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Chapter 1 INTRODUCTION

In the past decade a great breskthrough has been made in our understanding of flower
devdopment by <udying flower homeotic mutants, manly in the two modd species
Antirrhinum majus and Arabidopsis thaliana. The gpplication of molecular biology to study
flord homeotic mutants has identified a number of genes, which control developmentd
programs, most of them belong to the MADS-box gene family of transcription factors.

1.1. The MADS-box gene family

MADS-box transcription factors are named after the initids of the four origindly identified
members  (SchwarzSommer e d., 1990). The yeasst MINICHROMOSOME
MAINTENANCE 1 (MCM1) protein regulates mating-type-specific gene expression
(Herskowitz, 1989; Treisman and Ammerer, 1992), the Arabidopss AGAMOUS (AG)
(Yanofsky et a., 1990) and Antirrhinum DEFICIENS OEF) proteins (Sommer et a., 1990)
play regulaory roles in specifying the identity of flord organs, and the human serum
response factor SRF) is involved in the transcriptiona regulation of the protooncogene cfos
(Treisman, 1986, 1987).

PLANT LINEAGES

Typel

MADS SRF like

Typell

20| 40| 60| 80| 100] 120] 140] 160 | 180] 200+
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Figure 1-1. Schematic representation of the protein domains of plant type | (SRFlike) and type Il
(MEF2-like) MADS-domain proteins. The scale indicates the number of amino acids along the protein. The
“?" in plant typel-like proteins indicates that the Gterminus is not well defined yet and is of variable lengths
(Alvarez-Buyllaet d., 2000).

Phylogendtic andyss of the MADS-box gene family identified two MADS-box lineages
named type | and type Il in plants, anima and fungi (AlvarezBuylla et d., 2000) (Figure 1
1). The two dasses differ in the amino-acid consensus sequence of the MADS-box domain.
Typel MADS-box genes in plants resemble the anima serum response factor (SRF) in ther

MADS-box. They usudly lack a K-doman (see bdow) and have not been characterized
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functiondly s0 far (Alvarez-Buylla et d., 2000; Svensson et a., 2000). Mogt plant MADS-
box proteins fdl into the type Il category. Their MADS-box resembles the anima myocyte
enhancer factor 2 (MEF2) gene (AlvarezBuylla et d., 2000). In addition, plant MADS-box
proteins are sructurdly related in that they are composed of the N-teeomind M (MADS)
domain, followed by the | (intervening), K (keratin like), and C (carboxyl-termind) domains.

1.1.1 Themodular structure of plant MADS-box proteins

By mutationd and functiond andysis it has been demondrated that MADS-box proteins
consst of a DNA-binding region, a region which sarves as an interface for dimerization and
interactions with other proteins, and sometimes contain a transcriptional  activation domain.
There is a condderable overlap between these functiond domains and the M, I, K and C
dructurd domains, dthough none of the functions can exclusvely be assigned to just one
gngle domain. Such modular organization is common to many eukaryotic transcription
factors.

1.1.1.1 DNA-binding

DNA binding by plant type Il MADS-box proteins to cis-acting promoter eements, named
the CArG-box, is mediaed by the MADS-doman, but dso the K-box is beieved to
contribute to the binding specificity (see beow). Sudies to identify the minimd DNA-
binding domain of the Antirrhinum MADS-box proteins SQUAMOSA (SQUA) and PLENA
(PLE) demondtrated that the MADS- and |-domains are sufficient to permit sequence-specific
DNA binding by the proteins (West et d., 1998). Smilar results were obtained for the
Arabidopss MADS-box proteins APETALAL1 (APl), APETALA3 (AP3), PISTILLATA
(P), and AGAMOUS (AG). In the case of AP3 and PI the regions involved to form a
protein-DNA complex are the MADS box, the entire | region and the first putative
amphipathic helix of the K box, while for AP1 and AG only the MADS-box and part of the |
region is needed (Riechmann et d., 1996a, b). For DNA binding the MADS-box proteins
have to homo- and/or heterodimerize (see below). The differences in organization and partrer
specificity of the AP1, AG and AP3 and Pl proteins support the idea that selective
interactions achieve ther functiond gpecificity. Snce the DNA-binding activities of the
dimers (AP1-AP1, AP3-PI and AG-AG) are very smilar, it is suggested that ther biologicd
oecificity is achieved through sdective interactions with additiond transcription factors.
This mechanism gppears to be a common theme for MADS-box proteins of animas and
fungi. DNA binding is often accompanied by transcription factor-induced DNA  bending,
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which is important in determining loca promoter architecture and is thought to be a key
determinant of their function, but the mechanism is il unclear (West and Sharrocks, 1999).

1.1.1.2 Protein-protein interactions. Dimerization and ternary complex formation

The patidly conserved K-box of plant MADS-box proteins contains approximately 70
resdues. (Ma et a., 1991). Secondary structure predictions reved that the K-box has the
potentiad to form amphipathic helices (Ma et d., 1991; Prueli et d., 1991, Schwarz-Sommer
et a., 1992). One possible function of the K-box is thet it enables dimerization between sub-
family members in a manner andogous to the leucine zipper motif (Davies and Schwarz
Sommer, 1994). The Antirrhinum MADS-box proteins DEF and GLOBOSA (GLO) have
been shown to bind DNA as heterodimers in vitro (Schwarz-Sommer et d., 1992; Trobner et
a., 1992). Yeast two-hybrid experiments to determine the domains required for protein-
protein interaction between DEF and GLO reveded that, adthough the MADS-box could be
removed completely, deletions within the K-box resulted in the loss of interaction (Davies et
a., 1996). In vitro DNA-binding sudies with C-termina deletion derivatiives of DEF and
GLO ae in agreement with these observations (Trobner et al., 1992; Zachgo et a., 1995).
The involvement of the K-box in heterodimerization in vivo has dso been demondrated; An
amino acid ddetion within the K-box of a temperature-senditive mutant of DEF, confers a
modified phenotype, thus pointing to the importance of this doman in DEF function
(Schwarz=Sommer et d., 1992). Furthermore, in situ immunolocdization assays reveded that
DEF and GLO ae only dable in the presence of the patner proteins suggesting that
heterodimerization contributes to their stability in vivo (Zachgo et a., 1995).

In addition to the K-box, at least pat of the MADS-box is dso involved in protein-protein
interactions. A smdl dructura dteration a the C-termind end of the MADS-box of GLO
impairs its function in the glo-confusa mutant in vivo (Zachgo et d., 1995). Smilarly, in vitro
dudies with the Arabidopss MADS-box proteins Pl and AP3, the functional homologues of
GLO and DEF, demondtrated that interactions between them are weakened by deetionsin the
K-box, and that remova of resdues encompassing the MADS-box dmost entirdly abolishes
their association (Goto and Meyerowitz, 1994).

In yeast, the SQUA, DEF and GLO proteins form ternary complexes via their Gtermini, and
in gd-shift assays the ternary complex shows enhanced DNA binding to consensus binding
gtes (the so-cdled CArG motifs) compared to DEF/GLO heterodimers or SQUA/SQUA
homodimers (Egea-Cortines et a., 1999). Remova of the C-termind doman from any of
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these three Antirrhinum MADS proteins prevents both ternary association in yeast and the
formation of higher order DNA-binding complexes in gd shift assays. Thus, the Gdomain is
required for the ternary complex formation between DEF, GLO and SQUA (Egea-Cortines et
al., 1999). Evidence that the C-termind domain is necessary for the function in vivo comes
from experiments that ectopicaly express truncated versons of MADS proteins, such
truncations result ether in loss of activity or a dominant-negative phenotype (Krizek and
Meyerowitz 1996; Mizukami et d., 1996).

1.1.1.3 Transcriptional activation

In yeast experiments, some of the plant MADS-box factors can activate transcription that is
dependent on the presence of the Gdomain. The amino acid sequence within the G.domain is
very divergent with the exception of some short sequence motifs within the region and a few
amino acids a the extreme end, which are often consarved between MADS-box factors
peforming smilar roles in different species Although obvious activation domans are
lacking, the C-domains of some MADS-box proteins can probably be involved in activation
or represson of transcription. It has been demondrated in yeast that the C-terminus of
DEFH49 from Antirrhinum contains an activation domain (Davies e d., 1996). Smilarly,
andyses of the C-termind domains of APL from Arabidopsis and its homologues RSMADSL
from Raphanus sativus (radish), NSMADS2 from Nicotiana sylvestris (long-day tobacco) as
well as NtMADS5 from Nicotiana tabacum (day neutral tobacco) showed a transcriptiona
activation function of the C-domain (Cho et a., 1999).

1.1.2 Evolution of the M ADS-box gene family

Different plant MADS-box factors share the same organization of regions and the highly
consarved amino acid sequence of the MADS-domain. This indicates that these genes were
derived from a common evolutionary ancetor. After the isolation of the firs plant MADS-
box genes from plant DEF and AG (Sommer et a., 1990; Yanofsky et a., 1990), a large
number of MADS-box genes have been sequentidly identified in different species in
angiogperms, and the orthologues of flord homeotic MADS-box genes have aso been found
in gymnosperm (Mungter et d., 1997, Becker e d., 2000). The members of this multigene
family are grouped by sequence dmilarity in diginct subfamilies or monophyletic gene
clades in the phylogenetic trees (Purugganan et d., 1995; Theissen et d., 1996). Members of
a subfamily tend to have related expresson patterns and functions (Theissen et d., 1996).
This might reflect that the primary Structure and the regulatory function of these genes were
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tightly linked to each other during evolution. Gene duplication and sequence diverdfications
were the most common mechanisms used for the cregtion of new genes throughout the
evolution of the MADS-box gene family (Theissen et d., 1996; Purugganan, 1998).

1.2 Diversefunctions of MADS-box genesin plants

1.2.1 Control of flowering time by MADS-box genes

In plants, the functions of MADS-box genes are best understood during reproductive
deveopment, induding the control of flowering time. FHowering time is influenced by both
environmenta  conditions, which include day length, temperaure, light qudity, nutrient
deprivation, and developmentd factors associated with the age of the plant (Koornneef et d.,
1998). A large number of flowering mutants are avalable in Arabidopsis and have been
classfied into early mutants which advance flowering in comparison to the wild type, and
lae mutants that dday flowering time. Genetic andyses of lae-flowering mutants identified
more than 20 genes. The mutants involved in the control of this process were physiologicaly
classfied and fdl into three genetic pathways on the bass of ther responsveness to
environmenta factors (Smpson e d., 1999; Devlin and Kay, 2000; Samach and Coupland,
2000). The first class belongs to the autonomous pathway, which promotes the trangtion
from vegetative to reproductive development under both long-day and short-day conditions.
MADS-box genes like FLOWERING LOCUS C (FLC) and SHORT VEGETATIVE PHASE
(SVP) bdong to this pathway. Both of them negeively regulate the trandtion, but FLC is
more centrd for the pathway (Michaels and Amasno, 1999; Hatmann et d., 2000). The
second pathway is the photoperiodic pathway (dso cdled the long-day pathway) which
promotes flowering only under long-day conditions but has no effect under short days.
CONSTANS (CO), a zinc-finger protein is involved in this pathway (Putterill et d., 1995).
The day-length independent pathway (adso cdled the gibberdlin pahway) <imulaes
flowering by the plant hormone gibberdlin. It has been shown that the MADS-box gene
SUPPRESSOR OF OVEREXPRESSON OF CO 1 (SOC1) can integrate sgnds from dl three
pathways (Lee et d., 2000; Onouchi et a., 2000; Samach et d., 2000) and that it is a direct
target of CO (Onouchi et a., 2000; Samach et d., 2000).

Compared to late-flowering genes, less is known about early-flowering genes. TERMINAL
FLOWER (TFL) controls both flowering time and the identity of the shoot merigem
(Shannon and Meekss-Wagner, 1991; Alvarez et d., 1992). Therefore, TFL provides a link
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between the control of flowering time and flower initigtion. How MADS-box genes like AP1,
CAULIFLOWER (CAL), FRUITFULL (FUL) and SVP, which aso cntrol flowering time, are
integrated into the current framework is gill unclear (Mandd et d., 1992, Kempin et d.,
1995; Manddl and Y anofsky 1995; Ferrendiz et d., 2000; Hartmann et d., 2000).

1.2.2 Control of floral meristem identity

In flowering plants, the trangtion from vegetative to reproductive growth is a criticd
developmenta process, which is marked by a number of changes in the shoot apex a the
molecular, physologicd and morphological leve. The switch from vegddive to
reproductive development leads to the production of flowers ingtead of leaves or shoots and
requires the activity of flord merisem identity genes whose expresson is upregulated in
developing flord primordia during the trangtion. Mutant plants of such genes develop shoots
or shoot-like dructures in place of flowers. These genes include SQUA in Antirrhinum,
PETUNIA FLOWERING GENE (PFG) and three closdy related genes from Arabidopsis
AP1, CAL and FUL, as wel as the nonrMADS-box gene LFY. Mutéion in the SQUA gene
results in the development of bract-forming shoots a postions where normdly flowers would
develop (Huijser et d., 1992), and inhibition of PFG expresson in tranggenic plants, usng a
cosuppresson drategy, results in a unique phenotype without flowers (Immink et a., 1999).
The AP1 and CAL genes have overlgpping functions in promoting flower meristem identity
and apl cal double mutants have a massve proliferation of a shoot-like meristem in postions
normaly occupied by a sngle flower (Bowman & d., 1993). This phenotype is further
enhanced by mutations in FUL, such that ful apl cal triple mutants never flower under
gandard growth conditions, and continuoudy eaborate leafy shoots in place of flowers
(Ferrendiz et d., 2000). This observation indicates that these three genes act together to
control merigem identity. The falure to flower in the triple mutant is due to loss of LFY
upregulation, because introducing a transgene that conditutively expresses LFY into the ful
apl cal background restores flowering (Ferrendiz et d., 2000).

1.2.3 Control of floral organ identity

Typicd flowers of eudicotyledonous plants are composed of four different types of organs,
which develop sequentidly from the outsde to the indde on the flanks of the flora meristem.
Each organ type is arranged in a concentric ring or whorl, numbered one to four from the
outermost to the innermogt. In whorl 1 sepas develop, in whorl 2 petals, which together
conditute the perianth. The reproductive organs, stamens and carpels, congtitute whorl 3 and
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4, respectively. After the flord meristem is determined, the organ identity genes are activated
to control downstream genes that are characteristic of the cedls of each organ type. Organ
identity genes are homeotic sdlectors, mutations in such genes cause the trandformation of

one organ type into another that normally does not develop in that whorl.

1.2.3.1 Genetic control of floral organ identity: The ABC model

Genetic gudies in Antirrhinum and Arabidopsis usng flord homeotic mutants led to a smple
mode (Coen and Meyerowitz, 1991) that proposes three classes of genes named A, B, and C
to be expressed in adjacent, overlapping whorls of a flower. The A function is expressed in
whorls 1 and 2, the B function in whorls 2 and 3, and the C function in whorls 3 and 4.
Expresson of the A function aone specifies sepd development, co-expression of the A and B
functions or the B and C functions determines petd or stamen development, respectively, and
expresson of the C function aore results in capd devedopment. Loss of the A function
causes transformation of firsg whorl sepas into carpeloid leaves in weak A-function mutants,
and second whorl petas become stamenoid (Gustafson-Brown et a., 1994). In B loss-of-
function mutants, sepals and carpels replace petds and stamens, respectively (Sommer et d.,
1990; Jack et d., 1992; Trobner et d., 1992; Goto and Meyerowitz, 1994). In C function
mutants, petas develop in whorl 3 ingtead of samens, and new flowers grow insgde whorl 3
in Arabidopsis and insde whorl 4 in Antirrhinum (Yanofsky et d., 1990; Bradley et d., 1993;
Davies et d., 1999). A and C functions ae mutudly antagonidtic; thus, the A function
excludes the C function from whorls 1 and 2 (the so-cdled cadastrd function) and the C
function excludes the A function from whorls 3 and 4 (Bowman et d., 1989; Bowman € d.,
1991) (Figure 1-2A).

Double and triple mutant analyses reveded tha, interegingly, the B function done can
control organ identity: in Arabidopsis AC double mutants whorls 1 and 4 have ledflike organs
and whorls 2 and 3 have intermediate organs between petds and stamens (Bowman et d.,
1991).

With the isolaion of new MADS-box genes specifying ovule development from petunia
hybrida, the ABC modd was extended to include the D function (Angenent et a., 1995;
Colombo et d., 1995; Figure £2B). There are two D function MADS-box factors in petunia,
FLORAL BINDING PROTEIN7 (FBP7) and FBP1l. Ectopic expresson anayses of these
two-D function genes reveded that they induce the formation of ovule-like structures on the

perianth organs of transgenic flowers. Therefore, they have been consdered as a new class of
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magter control genes specifying ovule deveopment in petunia. Over the past decade, the
ABC mode of flower development has been widdy appreciated in a large range of

angiosperm Species.

A B
Wil W2 W3 w4 W1 W2 W3 w4
B el —
_D_
se pe & ca e pe s ca ov

Figure 1-2. Molecular models of floral organ identity. (A) Most dicot flowers consist of four floral organsin
concentric whorls: sepals (se) in the outmost whorl 1 (W1), petals (pe) in whorl 2 (W2), stamens (st) in whorl 3
(W3) and carpels (ca) in the center of whorl 4 (W4). The ABC model illuminates that three classes of homeotic
genes function in a combinatorial manner to specify four floral organ identities and their activities are restricted
to two adjacent whorls of the flower. In addition, the A- and Gclass genes mutually repress the other’s
expression in their respective domains as shown in barred lines. (B) The ABC nodel is extended to the ABCD
model by the addition of the D-function gene. The D function specifies ovule identity. Whether the C-function
geneisinvolved in ovule development is not clear and isindicated by a question mark in whorl 4.

1.2.3.2 The ABC modd at the molecular leve

In Arabidopsis dl representative A, B or C genes have been cloned. The AP1 and AP2 genes
have A-cdass function as wel as being merigem identity genes. AP1 is a MADS-box gene,
whereas AP2 is the founder of a nove gene family cdled AP2ZEREBP-like genes
(Riechmann and Meyerowitz, 1998). When flora organs are initisted, AP1 is expressed only
in whorls 1 and 2. The Antirrhinum AP1 orthologue is SQUA, whose mutants, however, have
a different phenotype; flowers are replaced by inflorescence shoots. On the basis of this
homeotic trandformation SQUA is required for the control of flord merisem identity. So far
no effect of SQUA expresson on the specification of sepa and petal organ identity has been
demonstrated adthough subsequent to organ initistion SQUA, like APL, is mainly expressed in
whorls 1 and 2. Therefore, a present, Arabidopsis is the only species in which A function
geneswith the dua cadadiral and organ identity functions have been identified.

