start site of th&HP2coding sequence.

To determine if the identified GAGA sites contributed to regymaof SHP2expression we

introduced substitution mutations at key dinucleotides which have previously been shown to
disrupt BPC protein bindin@Kooiker et al., 2005; Simonini et al., 201Z)wo sés of

mutations were introduced into the context of the 2.2kb and&SH&2regulatory regions
referred to as 062xGAGAO6 and O08xGAGAO6 (Figure

contain a dinucleotide substituti oparinesonvert.
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within aBPCconsensus motif a609bp upstream from the TSS (GAGA element 1) and a
GA- rich element at675bp (GAGA element 2). This type of substitution mutation has been
shown to disrupBPCbinding in vitro and in vivqKooiker et al., 2005; Simonini et al.,

2012) 8xGAGA mutagenized lines contain disruptions in all three GAGA elements

including GAGA element 3 located -&45bp (see Methods).

Mutation of GAGA elements analyzed in the context of the 2kb and 1kBHP2reporter
lines do not alter reporter expression

To assess whether three key GAGA elements withiistie2cis-regulatory regions play a

role in the regulation c3HP2,a series of mutagenized constructs were generated in the
context of previously characterized 2.2kb and 1kb regions upstream3ifiiP2ranslation

start site driving a reporter (Chapter 2). These regions have been previously shown to contain
cis regulatoy elements that mediagHP2regulation (Chapter 2). We used a
SHP2::GAL4/pumas::3xARAYRBased double reporter system to assay reporter expression
(Villarino et al., 2016) The 2.2kb reporter region sijpeam of theSHP2translation start site
(referred to as pSHP?®) 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). Thkkb SHP2reporter (referred to a pSHB¥2hereafter) produces a
similar spatietemporal expression pattern but drives predominantly late VM, DZ and pedicel

expression (Chapter 2).

We examined two sets of mutagenized reporters in planta: 2xGAGA mutagespoetbr
lines minimally disrupt two key GAGA elements (elements 1 and 2) (referred to as

pPSHPZKP2XCACA- and 8xGAGA lines contain 8 dinucleotide substitutions which cause
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maximal disruption of all three GAGA elements of interest. We compared the egpreks
independent T2 lines expressing pSHPZCACA (n = 20) and pSHPPECACA(n = 22) with
previously characterized pSH#2lines (n = 31) (see Chapter 2). Independent T2 lines were
examined and scored according to intensity in different floral srifam developmental

stages 6 17 (stages according (8myth et al., 1990Floral organs were scored in both

apical and basal portions of the organ to account for local variations in expressionf@cores
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 2.2kISHP2reporter produced no significant change in reporter expression
when compared to the pSH¥2reporter lines. This indicates that these GAGA elements
may not be functional in the regulation®fP2or that they may work redundantly with

GAGA elements located upstream or downstream of GAGA elements 1, 2 and 3.

We also compared independent PSHP2%" lines (n = 19) to T2 1kb reporter lines

containing 2xGAGA mutations (pSHBY*¢ACA) (n = 20). In his 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 disfufuienot play a role iSHP2
regulation. Analysis of the expression pattern generated by the 1kb reporter with 8xGAGA

mutations will be required in order to clarify this.
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SHP2reporter expression is reduced in Class | triple mutants

Class IBPC proteinsrepress MADS protei®TK a paralog o6HP2during ovule

development (Simonini et al., 2012; Kooiker et al., 2005). To see if loss of the activities of
Class IBPCproteins BPC1 BPC2andBPC3produce an effect o8BHP2regulation, we
analyzed pSHP%" and pSHP2*® reporters irbpc 11, 21, 31 triple mutants (referred to as
bpcl bpc2 bpc&iple mutants hereafter). We transfornigatl bpc2 bpc&iple mutants

with pSHPZ2** and pSHPZ® constructs and examined the expression in the T2 generation.
p p

Stage 13 Stage 13

Figure 3: 2.2kb SHP2reporter in Col-0 and abpcl bpc2 bpc&iple mutant

(A): pSHPZ¥ reporter in Col0, stage 12 to 13; (B) pSHP2in bpcl-1 bpc2 bpcal triple mutant; stage 12.
VM = valve margin; R = replum; V = valve

In all independent TBpcl bpcbpc3mutant lines expressing pSH2(n = 7) and

pSHP2® (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@o¥YM reporter expression

was not observed befostage 12 and DZ expression was not observegdd bpc2 bpc3

flowers older than stage 14, contrary to the reporters irfOCBEeporter expression was also
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absent from all other floral organs including other domains of the carpel throughout the
stages oflevelopment assayed (stage 6 to 17) irbghel bpc2 bpc&iple mutants, which is
different to the varied expression patterns observed with p&¥HR@l pSHPZ®reporters in

Col-0.

It is unclear why there is a reduction of ®ldP2reporters in the mutant background

compared to CeD, despite their roles as repressors. The reduced expression may be caused
by post transcriptional gene silencifidlotshwa et al., 2010jaused by thpresence of T

DNA insertions inbpclandbpc2mutant linegAlonso et al., 2003; Monfared et al., 2011)

bpcl bpc2 bpc&iple 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 affedP2expression.

Defects in fruit patterning ibpcl bpc2 bpciutants include enlarged repla, concomitant
with mis-expression of replum promoting factors including
BREVIPEDICELLUBNOTTED1 LIKE IN ARABIDOPSIS THALIANA (BP/KNAT1)
(Simonini and Kater, 2014)The emarged repla irbpcl bpc2 bpc&iple mutants is
reminiscent of the phenotype of tASYMMETRIC LEAVES1autants(Alonso-Cantabrana
et al., 2007)caused by shifts in gene expression gradients of anisigaty functioning

valve and replum promoting factqiGonzalezReig et al., 2012)Alonso-Cantabrana et al.,
2007). A similar shift in gene expression gradients along the ratkoal axis of the
seedpod may contribute to the redu&&tP2reporter expression in the longitudinal portions
of the VM in triple mutants when compared to ©@olWhile VM- and DZ specificreporter
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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
pSHPZX® or pSHP2X® reporter. This could indicate that additioB&C family members

other tharBPC1, BPCar BPC3can compensate to mainta&iHP2repression in the valve.
Analyzing SHP2reporters in higher ordépcmutants may reveal more about the
mechanisms by whicBPC proteins regulatSHP2 SHP2expression in th&M is robust to
concentration changes of the lateral facEitsAMENTOUS FLOWER (FIL), JAGGED

(JAG) andYABBY3 (YAB3)vhich promote VM and valve developméBinneny et al.,

2005) This is supported byhe observation th&HP2::GUSexpression in the gynoecium is
strongly reducednly in afil jag yab3triple mutant backgrounDinneny et al., 2005)The
expression o8HP2in other domains, including trearpel medial domain, may be less robust
to changes in the concentrations of factors that pro8idte2activity in a specific tissue

within thebpcl bpc2 bpcBackground.

Further experiments are needed to clarify whe8tdéiP2expression is affected by the loss of
BPCactivity and whether this results in changes to the DZ and fruit dehiscence. Additional
transgenic lines are needed for a statistical comparison with WT lines expressirgHREse
reporters to assess whether theslof reporter expression in all other tissues organs apart
from the VM and DZ is consistent.u@ntitative realime-PCR(qRT-PCR) to measure
differences irSHP2expression betwedmpcmutant combinations compared to WT, is
needed to clarify wheth@&PC proteins have a repressive effect3iHP2expression.

Significant changes iBHP2expression may be observed in other higher 36 mutants
including mutations in Class | and Clas8RC.Additionally assaying changes in the
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lignified layer by phlorogicinol staining(Liljegren, 2010)of higher ordeBPC mutant
carpels and quantification of subsequent changes in fruit dehiscence will also be needed if

endogenouSHP2changes do lead to changes in Dévation.

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
pSHPZX® and pSHP¥® reporters. These substitutions haverbpreviously demonstrated to
disruptBPCbinding to GAGA elementéKooiker et al., 2005; Simonini et al., 201Znhere

are several possible explanations for our results. One possibility is tlaAGA elements

are not important for the regulation ®HP2 A second possibility is that the importance of
these GAGA sites is obscured by additional functionally redundant sequences elsewhere in
the SHP2promoter. 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 H3aRRpSHPZ®
reporters in thépcl bpc2 bpc&iple mutant as compared to the wild type
background.Expression within the VM was delayed; expressi@sdetectedht stage 13 in

bpcl bpc2 bpc&iple mutants but detected at stage 11 in wild typdditionally, expression
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within the pedicels, perianth and other areas outside the VMixnot detected in thiepcl

bpc2 bpc3riple. These results are currently ditfitto interpret.
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METHODS

Genotyping

DNA was extracted by grinding leaf tissue in Edwards Buffer (Edwards et al., 1991)
centrifuging at >1®@00g for 10 min, precipitating the supernatant in 100% isopropanol for
5 min, centrifuging again for 1tin at>10000g, rinsing with 70% ethanol, and
resuspendi nmgnTiis#dCllpA 0.5 Mutabt@llelebpcll1 (Salk 072966)bpcl-2
(salk_101466)bpc2(Salk_090810)bpc31 (Tilling) are all in the Col0 background,
previously characterized and genotypdescribed(Alonso et al., 2003; Monfared et al.,
2011) Mutant alleles were identified via P&ised genotyping and phenotypic selectisn

per Monfared et al(2011).

