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Abstract 

M A DS-box genes encode tran scription factors that are i nvolved in various aspects of  

p lant development, by regulating target genes that control  morp hogenesis .  Over the last 

decade, p lant MADS-box genes have been studied extensively to reveal their control of 

±loral development, especially in the model plants Arabidopsis and Antirrhinum. Their 

functions are however, not restricted to the flower but are involved in various aspects of 

p lant development (Rounsley et  aI . ,  1 995 ; Jack, 200 1 ). By virtue of their extensive roles 

in the flower, these genes are expected to function in  fruit development, which i s  a 

pro gression from flower morphogenes is .  The aim of thi s  study  was to examine the role 

of MADS-box genes during flower and fruit development. 

Two new members of the tomato MADS-box gene family ,  TADO and T/,o,'129 were 

i denti fied .  TM29 was isolated from a young fruit cDNA l ibrary by screening with 

homologous M ADS-box fragments and TMf 0 was ampl ified by polymerase chain 

react ion from fruit cDNA templates .  These genes were characterised by sequence and 

RNA expression patterns and their  functions examined using molecular genet i c  

techniques.  Sequence analyses confirmed that both genes belong to the MADS-box 

1�ll11i I y. 

TM29 shows 68% ammo ac id sequence identity to Arabidopsis SEP 1 MADS-box 

protein .  Tlvf29 express ion  pattern showed s imilari t ies as wel l  as d i fferences to SEP f 
(F lanagan and Ma. 1 994) .  n.d29 i s  expressed in  shoot, inflorescence and floral 

m eristems unlike SEP 1, which i s  expressed exclusively in floral meri stems  ( Flanagan 

and Ma, 1994). TAn9 i s  expressed in all the four whorls of the flower. During f loral 
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organ development, it is highly expressed at early stages of the organ primordium but 

decreases as the organ differentiates and matures .  I n  the mature flower bud, TM29 i s  

expressed in the  anther and ovary pericarp. D uring fruit development, TM29 i s  

expressed from anthesis ovary to fruit of 14  days p ost-anthesis with its transcript 

localised  to the pericarp and p lacenta. 

TM I O  showed 64% amino acid identity to Arabidopsis AGL 1 2, across the entire 

sequence. This notwithstanding, TMlO expression differed from AGL12. TAIl0 was 

expressed in shoot tissues of tomato and was not detected in roots. In contrast, the 

AGL12 gene transcript was only present in the roots of Arabidopsis (Rounsley et a l . ,  

1 995) .  Expression was detected in  leaves, shoot growing t ips ,  floral  buds and fruit. 

During fruit development, TMlO is expressed in  anthesis ovary and in  fruits at d i fferent 

growth stages. 

The functions of Tjl;f29 and 7MJO were examined by transgenic techniques and 

phenotypes generated were consistent with their spatial and temporal gene expression 

patterns. Tlvf29 transgenic phenotypes suggested i t  might be involved in the c ontrol of 

sympodial growth, transition to fl owering, proper development of flora l  o rgans, 

parthenocarpic  fruit development and maintenance of floral meri stem identity . Tlvfl 0 
affected apical dominance and flowering time, development of floral organs and 

parthenocarpic fruit development. 
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CHAPTER 1 INTRODUCTION 

1.1 MADS-box genes 

MADS-box genes are a super-family o f  genes found in fungi, p l ants and animals that 

encode transc ription factors with a high ly  conserved domain ca l l ed the M ADS-box or 

the M A D S  domain. The acronym "MADS" is  acqu i red fro m  the first fou r  iso l ated 

members of th is  fami l y, namely, Minichromosome maintenance ] CA1CH]; from 

yeast), AGAMOUS (AG; from Arahidopsis thaliana), D EFICIENS (DEF; fro m  

Antirrhinum nwjlls) and Serum response factor (SRF; fro m  h umans) ( S chv/arz-Sommer 

et al., J 990; S hore and ShaITocks ,  1 995). The MADS domain is a 5 6- 5 8 amino acid 

mot i f  i nvo l ved in DNA binding and dimerization in these transcr ip ti o n  fac tors (Krizek 

and Mcycrowi tz,  1996; Davies el al, 1 999; F igure 1.1) .  



MCMl 
AG 
DEF 
SRF 

Figure 1.1 Alignment of the MADS-box sequence motif of the first four members o f  

the M ADS-box family: M C M l ,  AG, DEF and SRF. 

MADS-box genes functio n  as part of key regulatory mechanisms that control i mportant 

developmental pathways (Mouradov et aI., 1998; Alvarez-B u ylla et al., 2000).  The 

MCMJ is an essential gene in yeast, required to regulate mating�type specific genes and 

also to support the growth and maintain the viability of the cell (Pass more et aI., 1988; 

Acton et al., 2000) .  The SRF is a n uclear protein, i n  animals that binds to the serum 

response element, which is required for transient transcriptional activation of genes i n  

response t o  growth factors (Norman et al., 1 988) .  The A G  and DEF genes are involved 

in genetic control of flower development; mutations in these genes cause homeotic 

transformations of floral organs. (Sommer et al., 1990; Yanofsky et aI., 1990). In 
general, two distinct M ADS-box sequences are identified i n  animals and fungi: the 

S RF-like and M EF2 (myocyte enhancer factor 2)-like classes (Shore and Sharrocks, 

1 995; Alvarez-B u yUa et a!., 2000) .  The M EF2 proteins are a group of MADS-box 

transcription factors that play a key role in myogenesis and morphogenesis of muscle 

cells (Huang et al., 2000) .  
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1.1.1 The structure of MADS-box proteins 

T he general structure of the proteins encoded by MADS -box genes compri ses  the core 

D NA binding MADS domain and a poorly conserved C-terminal region, which  carry a 

transcriptional activation domain (Huang et  aI. , 2 000) .  The S RF protei n  has the MAD S ­

box and a so-called "SAM" (SRF, AG and MCM l) domain adjacent t o  the c-termi nus 

o f  the MADS-box. M EF2 has a DNA binding core with two sub-domains: the first part 

is a 5 6  amino acid port ion representing the MADS-box and the second part is M EF2 

domain of  29  residues (Huang et  a!., 2000) . Extensive X-ray crystallography studies  

indicate the structure of the MADS-box i n  S RF ,  MCM l and M EF 2  are very s imi lar 

(Pel legrini et a!., 199 5 ;  Tan and Richmond, 1998; Huang et  al., 2000; F i gure1 . 2) . D ue 

t o  the high l evel of amino acid sequence identity within the MADS-domain, these 

s tructures are used as prototypes for the rest of the MADS-box family .  

S RF ,  MCM l and M EF 2  prote ins b ind DNA as homodimers. They have a compact 

l ayered structure of three dist inct uni t s  stacked above the o ther with each uni t  i n  the 

monomer interacting with the same motif in the other subun i t  (Figure 1 .2 ) .  The primary 

DNA-binding element of MADS-box prote ins is an antiparal lel coi led-co i l  of two a­

hel ices, one from each monomer and makes contact w i th the phosphate backbone o f  the 

DNA (Pe!l igrini  et (I/.. 1 99 5 ) .  The second structural moti f  i s  a four-stranded antiparal lel  

l3-sheet on top of  the co i led-coi l  and forms the central e lement of  the d imerization 

surface .  The third structural component is an irregular hel ical-coi led structure followed 

by a short a-hel ix folded owr the f.\-sheet. I n  M EF2, the third component d iffers fro m  

that o f  SRF and MCM 1 in that the a-helix precedes the random coi led structure (Huang 

et al., 2000; Figure 1 .2). 



Figure 1.2. A representation of the crystal structure of the myocyte enhancer factor 2 

(MEF2) bound to DNA (Huang et ai., 2000). The two MEF2 monomers are represented 

in red and green, the double-stranded DNA in blue. The antiparallel coiled-coil of the 

a-helices makes contact with the phosphate DNA backbone. The second structural 

motif is a four-stranded B-sheet. The third structure is a short a-helix followed by a 

helically coiled structure. 
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Plant MADS-box prote ins differ in  structure to tho se i n  animals and fungi. The majority 

of plant MADS-box prote ins have, in additi on  to the MADS domain ,  the moderately  

conserved K domain. Thi s  domain i s  characterised by  a conserved regular spacing of 

hydrophobic res idues, which are proposed to a l low for the formation  of an amphipath i c  

helix and mediate in  prote in-prote in i nteractions (Ma e t  al., 1991; P neuE e t  al., 1991) . 

The short intervening (l) regio n  joins the K d omai n  to the MADS-box and fol lowed by 

the variable C-te rminal region .  The p lant MADS -box genes are therefore unique with 

respect to the MIKe structure. 

Although, none of the p lant MADS-box genes have their structure determined by x-ray 

crystal lography the h igh l evel of sequence s imilar i ties among these proteins suggests 

plant MADS-box proteins would have similar c rystal structures as those described for 

the S RF ,  MCMl and M EF2 proteins .  However, bec ause of the presence o f  the second 

conserved domain (K domain) it i s  also possible  that the plant proteins may display 

different structures . 

1.1.2 The dom ains in  p lant  MADS-box p roteins 

The d i st inct  regions of plant MADS-box proteins arc individual ly s ign ificant to the 

funct i ons of these p rote ins .  In AGA/v/OUS and other closely related proteins, there i s  a 

short terminal regio n  (N) that precedes the MADS-box ( F igu re 1 . 3 ). S tud ies  have 

revealed the s ignificance of these regions .  
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Figure 1.3. The structure of plant MADS-box proteins. The MADS domain (56-58 

amino acids) is preceded by an amino terminal extension (N) in the case of AG and 

related proteins. The intergenic (0 region, the K-box and a carboxyl terminal region 

follow the conserved MADS domain. 

The MADS domain is the most conserved of all the regions in MADS-box proteins. 

This domain is required for DNA binding and dimerization (Riechmann et al., 1996). 

The highly conserved nature of the MADS-box in the diverse organisms suggests that 

their basic features of structure and function have been conserved among members of 

this family. Plant MADS-box proteins bind to their targets either as homodimers or as 

heterodimers (Eagea-Cortines et al., 1999). The ability to form dimers is therefore, 

essential to the functions of these proteins. Truncated AG proteins which lacked part or 

all of the MADS domain fail to bind DNA or form dimers (Mizukami et a!., 1996). 

This is consistent with the SRF, MCM I and MEF2 MADS domain, which are required 

in DNA binding and dimerization (Pellegrini et al., 1995; Huang et al., 2000) .. 

The conserved nature of the MADS domain in this gene family also, suggests that the 

regions other than the MADS-box have the responsibility of conferring specificity to 

their binding properties. In experiments involving domain swapping of MADS-box 

proteins, chimeric gene constructs which had the MADS domain of APETALA3 (AP3) 
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and P I STILLA T A (P I )  replaced with that of  AG caused the same phenotypes as the 

AP3, P I  prote i ns respectively (Krizek and Meyerowitz, 1 996) .  This indicated the MADS 

domain may not be required to confer functional specificity, at least i n  the contexts of 

some plant MADS-box proteins .  

The i nterven ing ( I)  region varies both in sequence and length (27 to 42 ami no res idues) 

among MADS-box prote ins (Riechmann and Meyerowitz, 1 997) .  The I-region is an 

essential part of the minimal DNA binding domain and a key m olecular determinant for 

spec ifici ty i n  protein dimerization (Riechmann et al. , 1 996; Riechmann et al. , 1 997) .  

The MAD S domain together with the I-region can sufficiently form d imers and b ind 

DNA in vitro. I n  a deletion analysis of  AG protein the MADS domain with only the 1-
region formed d imers and was able to b ind DNA in vitro (Mizukami et af., 1 996) . The 

variation within the I -region among MADS-box protei ns may also define the spec ific i ty 

attached to the function of each MADS-box prote in .  I n  a domain swapping experiment 

to determ i ne the functional specificity of MADS domain proteins, the I -region (also 

referred to as the l inker L) was a defining factor in conferring spec ific i ty to the prote ins 

( Krizek and Meyerowitz, 1 996). 

The K-box was named for its s imi larity to the coi led-coi l  segment of  kerat in and is 

predi cted to form amphipathic  a-hel ices (Ma et af., 1 99 1 ;  Pneul i et af. , 1991) . I t  may 

mediate prote in-protein interactions and also promote dimerization through i nteractions 

between K-boxes of di fferent prote ins .  The role of the K-box in protein i nteractions was 

observed i n  the deletion stud ies of MA OS-box prote ins .  In a yeast two-hybrid 

screening,  a partial fragment consisti ng  o f  the K-box and C-region of A G  protein \\'as 

able to interact with certain MA OS-box proteins ,  AGAMOUS-LI KE (A GL) 2, AGL.+. 

AGL6 and AGL9 (Fan cl 01, 1997), con firm ing the functi on of  the K domain dur ing 

prote in  interactions. This result i s  however, qua l i fied by other resul ts that show that in 

certain contexts the K-box can be dispensable. The removal of the K-box from AGL2 
protein did not affect heterodimerization with other MA OS-box proteins ( i-Iuang et (fl. 

1996; Mizukami er aI., 1 996). I n  Arahidopsis J\PETALAI (API) and J\G proteins. 

domain swapping outside the MA OS domai n does not affect  fu nctional spcc i fi c ity or 
these two pro te ins (Krizek and Meyerow itz, 1996). 

The s ign i  ficance of the K-box in vi\'o is i ndicated by the ectopic expression of truncated 

MAOS-box genes . The expression o f  a n  AG construct encoding protein lacking the K-
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domain and C region did not cause conversion of perianth organ to reproductive organs, 

as is the case with ectopic expression of full-length AG construct; rather, this truncated 

construct resulted in a dominant-negative mutant phenotype (Mizukami et al., 1996). 

The implication here is the K-box and C-region may be required for the in vivo function 

of MADS-box proteins. 

The C-terminal region is the most variable segment of the MADS-box proteins both in 

sequence and in length (Reichmann and Meyerowitz, 1 997). The C-terminal region of 

some MADS-box proteins has been suggested to act as a transcriptional activation 

domain, citing the glutamine-rich regions present in some C-terminal regions 

(Reichmann and Meyerowitz, 1997) .  A truncated AG protein consisting of the K and C 

regions was able to activate transcription of Gal4 in yeast, suggesting the presence of an 

activation domain (Ma et al., 199 1 ;  Fan et al., 1 997) . This is in agreement with the C­

terminal region of MEF2 protein, which carries a transcriptional activation domain 

(Huang et al., 2000). The C-region may play important functions in vivo (Mizukami et 

al., 1 996) . 

1.1.3 MADS-box proteins are transcription factors 

MADS-box proteins SRF and MCM 1 are known transcription factors that are involved 

in DNA binding, DNA bending, activation of transcription and interaction with other 

proteins. The SRF protein binds DNA in vitro and able to activate the transcription of 

serum response element in vitro (Norman et al., 1988) . Similarly, the MCM1 protein 

binds to DNA in vitro and has been shown to activate gene expression in vivo (Acton et 

al., 2000). In general, proteins with the MADS domain sequence are considered as 

transcription factors (Riechmann and Meyerowitz, 1 997). The most significant features 

of transcription factors are their DNA binding and ability to recognise a promoter target 

sequence (Schwechheimer et aI., 1 998).  

In vitro sequence selection has been used to determine DNA recognition sequences of 

MADS-box proteins. The SRF and MCM1 recognise a consensus sequence 

CC(A/T)6GG referred to as the CArG box (Pellegrini et al., 1 995;  Acton et al., 2000), to 
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which p lant MADS-box proteins also bind with a certain leve l  o f  sequence spec ificity 

(Huang el al., 1 99 5 ;  Huang et al., 1996;  Mizukami ,  et al., 1 996) .  The MCM 1 and SRF 

prote i ns recognise CC(AJT)6GG whil e  MEF2 recognise C T  A (A/T)4 TAG (Pol lock and 

Trei sman, 1 99 1 ). AG and AGL l pro te ins recognise CC(A/T)4NNGG whi le  A GL2 and 

AGL3 b inds CC(A/T)4T(A/G)G (Huang et al., 1 993;  Huang et al., 1 995; H uang et al. , 

1 996) . 

1.1.4 MADS-box p roteins form complexes 

MADS-box proteins interact to b ind DNA as dimers in vitro, which may be between 

monomers of the same proteins to form homodimers or  b etween different protein 

spec ies to  form heterodimers. The S RF and M EF2 proteins both form homodimers to  

b ind DNA in  vitro (Pe l legr in i  et  aI., 1995; Huang et  al. , 2000). The Arabidopsis 

MADS-box proteins APETALA3 CAP3 )  AND PISTILLATA (PI )  form heterodimers 

(Riechmann et al., 1 996) . In A ntirrhin1lm, the MADS-box protein S QUAMOSA 

(SQ UA) homodimerise in vitro whi l e  DEFICIENS (DEF) and GLOBOSA (GLO) form 

heterodimers to bind CArG box sequences (Egea-Cort ines et of., 1999). However, it i s  

possib le  that larger complexes may b e  formed b y  MADS-box factors t o  control events 

in vivo. SQUA, DEF and GLO formed a DNA bind ing complex in  yeast to bind DNA 

with th is  complex displaying greater b inding affini ty than the separate homo- or 

heterodimers formed by these p rote ins (Egea-Cortines el of., 1999) .  The format i on o f  

higher complexes i s  supported by recent reports, which foune! the PI and AP3 MADS ­

box p rote ins form a heterodimer t o  i nteract with AG and SEP 3 proteins (Honma and 

Goto, 200 1 � Thcil3en and S aedler ,  200 I). 
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1 .2 Plant MADS-box genes 

P lants appear to have a large family of MADS-box genes and with the compl eted 

sequence of the Arabidopsis genome, i t  is  now known that there are at least 8 0  MADS­

box genes in Arabidopsis (Alvarez-Buyl la  et al., 2000;  Riechmann et al., 2000; Jack, 

200 1 a) .  The first characterised plant MADS-box gene was AGAMOUS in Arabidopsis 

(Yanofsky et al., 1990) .  I ts structural simi larity with wel l  characterised regulatory 

factors such as SRF and MCM 1 suggested it functions as a transcriptional regulator. 

M ore members isolated afterwards were identified as regulators of floral organ identity 

(Mandel et al., 1 992; B radley et al., 1 993 ;  Davies e t  al., 1 999). However, they have 

since been found to control additional developmental p rocesses such  as meristem 

i dentity, root development ,  frui t  characterist i cs and flowering time ( Rounsley et al., 

1 995; Carmona et Cl!., 1 99 8 ;  Zhang and Forde, 1 99 8 ). I n  addition to angiosperms, 

MADS-box genes can be found in gymnosperms and ferns. These three p lant d ivisions 

represent seeded and non-seeded plants, and suggest the diversity of function of MADS­

box genes (B ecker cl Cl/. , 2000). 

1 .2. 1 MADS-box genes in angiosperms 

Angiosperm s  are the l arge c lass o C  flower ing p lants  that  bear seed i n  enc l osed carp e l . 
They fal l  i n to t\VO main groups: the monocotyledonous and d i co ty!cdonous  p lants .  The 

M A D S -bo x gene fam i l y  i n  these plants has been the  sub jec t  of  i n tense s tud ies .  M os t  of 

the se stud ies, h mvever. have centred on the model  p lant  Arahidopsis wit h  suggest ions  

that  ho tTlo lo gucs o C  these genes i n other plants m ay hav e  similar characteristics. The 
m ajor i ty o f  the angi osperm MADS-box prote ins sho w sequence s i m i l ar i ty  to the MEF2 
p rote i n :  th i s  group a l so carries  the typical MIKe s t ru cture .  Recent ly. a smal l number  o f  

iVl/\DS-box genes w i t h  S R F-l i kc sequences have been isolated in  plants. Thi s  group 
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lacks the K domain due to the absence of conserved res idues that predict the coil ed-coil  

structure (Alvarez-Buyl la  et at. 2000) .  I n  animals and fungi, both the SRF and the 

MEF2-type proteins lack the K domain .  The presence of t he coiled-coi l  K-domain in the 

maj ority of p lant MADS-box proteins suggests that the K domain is s igni ficant to the 

developmental processes in p lants. 

The MADS-box gene family in  angiosperms is d ivided i nto well-defined clades whose 

members share sequence homology, similar expression patterns and related functions. 

Fol lowing the observation that MADS-box genes control specific functions i n  flo wer 

development, the maj or floral homeotic genes were found to be grouped i nto 

phylogenetic c lades  that define the various floral organ identity functions (Purugganan 

et aI., 1 995) .  Such gene clades included genes fro m  different p lant species indicating 

M ADS-box genes (from different plant species) with s imilar functions are more s imilar 

to each other than they are to other MADS-box genes having different functions 

(Purugganan e t  a!., 1 99 5 ;  Ma and dePamphilis ,  2000) . 

The gene clades that defined the floral organ identity functions included the AP llAGL9 

group that involved members such as APETALA1, CAULIFLO-VVER (CAL), SQUA, 

wh ich contro l floral meri stem identi ty and specifies the identity of sepals.  S imilar ly ,  t he 

AP3!P! clade contain members i nvo lved in spec i fy ing the identity of petals and stamens 

whi l e  the AGAJ'vfOUS (AG) c!ade included Antirrhinum PLENA (PLE) which contro ls  

carpel i dent ity (Lmvton -Rauh el  af. 2000). S ubsequent  to  the identification o f  more 

MADS-box genes in A rah idops is, more gene groups have been described .  B ased o n  

t hese precedents, newly i so lated M ADS-box genes are often assigned putative functions 

based on sequence s im i lar i ty (Kater et at., 1 99 8 ; Perl-Treves et aI., 1 998)  and i n  some 

cases genes with redundant funct ions can be pred icted (L i ljegren et a/. , 2000). 

However. this l inkage between funct ional and sequence s im i lar i ty i s  not  strictly 

fo l l owed. The Arahido[Jsis AGLl gene has h igh sequence s im i lar i ty with Ae; but these 

two genes have di fferent express ion patterns and p lay d i fferent ro l es in Arahic/opsis 
(YanoLsky el ai., 1 990; Ftanagan et (If., 1 996; L i l jegren et aI., 2000). Similarly, wi th in  

the .riP J cladc, AGL3 i s  expressed in  leaves and stems (Rouns ley el al.. 1 995) .  The 

AP31Pl clade i ncl udes the SHORT VEGETATIVE PHASE (SVP) gene \vh ich  is not 

i nvo lved in petal and stamen ident i ty but expressed in i nfl orescence meri stems, stems 

and l eaves and contro l s  f l owering  time (Hartmann c l  af., 2000) .  Subsequent to the 
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identificatio n  of  more MADS-box genes i n  Arabidopsis, seven new elades have been 

described (Alvarez-Buyl la et al., 2000b). 

1 .2.2 MADS-box genes in gymnosperms 

MADS-box genes have been identified In gymnosperms. Gymnosperms and 

anglOsperms together constitute spermatop hytes, or seed plants. Gymnosperms are 

characterised by strob i li (cones), which are morphological ly  distinct  fro m  flowers 

(Theissen et al., 2 000). They produce 'naked seeds', which  are not enclosed i n  carpel  but 

are formed from ovules borne on the adaxial surface of  ovuli ferous scales. The 

ovul iferous scale develops fro m  a primordium within the axi l  of  a steri l e  bract. MADS­

box studies i n  gymnospem1s have focused o n  conifers and gnetophytes. Studies in  

conifers have shown that there are at teast 27 MADS-box genes in  Picca mariana 

(Rutledge et af., 1998). 

The MADS-box genes In gymnospenns have simi lar structure (MIKe) to those i n  

anglOsperms. MADS-box genes isolated from Pin liS radiata, Picea abies, Picea 

mariana and Gnetum gnemon have sequence simi lari t ies to MADS-box genes in 

angiosperms. Phylogenetic analyses of these genes from gymnosperms put them i nto 

same gene elades with members from angiosperms (Mouradov et a!., 1998; Rutledge ct 

01.. 1998; Tandre et al., 1998; Becker et al., 2000). Also, gymnosperm MADS-box 

genes have s imilar expressions to their homologues in angiosperms, The spat ial 

expression o f  an AG homologue (SAG 1) in Picca tnClriClI1Cl, \vas found to be cone 

specific. Transcripts were detected in  the tapetal laye r in  male cones and in  the 

develop i ng ovuliferous scales in female cones (Rut ledge et al., 1998), These 
reproductive structures (cones) are the equivalent o f  stamen and carpel i n  Arahidop.,,'i,\, 

in which Ae; i s  eX[Jressed, Similarly, the PflAP3-like genes in Pinlls radiota are fou n d  

to be spec ific to the male strobili (Mouradov et  ai, 1999); while the PIIAP3 ge nes are 

involved in  specification o f  petal and s tamen ident i t ies i n  Arahidopsis. The expression 

characterist ics of these genes in gym nosperms can therefore be related to their 

counterparts in angiosperms and suggest that their functions have been conserved, Like 

the MADS-box genes in angiosperms, the express ion o f  MADS-box genes in 

gymnosperms can also be found in vegetative structures, At least three of the MADS-
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box genes ident ified in  Gnetum gnemon were expressed In vegetative structures  

( Rounsley et a!. , 1 995; Becker  et a!., 2 00 0) .  

The conservation of functio n  between gymnosperms and angiosperms i s  observed when 

genes from gymnosperms are overexpressed i n  A rabidopsis .  Heterologous express ion o f  

SA G 1 i n  Arabidopsis caused homeot ic  conversions of  sepals t o  carpels and petals t o  

stamens (Rutledge et aI., 1 998). Sim ilarly, overexpress ion of  DAL2 (an AG homologue) 

from Picea abies in  A rahidopsis, caused s imilar homeot i c  conversions ( Tandre et a!., 

1 998 ) .  These developmental alterat ions are s imi lar to those caused by ectopic  

express ion of  AG in  A rabidopsis ( M izukami and Ma,  1 992)  and suggest a certain level 

of conservat ion in gene activity among the MADS-box genes of angiosperms and 

gymnosperms. The in it ial analyses of i dentified members of the MADS-box family i n  

gymnosperms, i ndicate conservat ion  of  gene structure, express ion and function vvi th 

ang iosperms despite the morphological d ivergence between the structures present in  

these two plant divisions. 

1.2.3 MADS-box genes i n  ferns 

Ferns are primit ive vascular p lants with very s imple reproductive structures that lack all 

accessory floral organs. They produce naked sporangia o n  the abaxial surface of leaves . 

The sporangium contains spore mother cells that form the haplo id  reproductive spores 

(l-lasebe et a!., 1998).  Ferns do not form ovules or seeds and do  not aggregate their 

sporophyl l s  i nto flov,.:er-like structures. Despite these structural variations, the MADS­

box genes identified in ferns share similar characteristics \vith those in angiosperms and 

gymnosperms. Members identifi.ed so far have the MIKe domain structure (Munster et 
uf., j 997: Hasebe et al., 1 998). This is an indication that the fern MADS-box p roteins 

arc under similar functional constraints as those of seed pbnts (!,v1unster cl Cl!., 1 997). 

Some members of the fern MADS-box gene t�lJnily display certain  features typical of 

ang iosperm MADS-box genes. The members of the CMADS 1 subfamily display 

additional amino terminal residues, which is seen with the AG group o f  MADS-box 

genes in angiosperms (Yanofsky et uf., 1990; Hasebe 1'/ uf., 1 (98). Despite some 

sequence similarities, the fern MADS-box genes do not group into same phy logenetic 

clacles with MADS-box genes from gymnosperms and anglosperms (Baum, 1998; 

1 3  



Theissen et  aI. , 2 000). Phylogenetic analyses show that the MADS-box genes from 

ferns form a separate c lade and do not cluster with any MADS-box gene group in seed 

p lants (Hasebe et al. , 1 998 ;  Theissen et al. , 2000) meaning they cannot be described as 

orthologues of MADS-box genes in seed p lants . It i s  suggested, therefore, that the fern 

and seed plant MADS-box genes share a common ancestor fro m  which members of 

both groups were independently derived by gene dupl ications, sequence diversification 

and fixation (Munster et al. , 1 997;  H asebe et al. , 1 998) .  

1 .3 M ADS-box genes i n  vegetative d evelo p m e n t  

I n  addit ion t o  their known roles in  reproductive devel opment, there i s  some evidence 

suggesting that MADS-box genes have funct ions in vegetative development. Such 

indicat ions come from thei r  d iverse express ion patterns in  vegetat i ve tissues. MADS­

box genes are expressed in embryo t issues and suggest they may be i nvol ve d  in the 

earl y events o f  p l an t  l i fe cyc le .  The Arabidopsis AGL 1 5  gene i s  expressed in  octant 

stage e mbryos CHeck cl Cl!. , 1 99 5 ) .  S imi larly, transcripts o f  the AGL2 and AldAIA DS-/ 
accumu l ate in e m bryos of deve l o p i ng seeds ( F l anagan and Ma, 1 994; Sung e t  a ! . ,  2000).  

Though the functions of  these  genes in  the embryo are not c learly i l l ustrated, these 

e x p ress i o n  patterns suggest they may be involved in  regulating events in embryo 

deve l o pment .  