The B function genes DEF and GLO from Antirrhinum and AP3 and PI from Arabidopsis are
expresad mainly in the second and third whorls and show sSmilar mutant phenotypes. In
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petunia there are three genes showing the B function expresson patern. The FLORAL
BINDING PROTEIN 1 (FBP1) gene is mos closdy related to the Antirrhinum GLO and
Arabidopss Pl gene, its inactivation causes the same homeotic transformation as GLO and PI
do, in that sepas replace petas and carpels replace stamens (Angenent et d., 1993). The
GREEN PETAL (GP) gene, the homologue of DEF and AP3, is expressed in the petal and
gamen primordia, but the null mutant shows a homeotic effect in only one whorl; the petds
are converted to sepals and the third whorl stamens are not affected (van der Krol e 4.,
1993). The third gene, FBP3, is closdly related to GLO and Pl and aso expressed in
developing petas and stamens (van der Krol et d., 1993). It is assumed that FBP3 might
specify stamen development.

There is evidence that the basc mechanisms of flower development are conserved between
grasses and eudicots (Goto e d., 2001, Ng and Yanofsky 2001), dthough the flower
dructures of monocot grass plants and eudicot flowers are highly divergent. In mae flowers
of the maize mutant silkyl (sil), samens are replaced by feminized bract-like structures and
the lodicules are replaced by bracts. In the femde flowers the lodicules show smilar
transformations as in the made flowers, and extra carpes replace samens. S1, the maize
orthologue of AP3, is expressed in the lodicules and stamens (Ambrose et d., 2000).

The rice gene OsSMADS is the putative orthologue of the Arabidopsis B function gene PI
(Kang et al., 1998). FHowers expressing antisense OSMADSA display dterations of the second
and third whorls in transgenic rice plants. The second-whorl lodicules, which are equivaent
to the petals of dicot plants in grasses, were dtered into paeallemma-like organs and the third
whorl slamensto carpel-like organs (Kang et a., 1998).

The C function genes specify samen and carpe development and are dso involved in the
control of determinacy. In Antirrhinum there are two closely related C-function genes, PLE
and FARINELLI (FAR). The expresson paterns of PLE and FAR ae amilar, but the
phenotypes of ther mutants are very different. In ple mutants, petals replace stamens and
insde whorl 4 sepaloid/carpeloid/petdoid organs develop. In contrast, far mutants show only
patid defects in gamens and no defect in capes (Davies e d., 1999). Double mutant
andyses reveded tha the two genes synergidicaly control flower determinacy. In maize,
two closdly related AG-like MADS-box genes, ZAG1 and Zea mays MADS 2 (ZMM2) have
been identified, which are expressed during ovule and carpe development (Schmitz et d.,
1993; Mena et a., 1996). Zagl mutant flowers show loss of determinacy but no defects in
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organ identity. It has been speculated that ZMM2 might be responsible for the organ identity
control. With the completion of the sequence of the Arabidopsis genome (The Arabidopsis
Genome Initiative), it is now known that there are more than 80 MADS-box genes in
Arabidopsis (Riechmann, 2000). The genome sequence reveds many closdy related genes,
which might have a common redundant function, and which is not obvious by analyzing ther
mutants. This has been shown to be true for the three flord SEP MADS-box genes, which are
gmilar in sequence and exhibit smilar tempord expresson peterns ealy during flower
development (Flanagan and Ma, 1994; Savidge et d., 1995; Mandel and Yanofsky, 1998).
Neither of the sep sngle mutants nor combinations of double mutants exhibit a dramatic
developmental phenotype. However, the sepl sep2 sep3 triple mutant exhibits a phenotype
that is smilar to BC double mutants pi ag or ap3 ag. This result suggests that al three SEP
genes together are necessary for the development of petals, samens and carpels and that they
define a new class of organ identity function that is required for the activities of the B and G
function genes (Pdaz et d., 2000). The SEP function might be consarved in digantly related
eudicots. FLORAL BINDING PROTEIN 2 (FBP2) in petunia and TOMATO MADS-BOX
GENE 5 (TM5) in tomato are SEP orthologues (Angenent et d., 1994; Pnueli et a., 1994).
Both of them ae expressed in petals, stamens and carpels. Cosuppresson and antisense
expaiments usng FBP2 and TM5 result in transgenic plants with flowers defective in the
three inner whorls. In both cases petds are converted into sepd- or ledf-like organs, and
additionad whorls of organs or new flowers can grow in the center of the flowers. Orthologues
of SEP genes have been identified dso in the monocot species rice (Kang and An, 1997) and
in the non+flowering gymnosperms Monterey pine (Mouradov et d., 1998).

Wl W2 W3 W4

£ pe & ca

Figure 1-3. The quartet model of floral organ identity. The abbreviation used in this figure is the same as in
figure 1-2A. The A, B, and C genes function as the same as in the ABC model (see Figure 1-2A). SEP1, and/or
SEP2, and/or SEP3 provide the E function, which is required for the determination of petal, stamen and carpel
identity. Barred lines represent antagonistic interactions.

11
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Based on multimeric complex formation between the A-, B-, and C-function proteins
(1.1.1.2) and the SEP proteins (Goto et al., 2001; Honma and Goto, 2001; Jack, 2001), and on
mutant phenotypes combined with studies with transgenic plants in Arabidopsis mentioned
above, the ABC modd was further revised to the quartet model of flower organ identity
(Theissen and Seedler, 2001). In this modd the A-function, in combination with unknown
components, specifies sepads in whorl 1; A-, B-function, and SEP genes together specify
petas in whorl 2; B-, C-function, and SEP genes together determine stamen identity in whorl
3; and C-function and SEP genes together determine carpels in whorl 4 (Figure 1-3).

1.2.4 Functions of MADS-box genes beyond the flower

Mogt studies on MADS-box genes unraveled ther functions in flower development, but it is
known that they dso play roles in vegetative development of the plant. The NMH7 gene in
dfdfa is expressed in infected cdls of root nodules, and it is postulated that it might be
involved in the sgnd transduction pathway initisted by the bacterid symbiont Rhizobium
meliloti (Heard and Dunn, 1995). The Arabidopsis NITRATE REGULATED 1 (ANR1) gene
controls root growth in response to nitrate (Zhang and Forde, 1998); the tomato JOINTLESS
gene is a key regulator for abscisson zone development (Mao et d., 2000); and AGL16 is
assumed to play regulatory rolesin trichomes and guard cells (AlvarezBuylla et d., 2000).

Some MADS-box genes are involved in the specification of cdl fates in the fruit. MAMAD3A
from the gpple cultivar Fuji (Maus x domegtica Borkh) is highly expressed in the vascular
bundes in the flord tube and the capdlary vascular bundles in the fruit a ealy
developmental dages, so it has been suggested that it may function in fruit development
(Sung e 4a. 2000). In Arabidopsis, three MADS-box genes FRUITFULL (FUL),
SHATTERPROOF 1 (SHP1) and SHATTERPROOF 2 (SHP2) determine cdl fae in the
development of the fruit. SHP1 and 2 are closdy relaed, functionaly redundant, and involved
in the differentiation of the dehiscence zone (Liljegren et d., 2000). Differentiation of the
vaves requres the activity of FUL, which negdively regulaes SHP1 and 2 expresson
(Ferrandiz et d., 2000). It has been reported that DEFH28, the orthologue of FUL in
Antirrhinum, may regulate fruit maturation (Muller et d., 2001).

1.3 Regulation of MADS-box gene expression

Pant MADS-box genes are often expressed a the time and place where their products are
required, indicating a sophisticated transcriptional control of their expresson (Soltis et d.,
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2002). Two classes of upstream regulators have been identified to regulate the expression of
the homeotic genes 0 cdled flord merissem identity genes and cadadsrd genes. Double
mutants of the flora merigem identity genes LEAFY (LFY) and AP1 in Arabidopsis exhibit
an extreme converson of flowers into shoots in which the organ identity gene AG is no
longer activated in its norma pattern (Weigd and Meyerowitz, 1994). Cadastral genes appear
to demarcate the initid expresson domains of organ identity genes. SUPERMAN (SUP) and
LEUNIG (LUG) are two cadastral genes identified in Arabidopsis (Bowman et a., 1992; Liu
and Meyerowitz, 1995; Saka et a., 1995; Conner and Liu, 2000). Single and double mutant
andyss demondrated that SUP is involved in the represson of the class B genes AP3 and Pl
in whorl 4, whereas LUG is required to repress the expresson of the class C gene AG in
whorls 1 and 2. It is ill unclear how these cadastral genes establish the spatid patterns. A
dmilar mechanisn has dso been reported in Antirrhinum, where STYLOSA (STY) and
FISTULATA (FIS together prevent the Gfunction gene PLE to expand towards the perianth
(Motteet d., 1998). Smilaly, the CHORIPETALA (CHO and DESPENTEADO (DESP))
genes negaivey regulate the expresson of class B and C genes in whorl 1 (Wilkinson et d.,
2000).

Another control mechanism involves autoregulation. In Antirrhinum, the heterodimer formed
between DEF and GLO can bind in vitro to cognate Stes (the CArG motif) present in the
promoters of both genes and upregulates their transcription (Schwarz-Sommer et a., 1992,
Trobner et d., 1992; Zachgo et a., 1995). A smilar regulation was aso observed for the DEF
and GLO orthologues, AP3 and Pl in Arabidopsis (Goto and Meyerowitz, 1994; Jack et d.
1994).

Expresson of some MADS-box genes is induced not only by developmenta sgnds, but aso
in reponse to environmental stimuli. For ingance, in Antirrhinum the DEFH125 gene is
induced by pollination within the upper part of the transmitting tissue of carpels (Zachgo &
d., 1997), in dfdfa the NMH7 gene is induced in roots after Rhizobium infection, and in
Arabidopsis the ANRL gene is induced in roots by NOs rich soil patches, leading to an dtered
root architecture (Heard and Dunn, 1995; Zhang and Forde, 1998). Interestingly, al these
genes belong to the same subfamily of MADS-box factors. Another possble mechanism for
regulating MADS-box factors involves subcdlular locdization. It has been observed in onion
cdls that AP3 and Pl have to be coexpressed to be locaized indgde the nucleus (McGonigle et
al., 1996).
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1.4 The MADS-box protein network

Many biologicd functions involve the interaction between proteins and, as in many other
indances, screens utilizing the yeast two-hybrid system provided a powerful tool to search for
partners in MADS-box protein complexes. Using the GLO protein as a bait only DEF could
be identified as an interaction patner (Davies et d., 1996). In contrast, when sSmilar
experiments were performed with PLE, a number of interacting partners were isolated, such
as SQUA, DEFH49, DEFH72 and DEFH200 (Davies et d., 1996). The same has been
observed in Arabidopss usng the PLE homologue AG as a bait, leading to the identification
of SEP1, SEP2 and SEP3 as interacting proteins (Fan et d., 1997). All of these partners are
members of the MADS-box family.

As mentioned before (1.1.1.2), MADS proteins in plants might associate in complexes larger
than dimers (Egea-Cortines and Davies, 2000). First evidence that these complexes are
functiond came from in vitro DNA-binding assays. A DNA pobe containing two CArG box
sequences was bound stronger in the presence of al three MADS-box proteins, SQUA, DEF,
and GLO, compared to the binding by the homodimer of SQUA or the heterodimer of DEF
and GLO (Egea-Cortines et d., 1999). Smilar interactions between AP3, Pl and AP1 and
between AP3, Pl and SEP3 were confirmed by co-immunoprecipitation experiments (Honma
and Goto, 2001). The in vivo reevance of the finding that MADS-box proteins can form
higher order complexes has been corroborated by genetic studies with the SEP genes
(1.2.3.2). These sudies pointed to the crucia role of ternary complex formation between the
SEP proteins and class A, B and C proteins in the control of flord organ identity (Goto et d.,
2001). It is likdy, that such higher order complexes can be formed between severa other
MADS-box proteins, and that these additional combinations further contribute to the diversty

of control events governed by MADS-box proteinsin plants.

In contrast to anima and yeas MADS-box factors, there is currently no wel-characterized
interaction between a plant MADS-box protein and a non-MADS transcription factor (Egea
Cortines and Davies, 2000), dthough some evidence implies that the plant MADS-box
factors might have this feature (Davies and Schwarz-Sommer, 1994).

1.5 Objectives of thisdissertation

So far 24 MADS-box genes have been isolated from Antirrhinum (see table 1-1), but, because
of extendve gene duplications of key regulatory molecules (Martienssen and Irish, 1999),

14
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more family menbers are expected to exist. In order to better understand the role of the
MADS-box gene family during different aspects of plant devdopment, the isolation and
characterization of new family members was the main objective of thisthess,

MADS-box transcription factors form intricate networks through protein-protein interactions.
Therefore, novel genes were used as a bait in the yeast two-hybrid sysem to identify their
interactions with known members of the MADS-box family, and possbly, to isolate
additiord, formerly unidentified family members.

Table1-1. MADS-box genesin A. majus

Gene Ex pression Function Reference
SQUA early inf. and flr. A function [Huijser et al., 1992
DEF flr. 2,3 B function |Sommer et al., 1990
GLO flr. 2,3 B function |Trobner et al., 1992
PLE flr. 3,4 Cfunction |Bradley et al., 1993
FAR flr. 3,4 Cfunction |[Davies et al., 1999
DEFH2 flr. 1 unknown

DEFH9 flr. 4 unknown

DEFH11 leaves and bracts unknown

DEFH21 flr. 4 unknown Becker et al., 2002
DEFH24 vegetative and flr. 2,3,and 4 unknown

DEFH28 inf., carpel wall unknown Muller et al., 2001
DEFH49 flr. late unknown Davies et al., 1996
DEFH52 flr.1,2,4 unknown

DEFH57 unknow n unknown

DEFH70 unknow n unknown

DEFH72 inter mediate flr. unknown Davies et al., 1996
DEFH7 6 unknow n unknown

DEFH7 6B unknow n unknown

DEFH83 unknow n unknown

DEFH84 inter mediate flr. unknown

DEFH101 capsule, roots and flr. 1 unknown

DEFH102 embryo unknown

DEFH125 pollen and stamens unknown Zachgo et al., 1997
DEFH2 00 inter mediate flr. unknown Davies et al., 1996

* inf. = inflorescence; **flr. = flower; 1-4 = flora whorls
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2.1 Chemicals, enzymes and oligonucleotides

Chemicals used for these experiments were purchased from the following companies Life
Technology Phamacia (Freiburg), Sigma (Desenhofen), Merck (Darmgadt), Biomol
(Hamburg), Fluka (NewUlm) and Promega (Madison). Nylon membranes were obtained
from Amersham (Braunschweig), Radioisotopes [a®?P]-dCTP (10 nCi/m), [g*?P]-ATP (10
nCi/m) and [**S]-Methionine (50 mCi/n) from Amersham Buchler (Braunschweig).

Enzymes were purchased from Roche (Mannheim), Biolabs (England), Life Technology
(Freiburg), MBI Fermentas (St. Leon+Rot), Pharmacia (Freiburg) and Sigma (Deisenhofen).
10 x buffers were supplied together with the corresponding enzymes.

Oligonuclectides were syntheszed a Life Technology (Freburg) and Metabion
(Martingried).

2.2 Plant materials

Antirrhinum wild-type lines S50 and 165E, mutants impressa, sippe2249, marmorea, mat
hero lat elo and sippe ragusa, and Tam eements mutagenized plants were grown a 18-25°C
(16 hr light/8 hr dark) in greenhouse.

Arabidopsis wild type Columbia and mutant socl were dso grown in the greenhouse in long-
day (16 hr light/8 hr dark) and short-day (10 hr light/14 hr dark) conditions.

2.3 Bacterial strains
Escherichia coli

DH10B F, mcrAD (mrr-hsdRMS-mcrBC) F 80lacZDM 15, DlacX74, deoR, recAl,
endA1l, araD139, D (ara, leu)7607, galU, galK, | = rpsl, nupG.

K803 F,d4 (McrA), lacYl, or. D (lac)6, supE44, galK2, galT22, rfbD1, merV,
hsdS3, (rk™, m’).

Agrobacterium tumefaciens
GV3101 (Van Larabeke et d., 1974)
2.4 Yeast strains

SFY 526 MATa, ura3-52, his3-200 ,ade2-101, lys2-801, trp 1-901, leu2-3, 112, canr,
gal542, gal80-538, URA3::GAL 1UAS-GAL 1TATA-LacZ
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Y190 MATa, ura3-52, his3-200, ade2-101, lys2-801, trp 1-901, leu2-3, 112, gal4D,
gaI8OD, CthZ, LYS2::GAL 1UA5“H|SSTATA3, MEL1, URA3::GAL 1uasGAL

Irata-LacZ
2.5 Cloning vectors

pBluecript KS(+)  (Stratagene)
pBluescript SK (+)  (Stratagene)

pGEX-5X-1 (Pharmacia Biotech)

pGAD424 (Clontech)

pGBT9 (Clontech)

pH35S XS (Yephremov A. unpublished data)
pB35S XS (Yephremov A. unpublished data)
pGEM-T (Promega)

pPCV 702 (Koncz et d., 1994)

2.6 Southern Blot

2.6.1 Plant genomic DNA extraction

Genomic DNA was extracted from Antirrhinum plants as following: frozen leaves (1-10 Q)
were ground in a mortar to fine powder, then poured into an appropriate tube containing
CTAB extraction buffer (5 ml buffer/gram materid), incubated a 60°C for 30 min with
occasond dirring, filtered through Miracloth sgueezing thoroughly; the lysate was extracted
with one volume of chloroform, shaked vigoroudy, and centrifuged 15 min a 5,000 rpm. The
Supernatant was transferred to a new falcon tube, precipitated with 0.8 volume isopropanol,
kept & RT for 5 min, then spun a 5,000 rpm for 15-20 min. The pellet was briefly washed
with 70% EtOH, ar dried, resuspended in 500 m TE/RNase, and incubated a 37°C in a
waterbath for 30-60 min. After that, the Qiagen column was used to repurify DNA (according
to the PLANT MINIPREP KIT protocol). Extracted DNA was quantified by both
spectrophotometer measurement and by intendty comparison on an ethidium bromide-stained

agarose gel with a DNA molecular weight standard.

CTAB extraction buffer: TE buffer:
TrigHCl pH 8 100 mM TrigHCl pH 8 10 mM
NaCl 14M EDTA 0.1 mM
EDTA 20 mM

CTAB 2% TE/RNase:
add 0.2% b-mercaptoethanol before use 20 ug/ml RNas= A InTE
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2.6.2 DNA digestion, separation and transfer to membranes

Purified genomic DNA was digested with Alul, Avall, BamHI, EcoRI, EcoRV, Hindlll and
Xbal a 37°C in a waterbath overnight; the resulting genomic DNA fragments were separated
on 0.6% agarose gels. After electrophoress, the agarose gd was soaked in denaturing solution
(1.5 M NaCl, 0.5 M NaOH) for 30 min; then the DNA fragments from the gd were
trandferred to a nylon membrane. The transferred DNA was immobilized by UV irradiation
(Stratagene UV crosdlinker, 120 mJ).

2.6.3 Radioactive labelling of probes
Random primer labelling

The templates used as probes were prepared by PCR amplification from DEFH7 and
DEFH68 cDNA clones with gene-specific primers in non-conserved regions. Primer pairs 5—
TCA GGA AAG GCA TAT CAG TAT GCA AG-3 and 5-ATG GTT GTC CTT GAA
ACA GGT CCA-3 for DEFH7 and 5-CCA GCA TTG AAC TTA CAG AAA GCG-3 and
5-ATT TCA TGC TAG TTT CCA AGC G3 for DEFH68 were used to amplify 467 bp and
270 bp downstream of the MADS-domain regions, respectively.