Construction of pSHP2::GAL4/pumas::3xARAY Pet dual construct promoterreporter
lines and deletion and mutational analysis of promoter fragments

Construction of the 2.2kb§HP2GAL4/pUAS-3xYpet (pSHPZ®) construct is as described
in Villarino et al., (2016). Construction of the 1gBHP2GAL4/pUAS-3XARAYPET
(pPSHP2¥Y) is as described in Chapter 2. Mutagenized 2.2kb constructs pS#®#Aand
pSHPZKP2XCACA\yere generated by Genscript Inc using plasmid AAS003 as a template,
creating plasmids BS158 (pSHIZ*CACA and BS160 (pSHPE2XCACA),

08x GAGAO® s ubst i ucledtidepmsitions relatiaettd +4,nhe trafstation start
site):

GAGA element 1445 to-467bp): agaagagaaaagaagaaagaaa to @gamaggastaacaa

GAGA element 2-694 to-622bp): tcttctttctttctttttctttctitaio tetiggttggttctttttggttggottct
GAGA element 34675 to 684bp): tgaaagaaa, tgeaaa
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02X GAGAOG substitutions:

GAGA element 24609 to-617b): tttctttct to tttggttct

GAGA element 3675 to 684bp): tgaaagaaa, tgeaaa

1kb Fragments containing 8XxGAGA BxGAGA mutations were amplified from BS158 and
BS160, respectively, wusing primers SHP2_ ATG_
CACCTCATTGTCTCGCTTGGTAGTTG 306) and SHP2_ ATG._
CATTTCTATAAGCCCTAGCTGAAG 30) . l1kb mutageni ze
PENTR-D-TOPO to generate cetructs BS099 (pSHPYP?*CACA and BS128

(pPSHP2KP2XCACA 'BS099 and BS128 were shuttled into vector JIMA859 via Gateway LR
Recombinase Il to create plasmids BS161 and BS095. All plasmids containing 2.2kb and 1kb
mutagenized fragments in the pEG303GAL4 lale were used to transform

Agrobacterium tumefacierssrain GV3101: stock numbers (BS124: pSHEZCACA BS136:

PSHPZK2XGAGA BS092: pSHPEP#CACA BS111: pSHPZP>CACH),

Creation of transgenic lines

Generation of the transgenic line containihgkb pSHP2::GAL4/pUAS::3xARAYPet is
outlined in Villarino et al (2016). Transgenic lines containing pSEREAA

PSHPZKPZXCACA P FKbBXCACA gnd pSHPHP2XCACA constructs were created by
Agrobacterium mediated transformation (Clough and Bent, 18&08bl-0 plants with both
PUAS::3xYpet responder construct IMA721 (Villarino et al., 2016) and one of the vectors
containing the GAL4 component to generate pSHP2:GAL4/pBRHet dual constructs.

(Villarino et al., 2016).
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Selection of transformants

Seedswvere surface sterilized with 40% (v/v) bleach for 5 minutes, washed with sterile water
and plated on 0.5x GNMurashige and Skoog, 196&upplemented with 10 d l!sucrose,

8.2 g I' phytoagar (Caissonabs), pH 5.6 to 5.7), with 25ug/uL Basta and 25ug/uL
Hygromycin for selection of transformants and 100dignentin to inhibit agrobacterial

growth. Plates were grown fodours in continuous light (22jCransferred to a dark
chamber at 2Z for 4 daysto allow etiolation and subsequently placed in continuous light

for 48 hours (22C) 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 diatical analysis of YFP expression in
transgenic lines

All transgenic lines were screened and scored using a LEICA M165C stereomicroscope with

a GFP3 (47&10nm) filter. For each transgenic line, independent T1 lines with YFP positive

flowers were examirdeand scored in the T2 generation. The scoring scheme used to generate
count data is as outlined in Chapter 2 06Meth
(PSHP ZKPBXCACA nQHPBKb2XGAGA hSHPZKbBXCAGA g pSHPPPZXCACA) was statistically

compared to eittr pSHP2*® or pSHP2** count using the Mann Whitney U Test as outlined

in Chapter 2 6Methodsd to ascertain statisti
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Confocal Microscopy

Confocal microscopy was performed using a Zeiss LSM 710 (Carl Zeiss, Inc. Thornwood,
943 NY). Imagesvere subsequently analyzed using Zen Imaging Software.

Determining regions of sequence similarity in th&sHP2 promoter using phylogenetic
analysis of AtSHP2and SHP2orthologs in other Brassicaceae

A 3kb region upstream of the of tB¢1P2translational start site putative promoter region (
2999 to +1 relative to the ATG start codon of 8téP2protein coding sequence) in
Arabidopsis thaliangTAIR10) up to the first methionine codon (ATG) was aligned with
approximately 3kb of the promotezuence of orthologs @tSHP2in Arabidopsis lyrata,
Capsella rubella, Brassica rapgndEutrema halophilaising Dialigrchaos multiple

sequence align€Brudno et al., 2004)0rthologs were identifiedyoTNBIast alignment of

the AtSHP2amino acid coding sequence to genomes of the resp&ctgsicaceaspecies
using Phytozome.net v 1(Goodstein et al., 2012Blast alignment of genomic regions from
TBlastN results with lowest E values were reciprocally aligned tétabidopsisthaliana
TAIR10 version of the genome. Regions from the reciprocal Blast that aligned back to the
AtSHP2genomic locus were accepted as orthologs in the genomes of thdivesgeecies.
Weighting scores at each base provided by Diatiggios across the multiple sequence
alignment were converted to Genome Browser annotation tracks using Pythafaecript

viewing on TAIR(available at https://github.com/bsehra/Annotation_cKkracripts)

Mapping of transcription factor binding sites to SHP2 promoter
Binding sites from PLACHKHigo et al., 1998)AGRIS(Yilmaz et al.,2011)and
TRANSFAC (Matys et al., 2006)latabases were mappedatgenomic regioBkb upstream
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of theSHP2translation start site using PatMaN softw@Pelifer et al., 2008 0utput results
files from PatMaN were converted to annotation tracks for viewing Genome Browser in

TAIR using Python scriptéhttps://github.com/bsehra/Annotation__track_scripts)
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CHAPTER 4: FUTURE WORK
Investigating regions of high sequence similarityn the SHATTERPROOF2upstream
regulatory region that do not match previously identified DNAbinding consensus
sequences
Bhupinder Sehra and Robert G. Franks

Department of Plant and Microbial Biology, North Carolina State University, Raleigh, NC.
27606

ABSTRACT

This body of work focuses on functionally analyzing previously uncharacterized

regulatory elements that may contribute to the expression domaHAT TERPROOF 2

(SHP2). SHP2s expressed and is best known for its function in valve margin (VM)

specification SHP2is 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 t8&lP25 6 r egul at o r ycedrearlgandlate t h at
SHP2expression in the medial portion of the carpel, the valve margin (VM) and dehiscence
zone (DZ). Comparison of 3kb 8HP25 6 r egul at ory regi on with or
Brassicaceamcluding Arabidopsis lyrata, Brassica rapa, Caplsetubella, Eutrema

halophila highlight three regions of high sequence similarity. These regions are located

within 1kb upstream from the translation start site ofS3hR#2coding sequence. Two of

these regions contain consensus motifs that include lgirsities for proteins involved in

cytokinin response and fOfABBYproteins that have been shown to pron&t#2in the

valve margin. We describe the ongoing functional analysis of these regions witBidBze

promoterenhancer region in the context of &2and 1kkbSHP2reporters.
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INTRODUCTION

In Chapter 2 we compared 3kb of tAelP2promoterenhancer regions to upstream regions

of orthologs inArabidopsis lyrata, Capsella rubella, Brassica rapa and Eutrema halophila

using Dialignchaos multiple sequence aligr{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 referece sequence (in this case BildP2upstream sequence frofmabidopsis

thaliana), which were converted to a GBrowse track for visualization (see Chapter 2

O0Met hods6é). Three regions of high sequence s
scor i(RegiondlPlacateda? 3 3 bp, 06806-6(7TRBRdpi amd2)6 7-adt ( Regi o

419bp upstream from the translation start site oStHE2coding sequence.

9

7Y “u N
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AT2GA2820 transcript
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Figure 1: Regions of high sequence similarity in th&€HP25 6 r egul at ory regi o
compared to oher Brassicaceae members

Multiple sequence alignment betwe8HP25 6 r egul at ory r egi o nSHRZorholdgh e upstrr e
in A. lyrata, B. rapa, C. rubella, E. halophil®utput from Dialign Chaos alignment is visualized as a GBrowse

track, showing the scores given to regions of alignme#t {tighest is 9 and denotes most conserved sequence
across the alignment). -Ré&@bp6/3bpd8mdd (-#6Bdp)lare markeds cor es ( ¢
with a red triangle and the score for that region is given abean®8 scoring regions overlap with a region

of DNase | hypersensitivity located-886bp to-517bp (DH site(Zhang et al., 2012)The 9scoring region lies

closest to a several CArG boxes that lie betw&d8bp and869bp. The 2.2kb and 1kb fragments are portions
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of the 508 r e §HPRtlzatcontrijutes te thHB2expreskion domain (Chapter. 2l nucleotide
positions are relative to +1, which denotes the translation start site ®fifP2coding sequence.

As conservation of sequence correlates with function, we reasoned that these high scoring
regions within thesHP25 6 r e g u |l at aontyibute ®8SHP2regulatoa. fhe 9
scoring region located af33bp lies closest to CArG boxes binding sites for MADS box
proteins (reviewed by), located betwe&B4bp and869bp from the TSS. These CArG
boxes have been shown to be functional and itrté toSHP2repression in the valve
(Chapter 2). All three loci overlap with a region of DNase | hypersensitivity which lies
between986bp to-517bp (DH site(Zhang et al., 2012hdicating a region fatranscriptional
activity (Boyle et al., 2008; Gross and Garrard, 1988; Hesselberth et al., 2009; Cockerill,
2011; Song et al., 2011Region 3,a 7-scoring region, lies upstreamthie DH site and the
CArG boxes but is proximal to a Géch site (445bp to-467bp) which may be binding sites
for BASIC PENTACYSTEINE PROTEINS/BARLEY B RECOMBINBRT/BBR (Kooiker
et al., 2005; Bnonini et al., 2012)Binding sites from PLACHKHigo et al., 1998)AGRIS
(Yilmaz et al., 2011and TRANSFACQMatys et al., 2006)latabases as well as
experimentally derived motifs from literature were mapped to th& and 7 scoring

regions using PatMaN software (Prufer et al., 2008). Table 1 lists conseasissthat map
to these high scoring regions. Consensus binding motifs for DNA with one fDQE) (
transcription factors (TR)ICominelli et al., 2011; Noguero et al., 2018RABIDOPSIS
RESPONSIREGULATORproteins(Sakai et al., 2001; Imamura et al., 20880 YABBY
proteins(Siegfried et al., 1999; Bowman, 2000; daran et al., 2002; Eshed et al., 2004,
Goldshmidt et al., 2008; Sarojam et al., 204@ found in the 9and 8 scoring regionDOF

proteins have diverse functions throughout the plant light response, hormone signaling and
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seed germinatio(Noguero et al., 2013ARRproteins function within the cytokinin

signaling

pat hway

and some

me mber s

(Sakai et al., 2001; Imamura et al., 2003; Hosoda et al., 20088 BYproteins constitute a

large family of TFs that mainly promote abaxial identity and laminar gr@@rdgfried etal.,

1999; Bowman, 2000; Kumaran et al., 2002; Eshed et al., 2004; Goldshmidt et al., 2008;

Sarojam et al., 2010Y ABBYproteinsFILAMENTOUS FLOWERNdYABBY Jromote the

expression o8HP2in the VM (Dinneny et al., 2005)n a chromatin immunoprecipitation

(ChIP)seq experiment to elucidate target¥@BB Ytranscription factors,

motifs 6 GARAGA A ABC GGQACO

wepresented wm peaks of enrichment using

MEME motif finding softwargBailey et al., 2006; Shamimuzzaman and Vodkin, 2018)

consensus motifs were mapped to tkeed@ring region.