The e xpress i o n s  of some M A DS-box genes are spec i fi c  to shoot o r  root  t i ssues 

s uggest i ng their  i nvolvem e n t  in vegetat ive deve l opnlent . The Aruhidopsis ,IGL3 is  

expressed in shoot t issues but not found in roots ( H uang el  a/. , 1 99 5 ) ;  the  AGL l J and 

AGL I 3  are expressed i n  rosette leaves of A rahiLiopsis suggesti ng that  they m ay contro l 

the deve l opment o f  these t i ssues (Rounsley et 0/ , 1 99 5 ) .  The AGL 1 2, A GL l -/  and 

A Cl L 1 7  genes are expressed in roo ts but are not dctccted in other o rgans (Rounsley el 
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al. , 1 995 ) .  Also ,  A GL 1 6  and A GLl 9 transcripts are l ocalised to specific  tissues in roots 

with A GL 1 6  expressed in the epidermal cel ls whil e A GL 1 9  is expressed in the columella 

and lateral root cap (Alvarez-Buyl la et af. , 2000a) . These genes may regulate the 

response of root growth to environmental stimuli simi l ar to the nitrate inducible A NR l  

MADS-box gene o f  A rabidopsis. ANRl was found t o  c ontrol the response o f  root 

growth to nitrate rich zones (Zhang and Forde, 1 998) .  

I n  Solanum tuberosum, the expression of  STMADSl l was detected in al l  the  vegetative 

parts of the p lant (Carmona et al. , 1 998) .  S imi larly, STJllfADS1 6 was expressed in stems 

and its overexpression in tobacco affected vegetative growth (Garcia-Maroto et a!. , 

2000) .  I n  petunia, overexpression of the FL ORAL BINDING PR OTEIN 20 (FBP20) 

conferred leaf- like characteristics to floral organs, suggesting a role  in  maintaining 

vegetative i dentity (Ferrario et a!. , 2000).  These examples give indications that MADS­

box genes are involved in vegetative development and more studies wil l  i ll ustrate the 

ro les p layed by these genes .  

1 .4 MADS-box genes a n d  flower d evelop m e n t  

P b n t  M ADS-box genes are \viddy knc)\vn for the i r  funct ions i n  n o'wer development .  

The fi rst i solated members, AGAMOUS' and DEFfCfENS both funct ion t o  spec i fy floral 

organ i d ent i ty . Subsequently , a large n u mber of M !\ DS-box genes have been i den t i fied,  

espec i ally in Aranidopsis riw/iana, \v i t h  most studies foc ussed o n  the roles of  these 

genes in l10wer develo p men t .  
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1 .4. 1 Stages of p lant reproductive phase 

The reproductive phase of flowering plants involves at least three initial step s :  transit ion 

to flowering, initiation of individual flowers and floral patterning (Ma et  a!. , 1 994) .  The 

transition to flowering involves a switch from the vegetative phase, during which shoots 

and leaves are p roduced, to the reproductive phase, where flowers are i nit iated.  I n  

general, the transition to flowering i s  influenced b y  developmental programs and 

pathways that respond to environmental cues . Four pathways are known to influence 

flowering time; these are the photoperiod pathway, vernalization promotion pathway, 

the gibberell ic acid promotion pathway, and the autonomous pathway (Levy and Dean, 

1 99 8 ;  B lazquez, 2000; F igure 1 .4). The photoperiod and vernalization  p ro motion 

pathways mediate signals from the environment, l ight and temperature respectively.  The 

g ibberel l in pathway is  responsive to GA biosynthesi s  whereas the autonomous p athway 

controls flowering irrespective of environmental conditions (Wilson et al. , 1 992 ;  

Blazquez e t  a!. , 1 998 ;  Pineiro and Coupland, 1 998 ) .  

1.4.2 MADS-box genes regulate the switch to reproductive phase 

There are at least five MADS-box genes involved in the regulation o f  flowering time in 

Arahidopsis: SUPPRESSOR OF O VEREXPRESSION OF CO i (SOC1 ), SHORT 

VEGE TA TiVE PHASE (SVP), FLO WERfJVG LOCUS C (FLC),  FLO WERiNG L OC US 

M (FUvf) and FR UITFULL (FUL). These genes either promote or repress  /lo weri ng. 

S()Cl and FUL act to promote floweri ng ( B on h o m me et al. , 2000; S amach et (If. . 2 00 0) 

whereas FLC FLM and S VP are inhibitors o f  fl o weri ng ( S h eldon et 0[ , 2 0 0 0 ;  S c ortecci 

ef oi , 200 1). 

5,'()C l acts as an integrator o f  the autonomOllS,  photoperiod and vernalization f10ral 

prom o tion pathways in i!rahiLiopsis (Araki, 2 00 1 ;  Lee cl 01. , 2 0 0 0 ;  Figure I A) .  S()Cl 
expre s s I on responds positively to long-d ay photopcrio d s .  Loss  o r  ,SDC !  fun c tion 

suppresses early fl owering phenotype o f  i!ra/;ic/opsis plan ts overcxpres sing t h e  

C()l\/,)'7�-1 NS gene, which normally promotes t10wering under long days ( S am a c h  et  aI , 

2 0 0 0 ) .  Also,  SOCl e x pression is downregulated by a m u tation in FC'A , a g e n e  t hat is 
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involved in both the vemalisation and autonomous flowering pathways ,  suggesting that 

FCA positively regulates sac 1 (Samach et a!. , 2000; Lee et a!. , 2000) .  These  

observations support the suggestion that SOC1 i ntegrates the photoperiod, vernal isatio n  

and autonomous floral pro motion pathways. I nterestingly, the G A  pathway may also 

regulate the expression of  SOC1 . GA3 app l icat ion on wild  type Arabidopsis p lants 

caused an increase in SOC1 expression (Bomer et a!. , 2000) .  

FIC i s  involved in the vemalisation and autonomous pathways In  Arabidopsis. 

Mutations i n  FIC result i n  eady flowering,  thus indicating that the role of the wild type 

FIC i s  to repress  flowering (Michaels and Amasino, 1 999) . Vernal isation or cold 

treatment promotes flowering in  late-flowering Arabidopsis plants, poss ibly through a 

direct effect on FIC transcripts and protein. This i s  supported by a strong negative 

correlation between FIC transcripts and vernali sation (Sheldon et a!. , 2000) .  However, 

vernal isatio n  may not affect flowering solely through FIe. This is because fie nul l 

mutants sti l l  respond to cold treatment by flowering early suggest ing the presence of  

FIC-dependent and FIe-independent vernal i sation pathways i n  A rabidopsis (Michaels 

and Amas i no , 200 I ) . 

S' VP and FIAf are recent ly identi fied MADS-box genes tl1at repress flowering in  

A rabidopsis b y  acti ng independent of  environmental factors (Hartmann et a!. , 2000;  

S co rtecci  et a!" 200 1 ) . FUv! i s 70% identical to FIC and a lso controls  fl owering in  a 

dosage-dependent man ner as FIe. However, unl ike FIC the  auto nomous or 

vernal i sat i o n  pathway does not  i nfluence i ts express ion .  Both S VP and FIAl have 

s im i l ar express ion patterns but the pathways i n  whi c h  they repress flowering i s  not  yet 

c lear .  S i nce M AD S-box proteins form funct ional DNA bindi ng comp lexes with other 
proteins i t  i s  suggested that S VP,  fLM and fLC prote i ns may i nterac t  to  c on tro l 

flowering (Scortecc i  et of , 200 1 ) . MA OS-box genes are therefore i m portant p layers i n  

the gene t i c  pat!nvays regulat ing the t rans i t ion  t o  il owering i n  p lants . 
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Figure 1 .4 .  A model shows the integrative role of AGL20/S0Cl and the interaction of 

flowering pathways in A rabidopsis . [Figure adapted from Araki, T (200 1 )] .  The 

horizontal line represents the vegetative (V) to reproductive (R) transition. Arrows 

indicate promotion, and T-bars indicate repression. In the autonomous pathway, FCA 

represses FLC, and FLC represses A GL20/S0CI . AGL20/S0CI acts as a floral activator. 

Vernalization also promotes flowering by activating A GL20 expression through the 

repression of FLC. Photoperiod pathway gene CONSTANS (CO) promote flowering by 

activating SOC] and also through other factor(s) .  
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1 .4.3 MADS-box genes control floral meristem identity 

The reproductive phase in plants is characterised by the formation of inflorescence and 

floral meristems (Araki, 200 1 ). So-called floral meristem identity genes contro l  the 

formation of  floral meristems on the flanks of the inflorescence meristems. Two 

A rabidopsis thaliana MADS-box genes that co-ordinate this function are APETA LA l  

(AP l )  and CA ULIFLOWER (CAL).  S imilarly, A P  1 orthoiogue SQUAMOSA is 

responsible for conferring floral meristem identity in A ntirrhinum majus. Mutation s  in 

A P  1 result  in the production of secondary flowers in the axils of the first whorl organs 

of  primary flowers and this may be reiterated in secondary flowers resulting in tertiary 

fl owers (Mandel et Cl!., 1 992) .  This arrangement resembles inflorescence and indicates a 

partial conversion of the floral meristem into inflorescence m eristem. A similar function 

is observed with SQUA in Antirrhinum, whose loss of function mutation results in 

excessive formation of bracts and malformed flowers (Huijser et a!. , 1 992). The AP 1 

homologue in pea, P EAM4 al so influence inflorescence to fl ower transformation, 

suggesting that this function of AP 1 is conserved. AP 1 interacts with other floral 

meristem identity genes such as LEAFY (LFY) and CAL, in the specification of floral 

meristem fate (Weigel et aI. , 1 992 ;  Shannon and Meeks-Wagner, 1 99 3 ;  Li lj egren et aI. , 

1 999). 

1 .4 .4 F l o ra l  m e ristem d evel o p m ent 

F loral  men stems are determ i nate struc tures that d i ffe rentiate to form flowers,  produc ing 

fl o ra l  organs i n  prec i se ly  de fi ned posit i ons with i n  c o n centr ic  whor ls .  ;\ typ i ca l  

a n g i osperm f10wer cons ists of  sepa l s ,  petals ,  stam e ns and c arpe ls i n  four con centric 

whor ls .  In Aranic/opsis. the Ilo ral o rgans i n i t iate and deve l o p  sequent i a l ! y  fro m  the 
sepals t o  the gynoec i um ( H i l l  and Lord. 198 8 ;  S my t h  el  o/. , \ 990) . I n  maize and other 

1110nocots .  the nower structure is d i st inct  from the d icot flo we r: d i fCcren t  male ( tasse l )  

and female (ear) i n t10rescences are formed on the m a i ze pl ant,  which produce starninate 

and p i s t i l late florets.  H owever. desp i te the morp h o l og ica l  d i ffe rences,  early 

development  o f  both types of f10rets arc remarkably similar. Each flore t deve l o ps as a 

b i sexual  flower  from a floral meristem, prod u c i n g  a ser ies  o f  organs :  lemma , p a lea . 
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lodicules, stamen and a central gynoecium (Dellaporta and Calderon-Urrea, 1 994 ;  Iri sh ,  

1 996) .  The monocot floret i s  thus s imilar to the  dicot fl ower; the lemma i s  considered a 

bract, with the palea and lodicule, the structural equivalents of sepal and petal, 

respectively (Ambrose et al. , 2000;  McSteen et aI. , 2000) .  

The identity and posit ion of the floral organs are a result o f  interactions between 

different genes whose functions are required for the proper development of these 

organs .  Extensive genetic studies  of homeotic flower mutants identified genes that 

control floral organ identity ( Schwarz-Sommer et aI. , 1 990 ;  Bowman et al. , 1 99 1 ;  Coen 

and Meyerowitz, 1 99 1 ; B owman et al. ,  1 993 ) .  This led to  the formulation o f  the ABC 

model of floral organ specification,  which explained the  complex interactions among 

floral organ identity genes (Weigel and Meyerowitz, 1 994 ;  F igure 1 . 5 ) .  M ADS-box 

genes form a large part of this model , an indication of their centrality to the floral 

program (Weigel and Meyerowitz, 1 994; Mena et al. , 1 99 5 ;  Mena et al. , 1 996 ;  

Mizukami e t  al. ,  1 996;  Ma,  1 99 8 ;  Ambrose et  a!. , 2000).  

1 . 4 . 5  The ABC theory of floral organ identi ty 

The ABC model i n  genera l , attempts to explain the genetic i nteractions that cu l minate 

i n  the spe c i fication of the different floral organs in a flower. The ABC model pre d icts 

that  homeotic genes control l ing fl ov,:er development fal l  into three c l asses,  w h i c h  

u n i q ue l y. or  i n  combinat ion with other g e nes,  determ i n e  format ion o f  specific  flo ra l  

organs i n  an overlapping two-whorl pattern ( \Vei gc l  a n d  Meye rO\vi tz, 1 99 4 ;  C o e n  a n d  

Meyero\\ i tz, 1 99 1 ; f i gu re 1 . 5 ) .  The c lass A genes are invo l ved i n  spec i fy i n g  t h e  

i d e nt i ty o f  s e p a l s  (the fi rst whorl  organ) a n d  i n  combinat i o n  w i t h  genes be lon g i n g  t o  

c l ass 13 ,  they determi n e  peta l  format i o n .  C l ass C genes together \vi th class B g e n e s  are 

necessary for the format i o n  o f  stamens and c lass C genes a l o n e  control  carp e l  i denti ty .  

I n  A raiJ idopsis. the /\- fun c t i o n  i s  performed by A PETALA J (A P 1 )  a n d  A PETA L.-1 2 

(AP2) . F l o wers o f  up i and up2 mutant pl ants h ave t h e i r sepa ls  transformed in to  o v u l e  

hearing carp e l s  or bracts with  s uppressed peta l form a t i o n  ( J o fuku e t  ot . ,  1 99 4 ;  M andel  

et ill; 1 992a) .  The B fun c t i o n  is  performed by A P3 and PISTILLA TA (PI) g enes ; ap3/pi 
m utant f1O\vers have p eta l s transformed to sepals and s t amen to carpe ls (Goto and 
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Meyerowitz, 1994; Jack et aI., 1992). Mutations in the C function gene, AGAMOUS 
(AG) result in  the absence of stamens and carpel s  and an indeterminate flower 

phenotype (Yanofsky et al., 1990) . AP1, AP3, PI, and AG are MADS domain proteins 

while AP2 belongs to a different family of DNA binding proteins, which has a novel 68 

amino acid repeated motif called the AP2 domain (Jofuku et al. , 1994; Okamuro et aI. , 

1997) . Homologues of these MADS-box genes have been isolated from other species 

and in some cases their functions determined to be similar to their Arabidopsis 

counterparts . This suggests the roles of these genes are largely conserved across species 

(Schwarz-Sommer et al. ,  1990; Bradley et al., 1993 ; Kim et al., 1998; Rutledge et al., 

1998 ; Yu et al.,  1999). 

The validity of the ABC model was tested in studies that looked at ectopic expression of 

the ABC genes. The A function represses the C function in the first and second whorls 

and the C function in turn represses the A in the third and fourth whorls. In ag mutants, 

the A function genes are ectopically expressed in the third and fourth whorls; their 

subsequent interactions with B genes result in the stamens replaced by petals (Yanofsky 

et aI. , 1990). According to predictions from the ABC model, sepals would replace the 

fourth whorl, however in ag flowers, a new mutant flower replaces the fourth whorl. 

Ectopic expression of B genes in wild type flower results in petals in the first two 

whorls and stamens in the third and fourth whorls, according to the ABC model. The 

expression of AP3 under a constitutive promoter resulted in petaloid sepals and stamens 

in the first and fourth whorls respectively (Jack et aI. , 1994). The ectopic expression of 

AG is illustrated by the phenotype of apetala2 flower, which displays carpelloid sepals ,  

staminoid petals in  the first and second whorls respectively (Drews e t  al. , 1991) .  

Similarly, the expression of AG in wild type A rabidopsis, under a constitutive promoter 

resulted in carpelloid sepals, staminoid petals in the first and second whorls respectively 

(Mizukami and Ma, 1992). Taken together, the ectopic expression of the ABC genes 

further validates the model and suggests that the ABC genes are sufficient to specify 

floral organ identity. Triple mutants that carry mutations in  A, B and C functions have a 

conversion of floral organs into leaf-like organs (Weigel and Meyerowitz, 1994). 

However, ectopic expressions of these genes are not able to convert vegetative leaves to 

floral organs. The ARC genes are therefore, only sufficient in the context of the flower 

and possibly involved other organ identity factors. 
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Figure I S  Schematic representation o f  the i\BC model of floral organ identi ty [credi t: 

Theil3en. 200 1 a). The organ ident i ty functions (A. B,  C) combinatorially specify the 

identity of  the different  types of organs i n  the four whorls of a t ypical angiospcIW 

flower. The activities of A and C are mutually antagonistic; the A function is repressed 

(denoted by T-bar) in the i nner two whorls by the C-function and the C function i s  also 

repressed by the A function in the first two whorls .  
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1 .4.6 Variations to the ABC theory 

1 .4.6. 1 Changes to two-whorl expression pattern 

One cardinal observation of the ABC theory was that the expression pattern of the genes 

correlated strongly with their  domain of function .  These ABC genes were therefo re 

expressed i n  adj acent whorls. F urther characterisation found that this was not a lways the 

case; the expression patterns of some MADS box genes in the floral organs did not 

resemble the two-whorl pattern described for the ABC genes. In Arabidopsis, AGL I 

was expressed on ly  in  the carpel (Ma et a l . ,  1 99 1 ) . A MADS-box gene i dentified as the 

o rtholog of A GA A10 US i n  Panax ginseng (GAG2) was observed to be expressed in the 

three i nner whorls of flowers, (Kim et al., 1 998) .  The expression of two other tomato 

MADS-box genes, TM5 and TM6 ,,'le re found in the i nner three whorls of the tomato 

flower whi l e  nv11 6 was expressed in all the four whorls (Pneul i  et al . ,  1 994a) . These 

d ifferences reflected hidden facets of the floral program and gave e arly indications of 

added complexity to the ABC model . 

1.4.6.2 The D o rgan identity function 

The ABC model was extended to cover a D-functiol1 component responsible  for ovule 

identity (F igure 1 .6) . I nitial ly, the ovules were considered as integral part o f  the carpel 

and therefore under the control of the C-function. However, experiments in  Petunia 

h)'hrido supported a separate 0- function responsible for the specification of o vu le  

identity. 
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Figure 1.6. A representation of the ABCDE model of organ identity functions i n  

Arabidopsis (credit: TheiBen, 200 I a) .  This is  a modification o f  the ABC model ; the 0 
function i s  responsible for specifying ovule identity. The involvement of the C function 

in ovul e  identi ty is unclear and represented by dashed line. The E function is required 

for the activities of the B, C and possibly 0 organ identity genes . 
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The MADS-box genes encoding FLORAL BINDING PROTEIN (FBP) 7 and 11 are 

expressed in the centre of the developing carpel of Petunia hybrida, and later i n  the 

ovules.  The inhibition of these genes by co-suppression resulted i n  the homeotic 

conversion of ovules into vest igial structures (Angenent et al. , 1 99 5 ;  Colombo et al. , 

1 997) .  Overexpress ion of FBP 11 caused ovule-l ike structures to be formed on the 

abaxial and adaxial surfaces of  sepals (Colombo et al. , 1 995 ) .  S ince agamous flower 

mutants lack carpels and associated ovules, it suggests AG functions to control both 

carpel  and ovule identity. So far,  this proposed D organ ide ntity function has not been 

extensively studied as other components of the ABC model .  JUdging from the ag 
phenotype which causes the complete replacement of the carpel ,  and the suggestion that 

A G  promotes ovule identity (Western and Haughn,  1 999) ,  the D-function appears 

integral to the C-function.  

1 .4.6.3 The E organ identity fun ction 

Recent studies into MADS-box genes using reverse genetics has identified another 

group of floral organ identity genes whose act iv ity bear directly  on the ABC functions 

and offer candidates for the missing factors required to convert vegetat i ve l eaves to 

fl owers. P el az et ai , (2000) found that the MADS-box genes A GL2, A GL -I  and A GL 9  

are floral  organ identity genes that redundantly control the  B and C functions in  
Arahidopsis. These three genes are c l osely related with h igh sequence homology 

(F lanagan and Ma, 1 994; Mandel  and Yanofsky , 1 998) .  Whi le ,  the sing le m utants o f  

t hese genes d i sp l ayed subt le phenotypes, t h e  trip l e  mutant fl ower d i sp layed homeot i c  

conve rs ion  o f  petals and stamens i nto sepal s and the fourth whorl  rep laced b y  a s im i lar  

flovver ( Pc taz et  u/. , 2000; Pe laz et aI. , 200 1 a) .  The A GL2,  A GL -I  and A GL 9  have 

subsequent ly  been renamed as SEPA LLA TA (SEf» I ,  SE!>2 and SE!>3 and c lass i fi ed as 

E organ i dent i ty genes (F igure 1 .6 ) .  The sepa l lata flower phenotype is  s i m i lar  to that 

seen in doub le  mutants of  13 and C organ i dent i ty funct ions ( Bowman et  aI. , 1 99 1 ) , 

s uggest ing the E-ful1ct ion i s  requ i red for the proper funct ions  o f  B and C genes.  The 

equi va lent of the SEP genes in other species may have s i m i lar funct ions.  In tomato ,  

p l ants express ing ant isense RNA o f  TM5 (ortho logous wi th  SEP 3)  have t10wers wi th  

parti al transformations of the  i n ner whorl s  (Pneu l i er al. . 1 994a) . I n  petun ia, 
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cosuppression of FEP2 (a SEP3 orthologue) generated sepallo id  flowers (Angenent et 

al. , 1 994). 

The SEP genes may not function completely redundantl y .  For i nstance, unl i ke SEP 1 and 

SEP2, the SEP3 gene has a d ifferent expression pattern, produces subtle changes in the 

flower and has been shown to i nteract with AP 1 to promote flower development 

( Mandel and Y anofsky, 1 998 ;  Pelaz et aI. , 200 1 a). In other species there are i ndicati ons 

the functions of the SEP- l ike genes may not completel y  overlap. Us ing cossupression 

and antisense studies, the individual SEP-l ike genes in tomato, petuni a  and Gerbera 

produced s ignificant phenotypes in transgeni c  plants ( Angenent et aI., 1 994; Pneu l i  et 

aI., 1 994a; Koti lainen et al., 2000).  

The SEP genes together with the B and C organ identity genes are suffic ient to convert 

vegetati ve leaves to floral organs. In a recent ground breaki ng experiment, ectopic  

expressions of PI, AP 3, with SEP 3 converted cauline l eaves of  Arabidopsis into petalo id 

organs. Also,  the ectopi c  expression of  PI, AP3, AG with SEP3 transformed caul i ne 

leaves into staminoid organs (Honma and Goto, 200 1 ) .  Though these were not suffi cient 

to convert rosette leaves to floral organs, it has been shown that ectopic  expression of 

A P  j,  PI, AP 3 and SEP 3 i s  sufficient to convert rosette leaves into petals  (Pelaz et a/. ) 

200 1 b).  The SEP genes have therefore been estab l i shed as the missing l i nk in the 

conversion of vegetative leaves to floral organs by the ABC genes. 

1 .4 .7  Flora l  meristem revers ion 

I ndeterminate growth of floral meristem results in flowers with extra whorls,  inc reased 

number of floral organs or double flower phenotype. These indeterminate phenotypes 

are attributed to u nregulated cel l  division in the floral meristems (Clark el al. ,  1 993 ) .  

The A G  gene controls determi nate growth o r  the floral meristem i n  A rohic/ojJsis . 

Mutation in A G  or expression o r  antisense A G  RNA in A ra hidopsis result in 

indeterminate tlower phenotype (Yanofsky et al. , 1 990;  M i zukami and Ma, 1 995).  

Similarly, the AG homol ogues i n  tomato (Pneuli el 0/. , 1 994b) and Cerbero (Yu el al . ,  
\ 999) have been shown to also regulate determinate growth of their floral meri tem . 

The A P  j gene also controls  determinate growth in Arabidospsis fl ower. ap i flowers 

26  



display the i ndeterminate features of i nflorescence meristem (Irish and S ussex, 1 99 0 ;  

Mandel e t  af. , 1 992b). 

Unlike i ndeterminate growth of floral m eristems, floral meristem identity can revert to 

inflorescence or  shoot meristem identity. This i s  a genetic switch resultin g  in the growth 

of shoot withi n  flowers, a development known as floral meristem reversion (Okamuro et  

a!. , 1 996 ) .  F l oral meristem reversion can be induced in  the flowers of A rabidopsis ag-I 
mutants by growing them under short-day l ight conditions, also, in  doubte mutants of ag 
and constans (co) grown under long-day i nductive conditions (Okamuro e t  a!. , 1 996; 

Mizukami and Ma, 1 997) .  Double mutants of clavatal and apl also caused cells i n  the 

central region of flowers to revert to inflorescence meristem (Clark et  aI. , 1 993 ) .  In,  

lmpatiens balsamina, flowers revert to vegetative shoot growth upo n  placement in non­

i nduct ive conditions and when photo- induced leaves are removed (Pouteau et  al. , 1 99 7 ;  

Pouteau et  aI. , 1 998ab). These reversions t o  shoot gro\Vih suggest the identity of the 

floral meristem must be maintained during flower development. 

The control of floral reversIon i s  largely unknown. In A rabidopsis, floral reverSIOn 

seems to be l imited by A G, but only under non-inductive condit ions (Okamuro et  al. , 

1 996 ;  Mizukami and Ma, 1 997) .  S ince  A G a l so funct ions to  control  determinate growth 

o f  the flower, there is a suggest ion that the pathways controll ing determ i nate growth and 

maintenance of floral meristem identity are related .  However, unl ike its determinate 

funct ion.  A G  ro le in floral revers i on is requi red on ly under short-day condit i ons 

(O kamuro et o!. , 1 996) .  In Impatiens, the transcr ipt ion patterns o f  flora l  meri s tem 

ident i ty genes Imp-FLO, Imp-FLv! and Imp-SQUA ,  o rtho logues of A ntirrhinum 

FUJRfCA ULA ,  FI/vIBRfA TA and SQ UA MOSA cannot expl a i n  th IS  p he nomenon .  lmp­

FL O i s  expressed continuous ly in  vegetative  and floral  t i ssues under both i nduc t ive and 

non- i nduct ive cond i t ions (Pollteal! cl Cl!. , 1 997 ;  POlltcal! cl al. , 1 998ab) .  Leaf removal 

exper iments and photoperiod treatments in fmpolicns have suggested that a lack of 

pers i stent i n d uced state in the leaves is respons ib l e  for floral revers i o n  ( Poteau c l  af. , 

1 997 ;  P O Llteau cl al . .  1 99 8 b ;  Tooke and Battey, 2000) .  The photo- induced s i gna! 

t ransmi tted via the l eaves is respons i b l e  for maintai n i ng the  flower ing p rogram and is  

requ i red  to reach the m er istem cont inuous ly  dur i ng flovver deve lopment  to prevent 

revers i o n  to vegetat ive gro\vt h. These exper iments are yet to  be c l ear ly  repeated in other 
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plant species (Hempel et aI. , 2000) .  M ore studies will be required to fully explain the 

molecular basis of floral reversion.  

1 .5 MADS-box gen es and fru it d evelopment 

MADS-box genes, are implicated in  events that suggest they p lay important roles during 

frui t  development. These include fruit growth characteri stics, proper growih of t issues, 

seed development, fru i t  dehiscence and fruit  abscission. 

1 .5 . 1  Stages in  fruit development  

1 .5 . 1 . 1 Fruit set 

Fru i t  development i s  a progress ion  of the events of flower devel opment .  The var ious 

fl oral organs formed dur i ng flower morphogenes is  progress d i fferentl y  in the later 

stages o f  devel opment. In most flo\vers, events at anthes is  l ead to  the trans fer of pol l en 

to  the o vary. Po l l inat ion  of  the fl ower st imulates the i n it ia l  growth  o f  t i s sues tovvards 

fru i t  format ion  and tr iggers a seri es of developmental events that  eventual l y  resu l t  i n  

fert i l i sat i on .  These events i nc lude t h e  senescence and absc i ss ion  o f  flora!  o rgans. 

growth and development of the o vary and ovu le  devel opment in ant ic i pat i o n  o f  
fert i l i sa t ion ( H o  and H ewitt, 1 986 ;  O'Ne i l l ,  1 997) .  Whi l e  t he  sepal s  o ften de lay 1 1l 

senescence and remain  on  the flower for a l onger peri od,  the peta l s  and stamens senesce 

short l y  a fter anthes is .  The senescence of the petal s  and stamens is hastened by i n crease 

i n  ethy lene product ion ,  whi c h  i s  tr iggered by pol l i nat ion (O'Nei l l ,  1 997) .  The o vary 
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subsequently develops into fruit .  I n  other flower types, the o vary develops together with 

other parts of  the flower, hypanthium in pomes, to form the fru i t  (Pratt, 1 998) .  

The first phase o f  fruit development involves i nitial ovary development, fert i l isation  and 

fruit set .  Fruit set is associated with increase in sink strength, activation of carbohydrate 

import, metabol ism and i ncrease i n  hormone l evels in t i ssues forming fruit (Mape l l i  et 

al. , 1 979 ;  B ungler-Kibler and Bangerth, 1 983 ; Takeno et al. ,  1 992 ;  Lee et al . ,  1 997ab ) . 