Labelling reaction

A mixture constituted by 3 m of 10 x oligo mix, 3 m [a3*P] dCTP (10 nCi/m ), 1.5 m of
Klenow polymerase (2 U/m) in afind volume of 20 m was added to 25-40ng of template
DNA in volume of 10 m previoudy denatured for 10 min a 100°C.

The resulting mixture was incubated a room temperature for 90 min and after that the
reaction was stopped by addition of 2 mi of 0.5M EDTA. After addition of 2 ng herring sperm
DNA and HO to afind volume of 50 m, the probe was precipitated with 4AM NH;OAc (pH
6.0) and 200 m ethanol for 30 min a room temperature, centrifuged 30 min at 14,000 rpm. at
20°C and briefly washed with 70% ethanol. The pellet was dried and dissolved in 300 i of
TE buffer.

10 X Oligo mix

dATP, dGTP, dTTP 0.2mM
(dN)s 4.0 mg/ml
HEPES, pH 6.6 2.0M
Tris-HCI, pH 8.0 04 M
MgCh 0.074 mM
b-Mercaptoethanal 0.7% (vIv)
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2.6.4 Hybridization

Pre-hybridization was peaformed for a leex 20 min in the hybridization solution
supplemented with 100 ng/ml herring soerm DNA a 68°C with gentle shaking; after adding
the denatured probe, the hybridization was carried out overnight under the same condition.
After hybridization the membranes were washed twice (15 min each time in the same
condition mentioned above) with a solution containing 2 x SSPE and 0.1%SDS and exposed
to Kodak X-ray films (X-omat AR) at —-80°C in 3MM intensifying screens.

Hybridization solution

SSPE 3X
SDS 0.1%
PVP 0.02%
Fcoll 0.02%

2.7 Northern Blot
2.7.1 Plant total RNA extraction

0.6 g of each Antirrhinum tissue was used to isolate totad RNA, according to the protocol
provided by Qiagen (THE QIAGENOLOGIST). Isolated tota RNA was dissolved in 2 ml
eution buffer (components liged in paragraph 2.7.2). The concentration of each totd RNA

sample was measured spectrophotometrically according to the following equation:
[RNA] (mym) = Azeo x 40/VmM

where Aseo IS the absorbance a 260 nm and Vm is the volume of sample used for

measurement in m

2.7.2 Plant poly(A)" RNA extraction

After incubation a 65°C for 3 min, the totd RNA was gently mixed with one volume of
Dynabeads Oligo (dT)zs (DEUTSCHE DYNAL GmbH), which was previoudy regenerated
according to the supplier’s ingructions and resuspended in 2 x binding buffer. After 510 min
incubation & room temperature, the mixture was placed on a magnet for at leest 30 sec until
the solution became cler and the supernatant was discarded; the Dynabeads were then
washed twice by adding washing buffer, vortexing, placing the mixture on the magnet and
discarding the supernatant; findly the poly(A)" RNA was duted by addition of 700 m of
eution buffer, followed by vortexing, heating & 65°C for 2 min, and collection of the
upernatant in a new tube the supernatant was then precipitated with one volume of
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isopropanol, washed with 80% ethanol, dried briefly on the bench and dissolved in TE buffer.
The amount of poly(A)" RNA extracted from each sample was detected
spectrophotometrically according to the equation in paragraph 2.7.1.

2 X Binding Buffer Washing Buffer Elution Buffer
Tris-HCl 20mM TrissHCl 10 mM EDTA pH 7.52mM
EDTA 2mM EDTA 1mM

Licl 1M Licl 0.15M

Find pH =75 Find pH =75

2.7.3 RNA separation and transfer to membranes

2 ng poly(A)" RNA were mixed with 10 m sample buffer and 1 m loading buffer, denatured
a 60°C for 10 min, and separated on a vertical denaturing agarose gd with 4 mm thick
gpacers and 0.5 cm dots. The eectrophoretic separation was performed at 60 V for about 5
min, then a& 50 V until the bromophenolblue marker had migrated about 9 cm. After
electrophoresis, the g was soaked for 5 min in water, denatured for 40 min in 50 mM
NaOH/10 mM NaCl, neutrdized for 25 min in 0.1 M Tris pH7.5 and equilibrated for 20 min
in 20 x SSC or SSPE.

After overnight transfer in 20 x SSC or SSPE, the resulting filter was dried at 80°C for 30
min.

10 X Gl buffer RNA denaturing gel

MOPS 200 mM Agarose 1689

NaOAc 50 mM 10x gd buffer 14 mi

EDTA 10 mM H.O 98 mi

adjust pH to 7.0 with NaOH; dissolve in microwave oven, cool down
store at 4°C in the dark. to 60°C, add 28 ml formaldehyde 35%.
Sample buffer RNA loading buffer

Formamide 1ml 0.1% bromophenolblue

(deionized, amberlite) 25% Ficall

Formaldehyde 35% 0.38ml 1 mM EDTA

10 x Gel buffer 0.04 ml

2.7.4 Radioactive labelling of probes

The methods used for labdling are the same as those for Southern blotting. Probes used in
Northern blots for DEFH7 and DEFH68 are identical to those used for Southern blots.
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2.7.5 Hybridization

Pre-hybridization was carried out in a glass dish containing equa parts of solution A and B
(5-10 ml each) and 100 ng/ml herring sperm DNA for 13 hr at 42°C, followed by addition of
denatured probe for hybridization. The procedure was performed overnight under the same
conditions; washing of membranes and detection of radioactive sgnas were performed in the
same way as described above (paragraph 2.6.4) at 42°C.

Solution A Solution B
10 x SSPE Deonized formamide
10 x Denhardt® solution
1% SDS
2.8 RT-PCR

2.8.1 Reversetranscription (RT) using Superscript 11

Totd RNA from various Antirrhinum tissues was extracted usng Tota RNA Isolaion
Reagent (Biomal), and digested with DNase | (RNase-free; Roche) asfollows:

Total RNA: 100 mi (50 )
10x DNase buffer: 20m

DNase (RNase-free): 1 ni (10 units)
H0: 79 m

Fnd voume 200 m

The reaction was incubated at 37°C for 30 minto 1 hr and after that DNase | was removed by
using the RNeasy plant minikit (Qiagen).

10 ny purified tota RNA were heated for 5 min a 70°C, immediately chilled inice and

mixed to areaction mixture containing (for each sample):

H2O 14 m

5 x firgt strand buffer (Gibco/BRL9) 10 m

10 mM dATP, dGTP, dTTP, and 5 mM dCTP 2.5m each
[a%?P]-dCTP 1m
OligodTis 1m (0.5ny)
RNase inhibitor 05n
Superscript reverse transcriptase (Gibco/BRL) 1 m (200 U)
Fnd volume 30m
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The resulting mixtures were treated as follows. 10 min at 20°C, 15 min at 37°C, 45 min at
42°C. 2 m of 0.5M EDTA were then added to each sample to stop the reaction and the
synthesized firgt strand cDNA was precipitated with 50 m 4 M NH4OA ¢ and 200 ml 100%
EtOH for 30 min a room temperature, centrifuged for 30 min at 14,000 rpm and 20°C,
washed with 80 % EtOH; after measuring the counts, the pellet was briefly dried by
evaporation for 5-10 min, and dissolved in 100 m TE for PCR.

2.8.2 PCR reaction

Firgt strand cDNA xm (5ng)

10 x buffer 5ul

2mM dNTPs Sul

0.2% Tween 20 (Sigma, P-1379) 5ul

[a32P]-dCTP (3000 Ci/mM) 05ul

10 M actin-specific primers or gene-pecific primers 2 ul eech

H,O xu

Tag Polymerase 0.5 ul

Find volume S0ul
2.8.3 PCR programme

a) for ectin-specific primers;  b) for gene-specific primers

1: 95°C 1min 1:95°C 1min

2. 94°C 40 sec 2:94°C 40

3: 57°C 30 secl 16 cycles 3:60°C 30sec| 33cycles
4: 72°C 40 sec 4:72°C 20 sec

5. 72°C 1min”~ 5:72°C 1min~

6. 15°C 6: 15°C

5 pl of each PCR reaction were loaded on 5% polyacrylamide gdl. After electrophoretic
separation, the gel was transferred to whatman paper, dried for 45 min on the gdl dryer at
80°C and exposed overnight.

2.9 In situ hybridization

DNA templates used for preparing the probes were either cDNAs subcloned into pBluescript
or were directly amplified by PCR. In both cases T3 polymerase was used to synthesize sense
RNA and T7 polymerase for antissnse RNA. A full-length DEF c¢cDNA was subcloned into
pGEM-T vector to generate a suitable template. The methods for digoxigenn labdling of
RNA probes, tissue preparation and in situ hybridization were as described by Bradley et d.
(1993).

2.10 Construction of phylogenetic trees

Phylogenetic trees were constructed based on published MADS-box sequences. The MADS-
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domain sequences and the “170 domain” sequences which conditute the MADS domain and
the subsequent 110 amino acids were used for congtruction as described in reference Theissen
et a., 1996.

2.11 Rsal sublibrary construction, screening and sequencing
2.11.1 Sublibrary construction

A genomic library was screened using a mixture of 15 full-length MADS-box cDNAs from
Antirrhinum as a probe. Filters were hybridized a both high (68°C) and low (42°C)
dringencies. Phages which showed wesk dgnds a high stringency, and stronger Sgnds a
low gtringency were picked; a total of 60 candidates were obtained with insat  Szes in the
range of 12 to 23 kb. Furthermore, EcoRI was used to release the genomic fragments from
the phage DNA and the resulting 60 genomic DNA inserts were pooled and digested with the
frequent cutter Rsal. After eectrodution, the fragments between 250 bp and 2.0 kb were
subcloned in | NM 1149, yidlding the Rsal sublibrary.

2.11.2 Sublibrary screening

A Rsal sublibrary prepared from Antirrhinum plant genomic library | EMBL3 was screened
essentidly according to Sambrook and Russall (2001). E. coli host strain POP13 was used for
| phage infection and preparation.

2.11.2.11 phage plating and transfer

An diquot of a glycerol stock of E. coli POP13 was used to noculate 50 ml LB medium
containing 0.2% mdtose and 10mM MgSO,, the culture was grown with vigorous shaking at
32°C overnight. Bacteria were collected by centrifugation a 5,000 rpm for 10 min, and the
pellet was resuspended in 5 ml 10 mM MgSO,.

For phage plating, 300 pl of E. coli suspension was mixed with 2 x 10° pfu was mixed with
600 pl of SM buffer. The mixture was incubated for 15 min in a waterbath at 37°C, added to
40ml top agarose kept a 42°C, and plated on 10 90 mm @ petri dishes containing NZ
medium. The plates prepared for this screening were incubated a 37°C and stored at 4°C
before membrane tranfer.

Pagues were trandered onto nylon membranes, immediaidy followed by soaking
membranes (phage sde up) in denaturing solution for 10 min and neutraizing solution for 10
min; the membranes were dried a room temperature and the phage DNA was fixed to the
membranes by baking a 80°C. The mixture of 15 full-length MADS-box cDNAs was
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labelled with [a32P]-dCTP and used as a probe to hybridize. The membranes were washed at
low gringency (45°C). The procedure for hybridizetion and washing were performed as
described above (2.6.4).

The 15 MADS-box cDNAs used were the following:

CDEF, cDEFH9, cDEFH11, cDEFH24, cDEFH49, cDEFHS52, cDEFH57, cDEFH72,
cDEFH76, cDEFH76B, cDEFH84, cFARINELLI, cGLOBOSA, cPLENA, cSQUA

SM solution NZCYM medium

NaCl NZ amine 10g
MgSO4. 7TH20 NaCl 50

IM Tris-Cl (pH 7.5) 50 Y east extract 59
2% (wiv) gelatin solution 5ml Casamino acids 19
H.O to 1 liter MgSO,. 7H20 20
Top agarose H.O to lliter
Agarose 0.6% pHto 7.5

MgSO, 10 mM Bacto-Agar 159/

Prehybridization/hybridization solution

SSPE 5X
SDS 0.1%
Ficoll 400 0.02%
PVP 0.02%

2.11.2.2 Selection and rescreening of recombinant | phages

Postive candidates hybridizing with the probe were sdected, taken out by usng a pasteur
pipette, released into an Eppendorf tube containing 1 ml SM solution and 3 drops of
chloroform and mixed well; thel phages were |€ft to eute overnight at 4°C.

In order to get single plagues, serid dilutions (total 1:100000) of the phage suspenson were
performed in a total volume of 100 pl SM solution. The procedures for | phage plating and

transfer to the nylon membranes were the same as above (2.10.2).

The same mixture of full-length cDNAs as described above (2.10.2) was used as a probe to
rescreen those podgtive plagues. The rescreening was performed until a single positive plague
was separated well from neighbouring plagues. Laer on another round of rescreening was

conducted to confirm that the single plague picked up was the correct one.
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2.11.2.3 PCR amplification of | phage DNA

Inserts of the phage DNAs were amplified by PCR using an diquot of each plague
suspension a template and insert flanking primerl: 5-
TGAGCAAGTTCAGCCTGGTTAAGTC-3 and primer2: 5-—
GCTTATGAGTATTTCTTCCAGGGTA-3. Amplified DNAs were loaded on 0.8% agarose
gd to check the sze and purified with Qiagen PCR purification kit. The PCR products were
grouped by sze for fragments smdler than 500 bp in length manud sequencing andyss was
performed, while bigger fragments were sent to the ADIS sequencing unit

PCR reaction
Plague suspension 1 ul (about 5ng DNA)
10 x buffer 5ul
2mM dNTPs 5u
10 uM primer 1 1l
10 uM primer 2 1
DMSO 25ul
H,O A |J.|
Tag DNA polymerase (5 U/jul)  05ul
Fnd volume 50 ul
PCR programme
1 95°C 1min
2. 95°C 30 sec
3: 60°C 30sec 1 30 cycles
4: 72°C 15min
5: 72°C 5min
6: 15°C
2.11.3 DNA sequence analysis

DNA sequence determination was carried out usng dther the fmol DNA sequencing system
(Promega) described above or an automated DNA sequencer (Modd 377, Applied
Biosystems). DNA sequence andyss was conducted using the MacVector (Oxford Molecular
Group) and blast search programmes for sequence homology comparison.

2.12 Library screening
2.12.1 cDNA library screening

With the genomic Rsal fragments a screenings for full-length cDNAs of an Antirrhinum tota
plant cDNA library was carried out. A totd of 6x 10° plaques were plated on 20 90mm @&
petri dishes in NZ medium. The procedures for plating, transfer, and rescreening were the
same as for the Rsal sublibrary screening, but in this case partid putative MADS-box clones
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were used as probes and hybridization and washing were performed a high stringency
(68°C).

2.12.2 Genomic library screening

In order to eucidate the srutures of the newly identified MADS-box genes, screening of an
Antirrhinum genomic library in | EMBL3 was conducted. E. coli strain K803 was used for
phage infection and propagation, a total of 6x 10° plagues were plated on 20 90mm @ petri
dishes in NZ medium; the whole procedure for screening was the same as for cDNA library
screening, but as probe the nonrconserved region of the newly identified MADS-box cDNAS
were used.

2.12.2.1 Extraction of | phage DNA

20 ml SM lysate buffer was added to a 125 cm x 125 cm sguare plate containing the
confluent lysate obtained by infection of E. coli K803 with phages on NZ medium. The plate
was gently shaken for 1-2 hr, 500 pl of chloroform were added to the collected lysate, and
cdl debris was precipitated by centrifugation a 5,000 rpm for 5 min. 25 pg of DNase | and
12.5 pg of RNase were added to the supernatant and incubated at 37°C for 30 min.

Phage particles were precipitated by incubation with 30% PEG 6000 in 1.5 M NaCl for 20
min on ice. After centrifugation a 10,000 rpm a 4°C for 20 min, the pellet was resuspended
in 5 ml TE buffer supplemented with 200 ul 0.5 M EDTA, 100 yl 5 M NaCl and 250 pl 10%
Triton X 100 and incubated a 65°C for 15 min. The phage DNA was extracted with 1
volume phenoal/chloroform, 1 volume chloroform, and precipitated with /10 NaOAc and 1
volume isopropanol. The resulting pellet was washed with 70% EtOH, dried briefly, and
dissolved in TE buffer.

In order to get more pure phage DNA, Qiagen columns for plasmid DNA isolation were used
to purify the phage DNA again. The procedure was following the ingtruction supplied by the

manufacturer.

2.13 PCR-based pools screening

2.13.1 Screening strategy

The reverse genetic screen was carried out as established at the John Innes Centre, Norwich,
UK ( E. Keck, R. Carpenter and E. Coen, unpublished ). Integration of the transposable
dements (Taml,Tam2, Tam3, Tamd, Tamb, Tam6, Tam7, Tan8 and Tam9) into the genes
DEFH7 or DEFH68 was detected by hybridization of the DEFH7 or DEFH68 probe to blots
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of PCR products amplified with gene-specific primers and Tam dement-specific primers, and
confirmed by hybridization with the PCR product amplified with nested primers of the same
Tam dements and the genes. Oligonucleotide primers used were DEFH7-G-Pl, 5-ACT
ATA CAG CTC TAG TTT TTG TCC-3'; DEFH7-G-P2, 5-TAT TGC TGC CAG TAC
GAG GTT TCA-3'; DEFH7-G-P1n, 5-TCA GGA AAG GCA TAT CAG TAT GCA AG-3;
DEFH7-G-P2n, 5'-ATG GTT GTC CTT GAA ACA GGT CCA-3'; and Tam2,4,5,6, 5-TC
TTG GGA CAT AGG TTT TAT GCG ACA GAT-3 for DEFH7; DEFH68-N-P1, 5'-CAC
TAT AGA GCG ATA CCA ATG TCA CA-3; DEFH68-N-P2, 5-AAG TTC CAT ACA
ACT GCA ACA AGC A3; DEFH68-N-P1n, 5-CCA GCA TTG AAC TTA CAG AAA
GCG-3'; DEFH68-N-P2n, 5'-ATT TCA TGC TAG TTT CCA AGC G3 for DEFH6E8. The
pools were screened as 66 superpools containing each DNAS from 450 plants, each of which
was created by combining 3 subpools of genomic DNA prepared from the leaves of 150
plants. Pogtives were first confirmed on the subpools of 150 plants and subsequently on 10
new subpools generated from baiches of 15 plants separately, which contributed to the
positive subpool. Findly, seeds collected from the 15 plants in each postive pool were sown
and genomic DNA was isolated pooling it from the seedlings of each row or column in a tray.
PCR products amplified from those genomic DNAs with the same combination of primers
were tested by Southern blot analysis to confirm Tam dement integration into DEFH7 and
DEFH68, respectively. Furthermore, PCR amplification usng sngle plant genomic DNA
from the pogtive row or column plant pool was tested again to find out single plants for Tam
element insertion.