Table 1 Consensus motifs mapped to regions of high sequence similarity within the

SHP256 regul atory region
Region | Consensus motif Putative function of Reference
located within consensus motif
region
9 _scoringl WAAAG DNA binding with one (Cominelli et al.2011)
finger (DOF) binding motif
9 scoringl RGATY Arabidopsis Response (Sakai et al., 2001)
Regulator(GARPprotein)
binding motif
8 scoringl GARAGAAA YABBYprotein binding motiff (Shamimuzzaman ano
in soybean Vodkin, 2013)
8_scoringl CCCCAC YABBYprotein binding motiff (Shamimuzzaman ano
in soybean Vodkin, 2013)
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To ascertain whether thedede regions contairis regulatory elements that affect t8elP2
expression domain, the, 8- and # scoring regions in the context of previously
characterize@.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: AATCGATCC
check for casensus 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 na8P2reporter. No consensus motifs were

detectedn 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:pSHPZ*-%(9-scoring), pSHPZ*-8(8- scoring) and pSHP¥-’ (7-scoring) (see
Methods). The pSHP®-8reporter 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 pSHPZeporter (Chapter 2). We do not yet have enough lines ocamgai
pSHPZX9and pSHPZ®-"reporters to determine convincingly if these mutations alter the
expression pattern of tlf&HP2reporter. Transgenic lines will be created which contain the

substitution mutations in the context of the BddP2promoter fragrant.

Although this work is still in progress, if we are able to detect significant changes to the
pSHP2reporter expression pattern upon mutating the high scoring regions (7, 8 or 9 scoring
regions) this may provide insight into relative small (22nt)nelets that are required for

proper expressionAlthough beyond the scope of this current thesis, future efforts including

94



yeastone hybrid approaches, might be employed in an effort to identify transcriptional

regulators that act through these novel seqgeenotifs.

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 pSHPRL4/pUAS-3xYpet (pSHP2) and the 1kb
pSHP2GAL4/pUAS-3xYpet (pSHP2®) constructs is as described in Villarino et al.,
(Villarino et al., 2016) Substitution mutations, replacing 22nt of endogenous sequence
located at419bp (#scoring regdn),-673bp (8scoring region) ane733bp (9scoring
region) with AATCGATCGATCGATCGATC@Ean$tructswe r e i
by Genscript using plasmid AAS003 as a template. Constructs BS073 (§%3PRS071
(pSHPZ%*-8 and BS069 (pSHP®-9) were generated and introduced idgrobacterium
tumefacienstrain GV3101: stock numbers BS148 (pSHR)), BS149 (pSHPFP-3),
BS150 (pSHPZ®-9). 1kb fragments containing 22nt substitution mutations were created by
amplification from plasmids BS078S071 and BS069 using primers SHP2_ATG_1000L
(50 CACCTCATTGTCTCGCTTGGTAGTTG 38) and SHP2_
CATTTCTATAAGCCCTAGCTGAAG 30) . PCR f-D-agment s
Topo (Invitrogen) to create plasmids, BS151 (pSHRY, BS152 (pSHP¥*-9 and BS53
(PSHP2*-9 These were recombined into vector pEarleygaté€3884 (pEG303GAL4)
via Gateway LR Recombinase Il (Invitrogen) to form plasmids BS154 (p%MB2BS155
(pPSHP2¥*-8 and BS156 (pSHP®-9 and introduced intdgrobacterium tumefacierssran

GV3101: stock numbers: BS157 (pSHP2), BS158 (pSHPY"-8 and BS159 (pSHP®-9.
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Creation of transgenic lines

Generation of the transgenic line containing pS#Rsd pSHPP® constructs 2.2kb
pSHP2::GAL4/pUAS::3xARAYPet is outlined {villarino et al., 2016) Transgenic lines
containing pUAS::3xARAYPet responder construct JIMA{Zillarino et al., 2016and one
of pSHPZ*-7 nSHP2K-8 pSHPZKP-S nSHP K7 hSHP2K-8 pSHZP-9 were produced
by Agrobacteriunmmediated transformationf Col-0 plants(Clough and Bent, 1998yith
both JIMA721 and one of vectors containing the GAL4 component to generate

pSHP2:GAL4/pUAS3XY pet dual construct reporter lin@dillarino et al., 2016)

Selection of transformants

Seeds were surta sterilized with 40% (v/v) bleach and 0.05% Tw2@for 5 minutes,
washed with sterile water and plated on 0.5x (M&rashige and Skoog, 1962)
supplemented with 10 g isucrose, 8.2 gkphytoaga(Caisson Labs), pH 5.6 to 5.7), with
25ugl Basta, 25ug Hygromycin for selection of transformants and 100dgnentin to

inhibit agrobacterial growth. Plates were grown for 24 hours in continuous ligi@)(22
transferred to a dark chamber at@Z2or 4 days to allow etiolation and subsequently placed

in continuous light for 48 hours (22) before resistant seedlings were transferred to soil.

Plant growth

All plants were grown in continuous light at 22 °C.
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Screening and scoring of YFP expression ittansgenic lines

All transgenic lines were screened and scored using a LEICA M165C stereomicroscope with
a GFP3 (47610nm) filter. For each transgenic line, T1 progeny, representing independent
transformation events, with flowers that were positive for Vileliee 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 descr i Atédst20 N2 lire$ ahere availabke, O Met h
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 sckipgépaandas,

OpenXL). Generation of count data and statistical analysis of YFP scores across transgenic

l ines was undertaken according to the schema

Confocal Microscopy
Confocal microscopy was performed using a Zeiss /3Bl (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 PLACHKHigo et al., 1998)AGRIS(Yilmaz et al., 2011and

TRANSFAC (Matys et al., 2006)latabases wereapped to th&HP2genomic locus
including 3kb upstream of tHe@HP2translation start site using PatMaN software (Prufer et
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al., 2008). Output &MaNfiles were converted to annotation tracks for viewing Genome

Browser using python scripkdtps://github.can/bsehra/Annotation__track_scripts)
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DISCUSSION

The dehiscence zone shares tloharacteristics of an abscission zone
TheSHATTERPROOF1/2 (SHP1MADS-domain proteirparalogs are critical for valve
margin (VM) specification and development in Arabidogki§egren et al., 2000)This

work has focused on elucidating ttis-regulatory logic underlying thEHP2expression

domain, highlighting regulatory elements that affect VM dalliscence zone (DZ)

pattening (Chapter 2). We also observB#iP2driven 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 expicksssomot
explicitly show thatSHP2is expressed in floral AZsr in the stameniSavidge et al., 1995;
Liliegren et al., 2000)However SHP2expression correlates with lignin deposition in the
seedpd (Liljegren et al., 2000; Ferrandiz et al., 2000)s possible thaBHP2may have a
redundant function within florahZ and stameiZ development that has yet to be
characterized; wsitu hybridzation 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 developmeliHepworth and Pautot, 2015; Estornell et al., 20B8th 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 thétpro

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

102


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

promoting abscission by breakdown of the middle lamella between ctdllaadling 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 identityAlonso-Cantabrana et al., 2007; McKim et al., 2008; Gubert et al.,
2014) In the fruit, valve and lateral growth promoting factA&YMMETRIC LEAVES1/2
(AS1/2)are required for correct positioning of the valve, DZ and replum domains by
repressingeplum/meristem promoting fact&REVIPEDICELLUSBP) (Alonso-

Cantabrana et al., 200AS1/2reprises its role in the AZ by affecting positioning of medial
sepal and petal AZs, once again through the repressBR Gubert et al., 2014BP
represseslAESAandHAESALIKE2 (HAE-HSL2)signaling ad is therefore a repressor of
abscissior(Shi et al., 2011)AZ and DZs both derive from boundaries (zones of restricted
cell growth separating meristematic regions from lateral growvt®8 d n2 kovg§8 and
2014; Hepworth and Pautot, 20E5)d express boundary marker geKBEOTTED 1 LIKE

IN ARABIDOPSIS THALIANA 2/6 (KNAT2&)dBLADE ON PETIOLE 1/2(BOP1/2)

during developmen(han et al., 2012b; Ragni et al., 2008; Zhao et al., 2015; Alonso
Cantabrana et al., 2008ingle loss of functiobopl, bop2 KNAT2andKNAT6mutants and
KNAT2 KNAT&ouble mutant combinations produce no VMlehiscence defects and may
not directly regulat&HP 1/2this tissugRagni et al., 2008; Khan et al., 201.2BPP1/2and
KNAT2/6are likely to function in the VM by repressiig and
REPLUMLESS/PENYWISE/BELLRINGER/VAMANA (RPL/PNY/BELL/VANpecifier of
replum tissu€Hepworth and Pautot, 2015; Ragni et al., 2008; Khan et al., 2@BQ&)1/2is
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required for AZ formation, promoting sepdion layer formation and lignification via
KNAT2/6and BELL-homeodomain proteiARABIDOPSIS THALIANA HOMEOBOX

GENEL (ATH21pctivities, the latter is also involved in stamen abscission development
(McKim et al., 2008; Gémekiena and Sablowski, 2008 OP1/2function in AZ

development is conservedMicotiana benthamianéobacco) and in legumes including
Medicago truncatuldCouzigou et al.2016; Wu et al.)KNAT2/6activate cell wall modifiers

to promote cell separation in AZShi et al., 2011)Based on their roles in AZ development,
BOP1/2andKNAT2/6may promote differentiation of theks within the DZ separation

layer (SL) and formation of the lignified layer (L{RRagni et al., 2008; McKim et al., 2008;
Shi et al., 2011; Khan et al., 2012b, 201Z8)e INFLORESE&NCE DEFICIENT IN
ABSCISSION (IDApeptide andHAE-HSL 2receptor like kinase signaling pathway activates
cell separation in floral organ and stamen AZs and potentially th€Sbizet al., 2011;