F erti l isatio n  of the ovules increases the levels  of hormones such as auxins and 

g ibberel l ins  which are hypothesised to play important roles in processes required for 

ovary development (Nitsch, 1 970) .  The role of horm o nes i n  fruit set i s  evident i n  the 

effects of  growth regulators o n  ovaries, which can lead to  parthenocarpic fruit 

development (Ozga and Reinecke, 1 999) .  

Parthenocarpy i s  an alternat ive pathway of fruit production, which leads to the 

format ion of seedless fru it .  Parthenocarpy may be  caused by  genetic factors, i nduced 

thro ugh appl ication of exogenous hormones or introduced by genetic engineering to 

i ncrease hormone accumulation .  Several mutations inducing natural parthenocarpy, pat-

2, pat-3 and pat-4 have been described in tomato (Mazzucato ct al. , 1 998 ;  Fos ct aI. , 

200 1 ) . These genes may i nduce parthenocarpy by i ncreasing the levels of endogenous 

h ormones. In all three tomato pat mutants, the l evels of g ibberel l ins  are s i gn ificantly 

higber than the wild type ovaries (Fos and Garcia-Martinez, 2000; Fos et a!. , 200 1 ) . 

Though other hormones were n ot examined, these resul ts  suggest that increased 

g iberrel l ic  ac id (GA) content may, at least partial ly, be respons ible for parthenocarpy. 

Thi s  observati on is consis tent with previous observat ions that GA appl icat ion  induces 

parthenocarpic  fruit deVelopment (Gustafson, 1 960 ;  Bunger-Kibler  and Bangerth, 1 98 3 ;  

Cano-Medrano and Darnel l ,  1 997) .  Also, the app l icat i on  of an inhib i tor  o f  G A  

biosynthes i s , paclobutrazo l ,  reduces the deve lopment o f  seeded wild type tomato fru i ts 

( Fos  and Garc ia-Mart inez, 2000) .  

Aux ins have s imi lar st imulatory e frect on frui t  development and the fert i l i sed ovules are 

a maj or source of this hormone. The appl ication o f  exogenous auxins can stimu late fru i t  

growth in  the absence o f  fert i l i sation or seed development (Kagan-Zur c l  0/ , 1 992 ; 

Aznar ct 0/ , 1 995 ;  Ozga and Reinecke, 1 999) .  Consi stent wi th  this ,  parthenocarpy has 

been induced via genetic engineering to i ncrease aux i n  production in frui t .  The auxi n  

b iosynthetic gene (iao/v!) fro m  Pseudomonas syringae when i ntroduced i nto tobacco 
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and eggplant successfully induced parthenocarpic fruit  development in these plants 

(Rotino et a!. , 1997 ; Ficcadenti et al. 1999). The iaaM gene product synthesises indole-

3-acetarnide which is converted to indole-3-acetic acid in transgenic plants (Kawaguchi 

et a!. , 1991; Gaudin et al. , 1994). 

1.5.1.2 Fruit growth 

Fruit growth is described by sigmoid-shaped curves comprising initial period of slow 

growth, which is the cell division phase followed by a rapid cell expansion phase and 

then a ripening phase. Some fruits exhibit double sigmoid growth curves with two rapid 

growth phases occurring within its life cycle. While the growth pattern of tomato and 

apple follows a single sigmoidal curve kiwifruit and peach have double sigmoid growth 

curves (Masia et al. , 1992; Lewis et al. , 1996; Gandar et al. , 1996). 

The duration of the cell division phase varies from one species to another, however, as a 

proportion of the entire fruit growth period, it is of a short duration in most species 

(Marcellis and Hofman-Eijer, 1993b; Carno-Medrano and Darnell, 1997) .  In tomato, 

cell division occurs during the first 10 to 14 days after anthesis while cell expansion 

continues for the next 6 to 7 weeks (Bunger-Kibler and B angerth, 1983 ;  Ho and Hewitt, 

1986; Varga and Bruinsma, 1986; Gillaspy et al. , 1993) .  While cell division may be 

restricted during fruit growth, cell expansion continue from ovary development to fruit 

maturity (Marcelis and Hofman-Eijer, 1993a). Both the cell division and cell expansion 

phases significantly influence the final fruit size (Bunger-Kibler and Bangerth, 1983 ;  

Narita and Gruissem, 1989; Marcelis ,  1993 ; Marcelis and Hofman-Eijer, 1993b). 

1.5.1.3 Fruit ripening 

Ripening marks an important phase in fruit development where growth is reduced and 

fruit undergoes biochemical, physiological and structural changes (Rhodes, 1970; Brady 

et al., 1987). Fruits are classified broadly as climacteric or non-climacteric, depending 

on the presence or absence of a rise in respiration rate associated with ethylene 

production during ripening (Lincoln et al. , 1987) . Ethylene is required for the ripening 

of climacteric fruits. In tomato plants in which ethylene synthesis is inhibited or in the 

Never Ripe mutant, which is insensitive to ethylene, fruit  ripening is impaired (Lanahan 

et al. , 1994; Giovannoni, 2001). Ethylene activates the expression of ripening-related 
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genes. The exposure of unripe tomato fruit to ethylene activates the expression o f  genes 

involved in ripening (Lincoln et af. , 1 987 ;  Gonzalez-B osch e t  af. , 1 996) .  The ripening 

process in non-cl imacteric fruits is s imilar to climacteric fruits ; i t  is associated with 

bio chemical changes and the expression of ripening related genes ( Manning, 1 99 8 ;  Nam 

et af. , 1 999;  Itai et al., 2000) .  However, the increase in  respiration rate and the 

associated rise in ethylene pro duction i s  absent from cl imacteric fruits. There is a 

general understanding that ethylene i s  not required  for ripening of non-climacteric fruit, 

though ethylene can induce the expression of specific  RNAs in non-cl i macteric fruit 

(Alonso et al. , 1 995 ; Lelievre et al. , 1 997 ;  Giovannoni , 200 1 ) . This s uggests the 

presence of ethylene-independent regulation of ripening. 

1 .5.2 Evidence of MADS-box genes in  fruit  development 

The study of MADS-box genes in regulating fruit development has not  been extensive 

as in fl ower deve lop ment . However, there are observations suggesting that MADS-box 

genes control events in fruit development. The A G gene of Arabidopsis (Yanofsky et 

of. , 1 990) and i t s  orthologues in other plant spec i es such as P LE of Antirrhinum ( Dav i es 

et af. , 1 999) and TA G 1 of tomato (Pneuli e t  af. , 1 994), are responsible for specifying 

carpel ident i t y . The products of t hese genes are therefore requ ired for carpel 

deve l opment,  which  is the precursor of fruit . Mutations in these genes cause c o m plete 

loss of  carpel i dent i ty and fru i t  deve l op ment . 

M A D S- box gcnes m ay ho l d  the key to parthenocarp i c  fru i t  development .  I n  a recent 

find ing , the PI homologue i n  appl e  (AfdP 1) \,vas respons i ble for the parthenoc arp i c  fru i t  

d eve l opment i n  app le  m u tants.  A transposon i nsert i o n  i n  MdPI produces the typ ica l  loss  

of  B funct ion  mutant flower. wi th  sepal  in  the fi rst t\VO whorls and carp e t s  in  the i nner  

t\Vo whor ls .  This u l t i mate l y  produ ced pathenocarpi c  fru i t  (Yao et  al. , 2 00 1 ) . I t  was 

t herefore sugges ted that the absence o f  the PI fun c t i o n  removed a rep ressor  o f" 

parthenocarpy i n  appk.  T h i s  ne\v ly  i dent i fi ed PI fu nct ion may n o t  be p resent  i n  a l l  p lant  

sp e c i es s i nce  app l e  fru i t  i s  a pome deri ved fro m  sepals,  peta ls  and stamen t i ssues ( Yao 

cl of. . 200 1 ;  S LiITidge, 200 I ) . 

3 1  



The FR UITFULL (A GL8) MADS-box gene of A rabidopsis is necessary for cel lular 

differentiation i n  the mature s i l ique (Mandel and Yanofsky, 1 995 ; Gu et al. , 1 998) .  fid 

mutant s i l iques fai l  to e longate after fert i l ization,  producing short compact  fruits .  FUL 

may regulate the transcription of gene required for cel lular differentiation during fruit  

development . S imi larly,  the SHA TTERPR OOFI (SHP I) and SHP2 MADS-box genes 

(previously AGL 1 ,  AGL5) are required for fruit  deh iscence i n  Arab idopsis s i l iques 

(L i lj egren et  al. , 2000). SHPI and SHP2 redundantly control dehiscence zone 

differentiation and l ignification of cells and are negatively regulated by FUL (Ferrandiz 

et al. , 2000).  In tomato, the JOINTLESS MADS-box gene controls the formation of 

abscission zone i n  flower and fruit pedice l  requi red for shedding fruits (Mao et al. , 

2000) .  

The TA G] MADS-box gene of tomato may be involved in  lycopene accumu lation and 

cel l  wall soften ing associated with ripening. Tomato sepals i ncubated at low 

temperatures became swollen, red and succulent and were associated with increase in 

TA G ]  expression. Fruits with ectopi c  expression o f  TA G I  RNA also d isplayed 

succulent sepals when incubated at low temperatures ( Ishida et a!. , 1 99 8 ) .  TA G] may 

regulate events during tomato fruit ripening. 

The number of isolated MADS-box genes expressed in fruit t issues continues to 

i nc rease. These incl ude apple MdlvfA DS]-/lI/dMA DS.f , preferential ly expressed in fl oral 

organs and young fru its of apple (S ung and An, 1 997),  Mdi\1.A DS5-/lI/d/llfA DS] 1 

expressed in di fferent parts of the app le fru it ( Yao et al., 1 999) .  These reports together 

give stro ng i ndicat ions that the members of the MA DS-box fami l y  are invo lved i n  

regulating events in fruit development. However, more genetic and molecular stud ies o f  

these genes wi l l  he lp unde rstand how this gene fam ily regulates such events in  fru it 

development. 
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1 .6 A i m s  of th is study 

The overa l l a im of this research p roject was to study the roles of MADS-box genes i n  

tlower and fruit  development. This  study formed part o f  t h e  Fruit  formatio n  and 

Development proj ect at the Horticulture and Food Research Institute of New Zealand, 

Auckland. At the begi nn i ng of this study, most investigations on MADS-box genes 

were centred on Do\ver development i n  the model p l ant species A rab idopsis. The 

obj ectives of  this study were therefore, to : 

• Identify new MADS-box genes i n  tomato which may be involved in  tlo\ver and frui t  

development 

• C haracterise these genes by analysing their sequence and e xpress ion pattern s  

• Examine  gene fi.mctions using transgenic techniques 



CHAPTER 2 MATERIALS AND METHODS 

2 . 1  O rganisms a n d  reagents u sed 

Bacterial  strains ,  source and genotype 

Escherichia coli strai n  DHI OB.  (G ibco BRL, Maryl and,  USA) F mcrA L)(mrr-hsdRMS ­

mcrB C) cD80dIacZLiI'v1 1 5  Li!acX74 deaR recA 1 cndA 1 araLi 1 3 9 D(ara Iell)7697 galU 

galK 1 rpsL nI /pG 

E. coli strai n DH5a, (G i bco B RL) :  F- cI)8 0cllacZM.1 1 5  Li(lacZY A-argF ) U 1 69 dco R  

rccA 1 em/A 1 hsdR 1 7( rk-, m k  +) phoA slIpE44 Iv- Ihi- l gyrA96 reIA 1 

Agrohacferiwn tllfllclacicns stra in  LBA4404 (G i bco B RL) :  d isarmed Ti P l asmid 
pA L4404 w i th only  vir and ori  reg ion o f  the Ti  p l asmid .  
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Table 2 . 1  Vectors used i n  th i s  study 

le Uni-ZAP XR 

pGEM-T Easy 

pART7 

pART27 

pART69 

2 . 1 . 2  P rimers 

Stratagene ,  CA, USA 

Promega, Madison, USA 

G leave, ( 1 9 92 )  

G leavc, ( 1 992) 

Yao,  unpublished 

Table  2.2 General p rimers 

Name Sequence (5' - 3') 

M 1 3  reverse pr imer GGAAACAGCTATGACCATG 

P3 5 S- J  GTC ACT TCA TCA AAA GGA CAG 
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Table 2.3 

Name 

lTM-03 

lTM-04 

TM29-GM l 

TM29-GM2 

TM29-P I 

TM29-P2 

TM29-P3 

TM29-P4 

TM29-P5 

TM29-P6 

Trv129-P7 

Primers for TM29 analysis 

Sequence (5' - 3't 

GCA A TT AAC C CT CAC T AA AGG GGG 

TAC CAA AAG TGC AGC T' 

GCT AA T ACG ACT CAC T AT AGG GGG 

TTC ACA ACG TTC ACC T' 

GA T CT A AGA GTT AGC CAA GA 

GGT TCA CAA CGT TCA CCT 

CTC CCA TCC TAA AGT TGT TCA 

TGA GGA TGT TGC TGC TGA CCA 

TGG GTA ATC TCA TGA CAT GCA 

TCA AGA ACC TTG TTA GCC TCA 

GCT TTT GCT GGG C AT ATA G 

TTG TGA CTA GAG C GT CCA 

TCC ATT TGC CAA CTT ACC 

;! U nd e rl i ned pr imer seq uence i n  lTM-03 and lTM-04 are promote r-b ind ing sequences 

o f T3 and T7 RNA po lymcrases ,  respec t ive ly .  
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Table 2 .4 Primers for TM10 analysis 

Name 

3 '  anchor primer 

D EG- l 

DEG-2 

NotI primer adapter 

ITM-O l 

I T M-02 

T M I O-P I 

T M I O-P2 

Sequence (5' -3 ' )
* 

GAG AGA GAA C TA GTC TCG AGT 

ATG GGS MGN G GN AAR RT 

ACY TCN GCR TCR CAN A 

GAC TAG TTC TAG ATC GCG AGC GGC 
CGC CC (T) 1 5  

GCA A TT AAC CCT CAC T AA AGG G G A  

A G C  A T G  CAA G G G  C T G  A 

GCT AA T ACG ACT CAC TAT AGG GGT 

TCA TCT CTC CAA AGT G 

ATG GGG CGG G G G AAG GTT CAA 

ATG GGG CGG G G G  AAG GTT CAA ATG 

AAG AGG 

* A/C, N=AITIC/G , R=A/G , C/T, S=C/G 
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Tab le 2.5 Buffer compos itions 

B u ffer name I Composition 

lX Saline 8 . 5  gll NaCl 

C h u rc h  and G i l bert 0.5 M sodiu m  phosphate,  1 mM EOTA (pH 8), 7% SOS (vv/v) 

buffer 

Detectio n  b u ffer 1 

Detection b u ffer 2 

Detectio n  b u ffer 3 
Detectio n  b u ffer 4 

Detection b u ffer 5 

Detection b u ffer 6 

1 00 mM Tris-H C l ,  1 50 m M  NaC l ,  pH 7 . 5  

B u ffer 1 , 0 . 5% (w/v) b l ocking reagent 

B u ffer 1 ,  1 % bov i ne serum a l bumin,  0 .3% (v/v) Triton X- J 00 
B u ffer 3, 0 .5% (v/v) Anti-digoxigenin-alka l i ne phosphate 

(Roche M o l ecular  B iochemica l s, Mannheim,  Germany) 

1 00 mM Tris-HC l ,  1 00 m M  NaCl ,  50 mM MgC I2 ,  p H  9 . 5  

B u ffer 5 ,  0 . 3 7 5  m g/m l n itro b l u e  tetrazol i um ch l or ide,  0 . 2  
m g/ml 5-Bromo-4-eh l o ro -3 - i ndoyl  phosphate , t o l u i d i n e  sa l t 

Fixative solution 4% paraforma ldehyde i n  P B S  (pH 1 1 ) 
In situ hy b rid isation 0.3  M NaC l ,  0 . 0  I M Tris-HCl  (pH 6 . 8), 0 . 1 M NaH2PO.j, 5 m M  

b u ffer E OTA , 5 0% deionised  formamide, 1 2 .5% dextran sulfate, I X  

Oenhard t ' s  so lut ion,  2 0  � g  of tRNA 

L igase l OX b u ffer 

mRNA b u ffer 1 

MRNA bu ffer 2 

N T E  

PBS 

RNA load i n g  buffe r 

R N A  sam ple bu ffer 

SSC 

TAE 

3 00 mM Tris-HC I ,  1 00 mM MgCb, 1 00 mM OTT, 1 0  mM 

ATP 

0.5 M NaCI,  20 m M  Tri s-HC l ,  p H  7 . 5  

0 . 1 Iv1 NaC l , 2 0  m M  Tri s - H C I ,  p H  7 . 5  

0 . 5  M N a C ! .  1 0  m M  Tri s - H C I  (pH 7 . 5) ,  I m M  E OTA 

1 3 0 m M  NaCI, 7 mM Na2 H PO.\, 3 mM N a H 2 P04 

50% g l ycero l ,  J m t'vI EOTA, 0 .4% bro m opheno l  b l ue 

2 . 2 M  formaldehyde,  5 0 %  (v/v) dci o n i sed forma m ide ,  5 0 m M  

M O P S  (pH 7 .0), J m M  E OTA 

1 5 0 mM NaC ! .  1 . 5 m M  N a 3  c i trate, pH 7 . 0  

4 m M  Tris-acetate ( p H  6 . 7) , 0 . 1 m M  EDTA 
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2.2 Growth media 

2.2.1 Bacterial media 

LB (l litre): 

LB Agar: 

YM (1 litre) :  

10 g tryptone, 5 g yeast extract, S g NaCI 

15 g of bacteriological agar in 1 litre of LB 

0 .4 g yeast extract, 1 0  g mannitol, 0. 1 g NaCl, 0.2 g MgS04.7H20, 0.5 g 

KzHP04 

YM Agar: 15 g of bacteriological agar in 1 litre of YM broth 

S.O.C (1 litre): 20 g tryptone, 5 g yeast extract, 0.6 g NaCl, 0.2 g KCl, 2 g MgC1.6H20, 

2.5 g MgS04.7H20, 3 .6  g glucose 

Table 2.6 Plant growth media 

Media composition ( 1  litre) Reference 

Murashige and Skoog (MS) macro salts (IX) Murashige and Skoog, 

1.65 g NH4N03, 1 .9 g KN03, 0.4 g CaCh.2H20, 0. 1 7  g ( 1 962) 

KH2P04, 0 .37 g MgS04.7H20, 40 mg FeEDTA 

MS micro salts (lX) Murashige and Skoog 

6.2 mg H3B03, 22. 3  mg MnS04.4H20, 8 .6 mg ZnS04. ( 1 962) 

7H20, 0 .83 mg KI, 0.25 mg Na2Mo04.2H20, 0.025 mg 

CuS04.5H20, 0.025 mg CoCh.6H20 
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KCMS, cocultivation medium Fillati et al., 1 987 

IX MS macro and micro salts, 1 00 mg inositol, 1 .3 mg 

thiamine-HCl, 200 mg KH2P04, 200 mg of 2, 4 

dichlorophenoxyacetic acid, 100 mg kinetin, 2.7 g phytagel 

(Sigma), pH 5 . 8  

l Z  regeneration medium 

I X  MS macro and micro salts, I mg zeatin 1 00 mg inositol ,  

20 g sucrose, 2.7 g phytagel, pH 5.8 

2Z regeneration medium 

lZ medium plus additonal 1 mg zeatin 

MSSV medium 

IX MS macro and micro salts, I X  Nitsch vitamins, 30 g 

sucrose 

2.3 Bacteria transformation procedures 

2.3.1 E. coli transformation 

2.3.1.1 Heat-shock transformation method 

Fil lati et al., 1987 

Fil lati et al., 1 987 

Fil lati et aI. ,  1987 

Competent E coli DHSa cells were transformed by the heat-shock method. 50 J..d 

aliquots of DH5a cells are placed in chilled microcentrifuge tubes and mixed with DNA 
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( plasmid or  l igation reaction) .  The cel l  and DNA mixture i s  incubated on ice for 3 0  

m inutes, heat-shocked in  a 42°C water bath for 45  seconds and i mmediately  p laced on 

ice for 2 minutes .  900 ml of S .O .C medium was added and incub ated at 3 7°C for 1 hour 

s haking at 225 rpm .  Cells were se lected on LB plates containing appropriate anti biotic 

at 3 7°C overnight. 

2 .3 . 1 .2 E lectroporation method 

D f-I l O B  Electromax ceUs (Gibco B RL) were transformed using electroporat ion .  Frozen 

cel l s  were thawed on ice and al iquots of 20 III mixed with DNA in steril e  

m icrocentrifuge tubes .  The cel l  and DNA mixture i s  p laced in  chil l ed mlcro­

e lectroporation chambers and electroporated at voltage setting  of 400 V, which delivers 

up to 2 . 5  kV with the voltage booster. Cel ls  are then removed from micro­

e lectroporatio n  chamber and immediately added to 1 ml of L B  medium, incubated at 

3 7°C for 1 hour with shaking at 225 rpm. Cel l  cultures are plated on LB p lates 

containing appropriate antibiotics for selecting transfo rmed and incubated at 3 7°C 

overn ight. 

2 . 3 . 2  Agrobacteriufll transformation 

Competent E lectroMAX Agrohaclcrillm twncfacicns LBA4404 ce l l s  (L i fe 

Techn o l og i es/l nv itrogen) were transformed by e lectroporat i on .  Ce l l s  \ve re transferred 

i nto  c h i l ted d isposabl e  m icro-electroporat i on chamber and e lectroporated with the 

G i bc o B RL Ce l l-Porator and Vo l tage Booster at 400 Y (2 .5  kY with vo l tage booster) .  

C e l l s  were added to 1 ml of YM med ium at room temperature and incubated at  28"C Cor 

3 hour s. shak ing  at 225 rpm .  Transformed c e l l s  are then se lec te d  on p lates o f" Y M  medi a 

supp lemented with appropri ate ant i bio t ics  i nc ubated at 28 llC for 48-72 hours .  
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2 .4 Nucleic acid isolation 

2 .4 . 1  Genomic DNA p reparation 

Genomic DNA was isol ated from selected p lant tissues using the CT AB method (Doyle 

and Doyle,  1 990) .  Fresh t issues were ground in pre-heated eT AB isolat ion buffer. 

S amples were incubated at 60°C for 30 m inutes with gentle s\vir l ing.  Equal volume of 

chloroform- isoamylalcohol (24 : 1 )  was added and mixed thoroughly to form an 

emulsion. S amples were centrifuged at 1 1 ,000xg for 1 0  m i nutes .  Aqueous phase was 

removed and two-third volume of cold isopropanol added. S amples were chi l led o n  i ce  

for 5 minutes and centrifuged a t  5 ,000xg for 10  minutes to precipitate DNA .  DNA pel let 

was washed with 70% ethano l  and dried in a dess icator for 20 m inutes .  DNA was 

d i ssolved in d i sti l led \vater and treated with RNAse. 

For purified genomic DNA used for sequencing. DNA was isolated USlI1g Q iagen 

DNeasy P lant DNA i so lation kit (Qiagen GmbH. Germany) fol lowing m anufacturer' s  

protocol .  

2.4.2  Total RNA iso lation 

For preparat i on o( RNA from p lant  t i ssues ,  samp le s  were p i cked and qu i ck ly  frozen i n  

l iqu id  n i trogen (-95°C).  Total RNA was iso lated us ing  Trizol reagen t  ( G i bco  B RL .  

Gai thersburg, M D ,  USA) accord i ng t o  manufacturer ' s i nstruct ions .  Ti ssues were 

homogeni sed i n  Trizo l reagent us ing 1 m l  of  reagen t per 1 00 rng o f  t i ssue .  S am p l e s  

were then i ncubated at  room temperature for 5 m i n utes and 0 . 2  m l  o f  ch lo ro fo rm added 

per 1 ml o f  Tri zo l reagen t  used. Tubes were shaken v igorous ly by hand and i ncubated 

fur ther a t  roo m  temperature for 3 m inutes. Th i s  was fol lo wed by centr i fu ga t i on  at 
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1 2,000xg for 1 0  minutes at 8°C .  RNA pellet was washed with 70% ethanol  and dried at 

3 7°C for 1 0  minutes. RNA was dissolved i n  d iethylpyrocarbonate (DEPC)-treated 

RNase-free water. RNA concentrations were determined by Spectrophotometer readings 

at :\=260nm (A26o) .  1 A260 was equivalent to 40 �g/ml RNA .  

2.4.3 Messenger-RNA purification 

Messenger RNA (mRNA) was purified from total RNA usmg the Messagemaker 

Reagent Assembly (Life Technologies). Poly(At RNA was se lected from total RNA 

using o l igo(dT) cellulose suspension. Total RNA was made to a concentration of O . S  

mg/l, denatured b y  heating a t  6SoC for S m i nutes and ch i lled o n  i c e .  200 �l  o f  S M  NaCl 

was added to 2 ml of the total RNA (1 mg) fol lowed b y  200 mg of  ol igo(dT) ce l lul ose. 

The m ixture was incubated at 3 7°C for 1 0  minutes for hybridization of  o l igo(dT) to 

poly(At RNA .  

The o l igo(dT) cel luloselRNA suspension was transfe rred t o  a fi lter synnge and the 

liquid containing unbound RNA expel led into a c lean RNAse-free tube. The o l igo (dT) 

cel lulose in the filter was washed with S ml of  B uffer 1 fol lowed by Buffer 2.  The 

po ly(At RNA was eluted from the fi lter syringe with 2 ml of RNAse-free disti l led 

water. A second poly(At selection was performed on this eluted sample fol lowing the 

fi rst selection procedure . The mRNA was precip itated by adding SO �g glycogen/m l, 0 . 1 

volume of  7 . 5  M ammonium acetate and two volumes of  -20°C ethanol .  The mixture 

was incubated overnight at -20ne and then centrifuged at 5 ,000xg for 20 mi nutes. The 

pel let was washed with 7S% ethano l and precipitated by centrifuging at 2 .600xg for 1 0  

minutes. The mRNA pel let was then air-dried and dissolved in R Ase-free disti l led 

water. 

2 A .4 c D NA synthcs is 

The SuperScript 1 1  reverse transcriptase system ( Gibco B RL) was used for c D N A  

synthes is  using t h e  purified m RNA. 5 � g  o f  m RNA was used a s  template for t h e  fi rst 
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strand cDNA synthesis. 2 � l  of NotI primer-adadpter [0 .5 �g/�l] was added to a 1 . 5-ml 

microcentrifuge tube and 5 �g mRNA i n  8 �l total volume added. The primer/mRNA 

mixture was heated to 70°C for 1 0  minutes and quick-chi l led on ice. The contents were 

col lected to the bottom by brief centrifugation; 4 �l of 5X first strand buffer, 2 � l  of 0 . 1 

M OTT and 1 � l  of 1 0  mM dNTP mix were added to the tube and contents mixed 

gently.  The tube was placed at 3 7°C to equi l ibrate the temperature before adding 5 � l  of 

SuperScript I I  RT [200 U/�I ) .  The reaction mixture was incubated at 3 7°C for 1 hour. 

The second strand was synthesised by adding 30 �l 5X second strand buffer, 3 �l of  1 0  

m M  dNTP m ix ,  1 0  units of E. coli DNA l igase, 40 units of E. coli DNA polymerase, 2 

units of E. coli RNAse H and DEPC-treated water to a final volume of  1 50 � l .  The 

reaction mix was incubated at 1 6°C for 2 hours; after which 1 0  units of T4 DNA 

polymerase was added to reaction and further incubated for 5 minutes. Fol lowing this,  

1 ° �l of 0.5 M EDTA was added to terminate reaction. The reaction was treated with 

1 5 0 � l  of pheno l : ch loroforrn :isoamyl alcohol (25 :24 :  1 ) , vortexed thoroughly and 

centri fuged for 5 minutes at 1 4,000xg for phase separation. 1 40 �l of the upper aqueous 

phase was transferred to a fresh 1 . 5 ml microcentrifuge tube, 70 �l of 7 . 5  M ammonium 

acetate added and wel l  mixed before add ing 0.5 ml  of -2 0°C absol ute ethanol . Mixture 

was vortexed thoroughly and centrifuged at 1 4 ,000xg for 20 minutes to pel let  cDNA. 

The supematant was careful ly removed and pel let  washed with 0 .5  ml o f  70% ethanol .  

The cD A pel let was dried at  37°C for 1 0  minutes .  

2 .4 .5  peR to a m p l ify M A DS-box fragments using degenerate p ri m e rs 

MADS-box DNA fragments were ampl i fied fro m  flower and fru i t  cDNA t e m p l ates 

using degenerate PCR primers, DEG- I ,  DEG-2 . These prime rs were designed based on 

the conserved am i no ac id residues MGRG KY/[ and LCDAEY in  the  M A DS doma i n .  