PCR was caried out in 25 pl reaction and ran as follows: 1 min a 95°C followed by 35
cycles of 40 sec a 94°C, 30 sec at 55°C, and 1.5 min a 72°C, then 2 min at 72°C. 3 pul of
each superpool reaction were dot-blotted onto a nylon membrane and the filter was briefly
dried a room temperature, baked a 80°C for 30 min and hybridized a 68°C with a 32P-
labelled cDEFH7 or cDEFH68 probe. Subsequent subpool screening was done by Southern
blotting of the PCR products.

2.13.2 Genomic DNA isolation from transposon mutagenized Antirrhinum plants

A smal piece of a plant leaf was collected in a serile Eppendorf tube containing 400 pl of
eution buffer and ground with a mecerator. 1 volume of phenol/chloroform was added to
each sample, mixed wdl and left a room temperature for more than one hour. The extracted
DNA was separated by centrifugation a 14,000 rpm for 5 min, 200 ul of supernatant were
precipitated with 1 volume of isopropanol and findly the pelet was washed with 70%
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ethanol and resuspended in 100 pl of TE buffer.

Elution buffer

Tris-cl pH7.5 200 mM
NaCl 250 mM
EDTA 25mM
SDS 0.5%

2.14 Yeast two-hybrid screening
2.14.1 Plasmid construction for two-hybrid screening

All bats were condructed by insarting PCR fragments into the plasmid vector pGBT9. The
PCR fragments were derived from the rdevant cDNAs and generated usng primers into
which appropriate redtriction enzyme Stes were incorporated. In al cases the congtruction of
the bat resulted in the in-frame fuson, as confirmed by sequencing andyss of the entire
coding regions of the various genes and of the GAL4 DNA binding doman. The
oligonucleotide primers used were as follows. DEFH7 5-GCG AAT TCA TGG GAA GAG
GTA AAG-3, 5-CAG GAT CCT TAA TGG TTG TCC TTG-3'; DEFH6E8 5'-GCG AAT
TCA TGG TGA GAG GAA AGA-3, 5-AAG GAT CCT CAT TGC TGG AGT GGA-3'.
The coding sequences were aso cloned into the plasmid pGAD424 containing the Ga4
activation doman to test for homodimerizetion and possble sdf-activetion The plasmid
congruction was performed as previoudy described (Davies et d., 1996). The inserts in al
clones were fully sequenced.

2.14.2 Optimal concentration of 3-amino-1, 2,4-triazole (3-AT) in two-hybrid screens

The yeast hogt strainY 190 is leaky for higtidine expression in the absence of 3AT. In order to
identify the reasonable concentration of 3-AT to suppress background growth of the strain
Y190, the Y190 (BD/DEFH7 and BD/YS68) colonies were tested on a series of plates
containing YPD medium sypplemented with different concentrations of 3-AT (0, 5, 10, 15,
20, 25, 30, 35, 40, 45, and 50 mM). 25 mM 3AT in the medium turned out to be sufficient to
reduce background growth of the strain Y 190.

2.14.3 Two-hybrid screen

The predominant DEFH7 (DEFH68) cDNA was amplified usng oligonuclectide primers to
introduce cloning stes. Amplification was carried out usng the same oligonuclectide primers
mentioned above (2.14.1). PCR fragments were digested with EcoRI and BamHI and ligated
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into the vector pGBT9 digested with the same redriction enzymes to form the bait. The bait
included the whole coding sequences. Two-hybrid screens were carried out according to the
method described by Davies et al. (1996).

Interactions were investigated both by screening an Antirrhinum total plant cDNA yeast
expression library and by directly tedting for interaction between the bait and previoudy
isolated MADS-box preys.

2.14.3.1 b-galactosidase filter assay

Nylon filters were divided into sectors with each sector numbered corresponding to the
colonies to be tested. Colonies were streaked onto the filter placed onto a Y-SD plate with
appropriate sdlection and alowed to grow for one or two days at 30°C. The filters were put
into liquid nitrogen for 5 sec, placed onto a paper filter soaked with 1.8ml assay buffer in the
lid of a petri dish, and the petri dish was seded with parafilm and incubated at 37°C. Blue
colour representing interactions developed after 20 min to 30 hr.

2.14.3.2 Grouping positive colonies from the b -galactosidase test

Y east plasmids were isolated from putative postive colonies. Flanking primers of the

pGA D424 vector were used to amplify inserts. PCR products were Southern blotted to nylon
membrane and hybridized at 68°C with the biggest insert from those positive colonies
selected based on b-gdactosidase analyss. After gtrip washing, the same filter was reused for
hybridization a 68°C with alabelled cDNA from another colony, which previoudy did not
hybridize. By this gpproach colonies were assgned to different groups. Then, one member of

each group with the biggest insert was used for sequence analyss.

b -galactosidase assay buffer Z-buffer
Z-buffer 10 ml NaHPO.. 2H,O 1119
b -mercaptoethanol 27l NaH2PO4. H,O 55¢g
X-gd (20 mg/ml in DMF) 167 pl KCI 0.759
MgSOa. 7H,0 0.25¢
Add H,O to 1 liter
Adjust to pH7

2.14.3.3 Small scale transformation in yeast

A dngle fresh colony was scraped from a plate into 10ml of gppropriate selective medium
and grown overnight a 30°C. The culture was diluted in the same medium according to the

number of trandformations (usng 5ml per transformation) and regrown for 2 hr. The find
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culture was pelleted and washed with water, Iml of 1 x LIAC/TE, and resuspended in 1 x
LIAC/TE of 100 pl per trandformation. The suspenson was added to a mixture of 1 g
plasmid DNA, 10 pg samon sperm carrier DNA, 300 pl PEG/LIACTE, and 5 yl DMSO. The
mixture was firgt incubated at °C for 30 min, then a 42°C for 15 min and a 100 pl aiquot
was plated on selective plates.

IX LIAC/TE 10x TE

10 x LiAc 100l 1M Tris-HCI pH7.5 100 ml
10xTE 100l 500 mM EDTA pH7.5 20 ml
Sterile water 800 ul add H,O to 1 liter

Ix PEG/LIACTE 10x Lithium acetate

10 x LiAc 500 pl Lithium acetate 40.8¢g
10x TE 500 add H,0O to 400 ml

50% (W/v) PEG 4000 4ml AdjusttopH 7.5

2.14.3.4 Plasmid DNA isolation from yeast

Lysis solution: 10X Dropout

Triton X-100 2% L-Isoleucine 300 mg

SDS 1% L-Vvdine 1500 mg

NaCl 100 mM L-Adenine hemisulphatesdt 200 mg

TrispH 8.0 10 mM L-Arginine HCI 200 mg

EDTA 1.0 mM L-Higidine HCI monohydrat 200 mg
L-Leucine 1000 mg

YPD medium: L-Lysne 300 mg

Peptone/ Tryptone 20g | L-Mehionine 200 mg

Y east Extract 10g | L-Phenyldanine 500 mg

AdjusttopH 5.8 L-Threonine 2000 mg

Add H,0 to 950 ml and autoclave L-Tryptophan 200 mg

Before use add 50 ml of 40% dextrose | L-Tyrosne 300 mg
L-Uradl 200 mg

Y-SD sdlection medium: Add H,0to 1 liter

Y east Nitrogen Base w/o aa. 6.79

Agar 2049

AdjusttopH 5.8

Add H,0 to 850 ml and autoclave

Before use add:

40% dextrose 50 ml

10 x Dropout 100 ml

A dgngle colony picked from Y-SD plates with L-Tryptophan and L-Leucine dropout medium
(-TL plates) was inoculated in 5 ml Y-SD medium with L-leucine dropout (-L medium)
overnight a 30°C. 100 ul of culture were used to inoculate 5 ml fresh —L medium, grown
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overnight and again 100 pl of the second culture was used to inoculate 5 ml YPD medium
and grown overnight. 1 ml of the find culture was pdleted and lysed in lyss solution. The
lysste was mixed with 1 volume phenol/chloroform and 100 mg washed glass beads in a
DNA mixer for 5-10 min. The mixture was centrifuged and the supernatant was precipitated
with /10 volume of NaOAc and 1 volume of isopropanol. The pellet was briefly washed
with 70% ethanol and dissolved in TE buffer.

2.15 Constructions for plant transfor mation
2.15.1 Constructions for overexpresson in plant transformation

Gene fusions of the CaMV35S promoter to the DEFH7 (DEFH6E8) coding region in sense
and antisense orientation were congtructed in the Agrobacterium binary vector pH35SXS for
Antirrhinum transformation and vector pB35SXS for transformation of Arabidopsis.
Appropriate PCR fragments carrying its endogenous start and stop codons were generated at
the 5 or 3 end by amplification with primers containing, respectively, atificialy introduced
termina Xbal and Xhol gtes, Primers for sense orientation: DEFH7-Xbal-S1, 5'-GCT CTA
GAA TGG GAA GAG GTA AAG TAG AG-3, DEFH7-Xhal-S2, 5-CCC TCG AGT TAA
TGG TTG TCC TTG AAA CAG-3; DEFH68-Xbal-S1, 5-GCT CTA GAA TGG TGA
GAG GAA AGA CTC AGA-3, DEFH68-Xhol-S2, 5-CCC TCG AGT CAT TGC TGG
AGT GGA CGC TTA-3; Primers for antisense orientation: DEFH7-Xbal-Al, 5-GCT CTA
GAA TGG TTG TCC TTG AAA CAG G3', DEFH7-Xhol-A2, 5'-CCC TCG AGA TGG
GAA GAG GTA AAG TAG A-3; DEFH68-Xbal-Al, 5-GCT CTA GAT TGC TGG AGT
GGA CGC TTA G3', DEFH68-Xhol-A2, 5-CCC TCG AGA TGG TGA GAG GAA AGA
CTC A-3. The PCR product was digested with Xbal and Xhol and cloned in both
orientations  (sensglantisense)  into the  unique  polylinker  of the CaMV35S
promoter/terminator casette of pH35SXS and pB35SXS, respectively. The resulting plasmids
were cdled pB-35S:DEFH7se, pB-35S:DEFH68¢ (sense for Arabidopsis), pH-
35S::DEFH7se, pH-35S:DEFH68se (sense for Antirrhinum); pH-35S:DEFH7as, pH-
35S:DEFH68as (antisense for  Antirrhinum). These plasmid DNA insets were fully
sequenced.  Trandformation of binary vectors into the A.tumefaciens stran GV3101
harbouring plasmid pM P90 was performed by electroporation.

2.15.2 Congructions for complementation of the socl mutant and overexpresson in
wild-type Arabidopsis plants

The ful-lengh cDEFH68/cDEFH24 were amplified by PCR with primers containing
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atificidly introduced termind BamHI dtes The primers were 5-CAG GAT CCA TGG
TGA GAG GAA AGA- 3 and 5-CAG GAT CCT CAT TTT TGG GGT GGA-3' (used for
the amplification of EFH24) and 5-CAG GAT CCA TGG TGA GAG GAA AGA-3 and
5-AAG GAT CCT CAT TGC TGG AGT GGA-3 (usd for the amplification of dEFHGS).
The PCR reaulting products were digested with BamHI, gd puified, cloned into BamHI-
linearized binary vector pPCV702 to produce sense cDNA congruts, the constructs were
transformed into Agrobacterium strain GV3101 and used later for both socl mutant and wild
type Arabidopsis transformations.

2.16 Plant transformation and regeneration
2.16.1 Plant transfor mation and regeneration in Antirrhinum

The A. tumefaciens contaning chimeric condructs with the gene of interet were grown
overnight with shaking a 28°C in 100 ml YEB medium. The pdlet of 40 ml of the overnight
culture was resuspended in 2 ml of BM supplemented with 25 mg/ml indolebutyric acid. The
remaining hypocotyls of the seedlings which had grown for 4-6 weeks in MS medium were
infected with the Agrobacteria suspension and incubated in the dark at 25°C for 3-5 days. The
selection procedure was as follows: hypocotyls excised from the roots were transferred onto
sective H1 medium; after 4-6 weeks surviving cdli were transferred to H2 medium to
improve therr growth. The cali with a diameter of 2 cm were transferred to H3 medium, 3
4 weeks later to H4 and 4 weeks later to H5 medium. After transfer to both H4 and H5 media,
cdli were incubated for 2 days in the dark. The first shoots were visble after 34 weeks on
H5 medium. Regenerated shoots were excised, rooted on hormone-free MS medium, and
trandferred to the greenhouse. The detailed description and media compostion were
described in Heidmann et al. (1998).

2.16.2 Plant transformation in Arabidopsis

A dngle colony of Agrobacterium grown in YEB plates containing antibiotics was incubated
with shaking in 5 ml YEB medium overnight at 28°C; the next day, the culture was diluted to
50 ml and incubated overnight, and furthermore diluted to 500 ml and incubated overnight.
The cdls were havested from the find culture and resuspended in infiltration medium
supplemented with 50 pl/L of 0.005% viv Slwet. The plants for transformation were placed
in short-day condition for 2 weeks after germinaion in order to get larger rosettes, then
grown in long-day condition. The plants were dipped in the infiltration medium about 1 week
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after the primary inflorescences were clipped and the plants were covered with a lid or a
plastic bag for 1-2 days. The seeds were collected two to three weeks after transformation.

I nfiltration medium
12 x Murashige & Skoog sdts 4.4 g/L

1 x B5 vitamins

Sucrose 5.0%
Benzylamino Purine 0.044 uM
Adjust pH with KOH to 5.7

2.16.3 Generation of transgenic lines of overexpression in Arabidopsis

Athaliana transformants as well as their progenies were sdlected with 0.1% Basta once a
week in the fird two weeks after germination. Transgenic plants were grown in a greenhouse
at 18-25°C with additiond light during winter in long day condition (LD, 16 hr light/8 hr
dark). Plants were grown in 10 cm plagic trays filled with ready-to-use commercid,
prefertilized soil mixture (Type ED73, Werkverband EV).

2.16.4 Generation of transgenic lines of the socl mutant

Microcentrifuge tubes containing 100-150 seeds per line were placed insde a dessicator jar,
containing 100 ml bleach in a besker. Immediatdly after addition of 3 ml of concentrated
HCl, the jar was seded to fumigate seeds overnight in a Sterile laminar flow hood. The
serilized seeds were plated on MS/0.8% tissue culture Agar plates with 50 pg/ml kanamycin;
the plates were kept in the dark at 4°C for 2 days and then moved to continuous light (50-100
LE m%sec?) for 7-10 days, and the putative transgenic plants were transferred to soil and

grown for further analyses.
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Chapter 3 RESULTS

3.1 Isolation and structural characterization of new MADS-box
genesin Antirrhinum

DEFICIENS, one of the four founding members of the MADS-box gene family, was isolated
from Antirrhinum by differentid screening of a ¢cDNA library with a single srand probe
obtained by subtracting wild type cDNA with def mutant mRNA (Sommer et d., 1990).
Subsequently, about 24 members of the family have been identified in Antirrhinum by
screening of cDNA libraries a low dringency with probes containing a mixture of previoudy
isolated family members as a probe or by detecting them as partners interacting with known
MADS-box proteins in yeast two-hybrid screens (Huijser et al., 1992; Trobner etal., 1992
Zachgo et d., 1997; Davies et d., 1996). The number of MADS-box genes in the genome,
however, appears to be much larger, as indicated by the over 80 entries for Arabidopsis in the
database (http://www.ebi.acuk/interpro/). The man god of this theds therefore was to get
hold of a large collection of Antirrhinum MADS-box family and to sudy the function of some
of them during development.

3.1.1 Screening of a genomic library

Screening for new MADS-box genes in cDNA libraries has some disadvantages. One of these
is that cDNA libraries are biased by the highly variable aundance of different mMRNAS
leading to failure of detection of transcripts expressed at a very low bvel; another is that very
likey not al tissues and developmental stages are represented in the mRNA population used
to congruct the cDNA library. Screening of a genomic library is more promisng because al
genes are present & an equal ratio. Therefore, a genomic library in phage | EMBL4 was
probed a low dringency with a mixture of cDNA fragments of 15 different MADS-box
family members (see 2.11.2.1). Two rounds of hybridizations were carried out with the same
st of nitrocdlulose filters In the firgt round of screening hybridisation was underteken a low
gringency (50°C) to obtain related MADS genes; the second round of screening used more
gringent conditions (68°C) to exclude dready known genes. Sixty recombinant lambda
phages assumed to contan new MADS-box gene sequences were obtained containing

gpproximately 12 kb to 23 kb long genomic DNA inserts.

The 180 bp long region containing the MADS box is difficult to identify within a 12 to 23 kb
long phage insart. To circumvent this problem the phage inserts were isolated, pooled and
digeted with the frequently cutting redricion enzyme Rsd to obtan reativey short
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fragments. The resulting fragment mixture was cloned into the insartion vector | NM1149,
and this ‘Rsal sub-library’ was screened agan a low dringency usng the mixture of 15
known MADS-box sequences as a probe. Fifty five recombinant phages assumed to cary the
MADS-box within their Rsal insert were identified.

The dze of the MADS-box-containing phage inserts served as the criterium to disinguish
between MADS sequences derived from different genes and to group identical clones. Twelve
groups with one to 17 members were identified this way, and one member of each group was
sequenced. The twelve sequences were compared to the DNA sequences of the known
Antirrhinum MADS-box genes to determine whether they represented new genes. Five of the
groups contained dready known MADS-box genes, four groups contained sequences that
were not related to the MADS-box, and the remaining three groups represented novel MADS-
box genes, named DEFH7, DEFH17 and DEFH20, according to the isolation number of the
sequenced phages.
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Figure 3-1. Amino acid sequence alignment of the 60 N-terminal amino acids encoding the M ADS-box
from Antirrhinum MADS-box factor s. The names of the newly isolated MADS-box family membersarein

boxes. Dark and light shading indicates identical and conserved amino acids, respectively.

The entire MADS-box is encoded by one exon and so the genomic MADS-box sequence can
eadly be trandaed into the protein sequence. The open reading frames of the new MADS-
box genes are shown in Fig.3-1, together with the closest related known Antirrhinum MADS-
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box amino acid sequences. This compilation reveds the high degree of sequence similarity at
the amino acid levd, characteristic for the MADS-box in generd, and deviations between the
compiled sequences, characterigtic for individua proteins.

3.1.2 Isolation of full-size cODNAs of the new MADS genes

The genomic sequences represented only a short segment of the DEFH7 and DEFH68 genes
due to the drategy applied to isolate the new MADS-box genes. To get more segquence
information on the corresponding transcripts, a cDNA library derived from tota plant mRNA
has been screened with the Rsal fragments as probes, dong with a probe containing DEFHG68,
previoudy identified as a patid cDNA in a screen for ternary factors interacting with the
DEF/GLO heterodimer (Egea- Cortines, unpublished data).

Sx plaques hybridisng to the DEFH7 probe and twelve hybridisng to DEFH68 were
obtained from 3x 10° plagues plated. The longest cDNA insert identified for DEFH7 was 795
bp long with an open reading frame of 206 amino acids, while the putative DEFH68 protein
was 284 amino acids long as derived from the longest DEFH68 cDNA which contained 1022
bp (Figures 32A and 2B). No positive clones could be identified for DEFH17 and DEFH20,
indicating either that the respective genomic sequences encode untranscribed pseudogenes or
that transcripts of these genes were not present in the library. DEFH17 and DEFH20 were not
further characterized in this thess.