Stenvk et al., 2008through the upregulation &fNAT?2/6activities(Shi et al., 2011)

There is also conservation of genetic regulatory networks between fruit DZ and seed AZ
developmentHalanzaet al., 2016)Related polygalacturonases (PG) (enzymes that degrade
cell wall pectins) encoding genARABIDOPSIS DEHISCENCE ZONE
POLYGALACTURONSBE1/2(ADPG1/2 andQUARTETZAQRT2 are expressed in fruit and
anther DZs as well floral and seed AZs to aid cell separéfgawa 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 timgiand promotes separati@@hild et al., 1998;
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Patterson, 2001; Estornell et al., 2013; Kim, 2024ixin minima promote abscission in
floral organ AZg(Basu et al., 2013Recent evidence indicates that low auxin levels are also
present within late DZ developmegan Gelderen et al., 2016)his is contrary to an earlier
model proposewhere a low auxin niche facilitated YN FORMED 3 (PIN3puxin efflux
carrier was thought to be required for SL specificafidorefan et al., 2009; Girin et al.,
2011; van Gelderen et al., ). Van Gelderen and coworkers proposed that DZ formation
begins earlier in fruit developmefWu et al., 2006and that a DApecific auxin minimum

is established towards the end of DZ developnjeant Gelderen et al., 2016; Sorefan et al.,
2009; Chauvaux et al., 1990 aid separation processes as found in other(8Aauvax et

al., 1997; Sorefan et al., 2009; Girin et al., 2011; van Gelderen et al., Z3i@iinin and
gibberellic acid (GA) also play a role in VM developm@viarschMartinez et al.,

2012) Cytokinin sigraling is disrupted irsHP1/2andIND mutants, which lack VMs, and is
rescued by exogenous application of cytokiiNarschMartinez et al., 2012) Local GA
production promotes SL formation in the rnaud et al., 2010)GA is upregulated by

IND in the VM, releasing transcription factds® ATULAaNndALCATRAZrom DELLA

repression to specify the SArnaud 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 sp@@esandiz and Fourquin,

2014; Dong and Way) 2015) In Arabidopsis, a member of the Brassicaceae family, the
MADS proteinsFRUITFUL (FUL) andSHATTERPROOF1/2 (SHP1@llectively referred

to asSHP)and BELL:-like homeodomain proteiRPLare key fruit patterning factors that
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affect the specificatin or position of the VM and DZ during fruit developm€@u et al.,

1998; Ferrandiz et al., 2000; Roeder et al., 2003; Liljegren et al.,. ZDO@nstream oSHP,
IND, ALCATRAZ (ALCaNndSPATULA (SPT}pecify the VM by promoting formation of the
SL and LL within the DZLiljegren et al., 2004; Groszmann et al., 2011; Girin et al., 2011)
Brassica species exhibit a range of fphienotypes that from dehiscent fruits similar in
morphology to Arabidopsis, iNDEHISCENTfruits and heteroarthrocarpic fruits, which are
double segmented with aNDEHISCENTand dehiscent segmetvino et al., 2012;
Muhlhausen et al., 2013Jhese changes in fruit morphology are partly due to changes in the
spatietemporal expression of Arabidopsis fruit patterning gene orthdfogeo et al, 2012;
Muhlhausen et al., 2013pehiscent_epidium campestriuits show conserved fruit
patterning gene regulatory networks between Arabidopsi acmimpestrewhile the
INDEHISCENTiruit of Lepidium appellianunexhibits a complete loss of VAdositioning
genegMuhlhausen et al., 2013n the heteroarthrocarpic fruits Bfucaria erucarioides
andCakile lanceolata/M specification orthologs are absent freINDEHISCENTsegments
and expressed in dehiscent regiOhgino et al., 2012)Within legumes, the coiled pod
morphology of some Medicago species are derived from a change in the expression of SHP
homologs aktring placement of the VM placement (Fourgeiral, 2013). These studies
indicate that evolutionary modifications of the c&t¢P/FUL/RPLregulatory 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 developn{&itin et al., 2010)Orthologs of
IND, which is required for VM specificatidiND has conserved regulation and function in
Brassica rapgturnip) andBrassica olerace#broccoli) (Girin et al., 2010)A 400bpregion
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in the AtIND promoter cofers VM specific expression and is also regulate@Hy1/2and

FUL within this region(Girin et al., 2010)This conservation of regulatory elements is also
seen when comparing the upstream regulatayns ofSHP2across other Brassicaceae
SHP2orthologs more evolutionary distant thAnrapa(Chapter 2). The apparent

conservation and modification of these regulatory mechanisms within the Brassicaceae
indicate that studies of these regulatory mechasisithin 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 iIND have created canola varieties with decreased dehiscence

in windy conditions to reduce seed yiéds (vww.research.bayer.com/en/canola.gspx

Homologs ofSHP1/2 FUL andRPL function and genetically interact in similar ways in
dehiscence, abscission and fruit ripening processes outside of the Brasgican@aeliz
and Fourquin, 2014; Dong and Wang, 201%) homologof SHPpromotes dehiscence in
Nicotiana benthamianandNicotiana tabacunspecies (tobacco), and is represseé& Ui,
homologs, preserving tHeJL-SHPinteraction found in Arabidops{&ourquin and
Ferrandlz, 2012) A single nucleotide polymorphism (SNP) in tReL homolog
SHATTERINGISH]Y) in domesticated Japonica rice produces seed shatter resistant
phenotypegKonishi et al., 2006)Incidentally the naow replum phenotype @&. rapafruits

is also caused by the same SNP upstreaBralRRPL(Arnaud et al., 2011)

SHPandFUL homologs also function in fleshy fruits. olanum lycopersicuntomato)
TAGLJ, an ortholog oAtSHPpromotes fruit ripening and is represseddL orthologs in
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the pericarp, the edible outer layer of the f(likin et al., 2009; Vrebalov et al., 2009;
Bemeret al., 2012; Shima et al., 2014) Prunus persicageach) andrFragaria x ananassa
(strawberry) &SHP-ortholog contributes to fruit ripenin@adiello et al., 2009; Daminato et
al., 2013) while aFUL homolog inMalus domesticéapple) is linked to variation in fruit

flesh firmnesgCevik 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 suchBaassica juncegmustard) Brassica napus

(canola) or for their nutritional content as part of the human diet sUgtaasica oleracea

(broccoli). The variation in fruit morphology within Brassica genera and also the Medicago
genera can be correlated to changes in the sggatiporalexpression of fruit patterning

genes. The conservation AfSHPandAtFUL within tomato, peach and apple in fruit

ripening processes suggests that these may be connected to fruit patterning and dehiscence in
some way.Understanding theis andtransregulation of fruit patterning in Arabidopsis may

lead to further insight in fruit development processes in more evolutionarily distant crops.
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Auxin and cytokinin act during
gynoecial patterning and the

5

development of ovules from the
meristematic medial domain

Bhupinder Sehra' and Robert G. Franks?*

The gynoecium is the female reproductive structure of flowering plants, and is the
site of ovule and seed development. The gynoecium is critical for reproductive
competence and for agricultural productivity in many crop plants. In this review
we focus on molecular aspects of the development of the Arabidopsis thaliana
gynoecium. We briefly introduce gynoecium structure and development and then
focus on important research advances published within the last year. We highlight
what has been learned recently with respect to: (1) the role of auxin in the
differential development of the medial and lateral domains of the Arabidopsis
gynoecium; (2) the interaction between cytokinin and auxin during gynoecial
development; (3) the role of auxin in the termination of the floral meristem and in
the transition of floral meristem to gynoecium; and (4) recent studies that suggest
a degree of evolutionary conservation of auxin mechanisms during gynoecial
development in other eudicots. © 2015 Wiley Periodicals, Inc.
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INTRODUCTION

Structure of the Mature
Arabidopsis Gynoecium

he Arabidopsis thaliana gynoecium is made

up of two fused carpels, generating a tube-like
structure.'® Along its apical to basal extent, the
mature Arabidopsis gynoecium can be divided into
four structurally and functionally different regions:
the stigma, the style, the ovary, and the gynophore
(Figure 1{a)). The most apically located structure,
the stigma, allows for pollen to be received and to
germinate. The stigma and the internal tissues of
the style together comprise the upper-most portion
of the transmitting tract. The transmitting trace is a
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specialized tissue that supports pollen tube growth
and allows the pollen tube to reach the ovules located
in the ovary. The gynophore, the most basally located
portion of the gynoecium, attaches the gynoccium to
the rest of the plant.

The ovary makes up the largest portion of the
gynoecium. Within the ovary, about 50 ovules will
arise from placental tissue that is located adjacent
to the developing septum. The septum will later
separate the ovary into two locules (Figure 1(b)). Each
ovule contains a female gametophyte, a multicellular
haploid structure that includes both the egg cell and
the central cell. After a double fertilization event, the
egg cell will form into the embryo and the central cell
into the endosperm. Thus the fertilized ovules mature
into seeds containing embryo and the endosperm
components.

Unlike the stigma, style and gynophore regions
that are radially symmetric, the ovary is bilaterally
symmetric to an imaginary plane that bisects the sep-
tum (Figure 1(b)). The ovary can be divided along
this axis of symmetry into medial positions (those
close to the axis of symmertry) and lateral positions
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FIGURE 1| Structural components along the apical/basal and
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axes of the Arabidopsis gynoecium. (a) A scanning electron

microscopic image of a mature Arabidopsis gynoecium. The stigma (stg), style (sty), carpel valve (cv), abaxial replum (abr), gynophore (gn), ovary
(ovy), and valve margin/dehiscence zone (dz) are indicated. (b,c) False-colored confocal gynoecial cross sections. (b) A stage 11 cross section. A plane
of symmetry (indicated with a dashed line) divides the gynoecium into two component carpels. Ovules (ov) and septum (s) are indicated. (c) A stage 8
cross section. Medial and lateral domains are indicated. The carpel margin meristem/medial ridge (mr) is false colored pink. (d) A scanning electron
microscopic image of a developing gynoecium from a stage 7 flower. Dashed line indicates plane of symmetry that bisects the medial domain.