These were ex pected to ampl i fy a 1 45 basepairs DNA fragment . The P C R  condi t ions 

were as fo l lows :  i n i t i al denaturat ion at  94uC fo r 5 m i nutes;  fo l lowed by 3 0  c yc l es o f  

94uC for I m inu te, 5 5°C fo r 30 seconds a n d  nuc for 30  seconds plus a fi nal  extension 

at nLlc for 5 m i n . 
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The 1 45-bp fragment was gel purified and used i n  a l igat ion reaction  with the pGEM-T 

Easy vector. The pGEM-T vector system takes advantage o f  the template-independent 

addition of single adenosine to the 3' end of PCR products by enzymes such as Taq 

DNA polymerase (Doyle, 1 996) .  1 0  nanograms (ng) of the 1 45-bp fragment was added 

to 5 0  ng of the p GEM -T vector (3 kb size) i n  a total volume of 1 0  fll inc luding 1 fll o f  

supplied l igase buffer. Reacti on was incubated a t  4°C overnight. The l igation was used 

to transform E. coli strai n  DH5a competent ce l l s  (Gibco BRL) using a standard heat 

shock treatment. 

2.4.5. 1 peR for longer fragment of TMI O 

The longer fragment of TM] () was ampl ified from cDNA templates i n  a 3 '  rapid  

ampl ification  o f  cDNA ends (RACE) reaction ( Ohara et al.,  1 989) . Overlapping gene 

specific primers TM I O-P l and TM I O-P2 were used in combination with the 3'  anchor 

primer in primary and secondary reactions respectively . The sequence of the 3 '  anchor 

primer is based on the Not! primer-adapter used for cDNA synthesis .  The amp l ificat ion 

reaction "vas set  up usng the Expand High F ide lity PCR System (Roche, Mannheim, 

Germany) according to the manufacturer's instructions.  The amplificat ion conditions 

were as fo l lows : init ial denaturation at 94°C for 2 minutes, 3 0  cycles of  94°C for 3 0  

seconds, 5 0°C for 3 0  seconds, nOc for 1 m i nute and a final e longat ion step at noc for 

5 minutes. A I : 1 00 fold di lut ion of the primary PCR product was used as template for 

the secondary PCR.  These reactions resulted in a 0 . 9-kb DNA fragment o f  T}vf/ O. 
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2.5 Seq u ence a nalyses 

2.5. 1 DNA s eq uencing 

S equence  d at a  were generated at the DNA S equencing Faci li ty, Universi ty of Waikato, 

Hami lton, New Zealand on an ABI  Prism 3 7 7  DNA Sequencer (Applied B iosystems). 

Sequenci ng reactions were perfo rmed us ing dye terminator chemistry . Templ ate  and 

primers were prepared at requi red pur i ty (http://sequence .b io .waikato .ac . nz), free o f  

contam inati n g  salts, so lvents, RNA, proteins  and chelat ing  agents. 

2.5. 1 . 1  TM29 genom ic sequence 

The genomic DNA fragment of T;\129 was ampl ified by PCR using pr imers TM29-

G M  I and T M29-GM2 . A 4-kb DNA fragment was obta ined and c loned i nto pGEM-T 

Easy vector.  

The l igat ion reaction was set up in a total vo lume of 1 0 �d conta in ing 1 �d of  suppl ied 

l i gase (pGEM-T Easy vector system,  P ro mega, Madison,  USA),  50 ng of pGEM-T 

vector, 200  n g  of  TM29 DNA fragment and 3 units of  T4 DNA l i gase. The reaction was 

i ncubated at 4°C overnight. Competent E. coli DH 1 OB E l ectromax cel l s  (Gibco B RL) 

were transfo rmed with 1 p J  of the l igation react ion us ing G i bco  B R L  Ce l l porator, as  

described previously (Sect ion 2 .3 ) .  Trans formed colonies  were se lected o n  LB media 

contain i ng  1 00 mg/l ampic i l l i n  and 4 0  �tg/l of  X-gal .  for b lue and wh i t e  co lony 

screen Ing .  

The c l oned TA;f]9 fragment was seqllcnced on both strands us i ng  the  M 1 3  forward and 

M 1 3  reverse pr imers .  I n ternal fragments were success ively scqucnced with fo l l ow ing 

primer pairs :  TM29-P 1 ,  TM29-P2 ; TM29-P3 ,  TM29-P4; TM29-P5 ,  TM29-P6;  T M29-

P7, TM29-P8. Overlapping sequences w'ere then assembl ed us ing  the FRA G M ENT 
A S S E M B LY S Y STElv1 (GCG Vers i on 9 ;  Genetics Computer Gro up,  W I ,  U S A). 
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2.5. 1 .2 cDNA sequencing and mapping 

The TM29 and TA11 0 cDNA fragments were sequenced using the M 1 3  forward and 

M l 3  reverse primers. The cDNA sequences were analysed us ing the MAP program 

(GCG software) .  Mapped DNA sequences were manually edited to display the positive 

strand with protein  translations below. 

2.5.2 Secondary structure pred iction 

Predicted protein sequences were analysed by PSIPRED, a protein structure predict ion 

based on position-specific scoring  matrices (Jones, 1 999) .  Residues were predicted as 

ex-he l i ces,  B-strands or coi l s .  

2.5.3 Phylogenetic analysis 

Sequences used in the analysis were retrieved from the GenBank database (Append ix  

A) ,  e xcept for TA129 and TMI O sequences. Amino acid sequences from the  M A DS-box, 

I - and K- regions were used in phylogeneti c  analys i s .  Mult ip le  sequence a l ignment of 

the sequences was created by the progress ive pairwise method PI LEUP (Feng and 

Dool itt le,  1 9 8 7 ;  GCG version 9 ) .  A matrix o f  pairvv ise d i stances between the al i g ned 

sequences \vas c reated and corrected with Kirnura prote in  d i stance correct ion method 

( Kimura. 1 9 8 3 ) .  The neighbour-j o in ing method (Saitou and Nei ,  1 98 7 ;  Thornpson, cl 

al. ,  1 994) \vas used to c luster the sequences in  a pairwise fashion and an unrooted 

phylogenetic  tree was reconstructed with G rowTrcc (GCG vers ion  9) and p lotted with 

the TREEVI E W  soll\vare ( Page, 1 (96 ) .  
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2.6 Nuclei acid hybrid isati o n  

2.6 . 1 P reparation of radio-labelled pro bes 

2 .6. 1. 1  Labelling DNA probes 

The gene-specific DNA probes were prepared fro m  cDNA fragments of MADS-box 

genes, which were completely  without the conserved MAD S -box region so as to reduce 

cross hybridising to other MADS-box sequences. 50 ng of cDNA fragment \vas 

rad ioactively labelled with 32p_dCTP using the Megaprime DNA label l ing system RPN 

1 604 (Amersham Pharmaci a  B iotech, England, UK). DNA template was denatured at 

1 00°C for 5 minutes in the presence of random nonamer primers . A reaction mix was 

prepared on ice containing 4 �l each of unlabel led  nucleotides d ATP, dGTP and dTTP, 

1 0 �l l  of the reaction buffer and 2 units of DNA p olymerase I Klenow fragment. 5 �d o f  

n_32p  dCTP \vi th s peci fi c  act iv i ty 3 000Ci/mmol  was added t o  the mixture and the 

reaction incubated at 37°C for 1 hour. Unincorporated nuclcotides \vere removed using 

a spin column containing sephadex-G50.  The probe was then denatured in 0 . 1 M NaOH 

at room temperature for 20 m inutes and added to the hybridisation buffer and the blot .  

2.6. 1 .2 RNA probes 

S ense and anti sense RNA transcripts were dctected in transgenic plants Llsmg gene­

spec I fi c  RNA probes.  Probes were generated by in vitro transcription using '1'3 and '1'7 

RNA polymerases ( Roc11e) respec t i ve ly .  

DNA fragments were first ampl i fied by PCR using gene-spec ific primers ca rry ing T3 
and T7 promoter sequences at their 5' ends .  The PCR fragment which was without 

M ADS-box c onserved reg ion  was then used as template in transcription reactions with 

Cf.J2p CTP to generate rad ioactively label led RNA probes .  The react i on  \vas se t  up in a 

4 8  



final volume of  20 ilL This included 4111 of  5 X  transcription buffer, 2 II I of  1 00 m M  

OTT, 2 0  units o f  RNAse  inhibitor, 0 . 5 mM each o f  ATP, GTP and UTP, 1 2  IlM o f  CTP 

(Promega), Sil l  of ex_32p CTP (400Ci/mmol,  10 mCi/ml ;  Amersham), 1 mg of DNA 

template and 20 units of RNA polymerase .  React ion was incubated at 3 7°C for 60 

minutes. Unincorporated nucleotides were removed fro m  l abel ling reaction by pass ing 

through a sephadex G-50 column. These probes were used to hybridise to RNA blots .  

2.6.2 DNA blot hybridisation 

Tomato genomic DNA (20 /lg) was digested separate ly  with EcoRI , HindI I I  and .xbaI at 

3 7°C for 6 hours. The d igests were separated on electrophoretic gel Cl % agarose in  I X  

TAE buffer) .  The separated fragments were transferred o nto Hybond-N+ membrane 

(Amersham) in  a Southern blot transfer with 0 .4 M NaOH buffer, for 1 6  hours. The 

membrane was fixed by baking at 80°C for 2 hours . 

Hybridisation was performed as described previously by Church and Gi lbert ( 1 984)  

wi th  some modificat ions .  The blot was pre-hybridised in  Church and Gilbert buffer 

containing 0 . 1 mg/ml herring sperm DNA, for one hour. Then a rad ioactively labelled 

gene-specific probe was added and allowed to hybridise at 6SoC for 1 5  hours in a 

Hybaid oven. The hybrid ised blot was washed successively at 65°C i n  solutions 

contain ing 2X SSC and 0 . 1 % SOS for 30  minutes, 1 X S S C  + 0 . 1 % SDS for 30  m inutes 

and 0 . 1 X S S C  + 0. 1 % SDS for 1 0  m inutes . Hybr idisation s ignals were vi sual ised with 

Storm 840 Phosphor-I maging system (Molecular Dynamics,  CA, USA) and analysed 

with the ImageQuant software (Mo lecular Dynamics) .  

2 .6.3 RNA blot hybridisation 

For blot  analys i s, RNA ( l 0  or  20 �Lg)  was denatured i n  RNA samp le  buffer at 70°C for 5 

m i nutes. quenched on ice and 2 �L l o f  RNA load ing  buffer added to each samp le ( Doyle, 

1 996 ) .  Samples \vere loaded into 1 (% agarose ge l  prepared with RNase-free 1 X TAE 

buffer containing 5 �Lg/m l  eth id i um bromide. Samples were e lectrophoresed at 1 00 vo l ts 
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unt i l  bromophenol blue dye has m igrated two-thirds the length o f  the electrophoretic 

gel .  The gel was v isual ised and photographed under ultrav io let transi llum i nation  (302 

nm).  RNA samples were transferred to Hybond N+ membrane fol lowin g  standard 

procedure (Sambrook et al. , 1 989) using an RNAse-free 0 .05  M NaOH buffer. 

Hybridisation and washing conditions were the same as described for the DNA blot 

hybridisat ion above. To re-probe blots, the previous probes were stripped with 0 . 1 % 

SDS at 1 00°C for 5 m inutes. 

2.6.4 Reverse transcriptase-peR 

To detect rare gene transcripts and to determine semi-quantitative level s  of  gene 

expression, reverse transcriptase PCR (RT-peR) was performed with the Titan One­

Tube RT-PCR System, (Roche) which combines the first and second strand synthes is  i n  

one reaction.  The react ion mix  had a final concentration o f  0 .2  m M  dNTP S ,  0 . 4  � M  of 

each primer, S mM DTT, 1 0  units of  RNase i nhibi tor, I X  RT-PCR buffer with 1 . 5 m M  

MgCh and 1 II I of suppl ied enzyme mix .  The first strand synthes is  was catalysed by 

AMY reverse transcriptase at 50°C for 30 minutes .  Thi s  was direct ly  fo l lowed by PCR 

ampl i fication by Taq DNA polymerase and Pwo DNA polymerase at  the fo l lowing 

cond itions : 94°C for 2 minutes, 25 cycles of 94°C for 3 0  seconds, 5 8°C for 3 0  seconds 

and 68°C for I minute and a final elongation at 68°C for 5 7 m inutes .  

PCR products were electrophoresed a t  1 00 Y in 1 % agarose gel and trans fe rred onto 

Hybond N+ membrane as descri bed previously .  The membrane was then hybridised 

with a gene spec i fic probe accordi ng to Southern hybridisation procedure descri bed . 

2.6.5 RNA ill situ h y b ridisation 

The methods for label l ing RNA probes, t issue preparation and in situ hybridi sation 

fo l lowed that descri bed by lackson ( 1 992). All  so lutions were prepared with d i st i l l ed 

deion ised water treated wi th 0 . 1 % diethy lpyrocarbonate (Sambrook et  al. , 1 9 89) .  
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2.6.5. 1 T issue p reparation 

1 .  Tissues were fixed in 4% fonnaldehyde in  phosphate buffered sa l ine (PBS )  by 

infiltration under vacuum and kept at 4°C overnight. 

2 .  Tissue samples were passed through 85% sali ne for 30  mins, then 5 0%, 70%, 8 5%, 

95%, 1 00% ethanol  solutions for 90 minutes each and kept at 4°C overnight. 

3 .  Tissues were then passed through 1 00 %  ethanol for 2 hours, 1 :  I ethanollhistoclear 

for 1 hour, 1 00% histoclear for 1 hour and then 1 :  1 h i stoclear/wax at 5 0°C 

overnight. 

4 .  Tissues were p laced in  wax at 5 0°C overnight and then embedded in b locks of wax. 

5 .  Embedded t issues were sectioned to 8 !lm thickness with ultra-microtome (Leica 

Microsystems) .  Ribbons of sections were floated on steril e  R.Nase free  water at 42°C 

until the ribbon flattens out. These were then mounted on positively charged g lass 

s l ides (BDH, Dorset, UK) and left at 40°C overnight. 

2.6.5.2 Pre-hybridisation treatment 

1 .  S l ides with sections were placed in  sl ide racks and dipped into fresh Histoclear 

solutions for 1 0  minutes to dewax. 

2 .  S l ides were passed through ethanol d i lution series :  1 00% ethanol  for 1 minute 

(twice) ,  then 95%, 85%, 70%, 50% and 3 0% alcohol solutions containing 1 X 
sal ine for 30  seconds each. 

3 .  They \vere then dipped in to  1 X PBS so l ut ion for 2 m inutes fo l lowed by 0 .2% 

(w/v) g lyc ine in PBS for 2 minutes .  

4 .  Sect ions  were then permeab i l i zed  wi th  20  �tg/m l P rote inase K tn protei nase 

buffer at 37°C for 30 minutes fo l lowed by treatment in fresh l y  prepared 4(;:;) 

parafo rmaldeyde at room temperatu re for 1 0  minutes .  

5 .  Sect ions  were then incubated i n  fresh ly  prepared 0 .25% acet i c  anhydride i n  0 . 1 

M t r iethanolamine buffer for 1 0  mi nutes.  
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6. Slides were passed up through the alcohol series to the first 1 00% ethanol and 

then washed in fresh 1 00% ethanol before drying. 

2.6.5.3 Preparation of DIG-labelled RNA probes 

Digoxigenin (DIG)-labelled sense and anti sense probes were generated with T3 and T7 

RNA polymerases respectively by in vitro transcription using the DIG nucleic acid 

detection kit (Roche) . PCR fragments with T3 and T7 promoter sites were used as 

templates. 1 Jlg of template was added to a 20 III reaction mix of I X  transcription 

buffer, 40 units of RNA polymerase, 1 mM each of ATP, CTP, GTP plus 0 .65 mM UTP 

and 0.35 mM DIG- l l -UTP, 50 U of RNase inhibitor. The reaction was incubated at 

3rC for 2 hours. DNA template was removed by adding 40 units of RNase-free DNAse 

I to the reaction and incubated at 37°C for 40 minutes. The labelled RNA was 

hydrolysed with 40 mM NaHC03 and 60 mM Na2C03 at 60°C for 2 hours. RNA was 

precipitated by adding a tenth volume of 1 0% acetic acid, 100 Jlg transfer-RNA 

(SIGMA), 0.48 JlM LiCI, twice volume of 1 00% ethanol. The solution was left at -2ife 

overnight and centrifuged at 1 3,000 rpm for 1 0  minutes. RNA pellet was washed with 

70% ethanol, dried at 37°C for 1 0  minutes and dissolved in RNAse-free water to a final 

concentration of 1 Jlg/Jl l .  

2.6.5.4 Hybridisation 

1 .  The sense and antisense RNA probes in 50% formamide were denatured at 80°C 

for 2 minutes cooled on ice and given a quick spin to collect contents. 

2. In situ hybridisation buffer was added to give a final mix of 1 part probe in 50% 

formamide and 4 parts hybridisation buffer. 

3 .  1 50 Jl l of hybridisation mix was added to each slide of sections and then covered 

with cover slips avoiding air bubbles. 

4. Sl ides were put on a platform inside a sealed container with paper soaked in 2X 

S SC, 50% formamide and placed in a hybridisation oven at 50°C overnight. A 

beaker of water was placed in the oven to prevent drying of tissues. 
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2.6.5.5 Post-hybridisation wash ing  

1 .  S l  ides were p laced in  a g lass rack and washed by  dipping i nto 1 X S S C  for 1 0  

minutes in the fume hood (cover s lips were removed from s l ides at this step) 

fol lowed by two fresh so lutions of NTE buffer at room temperature for 5 

m inutes each . 

2 .  S l ides were then treated with 2 0  fJ.g/ml RNAse A in  NTE buffer at 3 7°C for 3 0  

m inutes fol lowed b y  two washes  i n  NTE buffer for 5 m inutes each. 

3 .  S l ides were incubated i n  I X  S S C  at room temperature for 1 0  minutes and then 

0 .2X SSC at 55°C for 60 minutes .  

2 .6 .5.6 Immunological detection 

1 .  S l ides were placed in  a rack and incubated in detection  buffer 1 for 5 minutes, 

detection buffer 2 for 1 hour, buffer 3 for 1 hour. 

2 .  S l ides were placed on a tray and covered with buffer 4 (containing anti-DIG­

alkal ine phosphate) for 1 hour. 

3 .  S l ides ,vere then washed four t imes in detection buffer 3 for 1 0  minutes each. 

4 .  They were equil ibriated i n  detection buffer 1 and buffer 5 for 5 minutes each and 

then incubated in detect ion buffer 6 containing NBT and B C I P  for 24-48 hours 

as described by Coen ct al. ( 1 990) .  

2 . 6 . 5 . 7  P h o tography 

S l i des ,vere a i r-dried in  fume hood , mounted with  to l uene-based ac ry l ic re.s in  med ium 

(prob ing  & S tructure. Qld , Austra l ia) .  These were dr i ed  i n  the fum e  hood overn ight 

1 6  hours) .  Photographs were taken under Olympus Vanox A IlT} l Ight  m Ic roscope 

with RS Photometries camera (Koclak. NY, USA) .  
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2.7 Transformation prodedures 

2.7.1 Transformation vectors 

Three vectors were used to clone cDNA fragments for transformation of plants (Figure 

2 . 1 ) .  cDNA fragments were cloned into a primary cloning vector, pART7. The 

expression cartridge of pART7 comprises the 35S promoter of a cauliflower mosaic 

virus (CaMV), a multiple cloning site and the octopine synthase gene (OCS) 3'­

untranslated region (Gleave, 1 992; Appendix B). The binary vector pART27 has a 

transfer-DNA (T-DNA) comprising of a f)-galactosidase (lacZ') region with a unique 

NotI site immediately 3' of the right T-DNA border (RB),  a chimaeric kanamycin 

resistance gene (nopaline synthase promoter (PNOS)-neomycin phosphotransferase 

(NPTII)-nopaline synthase terminator (NOS3' »  as plant selectable marker and a left T­

DNA border (LB, Appendix C) .  The binary vector, pART69 is  a derivative of pART27 

and carries a B-glucuronidase (GUS) gene driven by the mannopine synthase (MAS) 

promoter and CaMV (5'-7')  terminator, immediately 3' to the T-DNA right border 

(Langridge et al., 1989, Yao, unpublished). 

2.7.1 .1  Cloning of TM29 cDNA 

The TM2 9  cDNA (1 .2  kb) was cloned into the BamHI site of the pART7 vector, 

between the CaMV 35S promoter and OCS 3' untranslated region. The cloning of the 

BamHI cDNA insert into pART7 resulted in two vectors, pT729S (sense) and pT729AS 

(antisense), with the cDNA in sense or antisense orientation to the 35S promoter, 

respectively. 
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Figure 2 . 1 .  Schematic diagrams of c loning vectors used in this study. A. The expression catridge of pART7 primary c loning vector (Gleave, 

1 992). B. The T-DNA region of pART27 binary vector (Gleave 1 992) .  C. T-DNA of pART69 vector (Yao, unpublished). For abbreviations in 

figure refer to Section 2 .7 . 1 (page 54). 



The orientations were confirmed using .¥baI enzyme. A third vector pT729PAS ,vas 

constructed by c loning a O .7kb cDNA fragment (comprising part of the I-region,  the K­

box, the C- and 3 - '  untranslated region) in antisense orientation to the 3 5 S  promoter in  

pART7 .  

The NotI 3 5S-cDNA-OCS fragment of each construct was introduced i nto the  NotI 

c loning s ite of pART69 (Yao, unpubl ished) to y ie ld three vectors, p69S (sense) ,  p69AS 

(anti sense) and p69PAS (partial antisense) .  These vectors containing the TJI.129 

sequences were transfo rmed into Agrobacterium tumefaciens strain L B A4404 c el l s  by 

e lectroporation. 

2.7 . 1 .2 Clon ing of Tj\11 0 cDNA 

EcoRI recognition site was introduced into the 5' and 3' ends of the TMJ 0 cDNA by 

P CR. The TM1 0 cDNA fragment was digested with the EcoRI enzyme and cloned into 
the EcoRI s ite of pART7 vector (Gleave, 1 992) .  Thi s  c l oning procedure resulted i n  the 

TAI1 0 cDNA c loned in e ither sense or anti sense orientations to the 3 5 S  promoter, 

yie lding two vectors pART70S and pART70AS respectively .  A 2 .7kb NotI fragment. 
i nc l ud i ng the 3 5 S  promoter, the TMJ D i nsert fragment and the OCS 3' untrans l ated 

reg ion from each vector was c lone d  into the NolI site in the Agrobacteriun1 binary 
vecto r. pART27 (G l eave , 1 992) to obtain pART270S and pART270AS vectors (sense 

and ant isense transformati o n  vectors respect ive ly) . 

2.7.2 P lant  transfo rmation 

Agrohacleril l!ll cel l s  carry ing trans format ion vectors were used in separate exper iments 

to trans form tomato and tobacco t i ssues .  

2 . 7.2 . 1  Tomato trans formation 

Tomato transformat ion  experiments ,vere carried out uSl l1g the c u l t ivar, M ierotom 

fo l lowing the method by Me i ssner cl al. ,  ( 1 997) .  Coty ledons from 7-9 day old seed l i ng 
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were used as explants for transformation .  Explants were prepared by s l i c ing off the t ip 

and the base o f  cotyledons. These were pre-cultured overnight o n  KCM S  medium 

supplemented with 1 00 �M acetosyringone, with an overlay of  steri l i sed Whatmann 

filter paper. Explants were placed with their adaxial surface to the fi lter paper. 

Agrobacferium cel ls  carrying the i nd iv idual transgene vectors were cultured in YM 

medium supplemented with 1 00 mg/l of  specti nomycin, at 28°C for two days .  The ce l l s  

were re-cultured i n  fresh YM medium with ant ibiotic and al lowed to  grow o vernight up 

to  OD600 of 1 . 5-2 .0 .  The Agrobacteriurn ce l l s  were precipitated by centrifugation and 

resuspended in KCMS to an OD600 of 0 . 8 .  

The pre-cultured explants were trans ferred t o  a beaker containing 1 0  ml of  the 

Agrobacterium cel ls  i n  KCM S  and incubated for 5 minutes with gentle swirl ing. The 

explants were then blotted on sterile fi lter paper and co-cultivated on the KCM S  

incubation med i um a t  23-24°C for two days.  This was fol lowed by the i r  transfer to 

selective regeneration medium (2Z) consist ing of MS salts and v itamins,  2 mg/l zeat in,  

1 00 mg/l myo-inositol ,  20 g sucrose, 2 . 7  g of phytagel supplemented with 1 00 mg/l 

kanamyci n  and 200 mg/l carbenic i l l in .  Ten explants were put on each Petri d ish 

contain i ng 25 ml of medium. Subsequent transfers to fresh regeneration medium were 

done every two weeks unt i l  shoots were d istinguishable. Explants with shoots were 

moved to pott ies  with shoot regeneration medium ( I Z) contai ning 1 mg/l zeatin. Dead 

tissues were trimmed or removed to maintain healthy explants . Regenerated shoots at 

about I -cm length were then transferred to MSSV medium supplemented with I mg/I 

indoy l  butyric acid and 5 0  mg/I kanamycin .  Rooted plants were trans ferred to soil in the 

glasshouse .  

2.7.2 .2 Tobacco t ra n s format ion  

Tobacco (Nicofiana lahacl/IJ/ cv Samson) was used as a heterologous host to  ex am i ne 

the e ffects o f  ectopic expression o f  tomato MADS-box genes. Transformation 

procedure was similar to the one used for tomato, with certain modifications. Leaf d isks 

fro l11 tobacco p lants gro\\'ing in t issue culture were used as explants. Leaf disks were 

inoculated with Agrobaclerilll1l cel ls carrying the vector p69S and pART270S and co-
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cultivated on  medium containing 1 X M S  salts and vitamins, 3 0  g/l sucrose, 0 . 1 mg/l 

NAA, 1 m g/l BA and 2 . 7  g/l phytagel ,  p H  5 . 8  before autoclaving.  These were kept at 

23 -24°C for two days. 

Co-cultivated explants were transferred to selection medium consisting of  the co­

cultivatio n  medium supplemented with 1 00 mgll kanamycin and 200 mg/l carbenic i l l in .  

Regenerating shoots were sub-cultured onto MS basal medium with 1 00 mg/l 

kanamycin  and 200 mg/! carbenicil l in .  Shoots at 3 -cm height were rooted o n  MS 

medium with 1 mg/! indol-butyric acid and transferred to soi l  in contairunent 

glasshouse. 

2.7.2.3 Plant growth conditions 

Transgenic and wild type tomato and tobacco plants were grown in  potting mix of p eat : 

loam: sand (2 : 1 :  1 )  in 1 0  cm diameter pots under glasshouse conditions at 23  ± 1 Gc . 

Sodium vapor lamps (3000-5000 lux) were used to supplement natural l ight for a total 

of 1 6/8 hours l i ght/dark (Atkinson et al . ,  1 998) .  F or short-day treatment, p lants were 

placed in a gro\\ih chamber, with 8 hours of l ight supplied by cool white fl ourescent 

bulbs ( 1 20 flmol m-2 ) and a temperature of 24 ± 0 . 5  Gc . Plants were watered 

regularly with normal tap-water. 
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2.8 A n a lyses of tra nsgenic plants 

2.8 . 1  Polymerase Chain Reaction (PCR) to  confirm transgenic plants 

To confirm the presence of  the T-DNA constructs in  the transformed tomato and 

tobacc o  plants, PCRs were performed with Taq DNA polymerase (Roche) .  Genomi c  

DNA was i so l ated from young leaf t issues o f  transgeni c  p l ants as described previously 

(section 2 .4 . 1 ) . 

A 3 5 S  promoter sense primer, P 3 5 S - 1  was used i n  combination with TM29 specifi c  

primer I TM-04 t o  ampl ify a 1 .45 kb DNA fragment from the sense transformed plants . 

As an internal contro l ,  this primer combination d id not give any fragment from the full 

and part ial  anti sense l ines or the non-transgeni c  p lants. P3 5 S- 1  and ITM-03 amp l ified a 

1 .6 kb DNA fragment from both the ful l  and part ial antisense transformed plants . 

For TMj(J transformed plants, P 3 5 S- 1 \vas used in  combination with ITM-02 primer to 

ampl i fy a 1 . 1  kb fragment. peR conditions were as fol lows : in it ia l  denaturation at 95"C 

for 2 minutes, 2 5  cycles of 95°C for 30 scconds; 5 SoC for 1 m inute and nOc for 1 

minute p lus a final extension at 72°C for 5 m inutes. 

2.8.2 M ea s u rement  of  flo r a l  o rg a n  and fru i t  s ize 

The l ength and width or each noral  organ was measured under a stereo microscope.  The 

mean o r  3 -5 nO\VerS pi cked at the same stage was ca lculated for each l i ne.  F loral organs 

were separated with forceps and the length of each organ was measured along the  mid­

section from the apex to the point of  attachment on the flo \ver. The \vidth was m easured 
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at the widest portion of  each organ. The diameter of  each  fruit was measured at the 

equatorial section picked at the breaker stage. The mean of five to s i x  fruits was 

calculated for each plant studied 

2.8.3 Scanning electron microscop ic analyses 

Plant samples were fixed i n  a 50% ethanol ,  0 . 9  M gl acial  acetic acid and 3 .7% 

formaldehyde for 1 5  hours and dried in  a BalTec CPD 030 critical point drier. Samples 

were dissected under stereo m icroscope by removing some parts, to reveal the organs to 

be examined. These were mounted onto stubs and coated with gold in a Po laron 1 00 

sputter coater. Specimens were examined i n  a scanning e lectron microscope (Phi  l ips  

P S EM 505 ) .  