A

ATGCCGAAGAGGT AAAGT AGAGT TGAAGAGAAT TGAGAAT CCGACAAACAGACAAGT GACGT TTTCAAAGAGAAGAAAT GECTTGCTAAAG 90
L K

AAAGCTTTTGAACTGTCTGTACT T TGTGATGCTGAGGT TGCTGT TCTTATCTTCTCTOCT TCAGGAAAGGCATATCAGTATGCAAGTCAT 180
KAFELSVLCDAEVAVLI FSPSGKAYOQYASH

GACACGCATAGGACAATTGCAAGGTATAAAAGT GAAGT TGGAAT AACCAAACCAGGT GACCAGEECATCACATOCATGGAGGT TTGEAGA 270
DTHRTI ARYKSEVGI TKWPSGDAOQGI TS MEVWR

AATGAAATTGAAGACT TAAAAAGAACT GT TGAT GOCCT GGAAGCAAGAGATATGCATTTTGCTGGAGAAAACT TATCAGGATTAGGCATG 360
N EI E DL KRTVDALEARUDMHEFAGENLSGL GWM

AAAGACCT TAAACAGT TAGAACGGCAGATAAGAAT TGEEGT GGAACGT AT TCGCT CTAAAAAGAGGCGT ATCATCGCAGAACACATGACT 450
K DL KQLEWROQI RI GV ERI RSKIKRRI I A EHMT

TATCTGAAGAAACGGCATAAAGACCTACAAGAAGAGAACAACAAT CTCCAAAAGAGAGT CAAGCTACATGAAGT TCAAGAGGECCAACACA 540
Y L K K RHKWDULQEIENNNILIOQKRYVIKILHEVQEANT

AGCTGCTCAATCATTTATGACT CAGATGGAACCAGGGTATTCCCAGGGT TTTCTTGGACCTGT TTCAAGGACAACCATTAA 621
s ¢cs1I1 I vy bsDbDGTWRVFPGEFSWTCZFKDNMH *

B

ATGGTGAGAGGAAAGACT CAGAT GAGGCGTATAGAAAACGCGACAAGCAGACAAGT GACCTTCTCTAAAAGGAGGAATGGTCTTCTTAAA 90
MV RGKTOQMRRI ENATSRQVTFSKRRNGLLEK

AAAGCTTTTGAGCTTTCAGI TCTTTGT GATGCTGAGGT TTCTCTCATTATAT T TGCACCCAGAGECAAGCTCTATGAATTTGCAAGT TCA 180
E F A S S
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AGCATGCAGGACACTATAGAGCGATACCAAT GT CACACTAAAGAACT TCAAGOCGAATAATCOBCCTGCTGAACATAATATACAGCACGTA 270
S MQDTI ERYQCHTI KIELQANNWPWPAEWUHNI QHV

AGGCACGAAGCAGCTAGT TTGATGAAAAAGATAGAGCAACT TGAGACT TCAAAACGGAAGT TACT TGEEGAAGGT CTGEGAACATGCACC 360
R HEAASL MK KI EQLETSKRKILILGESGLGTOCT

TTTGAAGAACT GCAGCAGT TAGAACAACAGT TGGAACGCAGT GTCGCTACCAT TOGT GCAAGAAAGACGCAAAT GTTCAAGCAGCAGATT 450
F EEL QQLTEG QQQLTERSVYVYATI RARIEKTG QQMEF KO QO Q]I

GAACAATTGAAAGAAAAGGGAAAAT COCT AGCT GCT GAAAAT GCCAT GCT CCAT CAGAAGAT TGGAGT GGAACAGCAACAAGTACCAGCA 540
E QL KEJZKTGI KT STLAAENAMMLUHOIKTI GV EO QOQGOQVZPA

TTGAACTTACAGAAAGCGGT TATGGGT TCCTCGGAGAT TAGT GAAGT TTCGGAT GT GGAGACTGAATTGI TCATTGGACTQAOGTGAAACC 630
L NL QK AV MGS S EI §SEV SDVETEWLUFI GL RET

AGGGCTAAGCGT CCACTCCAGCAA 654
R AKR RPLOQROQ

Figure 3-2. cDNA sequence and deduced amino acid sequence of DEFH7 (A) and DEFH68 (B). The
MADS-box isin the shaded boxes and K-box is underlined.

3.1.3 Structure and copy number of the DEFH7 and DEFHG68 genes

The copy number of DEFH7 and DEFHG68 in the Antirrhinum genome was determined by
Southern blot experiments. A single hybridisng band could be detected under dringent
hybridization conditions, irrespective of the enzymes used to digest the genomic DNA (Figure
3-3). It appears, therefore, that both DEFH7 and DEFH68 are single copy genes.

DEFH7 DEFH68
§\f > f Sa &g 5§
S .
SEF ELLE @’\‘é”@i RS
— 180 kb
— 120 kb —12.0kb
— 11.0kb
— — 9.5kb
- — 61kb
E — 5.0kb
— 2.95kb - — 32kb
— 2.7kb

Figure 33. Copy number of the DEFH7 and DEFH68 genes. Southern blots shown in the figure were
prepared from 4 ug of A. majus genomic DNA digested with the restriction enzymes indicated above the lanes.

For hybridisation at high stringecy radioactively labelled gene-specific cDNA fragments were used as probes.
The size of the fragmentsisindicated at the right.

To ducidate the structure of the DEFH7 and DEFH68 genes, a genomic library was screened
with the C-termina part of the respective cDNAs as a specific probe. Five postive clones
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were identified for each gene. To obtain the shortest possible region that contains the entire
coding region of the genes the phage insarts were amplified by PCR usng primers derived
from the 5 and the 3 ends of the longest corresponding cDNA squences.The DEFH7 gene
could essly be amplified and subsequently sequenced this way. Unfortunately, however, the
DEFHG68 gene could not be amplified.

This analyss reveded that the sructurd pat of the DEFH7 gene is 1624 bp long. In spite of
its unusLally smdl sze in comparison to other MADS-box genes, the DEFH7 gene conssts
of 8 exons segparated by 7 introns (Figure 3-4), dmilar to the exon/intron dtructure
characerigic for many MADS-box genes (Ma et a., 1991; Huijser et a., 1992). Furthermore,
like in many other MADS-box genes, the fifth and sxth exon of DEFH7 encode 42 amino
acids each (Huijser et d., 1992). Interestingly, the firgt intron of DEFH7 is much smdler than
that of other MADS-box genes, for instance, that of SQUA (Fig. 34). It is not clear whether
this sze and dructure is characteristic for genes related to DEFH7, because no data are
available for its most closdly related homologue, TM8, from tomato (see next chapter).

MADSbox 1- regIOﬂ K-box Cteminus

]

N

E1l EZ2E3E4ESEGE7ES
1kb
—

Figure 34. Comparison of the exon-intron structure of the DEFH7 and SQUA genes. Exons are humbered
and presented in boxes, connected by horizontal lines representing introns. The colors indicate different regions
of the MADS-box genes shown above the structure and white boxes represent the untranslated regions. Open
boxes in the DEFH7 gene indicate that no information is available about the start and the end of transcription.
Horizontal lines connect conserved positions between the two MADS-box genes.
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3.2 Phylogenetic relationships

Phylogenetic recongtruction of MADS-box genes reveded that this multigene family consds
of severd digtinct subfamilies or clades (Purugganan et d., 1995; Theissen et d., 1996). In
many cases, subfamily members share Smilar expresson patens and redaed functions
(Theissen et d., 1996). Therefore, phylogenetic anayss might give a first hint towards the
function of the new MADS-box genes and indicate their evolutionary relaion to other MADS-

box genes.

To deermine ther rdaion to MADS-box factors annotated in the database
(http:/mww.nchi.nim.nih.gov/), a phylogenetic tree was congtructed with DEFH7 and
DEFH6E8. The phylogenetic tree shown in Figure 35A was based on the first 170 amino acids

of the proteins which comprises the M, | and K domains of the MADS proteins. The least
conserved C-termina region was excluded from the andyses (see 1.1.1.3), because the C
doman is too divergent to be rdiably digned between members of different subfamilies
(TheiBen et al., 1996).

According to these andyses, DEFH7 conditutes a new subfamily with TM8, a MADS-box
gene isolated from tomato, which is expressed in the inner three whorls of the tomato flower
(Pnudi et d., 1991). The grouping of these two genes is supported by a bootstrap of 100%,
which means a drong reiability for the correctness of cdculation of this grouping. The amino
acid segquences of the two proteins share 64% identity over the entire sequence (Figure 3-6A).
Interestingly, no close homologue of DEFH7 gppears to exist in Arabidopsis.

DEFH68 bedongs to the TM3 subfamily, which contans severd members derived from
different species. In order to define the exact rdationship among TM3 subfamily members and
DEFHG68, an additiond tree was constructed with DEFH68 and the TM3-related MADS-box
proteins from angiosperms and gymnosperms. This andyss, dso based on the firg 170
amino acids of the proteins, reveded that DEFHG8 is highly homologous to the Antirrhinum
DEFH24 protein (Figure 3-5B). Ther closest orthologue in Arabidopsis is SOC1, a flowering
time gene (Lee & d., 2000). Amino acid sequence comparison showed 82% identity between
DEFH68 and DEFH24, and 67% identity between DEFH68 and SOC1 (Figure 3-6B). AlImost
dl TM3 family members are ubiquitoudy expressed in vegetaive and reproductive tissues of
the plant (Theien et al., 1996), and so it can be speculated that DEFH68 and DEFH24 might

a0 have Samilar expression patterns and functions.

41



NVHCS (Viedicagp saia)
-: AGLL7(Aratidopsis tal ane)

Chapter 3 RESULTS
A
PiIVADS2(Pinusradata) 3
ZAG3 (Zea mays) AGL6
AGL6(Arabidopsstheliana)
AGL13 (Awbi dopsis thelana) p
ZMWB Zeanays) h
73 OM(x Aranda deborah) AGL2
_:GQ(quﬂstMiem) p
00 SBVADS2(Sorghumbicolor) A
SQUA (Antirhi numigj us) SQUA
g I )
100 ) TM8(Lyoopers on esculertur) ] TM8
68 | I D-H7 (A rhinum najus)
- GGVB (Gretumgnenen) h
ZMV1(Zea ma)
AG (At dopss thaliana)) Ae
-: PLE(Atirrhnummaius) /
FLC (Arahidops sthaliane)
= GEML (Gretumgnemon) \
61 AGLI4 (Arabiciopsis thei ane)
75 100 TCBVADSL (Nicatiana tbacum) T™M3
100 _L TVB (Lyaopersicon esadentum)
ﬁ: DEFH6S (Antirrhinum naius)
DER-R4 (Anirrhinum najus) /
9 GGML3 (Greum gnenon) )
MM (Zeamays) J o
DAL13 (Picenahies)
100 P! (Arahidopsis hel iana) h
GLO(Artinhinum mejus) GLO
_: PMADS2(Peturia hybrids)
GQ\R (Gretumgreman)
B 100 AR (Arabidopsis teliarg) 3
CEF (Atirrhinummajus) DEF
_:wom@mnambma) )
AGL12(Arabidopsisthaliana)
- 1 00 STMADSLL (Sl anumiberosum) N
_:Jor\nuz$ (Lycopersicon escuientum) STMADS11
STVADSI6 (Sdlanum wiberosum) )
AGLI5 (Arabidopss thelana))
” s DEFH125 (Artinthinum IejLs) h
AGL17

42



Chapter 3 RESULTS

B

100 SQUA @ntirrhirummajus)

FIRVADS3(Qyzasdiva)

ORYSATOOb Oryz stiva) monocot

ZMM5 (Zeameays)
|ZmVIADSL(Zaa mays y

ETL Ewcalyptis gldus)

78
AGLI4 (Arabidopsisthdiana)

97
e AGL19(Aabidqpsis thdiara)

AGLA2 (A ebidgsis thdiare)

e TOBVADS1 (N 0ff anatalacum) dicot

TM3(Lycgoerscon esadlentum)

454 PIMBRAMOL (A mpinelabrachycarpa)

45
V-
100 | 1100

| CER-24 (Anirhirummais) |

SAMADSA (Sinaps dtm)
[ [SCCi{Aabdpssthdians)] /

PRVIADSS (Pinus rediai)

99 PRMADS9 (Finus radata)

DAIL3 (Picea dies)

- PRMADS 4 (Finus radata) gymnosperm

FRVADSB(R rusradieta)

I GSM3(Gnetum eg

I GGML (Gne um gnenon) /

Figure 3-5. Phylogenetic trees with the newly isolated Antirrhinum MADS-box genes DEFH7 and
DEFH68. Genus names of species are indicated in parentheses after the name of each. The numbers next to some
nodes represent bootstrap percentage, which are shown only for relevant nodes and those defining subfamilies
(TheiRen and Seedler, 1995; TheiBen et al., 1996). (A) Relationship between angiosperm MADS-domain
proteins. DEFH7 and DEFHE8 are high-lighted by black boxes. Subfamilies are labelled with brackets at the
right of the tree. The calculation is based on amino acid sequences of the MIK regions. (B) Relationship between
DEFH68 and the TM3 subfamily. DEFH68 is shown in a black box. DEFH24 from A. majus and SOC1 from
Arabidopsis, two MADS-box factors closely related to DEFH68 are high-lighted in open boxes. Brackets
represent different plant groups indicated at the right. The calculation is based on the MIK protein sequence of
the proteins using SQUA as an outgroup.
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DEFH7 1 P 30
Tm8 1 Q 30
(iiEsese .
Tm8 31 Y | L L HF 60
DEFH7 61 TH A S I T P G I TS 90
Tm8 61 I E L N L S N S P R[A 90
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Tm8 121 ER L \ T 4 §
DEFH7 151 Y L K K R D Q NN H E T 180
Tm8 142 - - - - - | H I |H Q Y G G 166
DEFH7 181 SSI YDSDGTRVFPGFSWTCFKDNH 206
Tms 167 F|s|I Qll]jqQ G 173

Figure 3-6. Comparisons between the predicted amino acid sequences of DEFH7 and TM8 (A) and
between the predicted amino acid sequences of DEFH68 and its most closdly related protein DEFH24 in A.
majus and SOCL1 in Arabidopsis (B). Dark and light shading indicates identical and conserved amino acids,

respectively.




Chapter 3 RESULTS

3.3 Expression studieswith the two new Antirrhinum MADS-box
genes

The expresson patterns of DEFH7 and DEFH68 in different organs of wild-type Antirrhinum
were invesigated by three different techniques. Northern blot analyss was used to edtimate
the levdl of DEFH7 and DEFHG68 transcription in poly(A)" RNA samples and, subsequently,
low leve of transcription was confirmed by RT-PCR which is more sendtive to detect smdll
amounts of transcripts. In addition, in situ hybridization using sense and antisense probes was
used to reved the spatial and tempord expresson pattern of the two genes in different organs
and at different stages of development.

3.3.1 Expression analysis by Northern blot hybridisation

Northern blot andyss reveded that the DEFH7 transcript accumulates in bracts and in
inflorescences, whereby the sgnd in inflorescences is mogt likely coming from the bracts. No
sgna could be detected in other tissues tested (Figure 3-7). It is, therefore, likely that the
DEFH7 geneisexclusvely expressed in bracts.

\&ééf;&é&&@fc&

DEFHG8 - —1.17kb

DEFH7 S —0.94kb

AcTN | ol

Figure 37. Expression of DEFH7 and DEFHG68 in Antirrhinum majus. Each lane in the Northern-blots

contains 2 ug poly(A)" RNA extracted from different tissues of wild type 165E plants. The filters were
subsequently hybridized using the 3' end fragments of cDEFH7 (467 bp) and cDEFH68 (270 bp) as probes, as
indicated at the left. An actin cDNA probe served as a control for equal loading of RNA samples.

Transcription of DEFH68 was mainly detected in leaves and weskly in bracts, buds and
inflorescences (Figure 3-7). A wesk hybridisation sgnd is visble in samens that could not
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be confirmed by the more sendtive RT-PCR method (see 3.3.2). Mogt likdly, this sgnd can
be attributed to cross-hybridisation with DEFH24 (see 3.2), a closely related gene that is
strongly expressed in stlamens (see 3.3.2).

3.3.2 Expression analysisby RT-PCR

Rare transcripts can escagpe detection by Northern blot andyses but can be identified by RT-
PCR. For this purpose, fifty microgram of total RNA extracted from the same samples as used
for the Northern blot analyss, and from roots and seedlings, was digested with DNasdl to
avoid genomic DNA contamination. The RNA was then reverse transcribed, and the resulting
fird srand cDNA sarved as templae for PCR andyses with gene-specific primers. The
primers were designed to span introns in order to detect contamination by genomic DNA. To
enhance sengtivity, RT-PCR was peformed in the presence of radioactively labelled dCTP
(see 2.8). Amplification of the actin cDNA in the linear phase a low cycle number served as
an internd control to quantitate the PCR reections. As shown in Fg. 3-8, dl samples
contained nearly equa amounts of template and no genomic DNA was amplified during RT-
PCR, confirming the purity of the RNA samples.

o &
SFE §§§§§§5@&
DEFH7 . —288bp
DEFH6S il = = =242 bp

DEFH24 ‘i  ~ @ —2030p

ACTIN o e o o o o @0 80 & —G10bp

Figure 3-8. Analysis of DEFH7, DEFH68 and DEFH24 expression in various Antirrhinum tissues by RT-
PCR. 5 ng of first strand cDNA synthesized from total RNA was used for PCR amplification with gene-specific
primers (indicated at the left) in the presence of P2 dCTP. To control the quantity of the cDNA templates used
for PCR actin was amplified at sixteen cycles. The origin of the mRNA is shown above the lanes and the sizes of
the PCR fragments are indicated at the right.
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In contrast to the single DEFH7 transcript detected by Northern andlyss, two bands were
produced by RT-PCR (Figure 3-8). There are two possbilities: the larger and more intensve
band most likely corresponds to the correctly spliced transcript, the smaler and wesker band
possibly corresponds to transcripts produced by differentia  splicing.  Inspection of the
genomic sequence reveded a possible cryptic ‘acceptor gte’ in the fourth exon, which, when
used in the mRNA processing, would generate a mRNA 14 bases shorter than the normal one.