(e,f) Stage 7 floral cross sections from in situ hybridization experiments. (e) CRC expression (brown product) is detected in the two lateral domains.
(f) STM expression is detected in the medial domain. (Panels (a), (b), and (c) are reprinted with permission from Ref 7. Panel (d) is reprinted with

permission from Ref 8)

(further from the axis) (Figure 1(c)). Within the mature
gynoecium the structures located in the lateral posi-
tions are termed valves and make up the majority of
the wall of the gynoecial tube. The ovules, septum,
and abaxial replum are located in medial positions.
The septum contains the lower portions of the trans-
mitting tract that are required for pollen tube growth
and ovule fertilization. Late in development of the
maturing fruit, cells of the valve margins, {(where the
valves meet the abaxial replum) differentiate into a
dehiscence zone (Figure 1). Cells of the dehiscence
zone undergo a set of specialized differentiation pro-
grams so that the valves can separate from the replum
(dehisce) and allow seed dispersal.”

Development of the Arabidopsis Gynoecium
The Arabidopsis gynoecium arises as a single,
mound-shaped primordium in the center of the
floral meristem, thus marking the beginning of stage 6
of floral development. ®!° Floral stages are according

to Smyth et al.'® At this early stage of development
a degree of positional identity has already been
assigned that distinguishes the medial and lateral
regions of the primordium.! Different positional
identities are evidenced by the expression of several
genes including CRABS CLAW (CRC) and YABBY1
(YAB1)''"13 in the lateral domains and SHOOT
MERISTEMLESS (STM) and SHATTERPROOEF2
(SHP2)"'*15 in the medial domain (Figure 1(e) and
(f)). These different positional domains will give rise
to different functional structures (See Reyes-Olalde
et al.'® for a recent review). Although a careful clonal
analysis of the developmental progression has not
been published, based on patterns of cell division
and gene expression, the lateral domains are thought
to give rise to the valves while the medial domain
gives rise to the ovules, the septum, and the abaxial
replum.

Early during floral stage 7, the mound-shaped
gynoecial primordium begins to morph into a
tube-shaped structure that is still open at the apex.'®
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Inside the tube, two meristemaric ridges of tissue thar
span the apical-basal extent of the gynoecium form
within the medial domain (Figure 1({c) and (d)).":"”
These have been termed the medial ridges or alter-
natively the carpel margin meristems (CMMs). The
meristematic nature of the medial ridge is indicated
by the expression of STM™ (Figure 1(f}), a marker of
meristematic regions, as well as by the ability of the
cells of the medial ridge to give rise to organ primordia
(e.g. ovules). Ovule primordia arise from the medial
ridge during late stage 8, as finger-like projections
along the apical-basal extent of the ridge. These ovules
continue to mature until stage 12 when the flower
opens and the ovules are competent to be fertilized.
Style and stigmatic tissues begin to differentiate in
apical positions starting at late stage 9.1¢

Evolutionary Origin of the Meristematic
Medial Domain

The Arabidopsis gynoecium is typically represented
as a composite structure derived from the congenirtal
fusion of two component carpels (Figure 1(b}).'* In
an evolutionary sense the two carpels are thought to
be modified leaves.'®?? In this representation the mar-
gins of the two component carpels are seamlessly fused
along the medial domain, and the medial domain is
thought to represent the marginal regions of the com-
ponent carpels. In this case the medial domain of the
gynoecium would be evolutionarily derived from the
leaf margin and the generation of meristematic fates
in this position would likely reflect a developmental
redeployment of the meristematic program along the
organ margin,

An alternative possibility is that the ancestral
Angiosperm carpel was ascidiate?! (cup-shaped) and
in Arabidopsis the meristematic medial ridge that sits
between the two carpels would reflect tissue that is
derived from a shoot or an axis. In this represen-
tation, the meristematic medial domain would arise
directly from the terminating floral meristem or could
arise in an axillary position relative to the two com-
ponent carpels. In either of these cases, the meristem-
atic identity of the medial domain would not reflect a
re-deployment at the leaf margin, but would be more
similar to an inflorescence branch meristem forming in
the axil of a rosette leaf or a floral meristem forming in
the axil of a subtending bract. Although the ‘modified
leaf margin’ representation is much favored in the cur-
rent literature, the matter is not fully resolved. Future
investigations of the molecular developmental mech-
anisms of female reproductive meristem development
in basal angiosperms and gymnosperms may help to
resolve this question,

Auxin and cytokinin act during gynoecial patterning

DISTINCTIVE PATTERNS OF AUXIN
TRANSPORT AND RESPONSE
DIFFERENTIATE LATERAL
GYNOECIAL DOMAINS FROM THE
MERISTEMATIC MEDIAL DOMAIN

The Auxin Gradient Model

A variety of experiments over the past several decades
indicate that proper synthesis, transport, and response
to the plant hormone auxin are required within the
developing gynoecium for proper development and
female reproductive competence (See Box 1). See
Larsson et al. and Dresselhaus and Schneitz for a
recent reviews.”** One set of key experiments were
those published by Nemhauser et al.2* in which devel-
oping gynoecia were transiently treated with the
auxin transport inhibitor 1-N-naphtylphthalamic acid
(NPA} (See Box 1), An analysis of the resulting mor-
phological defects demonstrated an important role for
auxin transport in the patterning of the gynoecium and
lead to a model that proposed that patterning along
the apical/basal axis of the gynoecium required the
formation and action of an auxin gradient along this
axis of the developing organ. In this model, high lev-
els of auxin synthesis would be found at the apex of
th(:‘ gynue{:ium. Therl thr()ugh the ECti()ﬂ (}f haSlPEtJI
({toward the base) transport of auxin, a gradient would
form with high auxin concentrations at the apex and
low concentrations at the base. The response of the
cells to different threshold levels of auxin along this
gradient would lead to the formation of gynophore,
ovary, style, and stigmatic tissues along the basal to
apical extent of the gynoecium. Later efforts to visual-
ize this auxin response gradient with the DRS5-based
auxin response reporters (see Box 1) did reveal an
auxin response maximum at the gynoecial apex, but
no gradient of auxin response could be detected in
more basal regions, thus calling into question tenets
of this model.**23-39

Early Patterns of Auxin Response Differ

in Medial and Lateral Gynoecial Domains

In 2014, two papers were published that carefully
examined the patterns of auxin transport, and auxin
response in the developing gynoecia.>*?* Larssan et al.
report the formation of two DRS auxin response foci
at the apex of the stage 5/6 gynoecium, one focus
located within each lateral domain.® These DRS
foci likely represent the positions of the individual
carpel primordia as they are forming. Two additional
apical foci located in the medial domain can be
detected, however these form later in development.
These medial DRS foci are weakly and inconsistently

© 2015 Wiley Periodicals, Inc.

118



Advanced Review wires.wiley.com/devbio

derecred in stage 62° and become established more
strongly and consistently during stage 7.2%2¢ Thus the
formation of the medial DRS5 foci is delayed by 24-48
h relative to the lateral foci. During stage 8, the four
apical foci of DRS expression are transformed into a
ring of apical expression that encompasses the entire
apical tip of the gynoecium,22:25-30

BOX 1

PINFORMED (PIN) Family of

Auxin Transporters

Based on the expression patterns and timing of
expression of genes required for auxin synthe-
sis (i.e. TRYPTOPHAN AMINOTRANSFERASE
OF ARABIDOPSIST [TAAIl/ (TRYPTOPHAN
AMINOTRANSFERASE RELATED 2) [TAR2]
and YUCCA-family genes—See Box 1) relative to
the timing of the appearance of the DRS foci, it 1s
unlikely that the apical DRS response foci are formed
entirely by local auxin synthesis.2™2® A variety of
evidence suggest that the DR expression foci require
directional transport of auxin. Both Larsson et al. and
Moubayidin and Ostergaard report the expression
patterns of PINT, PIN3, and PIN7 auxin transporters
during gynoecial development and highlight the func-
tional importance of PIN1. At the earliest stage of
gynoecium development, as the central portion of
the floral meristem is transitioning into the gynoecial
primordium {Stage 5 to 6), PINT protein is expressed
in the epidermal cells and appears to transport auxin
toward the apex and center of the developing gynoe-
cial mound and toward the developing lateral DRS
foci.** The reduced expression of the DRS lateral foci
in the hypomorphic pini-5 allele*® and the loss of
valves observed in pinl murtant gynoecia®' indicate
that the PIN1 transporter is indeed important for the
generation of the lateral DRS foci, and subsequent
valve growth.

As the gynoecial tube develops further, PIN1
transporters are expressed in the lateral domains in
the L1 epidermal cell layer. Here the PIN1 transporter
protein is polarly localized on the apical surface of
the epidermal cells, orientated so as to transport auxin
toward the apex of the gynoecium >3 Within the
medial domains, PIN 1 is not as strongly localized to
just the apical surface of the cell, but rather is dis-
tributed evenly on all plasma membrane surfaces, sug-
gesting a less polarized transport of auxin within the
medial domain.®® In addition, in the medial domain
PIN1 is expressed throughout the internal cell lay-
ers (Le. in the L2 and L3 mesophyll cell layers). This
is in contrast to the lateral domains where PINT is
expressed chiefly in the epidermis and in the devel-
oping vasculature. Thus PIN1 localization and DRS
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reporter expression dara suggest that the auxin rrans-
port and response in medial and lateral domains is
different from an early developmental stage.

Taken together these data suggest that the flow
of auxin in the epidermis of the lateral domains
is acropetal (toward the tip of the gynoecium),>**¢
then back down through the forming vasculature
similar to the reverse fountain model as proposed
in the developing leaf*® (Figure 2). In contrast, in
the medial domains it appears that the net flow of
auxin may be less strongly directed when compared
to the flows in the lateral domains. Based on pat-
terns of expression of auxin synthesis genes (e.g.
TAAL/TAR2/YUCCA-family members), both Larsson
et al. and Hawkins and Liu suggest that auxin syn-
thesis in basal portions of the gynoecium or in the
receptacle of the flower may be important for the
proper formation of the gynoecium,2>* Furthermore,
Larsson et al. report a difference in the timing of the
development of the vasculature in the medial and lat-
eral domains using the IAA2: GFP reporter as a marker
of early vasculature development; the lateral domain
vasculature starts to develop by stage 5 while in the
medial domain TAA2:GFP expression is not detected
until stage 7-8.%° Thus, the patterns of auxin trans-
port and the timing of vascular development differs
between the medial and lateral gynoecial domains dur-
ing early development.