2.8.4  Tissue preparation and staining 

To observe the early developmental stages of ectopic inflorescence, 8 /-Lm t issue sections 

of  ovary at 0-6 days post-anthesis (d .p .a) were prepared from the AS/45 transgenic l ine ,  

which has a severe phenotype, us ing the method described previous ly (Jackson 1 992) .  

For staining, t issues were dewaxed in  Histoclear (National Diagnost ics) ,  rehydrated 

through serial di lutions of ethanol and a l lowed to dry as described by O ' Brien and 

McCul ly  ( 1 98 1 ) . Tissues were stained in 0 .0 1 %  toluidine blue (pH 4 . 5 )  and 

photographed as descri bed previously .  

2 .8.5 G A  trcatmcnt 

For gibbere l l in treatment, OAJ was e i ther sprayed on whole p lant produced from 

cuttings or was applied direct ly to flowers us ing a paintbrush. 
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Control and transgenic p lants from vegetative cuttings were grown until  they had three 

ful ly expanded l eaves .  P lant l ines were sprayed generously twice a week for 4 weeks 

with 1 00 flM GA3 (Sigma) and 0 .02% Tween 2 0  (Wilson et al. , 1 992) .  As a contro l ,  

p lants were sprayed with 0 .02% Tween 20  in  water.  I n  a second treatment, individual 

inflorescence of 5-6 flowers was tagged and GA3 appl ied to them using fine-tip 

paintbrush. As control ,  flowers on same p lant were treated with 0 . 02% Tween 20 .  

F lowers and fruits on these plants were observed for phenotypic changes.  
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CHAPTER 3 

A Tomato MADS-box gene involved in flower and fruit  development 

3. 1 INTRODUCTION 

In plants, MADS-box genes are well known for the i r  regulatory roles in flower 

development, functioning as homeotic genes in  the spec ificat ion of floral organs and 

controll ing the spatial expression of other genes (Yanofsky et al . ,  1 990 ;  Mandel et al. ,  

1 992 ;  Bradley e t  al. ,  1 993 ; Davies e t  al., 1 999) .  Fru i t  development i s  a progress ion fro m  

the events of flower morphogenesi s  and there are indicat ions fro m  express ion patterns 

and genetic analyses that MADS-box genes play i mportant functions during thi s  process 

( Yao et al. , 1 999 ;  Sung et al. , 2000). The A GL8 MADS-box gene in A rahidopsis 

controls cellu lar d i fferentiation during fruit development (Gu et al. ,  1 99 8 ) .  The tomato 

A GA MO US I is also implicated in the fru i t  ripening process ( I shida ct al. ,  1 998 ) .  

Recently the PISTfLLA TA homologue i n  apple, lvldP] has been i mpl i cated i n  

parthenocarpic fruit development ( Yao c t  aI. ,  200  I ) . 
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To further study the involvement of MADS-box genes in  flower and fru it development, 

tomato (Lycopersicon esculentum Mil l . )  was chosen as a model system. Tomato MADS­

box gene 2 9  was obtained from a fruit cDNA l ibrary and its expression pattern 

determined in vegetative, floral and fruit tissues. F urther experiments were carried out 

to examine its functions by transgenic  methods. In this chapter, the characteristi c s  of 

TM29 and its p otential functions in fl ower and fruit development are analysed. 

3.2 RESULTS 

The cDNA clone of TM29 was isolated from a primary cDNA l ibrary constructed with 

mRNA extracted from young tomato fruit ( 1 -7 days post-anthesis) in the 'A Uni-Zap XR 

vector ( Stratagene, CA, USA) (Kvarnheden et af. 2 000;  Yao, unpubl ished) .  The cDNA 

of Tlvf29 was sequenced on both strands using an ABI Prism Model 3 7 7  with M l 3  

forward and reverse primers and a lso with custom-designed primers based on internal 

sequences .  The length of the isolated TM29 cDNA was 1 23 1 -bp comprising of an open 

reading frame (292- 1 029) encoding 246 amino acid residues, a 5'  untrans lated region ( 1 -

29 1 )  and a 3 '  region terminated by po ly-A tail ( 1 03 0- 1 23 1 )  ( F igure 3 . 1 ) . 
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CTAAAGTTAAAACAATGAATCCC�4AAGAAGATAGGA4GAAATGCCATAGATAAAAACAA 

CCCATGTTCA CTTTTTCTCTCTC��CATTGAAATTCAACCAAAACAA4AAACAAA4GT 

TGATAAGA4TCCTTTCTTTCTTTCTTTGTGTGTGTGTGTGTCTAGCTAGGGTTTGCATTT 

CTTTCACAATTTTGGTTGTTTCAGTAGGAGAGAAAAGAGGATCTAAGAGTTAGCCAAGAG 

AAGAAATTAGTGAGAAAATAAAGTAGAAAAAGATCATCAGAGGA4GGAGGGATGGGTAGA 

M G R  

GGAAGAGTTGAGCTGAAGAGGATAGAAAACAAGATAAATAGACAAGTCACT TTTGCAAAG 
G R V E L  K R I E N K I N  R Q v T F A K 

AGGAGAAATGGATTGC TCAAAAAAGCTTATGAAC TATCTGTGCTTTGTGATGCTGAAGTT 
R R N G L L K K A Y E  L S V L C D A E V 

T 
GCTCTACTCGTTTTCTCTAATCGTGGAAAACTCTATGAATTCTGCAGCACAAACAATATG 
A L L V F S N R G K L Y E  F C S T N N M 

CTCAAAACACTTGATAGGTACCAAAAGTGCAGCTATGGAACATTGGAAGTCAATCGATCA 
L K T L D R Y  Q K C S Y G T L E V N R S 

ATCAAAGATAATGA�AAAGCAGCTATAGGGAATACTTGAAACTCAAAGCCAAATATGAG 
I K D N E Q S S Y R E Y L K L K A K Y E 

T 
TCGCTGCAGCGATATCAAAGACACCTTCTTGGAGATGAGTTGGGGCCTCTGACTATAGAT 
S L Q R Y Q R H L L G D E L  G P L T I D 

T GATCTTGAGCATCTTGAAGTCCAACTAGATACTTCCCTCAAACACATTAGGTCCACCAGG 
D L E H L E V Q L D T S L K H I R S T R 

ACACAAATGATGCTTGATCAGCTTTCTGATCTTCAAACTAA�AGAAATTGTGGAATGAG 
T Q M M L D Q L S D  L Q T K E K L W N E 

T 
GCTAACAAGGTTCTTGAAAGAAAGATGGAAGAAATATATGCTGAAAACAACATGCAACAA 
A N K V L E R K M E E l  Y A E N N M Q Q 

GCATGGGGTGGTGGTGAGCAAAGTCTCAATTATGGTCAGCAGCAACATCC TCAATCTCAG 
A W G G G E Q S L N Y G Q Q Q H P Q S Q 

GGTTTCTTCCAACCTCTAGAGTGCAACTCTTCCTTGCAAATTGGGT�GATCCAATAACA 
G F F Q P L E C N S S L Q I G Y D P I T  

ACTTCAAGCCAAATAACAGCAGTAACAAATGCCCAAAACGTGAATGGTATGATACCTGGT 
T S S Q I T A V T N A Q N V N G M I P G 

TGGATGCTGTGAATGAAAAAGTCCTTTATCTTCAGCTTTGCATAAAAGCATATGAAGTAT 

W M L * 
ATTTCTATAATA4TAAAGGAAAACTCCAGTACCTTTATTTTCAGCAAAATACCCTAATTA 

AGGTGAACGTTGTGAACCATTTTCTTTGCATAAAAACAAACTTGTTTGCTTGGAAATGTT 

TTATTTTATTCAAAAAAAA4AAAAAAAA4AA 

Figure 3. 1 .  Nucleotide sequence of the pos i t ive strand of TM29 cDNA and derived amino ac id 

equence below. The 5' untranslated region (UTR) and the 3' UTR have been i tal icized. before 

and after the coding  region respect ive ly. The pos i tions of i ntrons are marked with T. T he * 
marks the translational stop codon. 
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3.2.1 TM29 is a tomato MADS-box gene and groups to the SEPl subfamily 

The conceptual TM29 protein was analysed for sequence similarity with members of the 

MADS-box family. TM29 has the 4 regions typical of plant MADS-box genes (i .e. the 

MADS-box CM), intergenic region (l), K box and a carboxyl (C)-terminal region; Figure 

3 .2 ;  Ma et al., 1 99 1 ;  Krizek and Meyerowitz, 1 996; Mizukami et al., 1996; Riechmann 

et al. ,  1 996; Riechmann and Meyerowitz, 1 997) . The proportion of each amino acid 

residue in TM29 protein was compared to tomato TM5 ,  A rabidopsis SEPALLATA 

(SEP) 1 ,  SEP2 and SEP3 MADS-box proteins using the program COMPOSITION from 

the GCG package (Version 9 ;  Genetics Computer Group, M adison, WI). The percentage 

of each amino acid in TM29 was very similar to those of SEP 1  and SEP2 proteins 

compared to the AGAMOUS protein (Table 3 . 1 ). 

For detailed comparisons, each of the four domains of TM29 protein was compared to 

those of other MADS-box proteins. Sequences from each domain were analysed by 

BESTFIT (GCG) to calculate percentage similarity. TM29 showed high degree of 

sequence similarity with the selected sequences within the MADS-box region (Table 

3 .2) .  In the I-region and the K-box, there was high sequence similarity to SEP1 and 

SEP2. Within the most-variable C-terminal region, there was no significant identity 

between TM29 and TM5 or SEP3; however, a certain level of identity was observed 

between TM29 and DEFH49, FBP2, SEP 1  and SEP2 (Table 3 .2). When TM29 was 

aligned with MADS-box sequences to compare residues, conserved amino residues 

were observed among the closely related sequences in all four domains (Figure 3.2). 

TM29 shared a motif PGWML with SEP l ,  SEP2 and DEFH49 at the C terminus, which 

distinguished them from other MADS-box proteins (Figure 3 .2).  
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Table 3 .1. Amino acid composition (%) of TM29 and other MADS-box p roteins 

Amino ac id Letter code TM29 TM5 SEPl SEP2 SEP3 AG 

Alanine A 4 .0  5 . 8  4 . 8  3 .6 4 . 7  5 . 5  

Cysteine C 1 .6 2 . 2  2 . 0  2 .4 l .6 l . 0 

Aspartic ac id D 4 .0  2 . 2  3 .6 3 .6 4 . 0  3 . 2  

G lutamic ac id E 8 . 0  8 . 0  8 . 0  8 . 0  8 . 3  7 . 5  

P henylalanine F 2 .0  1 . 8 1 .2 l .2 2 .4 1 .2 

G lycine G 6 .2  5 . 3  7 . 6  9 .2  5 . 9  5 . 5  

Histidine H 1 .6 1 .0 1 . 6 2 . 8  2 . 0  l .2 

Isoleucine I 4 .0  5 . 0  3 . 8  4 .4 3 . 2  6 . 8  

Lysine K 6 . 9  8 . 0  6 . 8  6 . 8  5 . 2  6 . 0  

Leucine L 1 2 . 7  1 6 . 5  1 2 . 9  1 2 . 8  1 4 .4  8 . 8  

Methionine M 3 . 2  4 . 0  3 .6 2 . 8  2 . 8  ) � _ . ) 

Asparagine N 6 . 9  5 . 0  6 . 8  5 . 6  5 . 5  8 . 4  

P rol ine  P 2 . 0  1 .3 2 . 8  2 .4 4 . 0  3 . 5  

Glutamine  Q 8 . 5  8 .0  8 . 8  8 . 8  9 . 5  8 . 0  

Arginine R 6 .0  8 . 9  6 . 5  6 .4  8 . 0  8 . 4  

Serine S 7 . 0  7 . 5  6 . 0  6 . 8  6 . 8  1 0 . 8  

Threonine T 5 . 5  3 . 1  3 . 6 2 .4  3 . 5  3 . 5  

Valine V 4 .0  2 . 2  3 . 6  4 .4 " ) J . _  3 . 6  

Tryptophan W 1 . 2 1 .0 1 . 1 0 . 8  0 . 5  0 

Tyrosine Y 4 . 5  3 . 1  4 . 8  4 . 8  4 .4  4 . 5  
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Table 3.2. Identity ( % )  between TM29 and selected MADS-box proteins 

a 

TM29 

SEPl 

SEP2 

SEP3 

TMS 

FBP2 

DEFH49 

b MADS­

box 

1 00 (58 )  

9 6  (58)  

96  (58) 

96 (58 )  

94 (58) 

96 (58) 

96 (58) 

I region 

1 00 (3 1 )  

5 9  (3 1 )  

67 (3 1 ) 

50 (34) 

50 (32) 

50 (32) 

67 (3 1 )  

K domain C terminus 

1 00 (67) 100 (90) 

70 (67) 42 (88) 

68 (67) 32 (94) 

65 (67) * (92) 

70 (67) * (67) 

71 (67) 28 (84) 

85 (67) 41 (9 1 ) 

* No significant identity . a For sequence accession numbers, refer to Appendix A .  

b Numbers in parentheses refer to length of  amino acids compared. 
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Figure 3.2.  Sequence alignment of selected MADS-box proteins USIng clustal W 

analyses. Conserved residues are shaded in black; gaps were introduced to achieve 

maximum alignment. Bold and thin lines indicate the MADS-box and the K-box, 

respectively. The C-terminal of TM29 displays residues that are conserved among 

members of the SEPl subfamily (shown in red). 
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Over the entire protein sequences, TM29 shows 78% amino acid sequence i dentity to 

DEFH49,  an Antirrhinum majus MADS-box gene, 68% and 66% identity to S EP l  and 

S EP2 of Arabidopsis, respectively (Ma et al., 1 99 1 ; Davies et al. , 1 996) .  Among the 

known MADS-box proteins i n  tomato, the Tomato MADS-box 5 (TM5 )  (Pneul i  e t  al. ,  

1 994a) i s  the closest in  identity (72% over the M, I and K regions) t o  TM29.  

Analyses of conserved putative secondary structures can distinguish proteins and their 

biological  significance (Pneuli e t  al. ,  1 99 1 ) . Alpha helices are capable of promoting 

molecular interactions within and between proteins and long stretches are present in 

MADS-box proteins (Pneuli et al., 1 99 1 ) . The secondary structure of TM29 was 

predicted using PSIPRED, a d iscrete state-space probabi lity model (Jones, 1 999) .  The 

amino aci d  residues forming the p utative coil, B-strands and a-helices were i dentified 

(Figure3 . 3 ) .  The predicted secondary structure of TM29 was similar to that of S EP l  

MADS-box protein. The K-domain was c haracterised by two long stretches o f  a-he l ices 

(residues 92- 1 5 8 )  an indication of the coiled coil structure of this domain (Alvarez­

Buylla et al. , 2000) .  

To assess TM29 relationship to other MADS-box proteins sequences from the MADS­

box,  the I ,  and K regions of selected MADS-box proteins were used to construc t  an 

unrooted phylogenetic tree.  These analyses assigned TM29 to the SEP l subfamily, 

including S EP2 and DEFH49 (Figure 3 .4 ) .  Taken together, the sequence analyses of 

TM29 suggested it is a member of the SEP l subfa�mily of MADS-box proteins and may 

furthermore be the tomato homologue of S EP 1 .  
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Figu re 3.3. Secondary structure of TM29 protein.  The structure of TM29 protein was 

predicted by anal yses of the amino acid residues using PSfPRED module (Jones, 1 999). 

The residues in the K-domain (92- 1 5 8 )  are predicted by this method to have a-helical 

structure, an indication of the coiled-coil structure known for this  domain (Al varez-

BuyUa et aI . ,  2000).  
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Figure 3.4. An unrooted phylogenetic tree of selected MADS-box proteins . Sequences 

from the MADS-box, 1- and K-regions were used in progressive pairwise distance 

calculations and corrected with Kimura's distance correction method. The NJ method 

(Saitou and Nei, 1987) was used to cluster the sequences for reconstruction with 

Growtree program (GCG). TM29 protein groups with members of the SEPl subfamily. 
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3.2.2 TM29 gene structure 

The DNA fragment of TM29 was amplified fro m  tomato genomic DNA by P olymerase 

Chain Reaction (PCR) with gene-specific primers TM29-GM 1 and T M29-GM2. The 

PCR was performed in a Techne Progene thermal cycler (John Morris Scientifi c  Ltd, 

UK) at 94 QC for 2 minutes, 1 0  cycles of 94 QC for 3 0  seconds, 5 5  QC for 30 seconds and 

68 QC for 3 minutes. Thi s  was fol lowed by 20 cycles of 94 QC for 30 seconds, 5 5  QC for 

3 0  seconds and 68 °C for 3 minutes (+ 20  seconds after each cycle). 

A resultant DNA fragment of 4-kb in  s ize was cloned into pGEM-T Easy Vector 

(Promega, Madison, W I) in  a l igation reaction to g ive pGTM29. The cloned Tlvf29 

genomic fragment was sequenced in both directions using the M 1 3  forward and reverse 

primers. Further sequencing carried out with primer pairs (TM29-P 1 and TM29-P2, 

TM29-P3 and TM29-P4, TM29-P5 and TM29-P6, TM29-P7 and TM29-P8) based on 

rel iable internal sequences. 

The exons and introns within the genomic DNA sequence of TJvf29 were predicted by 

a l igning the genomic sequence with the cDNA sequence using the B LAST program 

(Altschul et  al. , 1 997) .  The standard intron donor and acceptor sites,  GT and AG 

respect ively, were used as guide to l ocate intron positions .  There were 8 exons forming 

the open reading frame of  the TJ\i29 gene with seven introns ( F igure 3 . 5 ;  Appendix  D) .  

The seven introns were of  varying sizes with the first intron ( l .46-kb), which is  the 

largest l ocated outside the MADS-box . 
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Figure 3.5. Map of TM29. Eight exons are indicated by thick black an'ows, the hatched line in between exons represent i ntrons .  Restliction sites 

of selected enzymes within the genomic DNA are labelled (E: EcoRI;  H: HindIlI; X: XbaI).  Numbers in parentheses i ndicate nucleotide 

positions. 



There are no introns within the MADS-box, similar to what is observed for most 

members of this gene family. In comparison, seven exons make up the open reading 

frame of the SEP 1 and SEP2 genes (Ma et  aI. ,  1991 ) .  TM29 encodes 246 amino acids, 

while SEP 1 and SEP2 have 249 and 25 1 amino acid residues respectively (Ma et aI. ,  

1 99 1 ) .  

3.2.3 Gene copy number 

The gene copy number of TM29 in tomato was estimated by Southern hybridisation. 

Restriction digestions of tomato genomic DNA, using three restriction enzymes (EcoRI, 

HindIU and XbaI) were probed with a TM29-specific probe. Single major hybridising 

bands were observed with the EcoRI and XbaI digests. Two weak hybridising bands 

were obtained with the HindIII digestion. TM29 genomic sequence revealed two HindUI 

restriction sites within the region corresponding to the cDNA fragment used as the 

probe (Figure 3 .6). These were expected to give 3 hybridising bands; the smallest 

expected fragment OA-kb containing only l OO-bp of cDNA sequence was not detected 

under the stringent conditions used (refer to methods section 2.6.2). The analysis of the 

results suggests there is only one copy of TM29 in tomato. 
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Figure 3.6. Southern hybridisation of tomato genomic DNA digested with 

three enzymes, using TM29 specific probe. Lanes 1 -3 contain tomato 

genomic DNA digested with EcoR I, HindII I  and Xba l restriction enzymes 

respectively. Single major hybridising band is seen with EcoR I  and Xba I  

while multiple weak bands are observed with HindIT I  digestion, The numbers 

on the left-hand side represent the fragment sizes in kilobasepairs of the DNA 

ladder (L). 
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3.2.4 TM29 expression detected by northern analyses 

Northern blot hybridisation was i ni tially used to detect TM29 transcripts i n  various p arts 

of the tomato plant. Total RNA from flowers, fru it ,  young l eaves, shoot tips and roots 

were probed with TM29 gene-specific probe.  Steady state transcripts were found to 

accumulate to a high level in flower buds (0 . 1 -3 mm d iam eter) and in young fruits ( 1 -7 

days o ld )  and to a much-reduced level in  shoot tips (F igure 3 .7 A) .  Transcripts were not 

detected in leaves or roots .  Another experiment to further characterise TM29 expression 

in fruit tissues found transcripts in  both pre-anthesis  and anthesis  ovary (fruit i nitials) as 

wel l  as 3- to 1 4- day-old fruits, but not 2 1 -day-old frui t  or young leaves (Figure 3 . 7B) .  

Together, these northern results show that TM29 i s  expressed in  the shoot meristems, 

before the switch to reproductive devdopment and then in the flowers through to the 

cell expansion phase of fruit  development. 

3.2 .5 Spatial and tempo ra l  T11129 expression in tomato 

In situ hybrid isation was used to further  examine the expression pattern o f  Tlvf29 i n  

vegetat i ve and floral meristems and i n  developing floral organs o f  tomato . Gene­

spec i fi c  RNA (sense and ant i  sense) probes , transcribed and label led in vitro, were used 

to detect the presence o f  Tivf29 transcripts in t issue secti ons .  

I n  tomato, the vegetat ive mer istems are respons ib le  for t he pr imary and sympod ia l  shoot  

growth unti l  the i r  convers ion  to in fl orescence meri stem s  ( Schmitz and Theres, 1 999) .  

The i n florescence meristem in  turn d i vides i n to two, to  g i vc a floral meri ste 111 and an 

i nfl orescence meristem (Al ien and S ussex, 1 996) .  TAn9 RNA was expressed in  

vegetative shoot  apices and sympod ia l buds  ( F i gure 3 . 8 A ) .  
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Figure 3.7. Northern analyses of TM29 gene expression. Northern blots were 

probed with gene-specific probe prepared from TM29 cDNA fragment without 

the MADS-box. Loading levels of RNA samples are shown by gel 

photographs of stained rRNA bands. A. Total RNA was extracted from tomato 

flower buds (fb), 1 -7 day post-anthesis (d.p.a) fruits (fr), young leaves (It), 

shoot tips (sh) and roots (11). B. Total RNA was extracted from ovary at pre­

anthesis (gli) and anthesis (a); fruits at 3, 6, 1 4  and 2 1  d.p.a and young leaves 

(It). 
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TM29 expression was also detected i n  inflorescence and i n  floral m eristems .  Expression 

was seen in the bifurcating structure of a floral meri stem and an adj acent inflorescence 

meristem (Figures 3 . 8B ,  3 .8 C) .  Thus, TA129 transcripts were present in vegetative, 

inflorescence and floral meristems, suggesting that i t  may have a function in regulating 

the growth of meristematic cells .  I t  further indicates TM29 may control development of 

the different t i ssues produced by these meristems .  The use of the sense R.NA probe did 

not give any s ignals above background levels (Figures 3 . 8D ,  3 . 8 E  and 3 . 8F) .  

The floral meristem produces the flower containing four different types of floral organs 

in concentric whorls. During floral development, the sepal primordia emerge first on the 

flanks of the floral meristem, fol lowed sequentially by the petals,  stamens and c arpel 

(Sekhar and Sawhney,  1 984) . TM29 expression was observed in the primordia of all 

four tloral organ types .  Expression was detected in the emerging sepal primordia 

(Figure 3 . 9A), but not in older sepal primordia or mature sepals (Figure 3 . 9C) .  The 

temporal express ion in the petal primordia was found to be similar to that in sepal, i . e .  it 

was detected in emerging petal primordia but not in mature petals (Fi gures 3 .9D,  3 .9E) .  

TM29 expression in stamen primordia was uniform at  the earl iest stage o f  eme rgence 

(Figure 3 .9D) .  Later in stamen development, e xpression localises to the anther region of 

the stamen primordia (Figure 3 . 9E) and in the tapetal region of the stamen (Figure 

3 .9 G) .  TM29 expression was detected in the carpe l  region o f  the flower meristem right 

up to  the period o f  ovary devel opment ( Figures 3 .9A,  3 .9C, 3 .9D and 3 .9E) .  There was 

un i form expression with in  the ovary pr imordium at earlier stages, but l ater when the 

carpels  were wel l  d i fferentiated (with a protruding sty le)  the expression was mainly in 

the region o f  the ovary that forms the fru i t  pericarp ( Figu re 3 .9G) .  The probing of  

t i ssues w i th  sense RNA probe, as contro ls ,  did not  yiel d  any s ignals above background 

level  ( F igures 3 .9 8 ,  3 .9H) .  In tomato fru it  (7  d . p. a) TM29 express ion can be detected in 

the pericarp, p lacental and in the seeds (F igure 3 . 1  OA). A s i m i lar sect ion was probed 

with sense RNA as contro l ( F igure 3 . 1 08 ) .  
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Figure 3.8. In situ hybridisation of TM29 expression in tomato meristems. Sections were viewed under 

bright-field i l l umination and signals are indicated by the intensely-stained regions. 

(A) A sympodial bud in the axil of a leaf showing TM29 expression at the tip (arrowed).  

(B) A bifurcating structure with a floral meJistem and intlorescence meristem. TM2 9 is expressed 

uniformly in the floral meristem and strongly at the tip of the in florescence meristem. Transcripts are 

also seen in the vascular bundles. 

(C) Floral meristems at different stages showing TM29 expression is uniform throughout the floral 

merislem region. 

(D). (E) and (F) Tissue sections as in  (A). (B) and (C) probed with sense RNA of TM29 and used as control 

to indicate background levels. 

Ba.rs= l 50 IJm .  fm: floral meristem: im: in tlorescence meristem: sb: sympodial bud: se: sepal 
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Figure 3.9. TM29 RNA expression in wild type floral organ primordia. 

(A) TM29 expression decreases in the emerging sepal primordia but sti l l  detectable in the 
floral meristem. 

(B) Tissue as in (A) probed with sense RNA as control. 

(C) TM29 expression is reduced in the elongated sepal plimordia but detected in the 
domains of the inner whorls .  

(D) A flower tissue showing primordia of all four floral organs. TM29 transcript level in 
the petal primordia is  low but relatively high expression is observed in the stamen and 
carpel primordia. 

(E) Later, TM29 expression is localised to the region of the stamen primordia where the 
anthers will  be fOlmed and in the ovary primordium. 

(F) Tissue section as in (E) probed with sense RNA to show background levels. 

(G) A flower bud at -4 days before anthesis. TM29 expression is detected in  the pericarp 
region of the ovary and in the tapetal cells of the stamen. 

(H) Tissue section as in (G) probed with sense RN A. 

Bars= 1 50 fl m. an:anther region; ov: ovary plimordium; pe : petal ; pr: pericarp; se: sepal ; 
st: stamen; tp: tapetal region 
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Figure 3. 10. TM29 expression in  wild type tomato fruit tissues (6 d.p.a) 

(A) TM29 is expressed in the pericarp, the placenta and in the s�eds. 

(B)  Tissue as in (A) probed with sense RNA as control .  

B ar= 500 fl m. per:pericarp; p I :  placental tissue; sd: seed 
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Together these results show that TM29 i s  expressed in  m eristems and i n  the fl oral organ 

primordia. The expression in the floral organs decreases as each organ develops and 

matures ,  suggesting that TAf29 may be required early in the development of floral 

organs .  I n  the mature flower bud, TM29 transcripts are not detected in the perianth 

organs (sepals and petals) but its expression local ises to specifi c  regions in the stamens 

and ovary. This pattern suggests TM29 may have special ised functions in the 

development of reproductive tissues. 

82 



3.2.6 Agrobacteriunt transformation vectors 

Three Agrobacterium transformation vectors, p69S ,  p69AS and p69PAS, carrymg 

cDNA fragments of TM29, were generated for p lant  transformation .  Tj\;129 cDNA 

carrying the ful l  coding region was c loned into the EarnEI site of the pAR T7 c loning 

vector to give pT729 S  and pT729AS, with sense and anti sense ori entat ion to the CaMV 

3 5 S  promoter (Figure 3 . 1 1 A) .  Restriction digestion of  pT729S and pT729AS with 

EarnEI resulted in the expected fragments of l . 3 -kb cDNA insert and 5 -kb vector 

backbone (Table 3 . 3 ) .  S ubsequent d igestion using .xbal enzyme gave a diagnostic 0 . 3 -

kb DNA fragment for the sense construct and a 0 .9-kb fragment for the antisense 

construct (Table 3 . 3 ) .  The partial-anti sense construct (pT729PAS) was obtained by 

c loning a 0 . 8-kb KpnIIXho I  fragment of the TM29 cDNA into the KpnIlXhoI site of  

pART7.  This resulted in  an antisense orientation to the 35S  promoter. The  3 5 S-cDNA­

OCS cassette of e ach construct was c loned i nto the NotI site of the pART69 

transformation vector, resulting in p69S,  p69AS and p69P AS .  These vectors were 

confirmed by digestion with No tI and )(haI enzymes (F igure 3 . 1 1 B ;  Table  3 .4 ) .  NotI 
digestion resulted in two DNA fragments, the 3 -kb 3 5 S-cDNA-OCS cassette and the 

1 5-kb pART69 vector backbone, confirming the presence of the c loned insert. XhaI 

digestion resulted in four d i fferent DNA fragments for each vector, whic h  confirmed the 

correct s izes and orientat ions of the vectors ( F igure 3 . 1 1 B: Table 3 .4) .  
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Table 3.3.  Expected fragments from enzyme d igestions of 

vectors 

Vector Enzyme Expected fragments 

(kb) 

BamHI  
4 . 9 ;  1 . 3 pART70S 

./YbaI 5 . 9 ;  0 . 3  

BamHI 
4 .9 ;  1 .3 pART70AS 

.xbal 5 . 3 ;  0 . 9  

T able 3.4. Expected fragment sizes from digestion of T � 

DNA vectors 

T -DNA vector 

P69S 

P69AS 

Enzyme Expected fragments 
(kb) 

NotI 3 .0 ;  1 2 .7  

XbaI 0. 3 ;  0 .7; 2 . 6 ;  1 2 . 1  

NotI 3 . 0 ;  1 2 . 7  

XbaI 0 .9 ;  1 . 7 ;  2 . 6 ;  1 0 . 5  
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Figure 3.11 .  Construction of the T-DNA vectors used in transformation. 