DEFH7 expresson detected by RT-PCR is redricted to the bracts (Figure 3-8), as aready
observed by Northern blot andyss (Figure 3-7). Roots and seedlings, not investigated by
Northern blot andyss, are dso devoid of transcription detectable by RT-PCR. Bracts from
different pogtions within the inflorescence and the youngest leaf beneath the firg flower were
harvested and examined by RT-PCR to learn about the transcriptional regulation of DEFH7
expression during bract development (Figure 3-9). DEFH7 is expressed in the youngest bracts

tested (that is, the smallest bract shown in Fig. 3-9) and expresson gradudly decreases in
older and larger bracts. No expresson could be detected in the youngest leaves below the
inflorescence and in old bracts. Taken together, the results obtained by expresson sudies
indicate a possible role for DEFH7 during bract development. Identification of DEFH7 as the
first bract-gpecific gene in Antirrhinum opens the posshility to study specification of these
organs during development in the future.

y & § &8
@) @)
§ELE LS
DEEH7 W W W W —288Dbp

ACTIN S = s W= W -c610bp

Figure 39. Analysis of DEFH7 expression in leaves and bracts by RT-PCR. Bracts of different sizes and the
youngest leaf beneath the inflorescence from Antirrhinum wild type Sippe 50 plants were collected for total
RNA isolation. The length of the leaf is 2.7-3.0 cm, and bracts 1 to 5 are 1.9-21 cm, 1.5-1.7 cm, 1.1-1.3 cm, 0.7-
0.9 cm and = 0.5 cm long, respectively. cDNAs were synthesized from these samples for PCR amplification
using gene-specific primers as described in the legend to Figure 3-8. The origin of the mRNA is shown above
the lanes and the sizes of the PCR fragments are at the right. All other experimental details and symbols are the
same as described in the legend to Figure 3-8.
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RT-PCR andyss reveded a drong signd for DEFH68 in leaves and roots, while a wesker
ggnd could be seen in seedlings, inflorescences and bracts (Figure 3-8). Phylogenetic
ananlyss indicated that DEFHE8 bdongs to the same subfamily as DEFH24, suggesting that
the two genes possbly share amilarity of expresson paiterns. RT-PCR analyses with primers
designed to amplify DEFH24 were performed, using the same RNA samples as above, to test
this assumption. Indeed, smilar to DEFH68, DEFH24 is expressed in dl vegetdive organs,
most strongly in roots. In contrast to DEFH68, however, DEFH24 is dso expressed in dl
flord organs except for sepas. Within flord organs srongest expresson was detected in
gtamens (Figure 3-8).

3.3.3 Expression analysis by in situ hybridization

The gpatid pattern of DEFH7 expresson was further investigated by in situ hybridisation
usng longitudind sections of young inflorescences. Unfortunately, no hybridization sgnd
could be detected in developing bracts. The reason of the falure is not clear and seems likely
to be related to technica problems rather than to a low level of gene expresson. The Northern
blot andyss (Figure 3-7) reveded a farly high levd of DEFH7 expresson in bracts that
should be detectablein in situ.
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Figure 3-10. Localization of DEFH68 mRNA by in situ hybridization in wildtype Antirrhinum plants.
Serial cross sections of shoot apices were hybridized with the digoxigenin labelled sense (B and D) and antisense
(A and C) DEFH68 RNA probes. Pink to violet stained areas indicate the presence of transcript in the cells.
Notice that the stain within the tip of the leaves detectabl e by the sense probe is due to the presence of glandular
cells that frequently hybridise to single stranded probes (P. Huijser, personal comunication). Antisense DEF
RNA probe was used in E as positive control for the whole procedure. All panels are at the same magnification.
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Based on Northern blot and RT-PCR analyses, DEFHG68 is srongly expressed in leaves. To
determine its Ste of expresson in more detall, cross sections of shoot apices containing leaves
a dfferent devdopmentad dages were hybridized with digoxigenin-labelled sense and
antisense RNA probes. Strongly and uniformly distributed DEFHG68 expresson could be
detected in young organs (Figure 3-10A) that gradualy decreased in older leaves dong the
shoot (Figure 3-10C).

3.4 Yeast two-hybrid screens to identify partners interacting with
DEFH7 and DEFH68

Previous dudies demondrated that MADS-box proteins form specific homo- and/or
heterodimers, providing the molecular bass for controlling of a vaiety of deveopmentd
processes (see 1.4). Detection of interaction of DEFH7 and DEFH68 with a MADS-box
patner whose function is known could thus give a hint for ther function and/or can help to
isolate additiond, previoudy unidentified MADS-box proteins.

The two-hybrid system provides an assay for detecting protein-protein interactions in yeast
and aso to screen for unknown interactors (Tucker et a., 2001). The system is based on the
observation that transcription factors consst of two separable domains, responsible for DNA
binding and transcriptiond activation. Two different vectors, one carrying the DNA-binding
domain (the bait) and the other carrying the activation domain the prey) are used to generate
fusons of the separated domains to genes encoding proteins that potentidly interact with each
other. If the two chimeric protens interact, a functiond transcription factor will be
recongtituted and activate transcription of a reporter gene (Tucker et a., 2001). To study the
network of possble interactions and, potentidly, to isolate additiond MADS-box protens,
yeast library screens were carried out with an Antirrhinum cDNA library as the prey and with
DEFH7 and DEFH68 as baits.

3.4.1 Detection of partnersinteractingwith DEFH7 and DEFHG68 by a yeast
two-hybrid library screen

The yeast strain Y190 carrying plasmid BD/DEFH7 or plasmid BD/DEFHG8 (see 2.14.1) was
transformed with a cDNA expresson library cloned into the pGAD424 vector (Davies et d.,
1996), and a total of 12.0 x 10° and 6 x 10° recombinant cells, respectively, were plated onto
His-sdective media. This initial screen identified 436 candidate colonies for DEFH7 and 631

for DEFHG8.
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The candidates were then tsted for activation of a second reporter gene encoding the enzyme
b-gdactosdase (LacZ) dso driven by the Ga4 promoter (see 2.14.31). In the case of
BD/DEFH7 163 colonies out of the 436 originad candidates were able to activate both reporter
genes, while 70 out of 631 candidates could be vaidated by this test for DEFHE8 (Figure 3
11 and Table 3-1).

Figure 311. b-galactosidase p-gal) assays for interactions with DEFH68 (at the left) and DEFH7 (at the
right) detected in a yeast two hybrid library screen. The positive colonies in the first round of screen in yeast
were tested twice (-1, -2). Blue color shows interactions between a bait and the prey whose colony number after
selection on His- isindicated on thefilter.

Table 3-1. Resaults of the two-hybrid screen with DEFH7 and DEFH6E8

Bait Trandormants screened  His  * colonies picked LacZ * colonies
Y 190 (BD/DEFH?7) 12.0 x 108 436 163
Y 190 (BD/DEFH68) 6.0 x 106 631 70

The candidates were grouped by homology of their inserts determined by cross-hybridisation
between them and the longest insart of each group was sequenced. The two largest groups
(with 48 members in the case of DEFH68 and with 70 members in the case of DEFH7)
corresponded to DEFH70, one of the previoudy identified but not characterized Antirrhinum
MADS-box proteins (Nacken, 1990). All other groups were much smdler and none of them
reveded clear homology to known proteins. Some of these groups represented interactors for
both baits. The interactions with these potentid partners remain to be andysed in the future.
The properties of DEFH70, as a MADS-box protein and partner of both DEFH7 and
DEFH68, however, have been studied further (see 3.4.3).




Chapter 3 RESULTS

3.4.2 Interactions of DEFH7 and DEFH68 with known MADS-box proteins

In addition to the library screening described above, possible protein interactions between
DEFH7 and DEFH68 with other known MADS-box family members in Antirrhinum have
been tested. One new MADS-box protein was included n this andyss, AMM1, a member of
the MADS-box family that is strongly expressed in leaves and weskly in bracts (Kim J. H.,
unpublished data).

In most of the ingtances no interactions could be detected, except for the interaction of
DEFH7 with SQUA (Table 3-2). Interestingly, DEFH24, a close reative of DEFHE8, shares
the same st of interacting partner with DEFHG8.

Table 3-2.  Testing for interaction between known MADS factors
DEFH7 DEFH68 DEFH70 DEFH24
DEFH7 - - + _
DEFH68 - +
DEFH70 + + +
DEFH24 - +
PLE - - + ;
+
+
+

SQUA +
DEFH200 -
DEFH84 -
DEFH72 - - nt nt
DEF - - - -
GLO - - - -
AMM1 - - + -

nt = not tested

3.4.3 Characterisation of DEFH70

As reveded by the yeast library screen, DEFH70 is a dimerisation partner of both DEFH7 and
DEFH68 (see 34.1). In fact, andyds of interactions between known MADS-box proteins
reveded that DEFH70 interacts with many of the tested MADS-box proteins (Table 3-2).

A prerequiste for protein interactions in a biologica context is that the partners are expressed
in the same tissues. To test whether this is the case for DEFH70, RT-PCR analyss was
performed usng the same tissue samples as for the other RT-PCR experiments (see 3.3.2).
DEFH70 is expressed, as DEFH7 and DEFH68 are, in bracts (Figs. 37 and 3-8). In addition,
DEFH70, like the vegetatively expressed genes DEFH68, DEFH24 and AMM1 induded in
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the protein interaction experiment, is expressed in dl vegedive parts tested, manly in roots,
seedlings and young leaves. In flora organs transcript could be detected in stamens (Figure 3
12), the organ in which the flord B- and C-function genes are expressed together with
DEFH84 and DEFH200 (Davies, 1996). The overlgpping peatterns of expresson thus
indicates tha interactions between DEFH7, DEFH68 and the other MADS-box genes with
DEFH70 might occur dsoin vivo.
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Figure 312. RT-PCR analysis of DEFH70 expression in different Antirrhinum tissues. All experimental
details and symbols are the same as described in the legend to Figure 3-8.

A possble explanation for the broad range of DEFH70 interaction partners in vivo could be
that it provides an activation domain to protein complexes where the partners lack such a
domain. To test this assumption the ability of DEFH70 to activate transcription was studied in
yead. For this purpose it was cloned into the pGBT9 vector containing the Ga4 DNA binding
domain, and the resulting plasmid was trandormed into the yesst dran Y190. A b-
gaactosdase assay with this congtruct showed that, indeed, DEFH70 can activate
transcription of the reporter gene in the absence of the pGAD424 plamid which contains the
GAL4 activation domain.

The C-temind domain of some MADS-box proteins is assumed to contain the transcription
activation domain (see 1.1.1.3). To invedigate whether this is the case for DEFH70, two
truncated versons of DEFH70 were generated and fused to the GAL4 DNA binding domain.
One congruct contained only haf of the amino-termina part of the Gdomain (amino acid 1 to
205 of the proteins) and the other lacked the entire Gtermind region (amino acid 1 to 170).
Both truncated proteins failed to activate the yeast reporter genes (Table 33), suggesting that
the activation domain reddes within the C-termind domain. Interegtingly, only the truncated

52



Chapter 3 RESULTS

verson lacking hdf the C-terminus retained the capability to interact with DEFH7 and
DEFHG8 in the two-hybrid experiment. This might indicate that the firg hdf of the C-
terminus is important for protein-protein interactions between DEFH70 and other proteins.

Bait Prey| DEFH70 |DEFH70(DV/2C) DEFH70{DC) GLO Empty vector
DEFH7 + + - - -
DEFH68 + + = - =
DEFH70(D1/2C) + + = =
DEFH70(DC) + + - -
DEF nt nt nt + nt
D=deletion
nt = not tested

Table 3-3. Results of b-gal assay for the interaction of DEFH70 with DEFH7 and DEFHGE8. Different
truncated versions of the DEFH70 protein were used as preys. in D1/2C half of the C-domain was deleted and in
DC the deletion removed the entire C domain. The interaction shown between DEF and GLO is the positive
control.

3.5 Searching for mutants of DEFH7 and DEFHG68 by reverse
genetic screening

Expresson andyses with the DEFH7 gene suggest a possble role for this MADS-box
transcription factor during bract development. Isolation of a “loss of function” mutant with a
phenotype showing an dteration in bract development, or even the complete loss of the bract,

is an important step to prove this assumption.

Insertion of a trangposon into a gene often leads to the interruption of the coding sequence and
subsequently to the loss of the function of the encoded protein. Examples for such mutants are
the globosa and plena mutants, both of which are caused by transposon insertion (Trébner et
a., 1992; Bradley et d., 1993). A new draegy to identify loss of function mutants takes
advantage of the fact that the Antirrhinum genome contains severa active trangposons, named
Tam (Trangposon antirrhinum maus) elements (Carpenter et d., 1988, Sommer et d., 1988).
A population of plants carrying randomly integrated Tam dements in their genomes that can
serve to isolate insertion mutants of a gene of interest was established by the group of E. Coen
and R. Carpenter (John Innes Centre, Norwich). The srategy of a screen for mutants in this
population is as follows. Plants are screened by PCR to identify the particular insertion
mutant. For this purpose primers are used that are specific for the gene of interest in
combination with primers derived from the proximd or from the disa end of transposable
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dements. Amplification occurs only if a trangposon is inserted within the gene or within a
ghort distance upsiream or downstream of it (Figure 3-13). Since the population contains
approximately 30,000 plants, the screen is carried out with pools of plants in three steps to
minimize the effort of identification of insertion events in individuds In the firg screen PCR
products are amplified with a gene-specific and a Tam dement-specific primers on 66 pools of
DNA each contaning DNAs of approximatey 450 plants. After hybridization with a gene-
gpecific probe, postive pools can be confirmed in a second round of screening. The subpools
of 150 plants corresponding to a podgtive ‘450 plant pool’ are tested for the presence of the
insert. Each podtive ‘150 plant pool’ is then subdivided into ten smaler subpools containing
DNA deived from 15 plants which will be tested in the last round of screening. Seeds
collected from the pogtive pool containing 15 plants will be sown and the seedlings are
examined for the integration of a Tam dement into the gene of interest. Plants carrying the
insat are then sdfed to obtan homozygotes for the insartion which then can be sudied
further.
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Figure 313. Schematic diagram of the PCR-based identification of a transposon insertion into a gene of
interest. A, B, C and D indicate the position of gene specific primers at the 5’or 3' end of the gene . E and F are
primers derived from the end of a transposable element of Antirrhinum (Tam). A polymerase chain reaction
using primers A and E would lead to fragment 1, whereas the combination using the nested primer B together
with primer E would amplify the shorter fragment 2. A similar result would be expected to produce fragments 3
and 4 using the primer F at the other side of the tranposon in combination with primers D and C.

To identify mutant plants for the new MADS-box genes DEFH7 and DEFHG68, specific
oligonucletides derived from their 5 and 3 ends were designed (see 2.13.1). Transposon-

specific primers were generated for various Tam dements (see 7.2). Each of the gene-gpecific
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primers was combined with each of the trangposon specific primers and used for PCR
according to the strategy described above.

Figure 3-14 summarizes the results obtained searching for an integration event into the
DEFH7 genomic sequence. The combination of a DEFH7-specific primer with a primer
common for the left (conserved) end of the transposons Tam2, Tam4, Tamb, and Tam6
amplified fragments in pools No. 20, 38 and 59 which hybridized to a DEFH7-specific probe.
All three pools were identified with the same primer combination, thus the orientation of the
trangposable dement into DEFH7 in the putative mutant plants must be identicd: the left
border of the element will be orientated towards the 3' end of the gene.

In the next round of screening three subpools (A, B, C), corresponding to the positive pools of
the first round, have been analyzed for the presence of the PCR product obtained in the larger
pools. In al cases subpool A seemed to contain DNA derived from a plant carying the
trangposon insartion into the DEFH7 gene (Figure 3-14B). PCR using a nested primer for
DEFH7 led to the detection of the expected size reduction of the fragment for the subpools
20A and 59A (Figure 314B, dso see drategy in Fig. 313). In subpool 38A a very faint band
was observed with the nested primer, that could be amplified in other experiments (not
shown). Since the fragment Szes detected in the three subpools are different, it can be
concluded that the integration events are independent and that the putative mutant plants
contain trangposon integrations a  different podtions of the DEFH7 gene. This is dear in
Figure 14C, where the last step of the screening drategy of DNA pools is summarized. Ten
subpools for each of the pogtive pools in Figure 315B ( No. 20A, 38A, and 59A) were tested
according to the dtrategy described before and always one out of ten pools gave a postive
hybridization result. The postive candidate pools No. Q374, W462, and W787 (Figure 3-
14C) have been confirmed by a second experiment. The dte of integration was tested by
determining the sze of the fragment amplified between the Tam primer and the DEFH7 3
primer in the potentid mutants in comparison to the 1730 bp long fragment, produced when
usng the 5 and 3 DEFH7 primers on wild-type control DNA. According to this estimate,
the integration leading to the fragment sze of 1.25 kb in pool Q374 and to 1.5 kb in pool
W426 must have occurred approximately a the podtion of the second intron of the gene,
whereas in pool W787 the fragment size of about 1000 bp indicates a location within the
fourth exon of the DEFH7 gene.
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Stimulated by the postive results obtained from screening the different DNA pools and the
posshility to identify three different mutant aldes for the DEFH7 gene, the progeny of the
plants in pools Q374, W426, and W787 was extensvely screened for individuas with the
corresponding integration event. More than 500 plants have been analyzed so far, but,
unfortunatdly, in no case could the expected mutant plant be identified.

A
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66 superpools
38 (450 plants/pool)
59
B
20 3 )
A AnB BnC CnA MB B1C CnA AnB Bn C On
-
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Figure 314. Identification of the Tam element insertion mutants for DEFH7. The flow chart at the right
shows steps of the PCR screening process from the initial analysis of superpools to identifying single mutant
plants.

(A) Dot blot with PCR products from 66 superpools of 450 plants each, hybridized with a labelled DEFH7
probe. Three positive pools 20, 38 and 59 indicating a Tam element insertion into the DEFH7 genomic sequence
have been identified.

(B) Southern blot with PCR products obtained from the three sub-pools (A, B, and C) of 150 plants each,
consistent with the corresponding 450 plant superpools. Each pool has been tested twice by using a DEFH7-
specific primer and a nested primer (n) in combination with the same Tam element-specific primer. Subpool A
turned out to be positive after hybridization to the DEFH7 probe.

(C) Southern blot with PCR products obtained after screening 10 subpools containing 15 plants each. Only the
positive subpools Q374, W462, and W787 derived from the 150 plant pools in (B) are shown here. The same
nested primer (n) as in (B) was used for PCR amplification. C=positive control amplified with DEFH7-specific
primer pairs.

The same screening drategy, using gene specific primers, was performed aso for DEFHG6S,
and putative insertions of a Tam trangposon could be identified (data not shown). However, as
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in the case of DEFH7, no mutant plant was obtained in the last sep of screening. A possible
resson for this falure is that the integration events occured somaticaly during growing the
plant materiad to generate the pools. While this is likdy for two of the pools containing
DEFH7 mutants, the third pool was prepared in a way that excludes detection of somatic
events to be identified in the last Sep of screen. Lethdity of the mutant can not explain the
absence of heterozygotes in the progeny, since heterozygotes were detected in the pools
prepared from the parental lines.

In spite of the negative result a the last step of the reverse genetic screen described above, an
addition mutant screen on DNA pools derived from a population of known Antirrhinum
mutants was performed. These mutants were collected during 1900 and 1960 and described by
Stubbe (Stubbe, 1966). The pools of DNA from about 400 mutants, kindly provided by
R.Carpenter and R. Coen (JC, Norwich), were generated in a way that each mutant is present
in a least two different pools, one pool encoded by a number and the other by a letter,
dlowing to identify a mutant in a sngle round of PCR/hybridisstion experiment. Postive
hybridization results due to integration of a trangposon in a gene of interest should therefore
aways occur in a ‘number’ pool and n a ‘letter’ pool, and the integration event in both pools
should result in the same fragment size produced by PCR.