25

Regulation of PIN1 Subcellular Polarity

by PINOID Kinase Is Required for Proper
Medial Domain Development

PID (PINOID} encodes an AGC-3 type protein kinase
that is required for apicial (polar) localization of the
PIN transporter proteins within the apical/basal con-
text of individual cells.***" PID acts to phospho-
rylate serine residues in the PIN transporters, thus
resulting in the apical (polar) localization of the PIN1
protein.”® Mutation of two of the PIN1 serine residues
(substitution of serine with alanine and thus prevent-
ing phosphorylation) results in a constitutive apolar
localization of the PIN1 transporter®® and in api-
cal/basal patterning defects in the gynoecium that are
similar to those observed in the hypomorphic pini-§
mutant or after NPA treatment.”® Furthermore the
serine-to-alanine substitutions in PIN1 condition the
reduced expression of the DRS reporter in the lateral
apical foci.

Interestingly the DRS medial foci and the DRS
apical ring are largely maintained in the pini-5 and
pid-8 mutants indicating that they are independent
of polar PIN1 localization.** Moubayidin and Oster-
gaard propose that the medial foci are the result of

Auxin and cytokinin act during gynoecial patterning

the action of the transcriprion factors SPATULA (SPT)
and INDEHISCENT (IND) that function to repress
PID transcription in the medial domains*™** thus
resulting in the observed less-polarized localization of
PIN transporters in the medial domain.

Furthermore, the phosphorylated state of a ser-
ine residue can be mimicked by changing the serine
residue to a glutamate residue, thus generating a con-
stitutively pseudo-phosphorylated phospho-mimic.’®
When Moubayidin and Ostergaard expressed such
a mutant PINT protein (PIN1:GFP 8§1,2,3E) from
the PINT promoter, the phospho-mimic PIN1 pro-
tein was constitutively apically polarized, even in the
medial domain, resulting in a split style phenotype
similar to that observed in spt-12.2° In the PIN1:GFP
§1,2,3E expressing plants, the medial DRS foci were
not detected, while the lateral foci were detected as
in wild type. Thus the medial DRS foci do not require
strongly apical (polar) localization of PIN1, and in fact
may require a greater degree of apolar PINT distribu-
tion. This greater degree of apolar PIN1 in the medial
domains is important for DRS foci in the medial
domains and for the subsequent formation of the DRS
apical expression ring at stage 8 and the proper for-
mation of style and stigmatic tissues. The Moubayidin
and Ostergaard model further suggests that the medial
DRS foci promote the bilateral to radial transition at
the apex of the gynoecium and the subsequent for-
mation of the style, while the apical/basal gynoecial
patterning defects are a result of a failure to form the
lateral foci and the associated reduced growth of the
lateralfvalve domains.

Larsson et al. suggest that the drainage of auxin
through the forming pre-vasculature may be required
for carpel organ outgrowth in the lateral domains.”’
This is similar to what has been proposed to occur
in developing leaves.?® A disruption of auxin removal
through the pre-vasculature (because of NPA treat-
ment) would be expected to affect the lateral domains
more severely than the medial domains, as the ‘reverse
fountain’ flow of auxin appears more predominant
in the lateral domains. This may also contribute to
the preferential growth of the medial domains over
the lateral domain upon NPA treatment. This would
provide a mechanistic explanation for the observation
that the medial and lateral domains experience differ-
ential responses to the application of NPA.>

Transient Treatment with NPA Results

in Ectopic Expression of DRS

and Expansion of Medial Domain Markers
Larsson et al, tested the effects of a transient NPA
treatment on development of the gynoecia and expres-
sion from the DRS reporter.?’ In general, treatment of
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FIGURE 2 | Diagrammatic representation of proposed pattems of auxin transport in the lateral and medial domains of a stage 7 gynoecium. (a)
In the lateral domains auxin is transported predominantly via the PINT transporter and follows the ‘reverse fountain® model. Auxin flow in the abaxial
and adaxial epidermal cell layers is toward the apex. Green circles indicate the lateral domain DR5 response foci. (b} In the medial domain the flow of
auxin in the abaxial epidermis is similarly toward the apex. However, in the adaxial epidermis and in subepidermal cells auxin transport is less
polarized resulting in a less canalized (channeled) flow of auxin and in weaker and later-forming DR5 foci (smaller green dots). Note: the confocal
longitudinal gynoecium images in (a) and (b) are for diagrammatic purposes and are both images of an oblique lateral plane section. (c,d) A diagram
of a cross-sectional view of a stage 7 gynoecium. The dotted line in (a) and (b) indicates the plane of section for which auxin flows are represented in

panels {a) and (b), respectively.

the floral buds with NPA resulted in a spreading or
delocalization of the DRS signal. More defined pat-
terns (]f Expfebbi()ll seen ill tht‘ \-\"l‘ld t,\"pf 5UC11 as IL‘I[“
eral foci and pre-vascular strand specific expression
PﬂrtErl’lS were I‘!rr}adened illf{) more diffllse Pl]tt[‘rrl.’i
that encompassed a greater proportion of the develop-
ing primordium. The ectopic DRS response was often
quite pervasive in the valve tissues suggesting that NPA
treatment increased the level of auxin signaling gen-
erally throughout the valve. These gene expression
L]lﬂll{_"L‘H were ()h:\l:rv(.‘d ljUt‘-\"L'L'l1 7 3nd 24 11 ﬂf[t‘r treat-
ment and preceded morphological changes.

NPA treatment also resulted in alterations of
patterning along the medio-lateral extent of the
gynoecium.”® After NPA treatment, expression from
medial-domain expressed reporters (i.e. SHATTER-
PROOF2 [SHP2], KNOTTED-LIKE FROM ARA-
BIDOPSIS THALIANAI/BREVIPEDICELLUS
[KNAT1/BP], and TAAT} was expanded into lateral
positions. These experiments suggest that blocking of
polar auxin transport results in a partial reassignment
of lateral fates into medial fates or in an expansion of

the extent of the medial domain at the expense of the
lateral domain.

SHOOT  MERISTEMLESS  (STM), like
KNATI1/BP, encodes a Class I KNOX transcription
factor and is expressed early within the developing
medial domain of the gynoecium as well as within the
shoot apical meristem.' STM has a key function in the
formation, organization, and maintenance of meris-
tematic potential in the shoot apical meristem, #4942
STM maintains the pool of meristematic cells within
t]]U ‘\I-lUUt api(_a] mu.'riht(.‘rn and more ffﬂl‘]!iiL']]d_\" at thL‘
center of the floral meristem, allowing carpel, and
placental development.** It would be interesting to
look at the expression pattern of STM in response
to NPA treatment. On the basis of the observed
expansion of the medial domain markers (i.c. SHP2,
KNAT1/BP, TAAT) upon NPA treatment, one might
expect an expansion of STM expression upon NPA
treatment, ]]U\’UEVC‘[ Lo our kllr}\’v]edge [l1i!i 1][[5 not }"Et
been investigated, Additionally, the recent report of
a role for STM and KNATI/BP during cell expan-
sion and differentiation of xylem in the cambium of
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Arabidopsis hypocotyls** suggests that, in addition
to their role in maintenance of meristematic potential
in the medial domain, STM or KNATI/BP might
function in the later differentiation of medial domain
structures or vasculature.

PGP/ABCB-Type Auxin Transporters Are
also Important for Proper Auxin Responses
in the Gynoecium

In addition to the PIN family transporters, the ATP-
binding cassette subfamily B (ABCB)/MULTI-DRUG
RESISTANT/ P-GIYCOPROTEIN (PGP) family pro-
reins also function as auxin efflux transporters. %4
These transporters are typically localized in an apolar
fashion and are thought to alter polar auxin flux by
regulating the intracellular auxin concentration that
is available for polar transport by PIN proteins. 74
PGPI and PGPI9 are expressed in the develop-
ing gynoecium and are differentially required in the
medial and lateral domains. Larsson et al. reported
that pgpl/pgp19 double mutants displayed a reduced
ability to generate the lateral DR5 apical foci while the
medial DR5 foci were largely unaffected in this double
mutant.”’ These results suggest a role for PGPI and
PGP19 in auxin transport in lateral domains, Larsson
et al. suggest that when PGP-dependent functions are
blocked by NPA treatment or in the pgp1/19 double
mutant, auxin becomes trapped in internal cell layers
of the carpel and thus is not available for transport by
PIN transporters in the epidermis. The broader expres-
sion domain of the PIN transporters in the medial
domain (expression in epidermis as well as internal
mesophyll layers) may in part explain why the medial
domain is less sensitive to the application of NPA or
the loss of PGP1T and PGP19 activity.

INTERACTIONS BETWEEN
CYTOKININ AND AUXIN DURING
GYNOECIAL PATTERNING,
MEDIAL DOMAIN DEVELOPMENT,
AND OVULE INITIATION

Auxin and Cytokinin Regulate

Gynoecial Patterning

The plant hormone cytokinin (see Box 2) regu-
lates the development of the shoot and root apical
meristems*>*? and is required for proper devel-
opment of key medial domain derived structures,
including the ovules, as well as the valve margin
(dehiscence zone).”® Reduced ovule formation is
observed when cytokinin biosynthesis or perception is
impaired.’'% Conversely, increasing cytokinin levels

Auxin and cytokinin act during gynoecial patterning

delay cell differentiation and enhance cell proliferation
in the CMM-derived placental tissues and increase
the number of ovules formed per gynoecium.*”** The
exogenous application of the cytokinin benzylaminop-
urine (BAP) as well as the analysis of transgenic
cytokinin overexpression lines suggest thar cytokinin
plays at least three roles during gynoecial develop-
ment: (1) an carly developmental role in stimulating
cell proliferation in the medial domain (2) a later role
in the development of the valve margin,*’ and (3) a
role in patterning along the apical-basal axis of the
gynoecium.’?

Zuniga-Mayo et al. recently reported that the
treatment of developing flowers with exogenous
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cytokinin, in addition to causing proliferation of
medial domain structures, also alters apical-basal
patterning within the gynoecium.”® The observed
apical-basal patterning defects were characterized by
a reduction or loss of the valves and were similar
to those caused by the blocking of auxin transport
through NPA treatment. These results suggest inter-
play between auxin and cytokinin signaling pathways
in the gynoecium. The similarity of the cytokinin and
NPA treatment phenotypes suggests that cytokinin
reduces polar auxin transport in the gynoecium. Fur-
thermore, the enhanced sensitivity of auxin response
factorl9 (arf19) and arf7 mutant gynoecia to the
application of BAP suggests that these two ARFS, in
addition to ARF3/ETTIN,** function in apical-basal
patterning of the gynoecium.*?