(A) The 35S-cDNA-<X:S fragrrent of the sense (S), antisense (AS) and partial­

antisense (PAS) constructs was cloned into NotI site of the pART69 

transformation vector. 

(B) The NotI and XbaI enzyrres were used to confinn the T-DNA constructs. The 

NotI digestion of the pART69 plasmid ep) and the vectors confinred the 

presence of the cloned 35S-cDNA-<X:S fragrrent. NotI digestion of the pART69 

plasmid resulted in a single linear fragrrent. The XbaI enzyrre digestions 

confinred the orientations of these vectors. 
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3.2.7 Tomato transformation 

Agrobacterium tumefaciens strain LBA4404 harbouring the transformation vector p69S, 

p69AS or p69PAS was used to generate independently transformed tomato plants 

(Table 3 .5) .  Plants were rooted on kanamycin-containing medium in tissue culture and 

then transferred into soil in a containment glasshouse. Individual transgenic plants were 

confirmed as transgenic by peR analysis. 

Overall ,  22 plants out of a total of 3 1  regenerated plants were transformed with the 

sense construct. These were transferred to soil in the containment glasshouse. Of these, 

only one (SI05) showed variation in phenotype compared to the wild type. Seventy 

regenerated shoots were obtained from explants inoculated with p69AS. Of these, 10  

were successfully rooted on  kanamycin selection medium. Six of these primary 

anti sense plants showed morphogenetic alterations (Table 3 .5) .  Another two plants 

(AS/16 ,  ASI20) showed normal phenotype and produced viable seeds, which were 

planted to give the T 1 generation of plants. An estimated ten percent ( 10%) of these 

plants displayed phenotypes similar to the aberrant primary antisense plants mentioned 

above. U sing p69PAS vector, 1 2 1  regenerated plants were initially obtained on 

selection medium. Upon subsequent transfers to selection medium, 30 plants were 

successfully rooted and transferred to grow in soil. None of these plants displayed the 

phenotypes seen in the other two transformed populations. Overall, their characteristics 

were not different from the wild type tomato plants. 
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3.2.8 Confirmation of transgenic plants by PCR 

These plants were confirmed as transgenic by polymerase chain reaction (PCR). A 

DNA fragment of 1 .4-kb size was amplified from the sense transgenic plants using the 

p35S- 1 and ITM-04 primers (Figures 3 . l 2A,  3 . 1 2B) .  From the anti sense and partial 

antisense plants, a l -kb DNA was amplified using the p35S- 1  and ITM-03 primers 

(Figure 3 . 1 2C-F). 

3.2.9 Morphogenetic alterations in tomato transgenic plants 

The TM29 sense and antisense expression caused developmental abnormalities in the 

primary transgenic flowers but vegetative characteristics of the tomato transgenic plants 

showed little or no changes compared to the wild type tomato plants. 

3.2.9.1 Flower phenotypes of tomato transgenic lines 

The wild type tomato flowers consist of four whorls of floral organs: the outer whorl 

contains five to seven green sepals, which are in the most part separated and 

characterised by trichomes and stomata on the adaxial and abaxial surfaces. The petals 

in the second whorl are yellow at anthesis and are less turgid compared to sepals. The 

number of petals range from five to seven in the wild type. There are six yellow stamens 

in the third whorl, which are fused to form a cone surrounding the pistil and attached to 

the base of the petals (Figure 3 .  1 3A). The innermost whorl of the flower is occupied by 

the carpel ,  consisting of a bilocular or multilocular ovary with a protruded style and a 

stigma (Lozano et aI., 1998). Tomato flowers are usually self-pollinated. After 

fertilization, the petals and stamens undergo senescence usually 4-5 days after 

pollination and eventually abscise from the flower. 
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Figure 3.12. Polymerase chain reaction (peR) was used to confirm transformed tomato 

lines. 

(A) A schematic drawing showing the primer binding regions of p35S - 1  Ca 35S promoter­

specific primer; red arrow) and ITM-04 (TM29 reverse primer; black arrow) used to 

amplify a l .4-kb DNA fragment from the sense transformed plants. 

(B) Gel photograph of peR products from sense tFansformed tomato plants. Lane 1 

contained peR product of non-transgenic tomato DNA; lane 2, S/05 ; lanes 3-7 ;  

selected sense transformed lines . 

CC) The p35S- 1 primer (red arrow) and the ITM-03 primer (blue arrow) were expected to 

amplify a 1 .0 kb DNA fragment from the antisense transformed plants. 

(D) Gel photograph of PCR products from anti sense tomato plants showing the resultant 

l -kb DNA fragment. Lane 1 ,  peR product from non-transgenic plant; lanes 2- 1 1  

contain PCR product from 10 antisense transformed lines. 

(E) The p35S- 1 primer (red arrow) and the ITM-03 primer (blue arrow) were also 

expected- to amplify a 1 .0 kb DNA fragment from the partial-antisense construct. 

(F) Gel photograph showing a resultant l-kb DNA fragment from peR products of 

partial-antisense plants. Lanes 1 - 1 1  contained peR products from putative 

transformed plants; lane 12 ,  product from non-transgenic plant. 

The sizes in kilobasepairs of l -kb DNA ladder CL) fragments is indicated on the left-hand 

side of figures. 



Figure 3. 13. TM29 antisense transgenic flowers disp lay morphogenet ic alterat ions. 

(A) A wild-type tomato flower, at - I  d.p .a. Normal tomato flowers have green sepals 

(not  shown), yel low petals and ye l low stamens which form a fused cone around the 

pist i l .  

( 8 )  A typ ical ant isense transgenic flower, at a simi lar stage as in (A)  with apparent ly  

normal sepals, green petals and green sta mens w hich form a loose ly-fused cone 

around the pist i l .  

Bars= 2 mm. pe : petal ;  se: sepal; st :  stamen 
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In contrast to the wild type flower (Figure 3 . 1 4A), the antisense transgenic flowers 

typically showed green petals and green stamens, and an ovary (surrounded by the 

staminal cone) that developed into parthenocarpic fruit without the need of pollination 

(Figure 3 . 13B) .  This notwithstanding, independent transgenic lines displayed a range of 

morphogenetic alterations (Table 3 .6).  Some transgenic plants had yellow petals and 

stamens with green undertones and were classified as less severe phenotype (Figure 

3 . 14B). The moderately severe plants had green petals with yellowish margins and 

green stamens (Figure 3 . 1 4C). In some transgenic plants such as the sense transformed 

plant SI05 and the anti sense transformed lines AS/38 and AS/45, the petals and stamens 

displayed severe phenotypes and were green with no streaks of yellow, at anthesis 

(Figure 3 . 14D) .  

Sepal characteristics 

The colour and shape of sepals on transgenic plants resembled the wild type (Figure 

3 . 1 5A). The transgenic sepals appeared fused to each other along most part of their 

length and delayed in opening (Figures 3 . 15B ,  3 . 1 5C). In the wild type flower, the 

sepals do not display this fusion (Figure 3 . 1 4A) .  In some transgenic flowers, the petals 

are observed to open before the sepals (Figure 3 . 1 5D). The transgenic sepals were 

significantly larger (7.99 ± 0.3 mm long and 1 .8 1  ± 0.03 mm wide) than wild type 

sepals (6.0 1  ± 0.22 mm long and 1 .44 ± 0 . 1 0  mm wide) (Table 3 .7). Examination of the 

epidermal cell layers with scanning electron microscopy (SEM) revealed stomata and 

hairs on the abaxial and adaxial surfaces similar to the wild type tomato flower (Figures 

3 . 1 6A, 3. l 6B) .  
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Table 3.5. Transformation results 

T- D N A  c onstructs Nu m be r  o f  N u m be r  o f  N u m b e r  s h o w i n g  
regenerated t r ansgenic plants a ltered 
p l a n ts p he notypes 

sense 
Full antisense 70 1 0 6 
Partial a ntisense 1 2 1  30  0 

Table 3.6.  Characteristics of tra nsgenic l ines showing a ltered phenotypes 

Tra nsgenic  Severity of  % fruit Percentage o f  fruit  types on tra nsgen i c  
pla n t  a flower set plants" 

p henotype b 
N I I  

AS/O l ++ 42.5 1 1  0 22.2 

AS/1 6 4 5.0 3 5  0 0 

AS/20 5 1 .2 33 0 0 

AS/38 +++ 50.8 3 1  � J .:l . _  6.5 

AS/45 +++ 47.8 27 28.3 9.4 

AS/69 ++ 5 1 . 1  J �  _ J  0 8.7 

AS/70 50.0 1 5  0 6.7 

AS/83 �....L 48.8 3 5  0 5 .7 
WT 50.5 33 0 0 

.1 S :  sense, A S :  antisense 

b Se verity of flower phenotype was meas ured as fol lows: 

n orm al flower phenotype: ye l low petals  and stamens 
+ petal s  and stamens are yel low w ith green streaks. 

III 

7 1.8 

1 00 

1 00 

90.3 

62.3 

9 1 .3 

93 .3 

94.3 
1 00 

Produced 
seeded 
fruit? 

N o  

Yes 

Yes 

N o  

No 

No 

No 

No 
Yes 

+ ;  petals  have ye l lov,; ish m argins but green m idr ib ;  stamen has yel lowish green colour. 

+++ both peta ls and stamens are com plete l y  green 

, Fru i t  types: 

N Tota l  nu mber of fru i ts observed on each p lant 

fru i t  w i th ectop ic  flowers emerging 

11 fru its were swol len or had undefined ectopic organs 

J 11 fru i ts  d i d  not show any s ign of abnorm a l  growth 

93 

D ays from 
a nthesis to 

ripening 

I I I  

66 

68 

1 1 0 

1 2 5 

1 1 8 

105 

1 2 7  
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Figure 3. 1 4. Independent transgenic lines displayed a range of phenotypes. 

(A) Non-transgenic tomato plant displaying the usual yel low petals and yel low stamens 

(8) A transgenic plant (AS/70) with less severe phenotype. Flowers have yellow petals 

with green streaks in the middle section. 

(C) A transgenic plant (AS/83) displaying moderately severe phenotype. F lowers of such 

plants had green petals with yel low margins and yel lowish-green stamens. 

(D) Transgenic plant (AS/45) displaying severe phenotype. Petals and stamens of such 

plants were almost entirely green with l ittle or no yellow streaks. 
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Figure 3 . 1 5 .  The sepals o f  t ransgenic flowers are partial ly  fused and de lay flower 

openIng.  

(A)  Tomato flowers at  various tages before anthesis .  The sepals are for most  part 

separated from each other. 

( B )  Transgenic flower buds w i th sepals parti al ly fused together. 

(C) A transgen ic flower showing partia l ly fused sepals w i th pressure exerted by the 

petals w i th in .  

( D )  At  flower opening, sepals are often upright and wi th  some of them s t i l l  jo ined 

together. 
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F ig u re 3 . 1 6 .  S c an n ing e le c t r o n  m i c ro g rap h s  o f  the e p i d e r m a l  l a y e r  o f  fl o ra l  

o r g a n s .  

( A )  A b a x i a l  s u rface o f  w i ld t y p e  sepa l  

( B ) A b a x i a l  s u r face of  t ra n s g e n i c  sepal  

( C )  A b a x i a l  s u rface of  w i l d  type p e tal  

( D )  A ba x i a l  s u rface o f  tran sge n i c  p e tal  w i th  s to m ata i n d i c ated by  arro w s  

(E ) A da x i a l  s u r face  o f  w i l d  t y p e  p e ta l  

(F )  A d a x i a l  s u r face o f  tran s g e n i c  p e tal  

B ars= 2 0  fl ill . 
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Changes i n  petal morphology 

The transgenic petals were green with a thick cauEne texture and tapered sharpl y  

towards the apex unl ike the yel low thin-textured petals of  the wild type flower with the 

gradual tapering towards the apex (Figure 3 . 1 3B) .  A striking feature of transgenic p etals 

is their anti-senescence characterist ic .  The peta ls  remain green and turgi d  o n  the flower 

for at least 25  days after anthesis .  S enescing of  the petal was observed only after this 

point .  In the non-transgenic tomato flower, senescing of petals and stamens are 

observed 4-5 days after anthesis and these organs are abscised after 7-8 days post­

anthes is  (Lanahan et al., 1 994) .  The size of the transgenic petal measured u nder stereo 

microscope was greater than the non-transgenic counterpart (Tabl e  3 . 7) .  At the anthesis 

stage, the average length and width of the transgenic petals were 7 . 3 7  ± 0 .4 1 mm and 

2 .29  ± 0 .34 mm respectively;  in comparison the average length and width of  the non­

transgenic control were 6 . 0 1 ± 0 . 1 8  mm and 1 . 8 8  ± 0 . 1 1 mm respectively .  Detai led 

examination of the epidermal cel l  layer by S E M  found l ittle change in  structural 

morphology from the wild type cel l s  (Figures 3 . 1 6C,  3 . 1 6D, 3 . 1 6E,  3 . 1 6F) .  However, 

unl i ke the wi ld type petals i n  which stomata are rare, stomata were present o n  the 

abax ial face of the transgenic petal (Figure 3 . 1 6D) .  

Stam en characterist ics 

The wild type tomato stamens are always j oined together unti l abscised from the flower 

( Figure 3 . 1 7  A).  The green transgenic stamens were j oined to each other to form a cone 

at anthesis ( Figure 3 . 1 3 13) .  However, unlike in  the wild type, the stamens became 

dialytic and separated from each other at 2-3 days post anthesis (Figure 3 . 1 713 ) .  The 

individual stamens a fter separation remained attached to the peduncle and did not 

abscise as the case is in the wi ld type tomato flower. The transgenic stamens at  anthesis 

appeared dry and shrunken and did not produce pol len .  The average length or the 

stamens at anthesis, 4 .75  ± 0 . 1 7  mm was not signi ficantly d i fferent from that o r tlle \vi ld 

type, 4 . 6 8  ± 0 . 1 0  (Table 3 . 7) .  
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Table 3.7. Effects of TM29 downregulation on size of transgenic floral organs3 

Genotype 

Control 

S/05 

AS/Ol 

AS/38 

AS/45 

Sepal 

Length 

(mm) 

6.01 ± 0.22 

8 .33 ± 0.27 

7.66 ± 0.04 

7.83 ± 0. 1 6  

8 . 1 6  ± 0.20 

Width 

(mm) 

1 .44 ± 0. 1 0  

1 .75 ± 0. 1 9  

1 .83 ± 0. 10  

1 .8 1 ± 0. 1 1  

1 .83 ± 0. 1 3  

Petal Stamen 

Length Width Length Width 

(mm) (mm) (mm) (mm) 

6.01 ± 0. 1 8  1 . 88  ± 0. 1 1  4.68 ± 0. 1 0  1 . 1 8  ± 0. 1 2  

7 .58 ± 0. 1 1 .9 1  ± 0.08 4.70 ± 0.2 1 1 .08 ± 0. 1 2  

7.83 ± 0.30 2.49 ± 0 . 1 5  4.74 ±a. 1 5  0.9 1 ± 0. 1 1  

6 .91  ± 0. 1 9  2.33 ± 0.2 1 4.58 ± 0 . 1 6  0.99 ± 0.08 

7. 1 6  ± 0.22 2.44 ± 0. 1 7  4.99 ± 0.05 1 .08 ± 0. 1 2  

a Values are expressed as mean ± standard deviation. Number o f  flowers (sample size) used = 5 

Ovary 

Length Width 

(mm) (mm) 

5 .06 ± 0. 1 0  0.89 ± 0.09 

5 .49 ± 0.20 1 .58  ± 0. 1 3  

5 .4 1  ± 0. 14  1 .49 ± 0.05 

5 .52 ± 0.22 1 .6 1  ± 0 . 1 0  

5 . 6 1  ± 0. 1 3  1 .59 ± 0 . 1 0  
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Figure 3.17. Characteristics of transgenic stamens. 

CA) A wild type flower 3 d.p.a showing joined stamens 

(B) A transgenic flower at 3 d.p.a with separated stamens 

CC) SEM of abaxial surface of WT stamen 

(D) SEM of abaxial surface of transgenic stamen 

(E) SEM showing lateral hairs between WT stamens. 

(F) SEM showing poor interweaving between adjacent transgenic stamens. 

Bars for CA) and (B)= 2 mm. Bars for (C)-(F)= 20 flm. pe: petal; se: sepal; st: stamen 
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Electron micrographs revealed some changes in  the morphology of  the epidermal cel l s .  

The ce l l s  in  the wil d  type stamen had  an interlocking arrangement suggesting they were 

tightl y  j oined to each other, however, ce l l s  in the transgenic stamens d id  not hav e  this 

arrangement (Figures 3 . 1 7C, 3 . 1 7D) .  In  wi ld type stamens, rows o f l ateral and adaxial 

hairs on adjacent stamens i nterweave to form the staminal cone (Figure 3 . 1 7E ;  S ekhar 

and S awhney, 1 984). S imi lar hairs were present on transgenic stamens but these were 

thinner and d id  not interweave strongly between stamens (Figure 3 . 1 7F) .  This could 

expla in the loose cone formed by these aberrant stamens . 

Carpel characterist ics 

The morphology of the transgenic ovary displayed some d ifferent features from the wi ld  

type ovary . The size of the transgenic ovary at  anthesis was significantly b igger than 

that of the wi l d  type (Figure 3 . 1 8 ; Table 3 . 7) .  The length o f  the p i st i l  5 .4 8  ± 0 . 1 0  mm, 

measured from the stigma to the base of the ovary i s  s l ightly more than that of the non­

transgenic ovary, 4 .98 ± 0 .22 mm. The diameter across the widest portion of  the ovary 

at anthes is  is 1 . 5 7  ± 0 .05  mm for the transgenic ovaries compared to 0 . 8 9  ± 0 . 09 m m  for 

the wi l d  type ovary. The width of the ovary measured at 3 days post-anthes i s  was 2 . 9 7  ± 

0 .26 mm for the transgenic p lants and 1 . 55  ± 0 .03  mm for the wi ld type ovary. This may 

be  because parthenocarpic fruit development in the transgenic p lants init iated wel l  

before anthesis (Mazzucato et al. ,  1 998) .  The transgenic ovary \vas steri le .  S everal 

repeated attempts to cross-pol l i nate with normal pollen fai led to produce seed.  

Scann ing  electron microscopy was used to examine the epidermal l ayers of the  w i l d  

type and transgeni c  ovary. There were no tri chomes present o n  the w i l d  type c arpe l  

( F igure 3 . 1 9A) .  However, in  the t ransgen ic carpel , g landu lar and non-g landu lar 

tr ichomes covered the surface of  the sty l e  and ovary (F igure 3 . 1 913 ) .  In add i t i o n , 

deta i led e lec tron micrographs d id  not detect stomata on the wi ld type carpel  (F i gures 

3 . 1 9C ,  :1 .  I 9E); however, stomata were present on the transgeni c  s ty le  and the ovary 

( F igures 3 . 1 9D, 3 . 1 9F) .  
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PR AN PA 

WT 

AS 

Figure 3.18. Tomato flower and ovary of wild type (WD and antisense 

transgenic (AS) plants at 3 developmental stages: pre-anthesis (PR), 
anthesis  (AN) and 4 days-post-anthesis ePA). The transgenic ovary at 

each stage was significantly bigger than the wild type. Bar= 5 mm 
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Figure 3. 19. SEM of ovary tissues. 

(A) Ovary of wild type flower at 2 days before anthesis with no trichome on surface. 

(B )  Transgenic flower as in ( A) showing ovary and style covered with trichomes .  

(C) SEM showing epidermal surface of WT style. 

(D) SEM of epidermal surface of transgenic style showing stomata (arrowed). 

( E) Epidermal sUIface of wild type ovary 

( F) Epidermal surface of transgenic ovary displaying stomata (arrowed).  

TR : transgenic ; WT: wild type; Bars in  (A) and (B )= I mm; Bars in  (C)-(F)= 20 fl m 
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3.2.9.2 Fruit development 

The ovary on the transgenic plants initiated fruit  development without pollination .  The 

percentage fruit set, measured as the proportion of flowers that formed fruit, i n  most 

transgenic plants did not d iffer significantly from that observed in  the wild type tomato 

plant (Table 3 .6). Fruits produced by primary transgenic plants were characterised into 

three types (Figure 3 .20A; Table 3 .6) .  Type I fruit  had ectopic shoots emerging from 

inside with fl owers . Type II fruits were swollen and misshapen or had poorly formed 

ectopic organs. Type I I I  fruits showed no sign of ectopic structures and could be 

compared to the fruits on the control plants (Figure 3 .20A).  The proportion o f  d ifferent 

fruit types varied among transgenic plants. However, transgenic p lants with the most 

severe flower phenotype had greater percentage of  type I fruits (Table 3 .6) . The 

transgenic fruits were parthenocarpic and seeds were not produced in any of the 

di fferent fruit types (Figure 3 .20B) except for two transgenic plants (ASI l 6, A S/20) 

which displayed normal flower phenotype and produced seeded fruit  l ike the wild type 

(Table 3 . 6) .  

The s ize of type I I I  fru i ts in both transgenic and non-transgenic plants showed great 

variati on a mong fruits o f  the same plant. Therefore, maximum frui t  size measured as the 

average equatorial diameter of the 5 largest fruits (at breaker stage )  was used as 

ind i cation o f  fruit growth. The maximum fruit s ize was much greater in the transgenic  

p l ants than in the contro l p lants . The fruit s i ze measured for the  wi ld type control 

( cultivar Mi crotom) was 1 . 5 ± 0.3 cm in d i ameter. The average d iameter of transgen ic 

fru i ts samp led fro m  transge n i c  p lant AS/4 5  was 2 . 8  ± 0.42 cm i n  diameter. 

Transgen i c  fru i ts showed a de layed ri pen i ng process .  The t ime from anthes is  to  fru i t  

c o l our  c hange was s ig n i fic ant ly longer for transgen i c  fru i t s  than the w i l d  type (Tab l e  

3 .6) .  I n  some cases, transge n i c  fru i ts remai ned green fo r 6-8 weeks after reaching fina l  

fru i t  s i ze.  Th i s  phenotype i m p l i cated TM29 in  fru i t  r i pe n i n g  and suggested i t  may be 

i nvol ved in the normal r i pe n i ng process . 
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A 

Type I 

Type II  

Type III 

WT 

B 

Figure 3.20. The types of frui t  produced by tomato transgenic plants . ( A )  Type I frui ts 

produced ectopic flowers. Type n fruits had ectopic organ not well formed and type I I I  

fruits did not display any ectopic organs. Fru i ts from wild type plant are shown (WT). 

( B )  Wild type tomato fruit  (left)  with seeds and transgenic fruit ( right) without seeds. 
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3.2.9 .3 E mergence of ectopic structures 

Unlike the wild type fruit  (Figure 3 .2 1 A) transgenic fru i t  development was abnormal .  

Fruits became swol len and misshapen with ectopic  organs e merging from within these 

fru i ts (F igure 3 .2 1 B) .  The pressure exerted by these organs caused breakage of the fru i t  

pericarp allowing the emergence of  the ectopic  organs (Figure 3 . 2 1  C) .  These ectop ic  

structures were of various shapes and forms (Figures 3 .2 1 D, 3 .2 1 E, 3 .2 1 F) .  

I n  the type I fruit, the structures resemble shoots with l eaves and flowers (Figures 

3 .2 1 E, 3 .2 1 F, 3 . 2 1 G) .  The ectopic flowers d i sp layed al l  four whorls of  fl oral organs, 

which were identical to those of  the aberrant primary flowers. The ovary of the ectopic  

flower also begins to swel l ,  reiterating the characterist ics  o f  the primary fl owers . None 

of  the flowers and fruits on the non-transgenic control p lants growing under the same 

condit i ons showed these characteristics. The type II ectop i c  organs were of d ifferent 

shapes and forms. some i nflorescence-l i ke characteristics whi l e  others had fruit- l ike 

organs .  

The wi ld  type tomato l eaf has a unipinnate compound structure (F igure 3 . 22A; Janssen 

cl al. , 1 998 ) .  The leaf-organs produced by the ectopic  shoots were morpholog i cal ly  

d i fferent: they \vere smal ler i n  s ize and were present as  s imple leaf structures w i th  short 

pet i o l es ari si ng d i rect ly  from the ectopic shoot (F igure 3 . 228) .  Nonetheless.  these 

ectop ic  leaf-organs possessed features s i m i lar to the w i l d  type leaflet, i .e .  stomata on 

both abax ia l  and adax ia l  surfaces. m i dr ib ,  g land u lar and non-g landu lar tri chomcs 
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Figure 3.21 .  Characteristics of transgenic fruit. 

(A) Wild type tomato fruit at mature green stage. 

(B) Transgenic flower produced parthenocarpic fruit with ectopic organs 

emerging from inside. 

(C) Pressure exerted within the fruit by the growing ectopic organs cause 

breakage of fruit pericarp. 

CD) A poorly developed shoot structure emerging from inside the fruit. 

(E) In some fruits, well-formed ectopic flowers are observed emerging. 

(F) An ectopic inflorescence shoot showing a leaf-like organ (arrowed) and 

flowers. Ovary on ectopic flowers developed reiterating the aberrant 

phenotype of primary flower. 

(0) Ectopic shoot showing different generations ( 1 ,  2, 3 and 4) of ectopic 

inflorescences emerging from one another. 

Bars= 2 mm. el: ectopic leaf; es: ectopic shoot; fr: fruit; pe: petal; se: sepal; st: 

stamen 
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Figure 3 . 2 2 .  The ectopic shoots produced leaves as w e l l  as flow ers .  

(A)  C ompound leaf o f  w ild type (WT) tomato 

( B )  Photographs of ectop ic inflorescence wit h  leaves (arrowed) . 

(C) SEM of the leaflet o f  w ild type c o mpound lea f. 

(D)  SEM o f  ectopic leaf. 

(E) SEM o f  abaxial surface of WT leaflet 

(F) SEM of abaxial  surface of ectopic leaf 

( G ) S EM of adaxial surface o f WT l eaflet 

(H) SEM of adaxial  surface of ectop ic leaf. 

B ars in (A)  and ( B ) =  2 mm; (C) and (D)= 1 m m ;  (E)-(H)= 1 00 /l m 
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To observe the early devel opmental stages of the ectopi c  shoot, thin ovary sections from 

the AS/45 transgenic l ine were stained with toluidine blue.  In normal tomato fruit  

development, the p lacenta and ovules occupy the entire locular cavity (Figures 3 . 23A, 

3 .23C) .  Ins ide the transgeni c  ovary at  two days post-anthesi s  (d .p. a), the ectop ic  shoot is  

seen developing from a region closer to the base of the ovary (Figure 3 . 2 3 B ) .  As the 

shoot develops (6 d.p.a), it d isplaces the placenta and ovules to occupy the ovary 

( F igure 3 .23D) .  

3.2. 1 0  Levels of  TM29 m RNA in tomato transgenic plants 

To determi ne the corre lat ion between TM29 express ion  and the phenotypes exhibited in 

the transgenic l i nes, TM29-speci fic sense and antisense RNA probes were used to assess 

the level of  transcripts present in selected l ines of  each construct. For the sense­

transformed plants, six l i nes were examined using an antisense probe, to detect both 

endogenous and transgeni c  copies of the TM29 transcripts.  Relat ively h igh levels of the 

transcript were found in 5 l ines that showed normal phenotype. H owever, TAn9 

transcripts were virtual ly  absent in the S/05 l ine that showed an altered phenotype 

(F i gure 3 . 24A).  Thi s  is an i ndication of co-suppress ion of the Tkf29 transcript i n  the 

S/05 l i ne .  Co-suppress ion i s  the i nhibit ion of gene expression when an i ntroduced 

transgene i s  homologous to an endogenous gene, which usual ly occurs at low frequency 

(van der Krol et al. , 1 990 ;  Meyer, 1 996) .  

The levels of the endogenous Tlvf29 transcripts in the six antisense l ines  that showed the 

range of phenotypes were exam ined with a gene-spec i fi c  anti  sense probe.  There was 

s igni fi cant reduction in the TM2 9 transcri pts in al l the l i nes compared to the non­

transgenic contro l .  The sense probe also detected very low levels  o f  anti sense transcri pts 

in  these l i nes suggest i ng the downregu lation of both sense and ant isense R N A .  The 

sense 
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WT TR 

Figure 3.23. Histological staining showing early stages of ectopic shoot. 