The primer combination of a DEFH7-specific oligonucleotide corresponding to the 5 end of
the cDNA and the primer for the conserved end of the Tam dements 2, 4, 5, and 6, mentioned
before, was used for PCR with these pools. Three ‘number’ pools (13, 14 and 15) and three
‘letter’ pools (I, L and S) gave hybridizaton signas in southern blot andysis (Figure 315, see
next page). The fragments amplified in pool 13 and in pool L showed the same size of 0.8 kb
and the sze of both fragments decreased by the expected 176 bp when usng a nested
DEFH7-gpecific primer. According to the pooling drategy the result identified the mutant
impressa as carrying an integration event in the DEFH7 gene. Impressa mutants have smaler
and more round leaves than wild-type plants and are smaler and less green (Stubbe, 1966).
No phenotype related to bract morphology was described by Stubbe (1966) and could aso rot
be obsaved when growing impressa mutant plants under greenhouse conditions this
observation was further confirmed by PCR amplification of the DNA isolated from impressa
mutant plants where no integration in DEFH7 could be identified.

In the other four pogtive pools 14, 15, | and S the lengths of the fragments produced by
amplification usng the DEFH7/Tam primers was identicd and adso the reduction of fragment
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gze was dmilar when using the neted DEFH7 primer (Figure 3-15). Therefore, dl
letter/number combinations (141, 14S, 151 and 15S) were consdered as putative candidates,
corresponding to  Sppe2249, the mutant marmorea, the mutant combination mat hero lat elo
and Sppe ragusa, respectively. However, testing the DNA isolated from individuad plants
grown in our greenhouse from seeds obtained from the Gaterdeben stock centre by PCR failed
to confirm the integration event. Therefore, | conclude that the trangposon insertion in the
DNA pools was a recent event, which happened in the plants grown to establish the DNA
poals in Norwich. Unforturnately, no seeds from these plants were available, such that | could
not identify aknock out mutant of DEFH?7.

13 13n 14 14n 15 15n | n L Ln S o
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Figure 3-15. Reverse genetic screen using DNA pools from known Antirrhinum mutants. A southern blot is

shown with six candidate pools (13, 14, 15, I, L, S)) hybridising with a DEFH7 specific probe. Except for the
pooling strategy (see RESULTS 3.5) all experimental details were the same as described in the legend to Figure
3-15.

3.6 Expression of DEFH7 and DEFH®68 in transgenic Arabidopsis
and Antirrhinum plants

Ectopic expresson of genes frequently results in aberrant ‘gain of function’ phenotypes, that
ae informaive for the sudy of ther function. Alternatively, over-expresson of transgenes
with pronounced homology to endogenous sequences frequently results in co-suppression of
the endogenous gene and in the loss of its function. In the case of MADS-box proteins that
function as homo- or heterodimers, over-expresson in a heterologous system can, in addition,
reult in a dominant ‘loss of function’ mutation, due to formation of non-functiond protein
complexes between the heterologous and endogenous proteins, thereby depleting the cdls for
the functiond protein.

To get further information about the function of the DEFH7 and DEFH68 genes by
generating such mutants, condructs carrying the respective ¢cDNAS in sense orientation with

respect to the cauliflower mosaic virus (CaMV) 35S promoter were used to transform A.
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thaliana by vacuum irfiltration. For each congruct 20 independent bulks of lines were
obtained. In the T1 generation plants transgenic for DEFH7 or DEFH68 produced aerial
rosettes, a phenotype that is frequently observed when plants are grown under short day
conditions (Boyes et d., 2001). To observe heritable defects caused by the transgenes, plants
have to be grown under controlled conditions when analysing the T2 generation in the future.

Due to time redtrictions these studies could not be completed during thisthesis.

Agrobacterium-mediated transformation has adso been used to introduce sense and antisense
congructs carying the DEFH7 and DEFH68 cDNAs into Antirrhinum (see 2.15.1).
Generation of transgenic Antirrhinum plants is based on labour-intensve tissue culture steps.
Although severd transgenic cdli passed the different sdection media (Figure 3-16), no

transgenic plant could be rescued for the constructs.

Figure 3-16. Transformed Antirrhinum calli growing on H5 selection medium. The calli shown here are
representatives for the different constructs (35S::DEFH7as, 35S::DEFH7se, 35S;:DEFH68as and
35S::DEFH68se) used for transformation.

3.7 Complementation of the Arabidopsis mutant socl with
DEFH68 and DEFH24

According to the phylogenetic andyss based on the MIK region of MADS-box genes,
DEFH68 and/or DEFH24 from Antirrhinum are the putative orthologues of the Arabidopsis
SOC1 (AGL20) gene. SOC1 is involved in regulating flowering time and mutant plants flower
later than wild type. Often, orthologues have a smilar function in different species. Genetic
andyses have placed late-flowering mutants in a least three pardld genetic pathways based
on the effect of each mutation on the response to environmental conditions. SOC1 integrates
ggnds from dl three pahways, which are the photoperiod, the verndization, and the
autonomous floral induction pathways (Lee et d., 2000). To assess the function of DEFH68
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and DEFH24 in devdopment and to confirm whether they play a smilar role as SOC1 in
Arabidopsis, complementation experiments with socl mutant plants were carried out usng
the full-length DEFH68 and DEFH24 cDNAs under the control of the CaMV 35S promoter.
T1 plants are now growing in the greenhouse and in future generations it can be tested
whether DEFH68 and/or DEFH?24 can rescue the socl late-flowering phenotype.
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4.1 Isolation of new MADS-box transcription factors

4.1.1 Analysis of the strategy applied to isolate new M ADS-box factors

Compared to screening of a cDNA library and to yeast two-hybrid screens for new MADS-
box genes, a genomic libray screen should fadilitate isolation of al members of this family.
Neverthdess, only three new MADS-box genes were identified by this drategy, dthough the
tota number of known MADS-box genes in Antirrhinum should be much higher (see 3.1).
This result might reflect that the screening procedure was not as successful as expected. There
are severd possible reasons for this falure. Firgt of dl problems are very likely caused by the
hybridization step. Closdy related MADS-box genes share very high homology dong the
entire amino acid sequence, for ingtance, DEFH68 and DEFH24 share 82% identity which is
adso reflected by a 885% identity a the nuclectide level. Hybridization a low stringency to
obtain related gene sequences and, subsequently, at high stringency to exclude aready known
genes, might diminate genes like DEFH6E8, when DEFH24 isincluded in the probe.

Another problem may be related to the process of grouping candidates according to the size of
genomic Rsal insarts. In principle, the fragment sSizes obtained for different MADS-box genes
should differ, because a least one of the Rsal dtes is mos likely located within the more
divergent intron or leader sequences flanking the short exon with the MADS-box. In rare
cases, however, the MADS-box itsdf can contain two Rsal gStes, and redriction of genomic
sequences from two closdy related genes can possbly result in identicd fragment Sizes.
Alternatively, by chance, the Sze of the fragments derived from different genes might be very
amilar. In order to avoid such problems it would be necessary to sequence al members of a

group.

4.1.2 The newly isolated genesaretype Il MADS-box genes

All MADS-box transcription factors contain a conserved DNA-binding domain, the MADS-
box. Based on this definition, four new MADS-box transcription factors from Antirrhinum
were identified, desgnated DEFH7, DEFH17, DEFH20, and DEFH68. Recent studies on the
phylogenetic rdation between the mgor clades of plant MADS-box genes identified two types
of MADS-box factors in plants, type | and type Il (see 1.1), whose MADS-boxes contan
dightly different comserved amino acids. Most plant MADS-box factors belong to the well-
characterized type Il proteins, classfied by the conserved MIKC domain sructure. In contrast,
type | MADS-box factors generdly lack the K-domain and are poorly understood so far
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(AlvarezBuylla et a., 2000; Svensson et d., 2000). DEFH7 and DEFH68 both encode
proteins containing the type 1l MADS-box, followed by an I-region, a less conserved K-
domain, and a most divergent C-termina domain. Therefore, they are type II MADS-box
factors (see Fig. 3-2A and 2B). Full-length cDNAs are not avalable for DEFH17 and
DEFH20, but the presence of conserved amino acids in the MADS-box qudify them as type Il
MADS-box genes.

The falure to isolate cDNA clones for DEFH17 and DEFH20 can have severa reasons.
Possbly, the respective genes participate in transcriptiona control of processes in a specific
tissue that was not represented in the cDNA library used for the screening. Alternativey, it is
possble that the abundance of the transcript is low, for ingance if the genes are trangently
expressed or are expressed a a very low level. DEFH17 and DEFH20 could also be non
transcribed pseudogenes; recent genome projects discovered a high number of pseudogenes in
plant  (http://mips.gsf.de/proj/tha/db/tablestables gen framehtml) and human  (Internationa

Human Genome Sequencing Consortium, 2001) genomes.

4.1.3 DEFH7 reveals an unusual genomic organisation

Previous comparison of the genomic dructure of MADS-box factors showed tha in many
cases there is a lage intron immediately after the MADS-box region. For example, the firgt
intron of PFG from petunia is about 3.0kb (Immink et a., 1999), while that of SQUA from
Antirrhinum is about 4.0kb (Huijser et d., 1992). In contrast to many MADS-box factors
described till now, the firg intron of DEFH7 with only 165bp is quite smdl. Also the B-
function factor AP3 from Arabidopsis has a very short 101bp long first intron. Whether
different szes of the fird intron is reaed to the function of MADS-box proteins remans
unknown at present.

4.2 Expression analyses: hintsfor the function of the new MADS-
box genesin development

Gendtic and molecular udies of MADS-box factors has shown that the domain of their
expresson is largdy dmilar to the doman of ther function (Soltis et d., 2002), indicating that
MADS-box genes are bascdly regulated at the transcriptiond leve. If this is the common
feature of MADS-box factors, it raises the posshility that expresson domains reflect the
function of unknown MADS-box genes.
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4.2.1 A potential rolefor DEFH7 in bract development

Northern blot and RT-PCR andyses of DEFH7 with RNA extracted from different
Antirrhinum tissues showed that this gene is only expressed in bracts This indicates that
DEFH7 may play a role in bract initistion and/or development in Antirrhinum. In addition,
RT-PCR andyds of DEFH7 further showed differentid splicing. The rdevance of this is
currently unknown and has to be pursued in the future. One aspect for such studies would be
to determine whether there are differences in the ratio between the splicing variants in bracts at
different stages of development, indicative for a role of differentid splicing for the function of
DEFH7. One could then clone the variants to see whether both d them have a protein coding
capacity and, if yes, to compare their properties in an assay for protein-protein interactions, for
ingance, in ayeast two-hybrid assay.

Alternative splicing was dso observed in other MADS-box genes. For instance, tissue-spedific
dternativdy spliced ZEMa forms were present together with ubiquitoudy distributed
transcripts. Alternative splicing further increesed the posshbility for ZEMa proteins to form
variant heterodimers with other MADS-box proteins (Montag et d., 1995). Whether the
dternative solicing of DEFH7 generates different protein products having different functions
in wild type Antirrhinum remains unclear.

4.2.2 DEFH68 and DEFH?24 in vegetative development

Smilar MADS-box genes paticipate in Smilar deveopmental processes in different plant
goecies. For indance, the B function genes DEF and GLO gpecify petd and samen
devdopment in Antirrhinum (Sommer et a., 1990; Trobner et a., 1992), as do AP3 and Pl in
Arabidopsis, OSMADSA in rice and SL1 in maize. For DEFH68 and DEFH24, two
gructurdly relatled MADS-box genes (see 1.2.3.2), Northern blot and RT-PCR analyses
indicated that they share amilar expresson peatterns in vegetaive tissues and different patterns
in flord organs (Figure 3-8); in situ hybridization further showed that DEFH68 and DEFH24
both are strongly expressed in leaf primordia (Gottlich 1992), and that the intensity declined
gradudly for DEFH68 in older leaves. Decrease of expresson might be caused by decay of
MRNA or by a down-regulation of gene expresson in aging organs, perhaps driven by a
senescence program or by some other mechanisms.

4.3 Phylogenetic analysis of MADS-box genesin plants
4.3.1 DEFH7 and TM8 constitute a new subfamily of MADS-box genes
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Previous studies on the plant MADS-box gene family suggested that the Lycopersicon gene
TM8 represents an ‘orphan group’, meaning that orthologues had not been identified from
other angiosperm species (Purugganan et al., 1995; Theissen et d., 1996; Purugganan, 1998).
Phylogenetic recondruction for DEFH7 reveded that DEFH7 and TM8 conditute a new
subfamily, termed the TM8 subfamily, suggesting that the DEFH7 gene is a TM8 orthologue

from Antirrhinum.

For orthologues, the primary hypothess would be that they share Smilar expresson patterns
and functions (Theifen 2002). Surprisngly, however, the genes under discusson here have
quite different expresson patterns the DEFH7 gene is specificadly expressed in bracts, and the
transcripts of TM8 accumulate in the inner three flord organs, i.e. petals, samens and carpes
(Prudi et a., 1991). Previous dudies have shown that for mos MADS-box genes, the
expresson domain is coincident with the domain of function (Soltis et d., 2002). The clear
differences in the expresson patterns of DEFH7 and TM8 thus strongly suggest that these
genes play different biologicd roles in plant development. If so, in a least one of the lineages
that led to the extant genes a change in gene function must have occurred — an interesting

event for orthologues genes which deserves further studies.

Another large difference between these two putative orthologues is that the TM8 protein has
an unusudly short C-terminus containing only 20 amino acids. Whether this basc dructurd
difference might influence the molecular mode of TM8 action remans unknown. A molecular
andyss in Brassica oleracea var. botrytis has shown that the cauliflower phenotype is due to
a C-termind mutation, which is caused by a stop codon generated in exon five and resulting in
a 150 amino acid protein product instead of a wild type protein of 255 amino acids, this
indicates that the C doman is required for protein function despite its highest rate of
evolutionary change. The rapid evolution of the sequence outsde of the DNA-binding doman
of SRY, which is a mammdian sex determination gene, was adso obsarved to affect its
function; it may be associated with peciation (Whitfield et ., 1993).

Furthermore, the divergent and repidly evolved C domain is aso important to Sabilize the
formation of the ternary complex between the heterodimers of DEF-GLO and a homodimers
of SQUA-SQUA, indicating that the C doman is important for multiple protein interactions
(Egea-Cortines et d., 1999). Therefore, it might be interesting to investigate whether TM8 and
DEFH7, respectivdly, aso form ternary complexes with other factors, and how the
congdtituents interact with each other.
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Whether the basic dructure difference between DEFH7 and TMS8 is corrdated with
morphological evolution remains an open question. Recent work does indicate that sequence
changes, including loss of a C-termina domain, may indeed be associated with morphologica
vaiation (Omland, 1997; Gdant and Carroll, 2002, Ronshaugen et a., 2002). It will be
interesting to see, therefore, whether this dso holds for TM8-like genes.

In order to uncover the origin caudng different protein dructures and expresson peatterns
between DEFH7 and TM8 and the relationship between the morphologica change and
molecular varidion in DEFH7 and TM8 genes that regulate different developmentd
processes, it will be interesting to characterize orthologues from other species like the close
Antirrhinum reldive Linaria, test their protein structures and expression patterns as to whether
they are more closdy related to DEFH7 or TM8, and edimate the divergence time among
subfamily members. This andyds might dissect possble links between molecular and
morphologicad diversty, and further explan why there is no TM8 orthologue avalable in the
fully sequenced genome of Arabidopsis. Is this corresponding to the fact that Arabidopsis has
no bracts?

4.3.2 DEFH68 isa member of the TM 3 subfamily

TM3 subfamily members share smilar expresson patterns except for AGL14  from
Arabidopsis, and it has been specuated that they may dso share highly conserved functions
(Theissen et d., 1996). Another MADS-box gene from Antirrhinum, DEFH24, is dso a
member of this subfamily, and forms a monophyletic clade with DEFH68 with 100%
bootstrap support. Both proteins are identicd for 82% dong ther entire length. Such high
sequence Smilarity with the combination of the overlgpping expresson patterns (see results)
may indicate that they duplicated recently and have a redundant function; in addition,
DEFH24 is dso expressed in the flord organs petds, samens and carpels. This may indicate
that DEFH24 has additiond functionsin flower development.

Functiond redundancy is not unusud within the MADS-box gene family. SHP1 and SHP2
MADS-box genes in Arabidopsis share 87% identity a the protein levd and show amost
identical expresson peatterns in the Arabidopsis fruit. Neither Sngle mutant shows a detectable
phenotype; in contrast, shpl shp2 double mutants have a dramatic phenotype: the mature fruits
fal to dehisce (Liljegren et d., 2000). This result strongly suggests that SHP1 and SHP2 share
a redundant function controlling fruit dehiscence in Arabidopsis. It may be necessary,
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therefore, to obtain mutants for both DEFH24 and DEFHG68, in order to uncover their
developmentd function in Antirrhinum.

The phylogenetic tree further suggests that SOC1 from Arabidopsis is an orthologue for both
of them. SOC1l is a key regulator of flowering time it integraes sgnds from three
independent flord induction pathways. Andysis of its expresson has shown that the strongest
expresson is obsarved in leaves, but expresson is dso detected in vegetative apices,
inflorescence, and stems of flowering plants and roots (Lee et d., 2000). Therefore, SOCI,
DEFH68 and DEFH24 share amilar expresson pétterns (see 3.3.2). In order to explore
whether  DEFH68 and DEFH24 play roles as floweing time genes in Antirrhinum
devdopment in a smilar way as SOC1 does, overexpression of both DEFH24 and DEFH68 in
wild type Arabidopsis and complementation experiments on socl mutants are currently being
performed. Respective results might provide important information about the biologica roles
of these genes.

4.3.3 Phylogenetic analysis of DEFH17 and DEFH?20

Phylogenetic recondtruction based on the MADS-box region aone usudly indicates correct
gene relationships, a least a the gene subfamily leve (Theilfen et d., 1996). Phylogenetic
trees edtablished with representative angiosperm MADS-box genes show that DEFH17
belongs to the AGL17 subfamily (data not shown). DEFH125 from Antirrhinum is adso a
member of this subfamily. According to the expresson daa obtained so far, the subfamily
members have divergent expresson patterns. But the members from the same species have
amilar expression patterns: AGL17, AGL21 and ANR1 are dl expressed in roots. Along this
line of reasoning, DEFH17 may aso be involved in pollen development, as DEFH125 does. In
order to test this assumption it is important to get a full-length cDNA. This hypothess might
dso explain why a full-length cDNA cone could not be identified by a totd plant cDNA
library screening, because RNA from pollen certainly does not make up a larger fraction there.
It might be worth to screen alibrary containing different stages of pollen development.

The phylogenetic tree dso shows that DEFH20 does not belong to any known subfamily (eg.,
the hypothesis of a close rdaionship to the AG subfamily has only 26% bootstrap support,
and DEFH20 is on a long branch, suggesting thet its postion is due to an artifact known as
“long branch attraction” (data not shown)). In addition, the DEFH20 MADS-domain shows
some drange sequence deviations that have not been found so far in known plant MADS-
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domains, such as a valine a postion 4 and two isoleucines d positions 46 and 47. These data
suggest that DEFH20 represents a new subfamily for which other members have yet to be

found.