A large degree of cross-talk between the
cytokinin and auxin signaling pathways has been
shown to influence the development of the shoot and
root apical meristem.**3" In peripheral portions of the
SAM, auxin down-regulates STM expression®"#2 and
reduces cytokinin biosynthesis.®* Additionally auxin,
acting through MP/ARFS, suppresses the expression
of ARABIDOPSIS RESPONSE REGULATOR7?
[ARR7)and ARR1S, two components of the cytokinin
response pathway.®* Given the meristematic nature
of the gynoecial medial domain it seems likely that
similar mechanisms of cross talk may shape medial
domain development. Visualization of cytokinin
and auxin responses in the gynoecium, using syn-
thetic reporters (TCS- and DRS-based, respectively),
showed thar auxin and cytokinin responses in the
gynoecium tend to have complementary and mutually
exclusive expression patterns suggesting an antag-
onistic regulatory relationship between auxin and
cytokinin, #2963

The NO TRANSMITTING TRACT (NTT)
zinc finger-containing transcription factor previ-
ously identified as a regulator of transmitting tract
development®® also plays a role in the development of
the valve margin and the replum.®™% NTT activates
the expression of KNAT/BP1 in the medial domain of
the gynoecium, likely through the direct binding to the
KNATI1/BP promoter sequences.®® The KNAT1/BP
and REPLUMLESS (RPL) transcriptional regulators
form a protein complex that is important for replum
development.* NTT physically interacts with itself as
well as RPL, KNAT1/BP and STM, and several other
regulators of gynoecial development suggesting that
it is a member of a multi component complex that
regulates development within the medial domain.**
KNAT1/BP and STM stimulate cytokinin synthesis
in the SAM via the transcriptional upregulation of
AtIPT7 in the cytokinin biosynthesis pathway.”®7!
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Thus the stimulation of KNAT1/BP expression that
is brought about by NTT action may support higher
levels of cytokinin in the medial domain. This is con-
sistent with the increase in the size of the replum that
is observed upon exogenous cytokinin application as
well as in response to NTT overexpression.

The splicing factor CLUMSY VEIN (CUV), the
Arabidopsis ortholog of the eukaryotic DEAH-box
RNA-dependent ATPase Pre-mRNA-processing fac-
tor 16 (Prpl6), affects the splicing and differential
expression of key genes involved in auxin-mediated
development.” CUV is required for efficient
pre-mRNA  splicing of several auxin biosynthesis
genes including TAAT, TAR2, and several YUCCA
family members. The levels of properly spliced tran-
scripts of a number of PIN genes, auxin receptor
genes, and auxin signaling genes were also reduced in
cuy mutants, The expression and subcellular localiza-
tion of the PINT protein was also altered in the cur
mutant roots. Consequently, cur mutants exhibit a
number of phenotypes that arise from altered auxin
spatial distribution, as is corroborated by aberrant
DRS-reporter expression. The cur mutants exhibit
embryonic defects, leaf vasculature defects, and
ectopic vein formation in cotyledons, flowers, and
gynoecia. The apical-basal patterning of the gynoe-
cium is also disrupted in cow plants, with ci mutants
displaying shorter valves and longer gynophore and
style domains.

Auxin and Cytokinin Regulate CMM
Development and Ovule Initiation from

the Meristematic Medial Domain
CUP-SHAPED COTYLEDON 1 (CUC1) and CUC2
encode a pair of paralogous NAC-domain containing
transcription factors that are expressed within adaxial
portions of the gynoecial medial domain.” " In order
to study the funcrions of CUCI and CUC2 during
the development of the meristematic medial domain,
Kamiuchi et al. examined gynoecium development in
cucl cuc2 double murant plantlers that were regener-
ated from cucl euc2 calli.™ The gynoecial phenotypes
(i.e. reduced and misplaced CMMs| indicate a redun-
dant role for CUCI and CUC2 in the initiation and
placement of the CMM within the medial domain.
STM expression was greatly reduced in the cucl cuc2
double mutant gynoecia, particularly in adaxial por-
tions of the medial domain, indicating the CUCI and
CUC2 are required for the initiation of STM expres-
sion in the CMM. This is reminiscent of their role in
the initiation of STM expression during the develop-
ment of the embryonic shoot apical meristem.””” In
addition to its role in shoot apical meristem develop-
ment (see above), STM plays a role in the maintenance
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of undifferentiated cells in the floral meristem™ as well
as in the initiation of carpel development and in the
formation or maintenance of the placental tissue of
the medial domain.* Thus, much of the cucl cuc2
double mutant gynoecial phenotype may be due to
the failure to activate STM in the developing CMM.™
The expansion of FILAMENTOUS FLOWER (FIL)
expression into portions of the medial domain in the
cucl cuc2 double mutant suggests that CUCT and
CUC2 activities normally prevent valve differentiation
in the medial domain, presumably through the activa-
tion of STM expression.™

Kamiuchi etal. also generated microRNA-
resistant versions of CUCI and CUC2 that were
expressed at higher levels and in expanded domains
within the gynoecium relative to the expression
of the wild type genes. Plants expressing these
microRNA-resistant CUC constructs displayed super-
numerary CMMs in adaxial portions of the medial
domain and generated filamentous structures from
ectopic CMM-like structures in abaxial portions
of the medial domain.” Correspondingly, STM
expression is expanded. The formation of filamentous
structures from abaxial replum is similar to, albeit less
severe than, the phenotype of BAP-treated gynoecia,””
again suggesting a role of cytokinin downstream of
STM that is important for proliferation of cells of the
CMM. 2557

To look at the function of CUCI, CUC2, and
ANT during ovule initiation Galbiati et al. gener-
ated an RNAI construct to reduce the activity of
CUCT specifically in the developing ovules.™ As cuecl
cuc2 double mutants do not form a shoot apical
meristem, this CUCI_RNAi construct allowed the
ovule specific reduction of CUCT activity and thus
enabled the analysis of cucl cuc2 double and cucl
cuc? ant triple mutant ovules. The analysis of the
pPINI1:PINI1::GFF reporter in a cucl _RNAi cucl
double mutant revealed that CUCI and CUC2 are
redundantly required for the expression and proper
localization of PINT in the developing ovules. In wild
type plants PIN1 is detected in epidermal cells and
displays a polarized subcellular localization on the
plasma membrane surface orientated toward the apex
of the growing ovule primordium.** In the cucl _RNA7
cuc2 double mutants, PINT protein was detected
weakly and throughout the ovule primordium and
failed to efficiently localize to the plasma membrane
in an polar manner, instead being detected in vac-
voles and diffusely on plasma membranes in an
apolar fashion.”® Previous work had demonstrated
that exogenous application of cytokmin could stim-
ulate the expression of PIN1,” and Galbiati et al.
demonstrated that ovule loss and the reduction of

Auxin and cytokinin act during gynoecial patteming
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FIGURE 3| A model of ovule formation from the meristematic
medial domain as proposed by Galbiati et al.’™ See text for details.
{Reprinted with permission from Ref 78)

PIN1 expression that was observed in the cuc! _RNAi
cuc2 double mutant could be partially rescued by
the exogenous application of cytokinin. Interestingly
the loss of ovule primordia in the ant mutant was
not rescued by the application of BAP suggesting
that ANT functions in a CUCI/CUC2-independent
pathway.

The expression of CUCI, CUC2, and ANT
are stimulared by the MP/ARFS auxin response
factor through the direct interaction of MP/ARFS
with the cis-regulatory regions of these genes.”5
Galbiati et al. recently presented a model that pro-
poses that auxin via the MP/ARFS protein stimulates
ANT expression, and thus promotes cell proliferation
in the placenta and ovules during early gynoecial
development™ (Figure 3). In this model MP/ARFS
also directly stimulates the expression of CUCI and
CUC2 that redundantly regulate PINT expression
through a non-cell-autonomous action, allowing the
formation of auxin maxima at the growing tip of the
new ovule primordium. Cytokinin response, down-
stream of the CUC genes, is likely in part responsible
for the CUC1/CUC2 promotion of PINT expression.
At later stages of ovule development the auxin max-
ima at the apex of the developing ovule may repress
CUC gene expression, as has been demonstrated
in leaves.®!

TRANSITION FROM FLORAL
MERISTEM TO GYNOECIAL
PRIMORDIUM

Auxin Regulates the Termination of the
Floral Meristem and Progression into

the Gynoecium

The carliest steps in the specification of the medial and
lateral gynoecial domains, and the degree to which
the termination of the floral meristem and the for-
mation of the gynoecium is mechanistically coordi-
nated, remain unresolved. A recent paper by Liu et al,

© 2015 Wiley Periodicals, Inc.

124



Advanced Review

revealed a role for auxin and the auxin response fac-
tor ARF3 in floral meristem termination.’2 They show
that ARF3 functions as a repressor of WUS tran-
scription and this action is in part dependent on the
transcription factor AGAMOUS (AG). Chromatin IP
data indicate that ARF3 associates with the WUS
cis-regulatory regions and this interaction is promoted
by AG function. These experiments also argued for
a rather complex role for ARF3 in floral rermination
with ARF3 likely playing a direct role in WUS repres-
sion in the cells of the organizing center, while ARF3
may additionally function in a non-cell-autonomous
fashion outside the organizing center, exerting an indi-
rect repression on WUS. The experiments of Liu et al.,
when taken together with those of Larsson et al., sug-
gest that auxin plays a role in both the termination
of the floral meristem®? as well as the early patterning
of the medial and lateral domains of the gynoecium?®®
thus potentially linking these two processes mechanis-
rically. However, the observation that NPA treatments
have not been shown to regulate floral meristem deter-
minacy is puzzling in this regard.