(A) Longitudinal section  of wild type tomato fruit at 4 days post-anthesis (d.p.a) 

(B) Transgenic frui t  from AS/45 plant at 2 d.p.a showing ectopic shoot. 

(C) Wi ld type fruit  at 1 0  d.p.a 

(D) Transgenic fruit  at 6 d.p .a. The ectopic shoot displaces the placenta and 

ovules within the fruit. 

es: ectopic shoot; ov: ovule;  per:pericarp; pI : placenta; sd : seed; TR : transgenic;  

WT: wild type 
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probe did not hybridise to RNA from the wild type control  p lant ( Figure 3 .24B ) .  The 

gene specific  sense and anti sense probes were also used to detect the levels o f  

endogenous TM29 and the expressed antisense transcripts i n  fi v e  partial antisense l ines .  

The antisense probe detected high leve ls  of TM29 transcripts in  these l i nes,  an 

indication that TM29 expression was not down regulated in these l ines. The sense probe 

also detected the presence o f  high levels of the expressed antisense transcripts in four of 

the five l ines examined (Figure 3 .24C). 

Overa l l ,  there was strong correlation between the reduced levels of TM29 expression i n  

the transgenic  l ines and the altered phenotypes. In  p artial-anti sense plants, down­

regulation of TM29 expression was not successful ; here the phenotype of the transgenic 

l ines was not d ifferent from the wild type tomato . These suggest that TM29 expression 

i s  involved i n  the characteristics  affected i n  the transgeni c  p lants .  

3.2. 1 1  Exp ression of other M ADS-box genes in  tomato t ra nsgenic plants 

To gain insights into the molecular mechanisms responsible for the phenotypes and to 

examine whether other MADS-box genes have also been down-regul ated in the 

transgenic l ines,  the expression of two other tomato MADS-box genes, TM5 and TA G ! ,  
i n  the anti sense l ines was assessed by northern hybridisation. Further, the spatia l  

ex pression of TA'/5 was examined in transgenic flowers by in si tu hybridisat ion .  These 

two genes were se lected because TM5 has the highest sequence identity to T!\;f29. 

among the known tomato MADS-box genes and secondly,  the antisense phenotypes o f  

TM5 and TA G !  have already been descri bed (Pneuli cl al. ,  1 994ab). RNA transcripts of 
these two genes were detected in  the antisense l i nes, un l i ke the transc ripts of TM29, and 

suggested the antisense TM2 9 RNA (F i g ure 3 .25A)  has not affected the transcri pts o f  

TM5 and TIl G I .  
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Figure 3.24. The expression of TM29 sense and anti sense transcripts i n  transgenic plants. 

(A) Steady state levels of TM2 9 mRNA in sense transgenic plants were measured by 

RNA gel blot analysis in flower buds. Total RNA was probed with TM29 antisense 

probe. 

(B) The levels of TM2 9 (sense and anti sense) RNA in  antisense transgenic plants ( lanes 

1 -6) measured by RNA gel blot analysis using total RNA from flower buds. RNA 

blot was successively probed with gene-specific antisense and sense probes. Stacked 

graph shows relative levels of sense (blue) and antisense ( red) RNA in  each l ine. 

(C) TM29 sense and anti sense RNA levels in partial-anti sense transgenic l ines (lanes 1 -

5), AS/O l ( lane 6) and wild type ( lane 7) were analysed by RNA blot analysis. 

Loading levels are shown by hybridisation with rRNA gene probe in ( A )  and (8) and by 

stained RNA bands in  (C). WT: wild type. For symbols of phenotype refer to Table 3.6 
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Further, in situ hybridisation with TM5-specific RNA probes o n  wil d  type tomato 

flowers and AS/45 transgenic flowers revealed the expression of TM5 RNA in the 

c ontrol flowers (Figures 3 .25B ,  3 .2 5 C) was s imi lar to that found in the ant isense 

transgenic flowers (Figures 3 .25D,  3 .2 5 E) .  Transgenic tissues probed with sense TM5 

RNA were used as control (Figures 3 .2 5 F ,  3 . 2 5 G). The resul ts show that the spatial 

expression of TM5 in tomato fl owers was not affected by the constitutive expression of 

ant isense TM29 RNA. 

3 .2 . 1 2  Effects of GA and p hotoperiod on tomato transgenic p henotypes 

GA3 was appl ied  at 1 00 IlM to individual selected flowers of transgenic l ines using a 

smal l brush or sprayed on whol e  plants grown fro m  c uttings.  F lowers or p l ant l i ne s  

were treated with 0 . 02% TVleen 2 0  a s  a control .  GA3 treatment o n  the flowers o f  the 

n o n-transgen ic contro l p lants did not cause significant developmental change s  

compared to those treated with Tween 20 a s  treatment control s .  The  senescence of GA­

treated \vi ld type petal s  and stamens (4-5 days after anthesis) was t he same as in those 

treated \vith Tween 2 0  alone. Treated control flowers produced seeded fruit ,  which 

developed normal ly .  However, one contro l flower formed an abnormal fruit  though th i s  

was  not  consistently observed among the  control p lants (Fig ure 3 .2 6A) .  

fn  treated transgenic p lants. GA effects were observed i n  the petals, stamens and carpel 

growth. The co lour o f  transgen ic  petal s and stamens treated with GA chan ged from 

green to ye l lowish green . There was an increase in the size of  the petals and stamens as 

a resu l t  o f  GA treatment. Average petal l ength measured at 8 days post anthesis was 

1 0 . 0  ± 0 .2  mm for the non-treated Dowers and 1 8  ± 0 . 4  m m  for the GA treated Dowers . 

GA promoted the senescence o f  the second and third floral o rgans .  Wh i le senescence o f  

untreated transgenic ilov,:ers was slowe r  ( 2 5 - 3 0  days after anthesis);  th is  process was 

acc elerated i n  the GA treated transgenic flowers ( !  1 - 1 G days after anthes i s ) .  
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Figure 3.25. The expressions of TM5 and TAG] in TM29 antisense transgenic flowers 

(A) Total RNA extracted from flowers of four antisense transgenic plants and the non­

transgenic tomato plant was sequentially probed with TM5, TAG] and 1 8S rRNA 

probes. 

(B-G) In situ hybridisation of TM5 to wild type and transgenic floral tissues 

(B) and (C) sections of wild type tomato floral bud probed with TM5 

(D) and (E) sections of antisense TM29 flowers probed with TM5 

(F) and (G) sections of transgenic flowers probed with sense TM5 RNA as control. 

B ars= 1 . 5  mm. ov: ovary; pe:petal; se: sepal; st: stamen 
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GA3 treatment o f  the transgenic flowers did not prevent ectopic shoot format ion in  the 

fruit .  The percentage of fruits formed with type 1 and 2 ectopi c  structures d id not differ 

fro m  the non-treated transgenic flowers. In one transgenic  line AS/3 8 ,  a few of  the 

aberrant flowers showed further abnom1ality upo n  GA3 appl ication;  the fourth whorl 

was replaced by vestigial structures (Figure 3 .26B). 

For the photoperiod treatment, there were no observed changes i n  tomato lines grown 

under short-day l ight conditions. The phenotype of  flowers and fruit o n  transgenic 

p lants under  short day c onditions were similar to those grown under long-day 

conditions. No morphogenetic c hanges were observed in the control tomato plants 

gro'vvn under short-day conditions. 
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Figure 3.26. GA3 application caused some phenotypic aberrations in flowers. 

(A) A normal tomato flower upon application of 100 Ilm giberrellin displayed 

unusual fruit phenotype. This was not a general observation and was seen in 

only one flower. 

(B) An antisense tomato flower displaying further severe phenotype when GA3 

was appl ied. 

Bars= 2 mm. se: sepal; pe: petal. 
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3 .2 . 1 3  Tobacco transformation results 

The tobacco cult ivar Nicotiana tabacum (cv Samson) was used as a heterologous host to 

overexpress TM29 mRNA. It  has been shown previously that hetero logous systems 

enable the functions of MADS-box genes to be examined (Chung et al. , 1 994; Davies et 

al., 1 996).  Transgenic  tobacco plants were generated to express the sense RNA of 

TM29. Twenty-four transformed tobacco p lants were regenerated from t issue culture, 

rooted on kanamycin contain ing medium and transferred to so i l  to grow i n  a 

containment glasshouse. The transgenic nature of these plants was confirmed by PCR 

analysis .  As controls, 1 0  non-transformed tobacco plants were also regenerated in tissue 

c u lture and grown under same growth conditions.  

3.2 . 14  Morphogenetic a lterations in tobacco transgenic p lants 

Tobacco p l ants, which overexpressed the TM29 gene, showed reduced apical  

domi nance resulting in  a sign ificant increase i n  the growth of lateral buds from l eaf 

axi ls ,  ear ly  fl owering occurred among transgenic plants and abnormal flowers were 

formed.  The h eight o f  p l ants and the number of nodes to flowering were used as 

indicati on of  flowering time (Table 3 . 8 ) .  Overal l ,  transgen i c  tobacco pl ants flowered 

sooner than the wi ld type (fi gure 3 . 2 7 ;  Table  3 . 8) .  

Malformed flowers were observed in  some lines. In  the  wild type tobacco flowers, the 

anthers are posi t ioned over and above the sti gma (figure 3 . 28A) .  However, in the e ar ly 

flowering line, TI3S-23 ,  the stamens were shorter in length and did not extend beyond 

the pi st i l ( f igure 3 .2 8 8 ) .  The average length of the stamens in control p l ants, measured 
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Figure 3.27. Early flowering of transgenic tobacco plants. 

Shown is non-transgenic tobacco plant ( left) and transgenic 

plant TB S-23 (right) showing early flowering. 
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from their  point of attachment to the petals, was 2 . 8  ± 0. 1 cm whi le  that of  the p i st i l  was 

3 .0 ± 0 .2  cm; in contrast the average stamen length for TB S-23 was 1 .9 ± 0 . 2  cm and 

p i st i l  length 2 .8  ± 0 . 2  cm. For the flowers on TBS-30,  the stamen length was 2 .6 ± 0 .2  

c m  and the pist i l  length, 3 . 0  ± 0 .2  cm.  I n  TBS- 1 4  and TB S-3 0 ,  some flowers d id  not 

have proper floral organs in the inner three whorls .  These organs were converted i nto 

sepals or green leaf- l ike structures (Figure 3 .28C) .  However, flowers that formed l ater 

on these plants had the ful l  complement of floral organs, with only subtle changes i n  

petal shape . Seed formation was completely absent i n  TB S-2 3 ;  attempts at cross­

pol l inati on did not result  in seed formation  suggesting the ovary i s  infert i le .  

There was active growth of the axi l lary b uds in the transgenic p lants. The l ateral buds in 

wi ld  type tobacco plants were general l y  dormant (F igure 3 .29A).  In  transgenic  l i nes, 

TBS- 1 4, TBS-22, TB S-23 and TBS-30, an average of  1 0  lateral buds were active and 

producing leaves and flowers. In these l i nes a b ud j ust below the cymose inflorescence 

extended h igher above the terminal i nflorescence, resembl ing sympodial growth of 

tomato (Figure 3 .29B, Table 3 . 8) .  No such growth pattern is seen i n  the control non­

transgenic plants .  The expressi on of TM29 RNA in the tobacco transgenic l i ne s  was 

detected by northern hybridisation.  There was correlation between the levels of  TM29 

transcript and plant height and number of nodes to flowering i n  some of the transgenic 

tobacco l ines (Fi gures 3 . 3 0A, 3 . 3 0B) .  
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Table 3.8. Characteristics of tobacco transgenic p la nts expressing TM29 

Transgenic Height at Number of Phenotype 

plant flowering nodes to 

(cm) flowering 

Control 9 0  ± 2.6 3 1  ± 2 . 1  Wild type 

4 84 3 2  Normal 

6 6 5  25  Normal 

1 0  9 0  26 Normal 

1 3  6 5  3 2  Normal 

1 4  8 7  26 Poor flower development; sympodial 

shoot growth 

1 5  7 1  3 1  P oor flower development 

1 9  75 20 normal 

23 45 22 S ho rt stamens ; no pol len;  steri l e  

ovary . Axil l ary growth promoted 

30 78 29 F lowers have vegetative 

characteristics. Promoted axi l l ary 

growth. Sympodial shoot  growth 

3 1  5 9  29 normal 

40 60  7 �  � )  Normal 
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Figure 3.28. Abnormal flowers produced in TM29 transgenic tobacco plants . 

(A) A normal tobacco flower with a section of the petals removed to show the stamen and 

pisti l .  Stamens  have their anthers placed over and above the stigma 

( B )  An abnormal flower from TB S-23 transgenic plant with section of petal removed. 

The stamens were shorter in length and positioned wel l below the stigma. 

(C) Transgenic tobacco flowers with floral organs replaced by sepals. 

If: leaf; pe: petal ; se: sepal ; st :  stamen ;  sty: style 
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Figure 3.29. Tobacco transgenic plants displayed sympodial -l ike shoot growth 

( A) Wild type tobacco plant showing termi nal in florescence (an'owed). 

( B )  A transgenic tobacco plant with 'sympodial '  shoot (arrowed) growing from 

the axil of a leaf below the terminal inflorescence. 
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Figure 3.30. TM29 RNA levels in transgenic tobacco plants showing early 

flowering. 

(A) Graph o f  plant height (cm) and number of nodes at flowering for transgenic  

tobacco plants ( 1 - 1 1 )  and wild type ( 1 2) .  

( B )  Levels of TM29 R N A  expressed in transgenic tobacco plants ( 1 - 1 1 )  and wild 

type ( 1 2 )  measured by R N A  blot analysis .  Stained R N A  bands are shown to 

depict loading levels.  
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3.3 Discussio n 

A new tomato MADS-box gene (T1vf29) was characteri sed usmg sequence and 

express ion analyses. The results o f  these analyses po int to TM29 as a member o f  the 

SEP 1 subfamily of MADS-box genes. The reported number o f  MADS-box genes 

be longing to this group is on the i ncrease. The functions of TM29 were examined by 

genetic transfo rmation experiments using co-suppressi on  and ant isense RNA 

techniques. The phenotypes of transgenic tomato and tobacco p lants expressing 71\;/29 

RNA suggest that DI29: 

• promotes  sympodial growth 

• promotes  early flowering and mediates events in floral o rgan development 

• plays  an important role in maintenance o f  floral meristem ident ity 

• i s  required for the fru i t  development process 

3.3. 1 TM2 9 belongs t o  t h e  SEPI-grou [l o f  M A DS-box gen e s  

TM2 9 showed  s ign i fi cant nuc leo t i de and am i no ac id sequence s im i lar i ty to  Amhidopsis 
,,>'EP 1 and members o f  the SE? J sub-family o f  M A DS-box genes . This was i n ferred 

fro m  sequence ana lyses , the amino acid compos i t ions i n  these protei ns and p utat i ve 

secondary s t ruc tures i n  TM29. which were s imi lar to members o f  th i s  group .  TM29 

showed 78% i denti ty to D E F H49 and 68% to S E P  I .  D esp i te these s imi lari ties. there are 
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subtle differences between TM29 and SEP 1 .  TM29 has an open reading frame (ORF) o f  

73 8 basepairs (bp) which encodes 246 amino acids whi l e  SEP 1 has a longer ORF o f  

747-bp encoding 249 amino acids.  Analyses of the exon-intron positions within the 

ORF revealed eight exons in TM29 while the SEP 1 ORF consists of seven exons (Ma e t  

al. , 1 99 1 ) . Overall ,  the characterist ics o f  TM29 suggest i t  i s  a cognate homologue o f  

SEP] or SEP2. 

Phylogenetic analyses groups TM29 to the SEP 1 subfamily of MADS-box genes .  

Prominent members of  this family are the SEP] , SEP2 and SEP3 of Arabidopsis, FEP2 

of petunia (Angenent et al. , 1 992) and the tomato TM5 (Mandel and Yanofsky, 1 998 ) .  

Other recently identified members of this family include Asparagus A GM] (Caporali e t  

al . ,  2000) ,  apple Mdi\;fADS3 and MdMADS4 ( Sung et  al. , 2000), MdMADS7 and 

i\;fdMADS8 (Yao et al. , 1 99 9), Gerbera GRCD1 (Koti lainen et al. , 2000) and nee 

OsMADS7, GsMADS8 (Kang et al. ,  1 997). 

Tlvf29 expression shows some similarities as wel l  as differences to MADS-box genes of 

SEP 1 subfamily .  TM29 transcripts are expressed in  vegetative shoot meristems, 

inflorescence meristems and floral meristems but not in roots or leaves .  TM29 RNA 

transcripts were detected in both the j uveni le- and adult-phase shoot meri stems of 

tomato. This is in  contrast to  the SEP 1 and SEP 2 genes, which are expressed 

exc lusively in the flower (Flanagan and Ma, 1 994; Savidge et al. , 1 995 ) .  Other 

members such as the Asparagus A GM1 and apple Md}.1A DS4 are expressed in 

i nflorescence meristems as well as floral meristems but not in vegetative meristems .  

TM29 is so far the only member o f  this group expressed in vegetative meri stems .  Th i s  

suggests TM2 9 ,  in add i t ion to flower-spec ific  ro les may control vegetat ive 

characteri stics i n  tomato. 

TM29 expression in the flower, however, is s imi lar to the general pattern observed 

among the SE? 1 group of MAOS-box genes. TA129 RNA i s  detected in the primord i a  o f  

a l l  four  f loral organ types , a characterist ic feature o f  members o f  th i s  group and a 

variat ion from the A B C  pattcrn o f  gene expression (TheiGcn, 200 1 a) .  These analyscs, 

therefore, suggest that TM29 is a member of  the SEP 1 group of  MA OS-box genes ; 

however, certain d i fferences i n  express ion suggest TAn9 may have add i t ional funct ions 

to that known for members of  th i s  group. 
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3 .3.2 TM29 may be involved in sympodial development 

Tomato shoot architecture differs from that of tobacco or Arabidopsis i n  that vegetative 

and reproductive phases a lternate during its sympodia l  pattern of gro\V1:h. There is an 

initial j uveni le  vegetative phase of shoot growth where 7- 1 2  l eaves are produced after 

which the shoot meristem is  converted i nto an i nflorescence m eristem to bear flowers . A 

second phase of adult shoot growth initiates from the bud i n  the axi l  of the youngest 

l eaf. This shoot generates three leaves and is terminated by an i nflorescence. Thi s  

pattern of growth is repeated t o  give a main axis composed of reiterated sympodial units 

consisting of three nodes and a terminal inflorescence (Hareven et al., 1 994; A llen and 

S ussex, 1 996;  Pneul i et al. 1 998 ;  Schmitz and Theres ,  1 999) .  In tobacco by contrast, a 

fl ower terminates growth of the main shoot, with l ateral meristems directl y  below the 

terminal flower giving rise to additio nal  flowers and resulting in a cymose pattern 

(Amaya et  al. 1 999) .  The vegetative buds in the lower l eaf axi l s  of tobacco are usual ly  

suppressed and  remain dormant. However, further down the  main shoot, a new shoot 

m ay arise from a l ateral meristem. 

The evidence for TM29 i nvolvement in  sympodial growth was weakly  indicated by poor 

sympodial growth pattern i n  the tomato transgenic p lants in which TM29 expression 

was downregulated. Growth was terminated usua l ly  after the first sympodial shoots 

compared to 3 -4 sympod ia l growth cycles seen in the wi l d  type Microtom tomato p l ants 

under the growth conditions. However, Tkf29 invo l vement in sympodial  gro\vth \vas 

c l early i l i ustrated i n  the sympodial  gro\vth characteris t ics observed i n  the tobacco 

transgen ic plants ectopica l ly  express i ng the RNA of n'vf29. In the tobacco transgen i c  

p lants , the term ination o f  shoot growth b y  tbe terminal fl ower caused another shoot  

growth  from the axi l of a leaf below the cymose inflorescencc, produc ing  lcaves and 

flmvers. Th i s  sympod ia l - l i ke growth seen in the to bac co transgenic plants i s  therefo re a 

d i rect  response to the TAf29 RNA expressed i n  these p l ants and i s  an ind icat ion o f  

reduced apica l  dominance. A proposed act i v i ty o f  SEP i c lass genes i n  reducing ap ica l  

dominance i s  consistent \\/ith the reduced apica l dominance of tobacco p lants 

o verexpress l llg OsMA DS'i , a SEP i - l i ke M A DS-box gene from r ice ( Chung el 0/. ,  
1 994) .  
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3.3.3 The transition to flowering in tobacco is responsive to TM29 expression 

The over-expression of TM29 RNA also leads to early flowering i n  tobacco p l ants as 

seen in a reduced number of nodes and plant height at flowering. The average number 

of  nodes produced by the non-transgenic tobacco was 3 1 ± 2 . 1  compared to 22 nodes i n  

TBS-23 transgenic l ine (Table 3 . 8) .  This suggests that the phase change from vegetat ive 

to reproductive growth in tobacco is  responsive to TM29 RNA. This i s  consistent with 

the ectopic expression of  rice MADS-box genes OsMADS7 and OsMADS8 (two SEP 1 -

l ike genes) i n  tobacco which resulted i n  dwarfism and early flowering (Kang e t  al. , 

1 997). OsMADS1 also caused early flowering in tobacco plants (Chung et al. , 1 994) . 

There was no observation i n  the tomato transgen i c  plants that i mp l icated TM29 i n  the 

control of  flowering t ime.  Such a function for TM29 in tomato should have resulted i n  

the lengthening of the vegetative phase o r  an i nc rease i n  the number o f  nodes produced 

by sympodial shoot i n  the plants with reduced TM29 expression. The lack of such 

phenotype could be due to functional redundancy i n  the control of flowering t ime i n  

tomato . The tomato FALSIFLORA gene, a homol ogue o f  Arabidopsis LFY i s  identified 

to control flowering t ime i n  tomato (Mol inero-Ro sales el al. , 1 999). TM29 may function 

redundantl y  to control flowering time in tomato. L ikewise, overexpression o f  TJlvf29 in 

the sense transformed tomato plants did not result  in  early flowering.  The M icrotom 

tomato cul t ivar used i n  this study i s  an early flowering type that flowers, after producing 

9- 1 0  leaves at  a height of about 8- 1 0  cm above soi l level compared to  the  tomato 

cult i var UC82B,  which  flowers at about 50-60 cm under the same growth condit i ons 

(Meissner el al. ,  1 997 ) . This early flowering characteristic of  Microtom cult i var may 

override the early fl owering effect of TAf29 overexpression in transgenic plants. 

3.3.4 Ti112 9 is req u i red fo r proper fl o ra l  orga n d evelopment  

The phenotypes of the  aberrant tomato transgen i c  fl owers put together with the RNA 

expression pattern clearly impl icate TM2 9 in  the development o f  the  fl oral organs. 

Tkf29 expression in the floral meristem occurs before the emergence of any o f  the floral 

organs and most l i kely,  before expression of  the floral organ identity genes. This  
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suggests TM29 may be required to regulate the temporal and spatia l  expression o f  the 

organ identity genes. The expression pattern observed in the floral organ primordia 

indicated that i t  may be required i n  the early stages of  floral organ development. 

The level of  TM29 RNA transcripts in the floral organs was high during the early stages 

of the primordia development but decreased as the organ matured. This suggests TJvf29 

function may be required for activities of the floral organ identity genes as wel l  as the 

proper development of the o rgans. At later stages of flower development, TM29 

transcr ipts local i se to specific t issues within the o rgans suggesting TM29 m ay have 

special i sed functions in those t issues. The above hypotheses on TM29 functions were 

tested when its RNA was reduced by anti sense and co-suppression techniques. The most 

conspicuous effect of the absence of TA129 RNA was the morphogenetic  c hanges in the 

i nner three whorls of the tomato flower even though the first whorl o rgan also d i splayed 

certain aberrant characteristics .  The sepals i n  the transgenic flowers were temporar i ly  

j o i ned to each other along their ent i re length and th is  delayed the opening of the 

flowers. This  contrasted with the sepals  in  wi ld type tomato flower, whic h  are separate 

from each other for most part of thei r  length before the petals open. This observation 

may be an indication of TM29 function i n  sepals.  So far no effects o n  sepal devel opment 

have been described for the SEP 1 group of MADS-box genes. 

Tomato flowers are characterised by their i ntense yellowish petal s  and stamens. The 

greenish petals and stamens in the transgenic flowers point to an al terat ion  in the 

development of  these floral organs .  The green petals and stamens are s imi lar to the 

phenotypes of  transgenic  flowers caused by the express ion of antisense T}\;!5 RNA i n  

tomato ( Pneul i  e l  aI. ,  1 994a) and cosuppression o f  FEP2 in  petun ia  (Angenent e l  al. . 

1 994) .  Together, these characterist ics of  FEP2, TM5 and TM29 t ransgenic  flowers bear 

a stri k ing resemblance to the flowers of the recently described SEPA L LA TA mutant 

( Pe laz el af.  2 000). 

The sepal lata flower i s  a result  of mutat ions in  three Arahidopsis genes SE? 1,  SE? 2 and 

SE? 3 .  The triple mutant of these genes bears flowers with sepal s  in the tirst three 

whorls, with the fourth whorl replaced by a new sepallata /lower. These three genes arc 

redundant i n  the ir  function o f  med iat ing the act iv i t ies of the B and C f loral organ 

ident i ty ge nes. Seq uence anal yses suggest TM5 is  the desi gnated homologue of SEP 3 
(Mandel and Yanofsky, 1 998)  whi le  TM29 also share some s imi lar it ies  with the SEP 1 
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and SEP2 genes. The putative orthologue of  SEP3 i n  petunia, FBP2 also affects s imilar 

morphogeneti c  features. FEP 2 is h ighly homologous to TM5 and SEP 3 .  Inhibi t ion of  

FEP2 RNA by co-suppression resulted in  green petals and green petalo i d  stamens 

(Angenent et al., 1 994). 

The phenotypes of  the i nner floral organs of  TM29 tomato transgenic flo wers suggest a 

partial  transformation i nto sepals i n  several respects, i nc luding cel lular morphology. 

Examination of the epidermal l ayer of the transgen ic  floral organs showed some 

variation i n  cell  morphology. Stomata were present on the surface of transgenic  petals 

and ovary. The carpel was also covered with trichomes, unl ike in the wild type.  Stomata 

and trichomes are characteristic of tomato sepals but are typi cal ly absent fro m  inner 

whorls .  In t he sepal lata flower, presence of stomata on i nner whorls was assoc iated with 

their complete conversion to a sepal identity (Pelaz et  al. , 2000). Unlike the sepal lata 

flower, the downregulat ion of TM29 resulted in a partial transformation  of the floral 

organs.  This  m ay be a result of the redundancy that may exists among s i m i lar sets of  

SE?-l ike genes i n  tomato (Smyth, 2000) . TM29 shares functional s imi larity to  TM5 and 

may both be i nvolved i n  t he B and C organ i dent i ty functions in tomato .  

The mode of function of TM29 and TM5 can be inferred fro m  those proposed for the 

SE? genes .  The resemblance of the sepallata flower to the double mutant of  B and C 

organ identity functions i ndicates the SE? genes are required for the proper functions of  

the  B and C genes (Bowman et al. , 1 99 1 ; Pelaz et  al . ,  2000;  Honma and Goto, 2 00 1 ;  

Pelaz et  al. ,  200 1 b). This SE? function has been designated as E-function, extending the 

ABC model of floral organ identity, which already has a D-function responsi b le  for 

ovule identity (Angenent e t  al. ,  1 995 ;  Jack , 200 1 ab; Theii3en, 2 00 1 ab).  

3.3.4. 1 Repr"oductive defects in  TM29 transgenic flower"s 

I n  w i ld-type tomato, i n terwoven rows of l atera l and adax ial  ha i rs on stamens j o i n  them 

together to form a cone around the p is t i l  (Sekhar and Sawhney, 1 987 ) .  Po l l i nat i o n  and 

fert i l i sa t ion in wild type flov,'ers then promotes the senescence and absc i ss ion o f" both 

petals and stamens during the early growth of the ovary. Separation of stamens is not 

seen in w i l d  type flowers . In contrast, tomato mutants such as dia lyt ic  (d l )  ( L Jop-Tous el 

al. , 2000) and parthenocarp i c  fruit (pat) mutant (Mazzucato er al. , 1 998)  d isplay 



stamens that are not united. These mutants are characterised by suppressed hair growth 

on the stamens. 

The stamens from transgenic  plants i n  which TM29 i s  suppressed are loosely fused and 

separated from each other as the ovary developed. They remain on the flower in lateral 

positions for a long period and do not abscise.  The lack of fusion among the stamens 

can be attributed to a number of factors. These i nclude (a) absence or poor growth of 

lateral and adaxial hairs on  these stamens, (b)  lack of interweaving between t he hairs o f  

adjacent stamens, o r  (c) pressure exerted by growth of the ovary combined with fail ure 

to absci se. Scanning e lectron microscopy was used to closely exami ne these 

poss ib i l i t ies. 

E lectron m i crographs revealed that lateral and adaxial hairs are present on the TM29 

transgenic stamens. S ignificantly however, these hairs d id  not i nterweave among 

themselves and thus could be responsib le  for the fai lure of stamens to be j oined . 