4.4 Protein-proten interactions

It is becoming clear that a mgor mechanism underlying transcriptiond control in eukaryotic
cells is the formation of multi-protein complexes which results in networks to regulate
multiple targets (Marcotte et d., 1999; Riechmann and Ratcliffe, 2000; Schwikowski et d.,
2000). One of the primary methodologies that adlowed for the andyss of direct protein
interactionsis the yeast two-hybrid system.

4.4.1 DEFH68 and DEFH?24 share common interacting partners

Expresson pattern comparison between DEFH68 and DEFH24 and phylogenetic andysis
suggests that the two genes may share redundant functions in specifying vegetative organs of
Antirrhinum, and lae in flower development DEFH24 might be involved in the control of
development of flord organs as it is expressed in petds, damens and carpels. These
observations, together with data indicating that MADS-box factors typicdly interact with
other proteins (Riechmann and Ratcliffe, 2000), suggested that DEFH68 and DEFH24 may
share a common set of protein interactors, and that additiond proteins may interact
goecificdly with DEFH24. Using the yesst two-hybrid assay, DEFH70 interacts with both
DEFH24 and DEFH68. The function of DEFH70 has yet to be determined, but analyses of
their expresson patterns (see 3.4.3) showed a patia overlgp to DEFH68 and DEFH24

indicating that such interactions can occur in vivo.

There were dso nonrMADS-box proteins interacting with DEFH68 in the yeast two-hybrid
screening (see 34.1), confirming that MADS-box proteins not only interact with family
members but dso interact with other different factors (Davies et d., 1999; Gamboa et 4d.,
2001). It will be very interesting to explore whether DEFH24 interacts with these proteins.

Interestingly, DEFH68 and DEFH24 do not interact with each other. Nevertheless, they
possbly interact indirectly by forming multi-protein complexes with a common st of proteins
or they may function in parald to regulate vegetative development.

As mentioned above, DEFH24 might have another st of interactors to specify flord
development. The protein interaction assay for DEFH24 in yeast, however, $iowed that it does
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not interact with the A-, B-, or C-function proteins involved in the control of flord organ
identity (see 1.2.3.1). There are severa posshilities to explan how DEFH24 might participate
in the control of flower development. Firdly, it could be involved in organ identity control by
interacting with the ABC function MADS proteins provided that such interactions are
mediated by other proteins. Such ternary complexes would not be detectable in the yeast two-
hybrid assay. Second, DEFH24, might interact with factors other than flord organ identity

MADS proteins to contribute to the control of flower development.

4.4.2 Interactors of DEFH7

Interestingly, direct interaction was observed between DEFH7 and the flord merisem identity
controlling protein SQUA in yeast. Expresson of these genes overlgps in the bracts and this
suggests that the interaction between the two proteins may occur in vivo in the control of bract
development. In fact, expresson of DEFH7 in bracts of sgua mutant plants is decreased
compared to wild-type (data not shown), indicating that DEFH7 transcription partly depends
on SQUA eactivity and hence could be controlled by a DEFH7/SQUA heterodimer in an
autoregulatory manner. In squa mutants inflorescences are composed of normal-looking bracts
and in ther axils new inflorescences develop ingead of flowers in a reterated manner (Huijser
et a., 1992). Reduced expresson of DEFH7 in squa bracts might then indicate that the organs
are not fully determined as bracts. Sometimes, however, flowers can develop in squa mutants
suggesting redundance of the SQUA function. One can speculate, that the redundant proteins
interact with DEFH7 and that, in absence of SQUA this protein complex controls DEFH7
transcription.  Elevated DEFH7 expresson then dlows bract formation and  flower
development in the squa mutant.

4.4.3 Interactions of DEFH70 with other MADS-box proteins

DEFH70 interacts with a least nine different MADS-box factors with five different types of
temporal expresson paterns and dl these paterns overlgp with that of DEFH70. This

indicates apotentid in vivo relevance of these interactions.

Interestingly, DEFH70 dso interacts with the class C protein PLE. Expresson of DEFH70
overlaps with tha of PLE in stamens, whose identity is controlled by the C function (see
123.2). It is possble, therefore, that the PLE/DEFH70 dimer is involved in the control of
some aspects of stamen development. Stamen identity, however, is aso controlled by the B-
function proteins. In Arabidopsis, a ternary complex is formed between the B proteins AP3,
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PI, the C protein AG and SEP3 (see 1.2.3.2). In Antirrhinum, such tetramer can possbly form
between DEFH70, PLE and the class B proteins DEF and GLO. A ternary factor assay in yeast
can confirm this possibility in the future.

Alternatively, multiple interactions can occur between DEFH70 and different classes of
MADS-box factors implying that DEFH70 may play important roles in  Antirrhinum
devdlopment, and is possbly required for different development aspects by differentid
interactions between different MADS-box factors.

4.4.4 Implications of complex protein networks

Multiple heterodimerization among the same family members of transcription factors is a
common biologicd process in specifying cdl fate. Previous data and the results obtained here
suggest that members of the plant MADS-box family, a large group of transcription factors,
can Hectivdy heterodimerize and control different aspects of plant development. DEFHGS,
DEFH24 and DEFH7 share the interaction partner DEFH70, but only DEFH7 interacts with
SQUA. DEFH70, however, a protein whose transcript is present in dl the vegetative organs
tested, as wdl as in bracts and stamens, has dmost no restrictions to form protein-complexes
with many MADS-box proteins with different tempora expresson peatterns. Taken together,
these reaults suggest that a large variety of MADS-box factors coexist in a specific type of
cdls a cetan dages of devdopment, some of which preferentidly form multiple
heterodimers and can thereby determine differentiation of a particular cell. In addition, other
factors such as relaive DNA-binding &ffinity and specficity of the complex, complex
formation with other nonrMADS box factors, and binding Ste sdection may dso paticipate in
a specific regulatory program to control plant development.

With the completion of many genome sequences, functiona genomic Sudies are of great
importance in characterizing proteins that have been newly discovered by genome projects.
The graphicd representations of protein-interaction maps in yeast demondrated the
complexity of protein associations in cedlular processes (Schwikowski et d., 2000; Tucker et
a., 2001). 1548 out of 2709 published yeast protein interactions could be linked in a sngle
large network and the functional category of unknown proteins can often be predicted by
direct and indirect interactions with known partners. It is estimated that the average number of
interactions would be about 4.5 to 5.8 in yeast and 5 in C. elegans (Tucker et d., 2001). It is
clear from the dudies on the large-scde of a fraction of dl protein interactions in yeest that the
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intricate behavior of a cdl is much more complex than can be exhibited by a two-dimensond
interaction map. In the near future, results gained from sudies of smal genomes, such as that
of S cerevisiae, will provide a bass for future exploration of more complex, multicdlular

organisms.

The wadl-characterized mammdian and yest MADS-box factors SRF and MCM1 form
protein-protein interactions with a variety of other proteins (Shore and Sharrocks 1995).
Recently there was one report on the characterization of an in vitro interaction between the
plant MADS-box protein AG in Arabidopsis and non-MADS factors, a Leudne-rich repeat
factor FLOR1 and an acid phosphatase protein VSP1 complex (Gamboa et d., 2001). This
evidence further supports the idea that the plant MADS-box factors might interact with other
proteins (see 3.4.1). Based on the accumulated knowledge, it appears that the genome-wide
protein-protein interaction maps have to be built, in order to understand comprehensive
MADS-box protein activitiesin plant cells.

Coping with the emerging data sats, many techniques to detect protein-protein interactions
have been developed in mammaian and plant sysems. One advanced tool to directly visudize
protein interactions in plant cels was deveoped recently. This method is based on
fluorescence resonance energy transfer (FRET). The MADS box proteins were fused to ether
cyan fluorescence protein or yelow fluorescence protein and trandently expressed in
protoplasts. FRET spectral imaging microscopy and FRET-fluorescence lifeime  imaging
microscopy measurements were performed on those protoplasts to detect protein-protein
interactionsin planta (Immink et d., 2002).

4.6 Outlook

Determination of the function of a trandcription factor is a main chdlenge with the increasng
number of genes available by numerous approaches. A comprehensve undergtanding of the
biological function of a protein will require many information on different levels such as the
knowledge of transcriptiond, trandationd and podtrandationd regulation, DNA-binding
properties, three dimensond dructures, and the interplay of the protein with other molecules
inacdl.

As a fird step towards uncovering possible functions of the two MADS-box genes DEFH7
and DEFHG68, expresson anadyses and phylogenetic recondruction have been performed.
Protein-protein interaction assays in yeast have identified severd interaction partners for both
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of them. In order to identify the function of these genes more precisdy, loss of-function and
gan-of-function mutants have yet to be obtained. However, despite intensve sudies, only a
feaw MADS-box genes in Antirrhinum have been associated with a loss-of-function phenotype
by reverse genetic means, and most of the progress in the characterization of the MADS
family in Antirrhinum has focused on MADS-box genes controlling flower development. A
number of genes such as DEFH68, DEFH24 and DEFH70 are aso expressed in vegetative
parts, suggesting that MADS factors dso play important roles beyond flower development in

Antirrhinum.

Much need to be learned about the regulatory machinery mediated by the MADS-box factors,
only few downdream target genes of MADS factors have been identified, little is known about
the types of complexes formed by these proteins, how these combinatorid complexes change
DNA-binding &ffinity or specificity and how the differences in dructures influence ther
biologicd roles Homodimers, heterodimers, and multimeric complexes are able to form, but

the functional importance of these complexesis not clear at present.

Therefore, there is consderable work to be done to unravel the functions of the MADS-box
factors in plant devdopment. In Antirrhinum gudies toward this god will begin with
identification of the entity of MADS-box genes followed by identification of the genes that
they regulate. Extensve DNA-microaray experiments, mapping protein-protein interactions
and characterization of mutants for dl MADS-box genes will be the necessary steps to achieve
this goa, supported by information gained from dudying other species. Such comparative
gudies shdl provide important ingghtsinto developmental mechanisms common to dl plants.
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Summary

In plantss MADS-box transcription fectors play a centrd role in many aspects of
devedlopment. They have been shown to be involved in control of organ and merisem
identity, root architecture, flowering time and regulation of fruit development. The MADS-
box family has been defined on the bass of primary sequence smilarity amongst numerous
proteins from a diverse range of eukaryotic organiams including yeadt, plants, insects,
amphibians, and mammas. The MADS-box is a contiguous conserved sequence of 56 amino
acids condtituting the DNA-binding domain of these proteins. The name refers to four of the
origindly identified members MCM1 (from yeast), AG and DEF (from plants), and SRF

(from humans).

In this dissertation the isolation of new members of this family from Antirrhinum majus by
genomic library screening is described. These new MADS genes are named DEFH7,
DEFH17, DEFH20, and DEFH68 (DEFICIENS-HOMOLOGUE). The expression studies by
Northern blot and RT-PCR andyses show that DEFH7 is only expressed in bracts, and
DEFH68 manly in vegetative pats of the plant. To identify the functions of these two new
MADS-box factors, reverse genetic screens were carried out to obtain insertion mutants of
these genes possbly displaying an dtered phenotype which could hint to ther roles in
Antirrhinum development. Furthermore, sense and antisense congtructs of cDNAs were
introduced in wild type Antirrhinum and sense condructs in Arabidopsis plants. Since the
phylogenetic anadlyses indicate that the SOC1 in Arabidopsis might be the orthologue of
either DEFH68 or DEFH24, another known MADS-box factor, from Antirrhinum,
complementation experiments usng DEFH68 and DEFH24 were peformed in the
Arabidopsis mutant socl. The andysis of transgenic plants is underway.

Heterodimerization of transcription factors is a common feature which has been posulated to
enhance their regulatory potentia. To undersand the network of protein-protein interactions
of MADS-box transcription factors in Antirrhinum majus, yeast two-hybrid screening was
performed to identify interactors for both DEFH7 and DEFH68. True interactors were firgt
confirmed by b-galactosde (b-gd) assay and by immunoprecipitation experiments for further

examination of the interactions.
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Zusammenfassung

MADS-box Proteine spiden ene zentrde Rolle in viden Agpekten der Entwicklung von
Pflanzen. Es wurde gezeigt, dal3 sie an der Kontrolle der Organ- und Meristem-Identitét, des
BlUhzetpunktes, der Wurzelarchitektur und der Regulation der Fruchtreife beteligt snd. Die
Familie da MADS-box  Transkriptionsfaktoren wurde auf der Bass von
Sequenzéhnlichkeiten in der Primérstruktur der Proteine definiet und beinhdtet Proteine aus
verschiedenen eukaryotischen Organismen wie Hefen, Pflanzen, Insekten, Amphibien und
Saugetiere. Die ds MADS-box bezeichnete Region besteht aus 56 hoch konservierten
Aminosauren, welche fir die Bindung der Proteine an DNA verantwortlich snd. Der Name
leitet Sch aus den Anfangsbuchgtaben der vier zuerst beschriebenen Mitglieder der Familie
ab: MCM1 (aus Hefe), AG und DEF (aus Pflanze) und SRF (vom Mensch).

In  dieser Arbeit wird de Isolieeung neuer Mitglieder dieser  Familie  von
Transkriptionsfaktoren aus Antirrhinum majus mittds Durchmusterung ener genomischen
Bibliothek beschricben: DEFH7, DEFH17, DEFH20, and DEFH68 (DEFICIENS
HOMOLOGUE). Die Andyse der Expresson mittedds Northern und RT-PCR Technologie
zeigt, dald das DEFH7 Transkript ausschligldich in den Bracteen nachweisbar ist, wahrend
das DEFH68 Transkript vorwiegend im vegetativen Tel der Antirrhinum Pflanze detektiert
wird. Hinweise auf die Funktion der durch die beiden Gene kodierten Proteine sollte anhand
von Mutanten bedimmt weden. Hierzu wurde ene  LowenméulchenPopulation
durchmusgtert, welche zufdlsmdlge Integrationen von mobilen Elementen, sogenannten
Trangposonen, im Genom hat. Aulerdem wurden transgene Pflanzen in Antirrhinum und
Arabidopsis thaliana erzeugt, welche entweder “Sensg’ oder “Antisense’-Sequenzen der
Gene Uberexpremieren. Phylogenetische Analysen ergaben, dald SOC1 aus Arabidopsis en
maogliches orthologes Protein fir DEFH68 bzw. DEFH24 saein konnte. Aus diesem Grund
wurde die socl Mutante zwecks Komplementationsandyse mit Konstrukten der beiden
Antirrhinum-Gene trandormiert. Die Andyse diesr Pflanzen konnte im Rahmen dieser
Arbelt nicht mehr abbgeschlossen werden.

Eine oft beschriebene Eigenschaft von Transkriptionsfektoren ist deren Heterodimeriserung,
wodurch deren regulatorisches Potentia erhoht wird. Um das Netzwerk an Protein-Protein
Interaktionen von MADS-box Transkriptionsfaktoren in Antirrhinum majus besser zu
verdehen, wurde fir DEFH7 und DEFH68 “Two-Hybrid® Andysen im Hefesysem
durchgefihrt. Interaktoren wurden sowohl mittels [3-Galaktosdase-Expressonstests as auch

Immunoprézi pitati onsexperimenten untersucht.
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7-1 Genomic sequence of DEFH7
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7.2 Tam-specific oligonucleotides used in reverse genetic

AGTAGAGITG AAGAGAATTG AGAATCCGAC AAACAGACAA GTGACGTTTT CAAAGAGAAG AAATGECTTG CTAAAGAAAG C GAATT TCTGTAC

TGIGATGCTG AGGITGCTGI TCTTATCTTC TCTOCTTCAG GAAAGECATA TCAGTATGCA AGTCATGAGI AAGTGCATGA AATTATTGAT TTTACTATG

CCTTCAATCA GITATCATGG ATCTTATTCC TTGITCG CTATTTC] TGAAAGTTAG ATGTACCTTG TGACAGAGAC TTATTAAGCG TGTGTAGCT

AGACTCAATT TATGITTGAT TATGGTATAA CAGCACGCAT AGGACAATTG CAAGGTATAA AAGTGAAGIT GGAATAACCA AACCAGGTGA CAGEECATC

ACATCCATGG AGGTATTCAT TTGGTGCAAA CTGAATATTA TCATCAATAT ATGICGACGT TGAAGAAAAG AGGTITTCTCC ATGTGAATTG CATAAATAC

TTGICAC TAAATGTGCA GGTTTGGAGA AATGAAATTG AAGACTTAAA AAGAACTGIT GATGOCCTGG AAGCAAGAGA TATGIGIGTG TCATGOCAG

AATA AC A CATG ACTAATATTT ATGTCGOCTT CTAAATTCTA TTACTTGTAA CAGCA GCTGGAGAAA ACTTATCAGG TTAGGECATG

AAAGACCCTT AAACAGITAG AACGECAGAT AAGAATTGEG GTGGAACGTA TTCOGCTCTAA AAAGGTAATT CTCATTAATT GIA GI' TTGATCACT

GATAATAACG TAAACATCTA TCTATCTGGT CATOGGCAGA GBOGTATCAT CBCAGAACAC ATGACTTATC TGAAGAAAAG GGTAAGTTTC CAAACTAAT

A CATAT TAGAAATTAC AAATTTGAAA AATAGTGCCT AAACAATGAG TGTATGCTAT TGCAGCATAA AGACCTACAA GAAGAGAACA CAATCTCCA

AAAGAGAGTG ACCA AA TCAAGATTGG CACTTATTAT TGIGCTTTGT GICTGA ATCACTCATA TATCTAAAGT ACCAATATTA GACCT

GITTGAGGTC CAAGCTACAT GAAGITCAAG AGEOCAACAC AAGCTGCTCA ATCATTTATG ACTCAGATGG AACCAGSGTA TTOOCAGSGT ATAATAAAT

AGCACAATCT GTTCATTAAC ATCOCATATG TAATCAAGAA TACGCTTCAT GOCATTATCT TATGAAGAAA TTTCAGCTTC AAATGAATGA TTAGATAAT

TTACTCCTCA CTOGGT GITTCTGIGT CTACATAGGT TTTCTTGGAC CTGITTCAAG GACAACCATT AATCATGTAG GGITATC CCTTGATCT

TGTATA TCACOGTACA ACCTCC ACTACTAAAT CTTGITGTAT TATTA G TAGGATTCAA TAAATCTTCA TCAAGGATGG GACCTG

TTCAATGITA TCTGAAGATT TGOCTGGAAA AATAAAATAG CTTGCTGATC TCTC C GITAGXCTTTC TTCAG] A CTTC A TAGATATGG

ACTGCAA

analysis

Tam 1 r: 5' - TCTTGGGACATAGGTTTTATGCGACAGIT - 3

Tam 2.4.5.6 |: 5" - TCITGGGACATAGGITTTATGCGACAGAT - 3'

Tam 3 r: 5' - ACGGCTCGGCACGTITTACCATCTT - 3

Tam 3 | 5" - AATTGGCACGGCCCAATTCACATCTT - 3

Tam 7 r: 5" - GGTTTCGIGTATTGTGACGATAATA - 3’

Tam 8 | : 5" - AAAAGTGICCCTAACTTATTGGGACACGATTAT - 3
Tam 9 |: 5' - AAAAGTGICTCAAATCTATTGCGACACAACTAGAT - 3'
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