Another link between floral meristem termina-
tion and medial domain development is suggested by
the work of Wynn et al. who recently demonstrated a
role for the transcriptional regulator PERIANTHIA
(PAN) in medial domain development and the sub-
sequent formation of ovules.”” PAN activates AG
at the transcriptional level in the center of the floral
meristem and thus promotes the proper termination
of the floral meristem.***° AG functions as a repres-
sor of WUS both directly and indirectly, as well as in
concert with ARF3 as described above. 8258 Wynn
ct al. demonstrate that in ses pan double mutants
t]1f ﬂ(]rﬁl m[‘riSfEITI tEr]TlilTJ[l(]" dEfECtS are EI'Ih[lﬂCEd
and WUS expression is temporally extended.?* Thus
they propose that PAN and SEU act as activators of
AG in central portions of the flower. The enhanced
indeterminacy in the pan sex double mutants is cor-
related with an enhanced loss of ovules suggesting a
possible mechanistic link between these two devel-
opmental events, This apparent connection between
floral meristem terminartion and ovule/medial domain
formation was first noted by Zuniga-Mayo et al. in
their study of jaiba cre double mutants.*>" JAIBA
and CRC are involved in the proliferation of the
medial tissues and jaiba cre double mutants dis-
play both abnormal floral meristem determination
phenotypes, as well as reduced formation of ovule
primordia. KNUCKLES, encoding a C,H, zinc-finger
containing transcription factor,*™! as well as a
number of other genes also function during floral
meristem termination in Arabidopsis [see Ito and Bo
for a recent review®?] perhaps providing addirional
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opportunities to explore the proposed mechanis-
tic link between floral meristem termination and
CMM/ovule formation.

CONSERVATION AND DIVERGENCE
OF GYNOECIAL DEVELOPMENTAL
MECHANISMS WITHIN EUDICOTS

NGATHA (NGA) Gene Function Is
Conserved in Diverse Eudicots Indicating
Aspects of Auxin Regulation during
Gynoecial Development Are
Evolutionarily Conserved
The four Arabidopsis thaliana NGATHA (NGA)
genes are a part of the RAV clade within the B3 fam-
ily of transcription factors.”»** The Arabidopsis NGA
genes act in a redundant manner to specify stigma and
style development. The ngal,2,3,4 quadruple mutants
(hereafter nga quad. mutants) display a severe loss of
style and stigmatic tissue as well as apical splitting of
gynoecia. The strong apical ring of DRS5-based auxin
response that is normally detected at the gynoecial
apex, and that precedes the morphological develop-
ment of the stigmatic and stylar tissues, is also not
detected in the nga quad. mutants.*” The comparison
of transcriptomic profiles of gynoecia from wild type,
nga quad. murant, and NGA3-overexpression lines
has identified nearly 2,500 purative targets of NGA
regulation within the gynoecium many of which func-
tion in auxin synchesis, transport or signaling.’® The
expression of the auxin biosynthesis genes YUCCAZ2,
4, 8, and TAA1 as well as AMIDASE1 (AMI1)} are
reduced or absent in the apical gynoecial tissues in
ngal,2,3,4 quad. mutants.*>**3 Polar auxin trans-
port may also be regulated by NGA genes through the
repression of PID expression and the activation of the
expression of WAG2.30

Studies in the basal eudicot Eschscholzia cal-
ifornica and core eudicot Nicotiana benthamiana
revealed that NGA function is highly conserved across
eudicots.” Using degenerate primers, one NGA gene
was identified in E. californica (EcNGA) while BLAST
searches of available draft genomic sequences iden-
tified two NGA genes in Nicotiana benthamiana,
termed NtNGAg and NiNGAbD. Expression patterns
of EcNGA, NtNGAa, and NtNGAF are similar
in floral tissues in both species and resemble the
spatial-temporal expression of AtNGA genes, includ-
ing expression in placenta, ovules, and apical portions
of the gynoecium. Knockdown of NGA expression
using viral-induced gene silencing (VIGS) (see Box
2) in E. californica and N. benthamiana produced
reduction of style and stigmatic tissue and incomplete
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closure of the gynoecial tube. The similarity of these
phenotypes with those observed in the A. thaliana
nga quad. mutants”>** indicates a conserved funcrion
for NGA genes across these cudicot species. This
functional conservation also correlates with high level
of putative structural and sequence similarity across
NGA orthologs investigated.” BLAST searches iden-
tified a putative N. benthamiana YUCCA gene with
high sequence similarity to A. thaliana YUC2 and
YUC6 sequences. The expression of this putative N.
benthamiana YUCCA gene was significantly reduced
in styles and stigmas after VIGS-induced reduction
of the expression of NeENGA. These data suggest that
the regulatory relationship between NGA and YUC
genes characterized in A. thaliana gynoecia may well
be conserved in N. benthamiana.

The miR156-SBP Regulatory Module May
Function Differently during Gynoecial
Development in Arabidopsis and Tomato
In A. thaliana the microRNA156 (miR156) regulates
expression of several members of the SOUAMOSA
PROMOTER-BINDING PROTEIN-LIKE  (SPL
or SBP box} transcription factor family.”® This
miR156-SBP regulatory module functions dur-
ing gynoecial patterning and female fertility in
Arabidopsis.”” Overexpression of the miRNA1S6
in an sbp8 mutant results in reduced ovule number,
deformed septa, and an absence of transmitting tract
tissue, as well as a shortened style. These data indicate
that the targets of miR156 act redundantly with SBP§
(that is not targeted by miR156) to affect gynoecial
development. These sbp8; miR156 overexpression
‘double mutants” also displayed a hypersensitivity to
NPA and a reduced expression of the YUCCA4:GUS
reporter. In addition, SBP8 and targets of miR156
from the SBP family were shown to interact genet-
ically with ettinfarf3, spt, and cre, suggesting that
the miR156-SBP regulatory module functions during
gynoecial patterning by regulating auxin homeostasis.
Silva etal. recently demonstrated that the
miR156-SBP regulatory module also functions during
gynoecial development in tomato.”® However their
results suggest that #iR156-SBP module regulares
tomato gynoecial development through pathways
that differ somewhat from those in dry-fruited
species  like Arabidopsis. In tomato the overex-
pression of AtmiR156 led to floral indeterminacy,
the d(:‘vr:lupm(:‘nt Of extra t‘arpe'&., as ‘VE“ as to [118
development of fruits that contained ectopic meris-
tematic structures. The AmmiR156 overexpression
lines displayed an upregulation of GOBLET (a NO
APICAL MERISTEM/CUC-like gene) and TOMATO

Auxin and cytokinin act during gynoecial patterning

KNOTTED-LIKE2 (a class I KNOX gene) perhaps
providing a mechanistic explanation for the presence
of ectopic carpels and ectopic meristematic structures.
Thus, although the #iR156-SBP regulatory mod-
ule appears to be important for gynoecial and fruit
development in both tomato and Arabidopsis, the
d()wnstream targets ()f thE ml)dl.]lE may be diffErEnt il'l
these two rather different fruit types.

CONCLUSION

The Medial and Lateral Gynoecial

Domains Develop through Different
Mechanistic Relationships

One conclusion that is becoming increasingly clear is
that the developmental programs within the medial
domain and the lateral domains of the Arabidop-
sis gynoecium proceed by different trajectories and
are likely under the control of different molecu-
lar mechanisms. Larsson et al. and Moubayidin and
Ostergaard clearly demonstrate that the formation of
the DRS expression foci in the medial and lateral
domains is mechanistically different.>%2¢ Also the rela-
tionship between growth and auxin signaling appears
substantially different in these two domains as well.
Growth within the lateral domain appears to fol-
low the existing paradigm for auxin flow and organ
growth in lateral aerial organs: a reverse fountain
flow pattern with an early apical maximum gener-
ates proximal to distal growth. What then is respon-
sible for the growth of the medial domain if there
are no early DRS foci and vascular development is
delayed in this domain? One possibility is that growth
within the medial domain is coupled to lateral domain
growth. Although some degree of coordination is per-
haps likely, genetic evidence suggests that this is not
absolute, as the growth of the medial and lateral
domain can be genetically separated: tousled ettin
{arf3) double mutants display a proliferation of medial
tissues while lateral-derived valve tissues are greatly
reduced;'"" and a somewhat complementary pheno-
type is observed in the leunig ant and seuss ant double
mutants in which the valves form relatively normally
in the lateral domains while the tissues from the medial
domain are missing or are very reduced.”!!?

Relationship of Auxin to

Medio/Lateral, Apical/Basal,

and Abaxial/Adaxial Patterning

Another unanswered question relates to the relation-
ship between auxin and cytokinin signaling, domain
specific growth, and the assignment of positional
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identities. Fvidence from Larsson et al. suggests that
early patterning events along the medio-lateral axis
are regulated by auxin transport.?” Early NPA treat-
ment flattens the DRS response foci and engenders
an overall higher, but more diffuse, auxin response.
This is correlated with the expansion of medial fates
and a reduction in the extent of lateral fates. At least
two possible mechanisms are consistent with this
observation. It may be that the overall higher levels
of auxin response favor the medial fates. Alterna-
tively, medial fates are favored, not because auxin
responses are higher across the primordium, but
rather because the tight auxin response foci are not
formed in the lateral domains when treated with NPA,
and these tight foci are required for lateral domain
outgrowth. In this second model, the growth of the
medial domain would be favored as it is presumed
not to require a well-canalized auxin flow to maintain
growth. Larsson et al. also suggest that these early
patterning defects might impact the subsequent elabo-
ration of the apical-basal gynoecial structures. This is
similar to previously proposed ideas that linked early
abaxial-adaxial patterning or medio-lateral pattern-
ing events to the later elaboration of the apical-basal
patterning of the gynoecium 5223 Hawkins and Liu
recently proposed a model for auxin function during
gynoecial development that invokes a role for auxin
in patterning along the adaxial-abaxial extent of the
early gynoecial primordium. They propose that the
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juxtaposition of adaxial and abaxial identities within
the developing carpels is necessary for the upward
growth of the valve domains.*® This is based on
similar models of growth of the leaf lamina.''?

Cross Talk between Cytokinin and Auxin
Signaling Pathways in the Gynoecium

In a manner similar to that observed in the shoot apical
meristem, cytokinins appear to promote cell prolif-
eration within and prevent the differentiation of the
meristematic adaxial portions of the medial domain.
This action of cytokinin contributes to the ability
of the meristematic tissues to generate the medial
domain-derived structures, particularly the ovules.
Many observations suggest thar there is significant
crosstalk between the auxin and cytokinin signaling
pathways during gynoecial apical/basal patterning,
medial domain development, and owvule initiation.
The mechanisms of cross talk in the gynoecium may
be similar to those observed in other structures; how-
ever a clear definition of the molecular mechanisms
of auxin and cytokinin cross talk during gynoecial
development awaits further investigations. Given

the importance of the cytokinin-responsive ARR7
and ARR1S regulators in mediating of auxin and

cytokinin cross talk in the SAM® it will be interesting
to further explore the role of these ARR proteins in
medial domain and gynoecial development.
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