Further, the delayed senescence and absciss ion of  the stamens subj ected them to the 

pressure exerted by the developing ovary. On the whole,  the transgen i c  stamens were 

weakly held  together due to poor interweavi ng of adaxial and lateral hairs .  The delay i n  

stamen senescence and abscission, together with the rapid growth o f  the ovary 

contributed to the dialytic phenotype of the transgenic stamens.  

Pol len was not detected in the transgenic stamens suggesting TM29 function affects 

male gametogenesis in  tomato . Lack of pol len could be due to poor pol len formation or 

a more ind irect result  of anther defects, wh ich would b lock dehiscence.  The po l len 

mother cel ls  formed d uring gametogenesis compri se of an outer endothecium, a m iddle 

layer and tapetum,  which are crucial to gametogenes is  (Sanders cl a! 1 999 ;  Sanders cl 

Cl! . ,  2000; Yang and Sundaresan, 2000).  TM29 transcript accumulation in the wild type 

stamens local ises to the endothec ial and tapetal cells and may be req ui red for the proper 

development of these tissues. 
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3.3.5 Reduced levels of TM29 RNA induces fruit development without  

fertil ization 

The o vary of the transgenic flowers formed parthenocarpic fru its .  The proportion of 

flowers that formed fruits in  transgenic p lants did not differ signifi cantl y  from wild type 

plants suggesting that the reduction in TM29 RNA or the l ack of pol l ination and 

fert i l i sation did not affect fruit  set. In wi ld type tomato, unpol l inated o varies grow very 

l ittle and abscise shortly  after anthesis (Fos et al., 200 1 ) . 

Unl i ke i n  the wi ld type tomato fru i ts, no seeds were found i n  fru its of  transgenic p lants 

showing phenotype. This could be attributed to the lack of pol len produced by the 

transgen ic  stamens; however, attempts at poll ination with viab le  pol len did not produce 

seeds in these transgenic fruits, suggesting that the transgenic  ovary is ster i le .  Several 

natural parthenocarpic tomato l ines are facultative and are able to produce seeds i n  fruit  

(Mazzucato et al . ,  1 998) .  Simi larly, engineered parthenocarpic plants of tobacco and 

eggplant produce viable seeds when flowers are poll inated (Rotino et al . ,  1 997) .  The 

fai l ure of the TM29 transgenic p lants to produce seeded fru i t  when pol l inated with 

viable pol len could be a consequence of malfom1ed embryo sacs in ovules or 

unfavourable conditions for pol len tube growth in the stigma. G iven that TM29 RNA 

accumulates in the ovary throughout its development and later in seeds, TJI.129 may be 

required for proper development of the ovules and seeds .  

The parthenocarpic fruit  development of the transgenic flowers i s  a suggestion that 

TM29 has a role in frui t  development and may function as a negative regul ator which 

represses parthenocarpic fruit development in wild type tomato . Consistent with such 

repressor activity i s  the Arabidopsis mutant, fruit without fertilisation (fwf), which 

ini t iates seedless fruit in the absence of pol l ination and also the tomato pat mutants 

(Mazzucato ct  al. , 1 998 ;  Fos and Garc ia-Marti ncz, 2000 ; Fos ct al . .  200 1 ;  Vivian-Sm ith 

ct  al. , 200 I ) . Parthenocarpy is  recessive in these mutants suggesting that the 

corresponding wild type genes repress fru it development in the absence of ferti l isat ion .  
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3.3.6 TM29 may be involved in fruit ripening 

In transgenic plants with reduced TM29 RNA, there was delay in the onset of  fruit  

r ipening.  After reaching the final fru i t  s ize, transgeni c  fruits remained green for a longer 

period before showing signs of colour change. The frui t  r ipening process is assoc iated 

with c hanges i n  gene expression and given that TM29 is a potential transcription factor, 

it may be i nvolved in regulat ing the transcription of ripening related genes (Schuch et 

al. ,  1 989 ;  Gray et aI. , 1 992 ; G i l laspy et aI. ,  1 993 ; Manni ng, 1 998 ;  B rummell  et aI. , 

1 999) .  

I n  add i tion  to  delayed ripening, transgenic fru i ts did not  ripen ful ly ;  they turned orange 

colour and did not soften l ike wild type fru it .  The fruit  r ipening process is associated 

with b iochemical and physiological changes, which i nclude chlorophyll p igment 

degradation and synthesis of new carotenoid  p igments such as 13-carotene and lycopene. 

There i s  also starch breakdovm i nto glucose and fructose and softening of ce l l  wal l by 

enzymes (Grierson and Kader, 1 986;  Gray et al. ,  1 992) .  The orange colour of the 

transgenic frui t  may be due to accumulation of 13-carotene i nstead of l ycopene, 

suggest ing that TM29 may be required for normal synthes is  of carotenoids during fru i t  

r ipening i n  tomato.  (Grierson and Kader, 1 986) .  

3.3.7 TM29 is involved in determinate growth of the flmver 

The flowers o f  the TM29 transgenic  p lants d isplayed i ndeterm inate characteri st ics i n  the 

fourth whor l .  In addi t ion to carpe l  development into fru i t, other ectopic structures were 

(ormed with in  the carpe l ,  as a resu l t  of indeterminate growt h .  Th i s  suggests a role tor 

1'/1112 9 in the control of determi nate growth in the fl ower. Thc structure of the nower in  

most  angi osperms is  determ i nate and characteri sed by defi ned number o f  floral organs 

whose posi t ion and identity are determined by genet ic  i nteract ions that precede the i r  

tormation and development. Normal ly,  the  deve lopment o f  carpel into fru i t  term i nates 

growt h  of the nower. 
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Indeterminate growth of tomato flower i s  not commonly observed. Recentl y  however, a 

tomato ple iotropic  mutant, clausa was described with formation of  ectopic organs 

wi thin the fru it .  The CLA USA gene was found to regulate th is  perturbati on, partly b y  

regulating t h e  tomato LeT6 homeobox gene CA v i v i  e t  al. 2000). Ant i sense expression o f  

the TA G} and TM5 genes also resulted i n  i ndeterminate c haracteristics of t h e  fourth 

whorl of tomato flowers (Pneuli et al. 1 994ab) .  The indeterminate function of TM29 is 

consistent with the SEP gene functions.  The SEP genes medi ate the determi nate 

function of A G, in  addition to its B and C organ identity functions .  I n  the sepall ata 

flower p henotype, the fourth whorl is replaced by a new flower (Pelaz et al. , 2000). 

Simi lar phenotypes are observed in antisense TM5 tomato flowers and co-suppressed 

FEP2 petunia flowers CPneul i  et al. , 1 994a; Angenent et al. , 1 994).  TM29 may be 

required to mediate the determinate function of  the TAG} gene in tomato . 

The i ndeterminate growth i n  TM29 transgenic flowers i s  not s imply the result of  

replacement of the carpel by another flower or the emergence of structures withi n  the 

fourth whorl organ. Instead, a new shoot grows out of the carpel producing leaves and 

flowers . This differentiates the TM29 p l ants from the Arabidopsis agamoLls and 

sepal lata flower mutants, as wel l  as the anti sense TM5 tomato flower. B y  contrast, th is  

TM29 phenotype shows s imi l arity to the co-suppressed FEP2 flowers and the double 

mutant flower of agamoLls and cons tans, in which new i nflorescence emerged from the 

swol len carpel CAngenent et aI. ,  1 994;  Okamuro e t  aI . , 1 996;  M izukami and Ma, 1 997) .  

3 .3.8 TM2 9 may act to mai ntain floral meristem ident i ty 

The eventual emergence o f  ectopic shoot from ins ide the frui t  was an interesting aspect 

of the TM2 9 transgenic phenotype . This shoot produced leaves and mu lt ip le flowers . 

The leaves were small i n  s ize but had the same e pidermal cel l -type and features o f  the 

normal leaf. The ectopic flowers were a re iterati on of  the aberrant flowers o n  the 

transgenic  p lants. The growth of the ectopic shoot is an ind ication that floral meristems 

present in the carpe l have undergone revers ion to shoot meristem identity (Okam uro et 

aI. ,  1 996 ;  M i zukami and M a, 1 997) . Pl ants normal ly produce a predictable seq uence o f  

meristems:  vegetat ive, in florescence and fl oral meristems.  These meri stem types are 
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landmarks of  transit ional phases of  shoot growth; for i nstance the i nflorescence 

meristem marks a switch from vegetati ve growth to reproductive growth (Levy and 

Dean, 1 998) .  The emergence of flower-bearing shoot within a flower is a suggestion 

that the i dentity of the floral mer istems have switched to i nflorescence meristem. An 

alternative v iew is  that, there are remnants of shoot meristems present in the flower that 

can generate this ectopi c  i nflorescence (Okamuro et al. , 1 996).  However, i n  Arabidopsis 

ag-l co-2 double mutant, it has been e stabl ished that pre-exist ing i ndeterminate floral 

meristem produce the ectopic i nflorescence shoot (Mizukami and M a, 1 997) .  

In  tomato, the sympodial shoot meristem is  converted i nto an i nflorescence meristem 

after produc i ng three leaves; the inflorescence meristem then produces flowers. The 

presence of leaves o n  the ectopic shoot of TM29 fl ower i ndicates that the floral 

meristem reverted to a vegetative meristem identity . Thi s  reversion of a floral meristem 

to a vegetat ive meristem in TM29 transgenic flowers is a step beyond what was reported 

for FBP2 i n  petunia and the double mutant of AG and CO in Arabidopsis. Rather, this  

TNf29- i nduced reversion is s imi lar to floral reversion observed in purple-flowered 

lmpatiens balsamina (Pouteau et al. ,  1 997). I n  Impatiens, environmental condi t ions 

have a strong influence on revers ion.  I n  non-inductive condit ions,  there i s  complete sh ift 

from flower development to  production of leaves, which continues unt i l  favourable 

inductive conditions are imposed (Pouteau et aI. , 1 997 ;  Pouteau et aI. , 1 998ab).  This 

phenotype of TM29 transgenic flowers i s  consistent with the hypothesis Tivf29 may 

contro l fl oral reversion in wild-type tomato by the maintenance of floral meristem 

identity. 

3.3 .9  Mechanisms control l ing flora l  revers ion 

F loral revers ion is  control led by both envi ronmental and internal factors that intl uence 

flowering as wel l  as meri stell1 deve lopment in p l ants .  for example, in ;Jrahidopsis, 

flowering i s  promoted by long-day photoperiod whi l e  floral revers ion occ urs under 

short-day conditions, i n  the absence of LFY or A G  ( O kamuro el af. , 1 996;  M i zu kami 

and M a, 1 997) .  In impoliens balsamino, flowering i s  promoted under short-day l ight 
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conditions. Growth under long-day conditions favours reversion to vegetative growth 

(Poteau et al. , 1 997 ;  Pouteau et al. , 1 998ab) . 

In  lmpatiens, a floral s ignal induced in the leaves must reach the floral meristem 

continuously throughout flower development to avoid reversion. Leaf removal 

experiments with lmpatiens balsamina have provided evidence to support this 

hypothesis  (Poteau et al., 1 997 ;  Pouteau et al. , 1 998b ;  Tooke and Battey, 2000). The 

nature of this floral signal however, remains elusive and s imi lar experiments have not 

been reported in Arabidopsis or any other plant species (Hempel et al. ,  2000). In 

Arabidopsis, AG and LFY control the short-day mediated floral reversion (Okamuro et 

al. , 1 996;  Mizukami and Ma, 1 997) .  LFY is a floral meristem identity gene and the 

differentiation of the floral meristems are associated with increase in its expression. A G  

controls  identity o f  stamen and carpel as wel l  as determinate growth o f  floral meristem. 

F loral reversion has not been reported in tomato, a photoperiod insensitive plant, hence 

the control of this characteristic is not known.  The results presented here show that 

TM29 may control this phenomenon in tomato . Unlike in A rabidopsis, TA G] (the 

tomato A G  homologue) gene and FALSIFLORA (FA ;  the tomato LEAFY orthologue) 

may not be involved in control ling floral reversion in tomato. TA G] regulates 

determinate growth of the floral meristem and performs the C-organ identity function i n  

tomato (Pneuli e t  al. , 1 994b) while FA controls floral meristem identity and flowcring 

time (Al Ien and Sussex, 1 996 ;  Molinero-Rosales, 1 999) .  It is possible the mechanisms 

contro l l ing floral reversion in tomato is different from Arabidopsis. 

P hotoperiod or GA may not control fl oral reversion in tomato . To further examine how 

floral reversion may be control led in tomato, the effects of photoperiod and gibberel l in  

on the tomato transgenic phenotypes were studied. Short-day treatment or exogenous 

appl ication o f  GA3 d id  not prevent floral reversion in  TM29 transgcnic plants nor d id  

they induce this trait in wild typc flowers. I n  contrast to  these results in tomato ,  

exogenous appl ication of  GA inhi bits floral revers ion in  A rahidopsis a g  mutant growi ng 

under short-day cond itions suggesting that maintenance o f  A rabidupsis floral meristem 

identity is posi tive ly regu lated by GA and med iated by short-day l ight cond itions 

(OkamLlfo et al. , 1 996) .  These results further suggest floral revers ion is c ontro l l ed 

d i fferently in tomato and that TM2 9 may be a key regulator o f  this  trait .  
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3 .3 . 1 0  Downregulation of TM29 RNA by cosuppression and antisense techniques 

The phenotypes analysed i n  this study were generated us ing geneti c  transformat ion to 

obtain p lants with downregulated TM29 expression through cosuppression and ant isense 

RNA methods. In this study a cosuppressed tomato l ine ( S/05) showed s imi l ar aberrant 

phenotypes as the anti sense generated p lants. The s imi larity between the p henotypes of 

cosuppressed and the ant isense transgenic l ines i s  consistent with the hypothesis that 

downregulat ion of TM29 gene is responsible for the phenotypes observed. The amount 

of TM29 transcripts (both transgene and endogenous) detected in the transgenic p l ants 

was reduced. This suggested a post-transcriptional gene s i l encing mechanism. The low 

l evel of both sense and ant i  sense transcripts in  the anti sense transgenic p lants, as 

detected by the gene-specific RNA probes, may b e  due to a s ilencing mechanism 

mediated by a co-ordinated degradation of antisense RNA and corresponding sense 

RNA (Baulcombe, 1 996 ;  Wassenegger and Pel iss ier, 1 99 8 ;  Stam et al. , 2000) .  

C o-suppression and anti sense gene techniques have been used to reduce the express ion 

o f  endogenous genes so that the resultant phenotype mimics  that of a knock-out m utant 

(Mizukami and M a. 1 992;  ; Pneuli et al. ,  1 994ab; Angenent et al. , 1 99 5 ;  Stam e t  aI. , 

2000) .  These methods have been used to study functions of FLORAL BINDING 

PRO TEIN 7 (FPBP 7) and FBP I I MADS-box genes o f  Petunia (Angenent el al. , 1 995 ) .  

Recently. the same technique was employed in determining the function o f  PETUNIA 

FLO WERING GENE (PFG ) ,  a M ADS-box gene invo lved in the transit ion fro m  

vegetat ive t o  reproductive development ( Immink Cl al. ,  1 999). Antisense plants o f  

A rahidopsis A G  and tomato TA G 1 display s imi lar phenotypes to known agamolls 

mutants (PneuJ i cl al. ,  I 994b; M izukami and Ma, \ 995 ) .  These studies have therefore 

shown that the phenotypes of transgenic p lants may accurately reflect loss of gene 

function.  

3.3. 1 0 . 1  P a rtial  ant isense t r a n s formed tomato d id n o t  d i s p lay aberra n t  p h e n o types  

I n  previous studies, ful l - length cDNA sequence of MADS-box gcnes werc used to 

produce antisense transgenic plants (Pnculi c t  al. , 1 994ab; Mizukami and Ma, 1 995 ; 

Kot ibinen ct aI. , 2000) .  I n  an effort to determine i f  a targeted degradation o f  TM29 

transcripts could be achieved using a partial antisensc cDNA construct and whether the 
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resulting plant phenotypes will be comparable to that produced with the full-antisense 

cDNA construct, transgenic plants were generated with partial anti sense construct. The 

transgenic plants transformed with the partial antisense construct did not show aberrant 

phenotype. These plants mostly resembled the wild type phenotype. The difference 

between the partial construct and the full-antisense construct was the removal of the 

conserved MADS-box region and a portion of the I-region from the former. The normal 

phenotype of the partial-antisense plants could be explained in two ways:  ( 1 )  that the 

expressed partial anti sense RNA failed to trigger downregulation of TM29 RNA in the 

transgenic lines or (2) there is redundancy with another gene, which requires the ful l  

length construct to suppress. These possibilities were examined using TM29 gene­

specific RNA probes to detect steady state transcripts of both the endogenous and 

partial anti sense genes in the transgenic plants. 

The analyses of TM29 transcript levels using a gene-specific probe showed high levels 

of both the endogenous TM29 RNA and the transgene-expressed partial antisense RNA 

in the transgenic lines, suggesting that TM29 was not downregulated in these plants. 

This is in contrast to the full-antisense plants in which both the endogenous and 

antisense RNA were downregulated. The presence of both the sense and antisense 

TM29 RNA in the partial-antisense plants suggests the failure to trigger the RNA 

degradation mechanism seen in the other transgenic plants and is consistent with the 

normal phenotype observed. 

The reasons for the inability of the partial construct to downregulate TM29 RNA are not 

clear. Also, the effect of the TM29 transgene on other MADS-box genes cannot be fully 

proven. Overall, however, the normal phenotype of the partial-antisense transgenic lines 

put together with the failure to downregulate TM29 RNA is further evidence supporting 

TM29 role in the unusual phenotypes seen in the aberrant transgenic lines . 
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CHAPTER 4 Characterisation of a new tomato MADS-box gene, TMIO 

4. 1 Introd u ction 

The MADS-box gene fami ly  in tomato has not  been extensivel y  characterised with on ly  

about a dozen members described to date (Pneul i e t  al. 1 99 1 ;  Pneul i  e t  a l . ,  1 994ab; 

Kramer et a l . ,  1 998;  Mao et al . ,  2000). There are at l east 80 MADS-box genes i n  

Arabidopsis rhaliana, (Alvarez-Buyl l a  e t  ai, 2000a ;  Jack 200 1 a) and given conserv at ion 

of  functions contro l l ing growih and devel opment, a s imi lar number o f  MADS-box 

genes wou l d  be expected in tomato .  

To further understand the ro l e  of this gene fami l y  in flower and fruit development, an 

attempt was made to identify more genes expressed in tomato flov/ers and frui t .  The 

conserved sequence in the MADS domain o ffers the opportunity to design degenerate 

primers for ampl i fication of MADS-box gene fragments .  Sequence analyses ident i fied 

tomato MADS-box genes that were prevlOus ly uncharacterised.  Subsequently ,  a longer 

fragment of onc, TJfl 0 was obtained and characterised. This chapter describes the 

method used to ident i f�' new MADS-box genes and the subsequent characterisation o f  

TM1 0, ampl i fied from a fruit cDNA. This general method should be appl icable for the 

i so l at ion and characteri sat ion or addit ional members of the MADS-box fam i ly .  
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4.2 Results 

4.2. 1 Identification of tomato MADS-box genes 

Total RNA was i solated from flower buds and fmit using the Trizol method. This was 

fol lowed by poly (A) mRNA purification using the mRNA MessageMaker Reagent 

Assembly (Gibco BRL) .  cDNA was synthesized from the m RNA using SuperScript I I  

reverse transcriptase system (Gibco B RL) and used as templates to ampl ify short DNA 

fragments of  1 4 5  bp from MADS-box region. Degenerate primers DEG- l and DEG-2,  

corresponding to conserved residues M GRGKV Il , LCDAEV in the MADS-box 

respectively were used in PCR. Because several bands from the PCR were detected on 

agarose gel ,  the DNA in a band of the expected s ize was excised fro m  the gel and 

purified using Highpure PCR purification kit (Roche). The DNA fragment was cloned 

into the pGEM-T vector, transformed into Escherichia coli and selected on plates 

containing ampici l l in .  60 transformed colonies were picked at random into culture and 

grown overn ight; plasmid DNA purified and sequenced . 

MADS-box sequences representing individual genes in tomato were identified from the 

sequencing of the 1 45 -bp fragments. Sequences were al igned using the P i l eup program 

(GCG software) and the a l ignment submitted to the BOXS HADE server 

( w\Vw. ch.embnet.or!.!/so ftwareIl30X 1"'0rm.htl11l) to h ighl ight similarit ies  and d i fferences 

(Appendix E). Differences  in nucleot ide sequence in the region outs ide of the primer 

binding s i tes were used to determine whether clones represent similar or different genes. 

The analyses of 52 short sequences identi fied 1 8  different clones representing M !\ DS­

box genes in  tomato. Each of  the 1 8  di fferent sequences was analysed for similarity to 

known MADS-box sequences Llsing the B LAST program (Atsehul et a l . ,  1 997) .  These 

anal yses identi fied two fragments, Ti\;[ J 0 (Tomato /vf;l DS-box J 0) and T/vfl 8 as 

representing tomato MADS-box genes previoLls ly uneharacterised . 
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The longer fragment of TMi 0 was subsequently ampl ified with overlapping gene 

specific  primers, TM I O-P I and TM I O-P2 and a 3' anchor primer us ing the rapid 

ampl ification  of cDNA ends (3 '  Ri\CE) techn ique (Ohara et a! . ,  1 989) .  The sequence of  

the 3 '  anchor primer was part of the Not! primer-adapter used for cDNA synthesis .  

TM I O-P l and T M 1 0-P2 were used i n  primary and secondary reactions respectively, in 

combinatio n  with the anchor primer. The ampl ification conditions were as fol l ows: 

initial denaturation at 94°C for 2 minutes, 3 0  cycles of 94°C for 30 seconds, SO°C for 3 0  

seconds, 72°C for 1 minute and a final  e longation step at 72°C for 5 minutes.  A I : 1 00 

fold  d i lut ion of the primary PCR product was used as template i n  the secondary PCR. 

These react ions produced a 0 .9-kb DNA fragment of TMi O. 

4.2.2 TM1 0 characterisation 

The l onger DNA fragment of TMi O was c loned into the pGEM-T vector uti l i sing the 

single deo xyadenosine CA) added to PCR fragments by the Taq DNA polymerase. The 

DNA fragment \vas sequenced in both directions by M 1 3  forward and reverse primers 

using the A B I  prism sequencer (Wa ikato DNA Sequencing Faci l i ty ,  Hami lton, New 

Zealand) .  The length of the TM1 0 cDNA fragment was 864 nucleotides starting from 

the A TG trans lat ion start s ite to the po lyadeny l ation region.  TAn 0 has an open reading 

frame of  603 bp encoding 20 1 amino acids and a 3' untranslated region of 2 6 1  

nucleot ides  ( F i g ure 4 . 1 ) .  I t  carries sequences correspond i ng t o  the 4 regions (MADS­

box ,  I -reg ion .  K-box and C-tcrm ina l ) typ ical of  p l ant  MADS-box genes  (Krizck and 

Meyerowi tz, 1 996) .  The derived prote in  has a com puted mo lecu lar weight of 23 kDa 

and i soe lectr ic  p H  o f  6 . 5 ,  which is comparable to those o f  o ther MADS-box proteins 

(Mandel  et aI . ,  1 998 ) .  
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lA TGGGGCGGGGGAAGIG T  TCAAA TGAAGAGGATAGAGAA T CCAGT T  CATCGACAAG T CACT 
M G R  G K V Q M K R I E N P V H R Q v T 

F C K R R A G  L L K K A K E L S V L e D  

A E I G L F I F S A H G K L Y E  L A T K 

GGAAG CATGCAAGGGCTGATT GAGAGG TACATCAAGTCAACCAAGGGAG T T GAGG T GGCT 
G S M Q G L I E  R Y I K S T K G V E V A 

GAGGAAGCCpAAGATACACAACCTCT GGACCCAAAP.GAGGAGATCAP.CATG C T GAGGAAT 
E E A K D T Q P L D P K E E l  N M L R  N 

GAGAT T GACGTAC T C CAGAAAGGCTTAAGC TACATGTATGGGGGAGGCGCAGGAACAATG 
E I D V L Q K G L S Y M Y G G G A G  T M 

ACACTAGATGAACT T CAT T CACT TGAAAAGTACCTTGAAAT T TG GATGTAT CATATT CGT 
T L D E L  H S L E K Y L E I W M Y H I R 

T CAGCAAAGAT GGATATCATG T T TCAAGAGATCCAACT G T TGAAGAATAAGGFAGGGATA 
S A K M D I M F Q E I Q L L K N K E G I 

C TGGAAG C T GCAAACAAATATT TACAGGATAAGATAGATGAGCAATACACT G T GACTAAC 
L E A  A N K Y L Q D K I D E Q Y T V T N 

AT GACCCAGAATT T GACTGAC T T T CAATGCCCACTAACT GTACAAAATGAGATATT T CAG 
M T Q N L T D F Q C P L T V Q N E l F Q 

T T TTAACATATGCTCACTA TGTAAGTTA T TCTTGTTGTGAAGCA TCTA TGTAA T TTGGTA 
F * 
AGGAGATGTAA TAATGA TGA TTGAGTPATTTCACTTTGGAGAGATGAACATATAAGTATG 
T TA T TA TGTTCAA TTTAGGTAATATGTTTAGTGTGTGAGCCTTTTTAGTGTA T CTTCTCT 
AGTA TGGTGCTACTTATTATATA TGTCA TC T TA TAA TTTCTGAGTCAACTTCTTGTTTTG 
T T  A T TCAAAAAAAAAAAAAAAAAA 

Figure 4. 1 .  Sequence map of TMI O cDNA and derived amino acid residues. The 
nucleotide sequence of the positive strand of TM 1 0 fragment. The 3 '  untranslated region 
has been italicised. The boxed sequences indicate degenerate primer regions. The * 
marks the translational stop signaL 
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4.2.3 TMIO shows homology to AGL1 2  

F or  comparison with other MADS-box sequences, the ami no aci d  composition o f  T M  1 0  

was calculated and compared with related MADS-box proteins ;  it  was found to be 

c losest  to that of Arahidopsis AGL 1 2  (Table 4 . 1 ;  Rouns ley et a I . ,  1 995 ) . F urther, the 

amino acid sequence of TM I O  aligned with other MADS-box protein sequences showed 

high s imi larity to AGL l 2, across the entire sequence (F igure 4 .2) .  The ami no aci d  

sequence o f  T M l  0 has an overall i dentity of 64% t o  A GL 1 2  protein o f  Arabidopsis 

thaliana. Within the conserved MADS-box (56  amino acids),  TM I O  showed 84% 

i de ntity to AGL 1 2  and 73% to Tomato MADS-box 4 (TM4) .  To further exp lore TM I O  

relationship with other MADS-box sequences, an unrooted phylogenetic tree was 

constructed using amino acid sequence from the conserved  MADS-box, the intervening 

region and the K -box, avoiding the variable  C-terminal  region. TM 1 0 and 1 9  other 

MADS-box protein sequences, obtained from the publ i c  database, were analysed using 

PI LEUP (GCG software) with Kimura's distance correction method. Sequences were 

c lustered using the neighbor-j oining analyses of Saitou and Nei ( 1 987) and p lotted using 

Treeview soft\vare (Page, 1 996).  Phylogenetic analyses ass igned TM 1 0 to the orphaned 

group of A rah idops is AGL l 2  (F igure 4 . 3 ) .  

For  fllrther characterisation o f  the TMI 0 sequence, the  secondary structure of  its 

conceptual prote in  was predicted us ing the PSIPRED model (Jones, 1 999).  The 

pred i cted structure revealed a pattern of (X-hel ices, f)-strands  and coi l s  typical of p lant 

MADS-box p roteins  and most s imi lar to the AGL 1 2  protein ( F igure 4 .4) .  Overal l ,  the 

sequence analyses sugges ted TM I 0 is  the tomato homologue o f  AGL 1 2 . 
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Table 4. 1 .  Amino acid composition (%) of TMlO and s elected MADS-box proteins 

TMI O  AGL12 AGL3 TM4 

Arginine 4 . 0  3 . 8  6 . 6  7 . 0  

Asparagine 4 . 0  5 . 7  5 . 8  4 . 8  

Aspartic acid 4.5 '"' ,.., J . J  5 . 0  3 . 5  

Cysteine 1 . 5 1 .4 0 . 8  0 . 9  

G lutamic ac id 6 . 5  5 . 7  9 . 3  7 . 0  

Glutamine 9 . 5  9 . 5  7 . 0  8 . 4  

G lycine 7 . 0  7 . 5  4 . 6  4 . 0  

Histidine 2 . 0  1 . 0 2 . 7  4 . 0  

Isoleucine 7 . 0  6 . 6  2 . 7  5 . 3 

Leucine 1 1 . 0  1 1 . 5 1 0 . 8  1 2 . 0  

Lysine 9 . 0  9 . 0  7 . 0  1 0 . 1  

Methionine 5 . 0  
r ') ) . - 3 . 5  1 . 7 

Phenylalanine 3 . 5  3 . 8 3 . 1  2 . 6  

P rol ine 2 . 0  ") ") 2 .7  0 . 9  J . J  

Serine 3 . 5  5 . 7  9 . 7  1 0 . 1  

Threonine 5 . 5  4 . 7  3 . 9  3 . 5 

Tryptophan 0 . 5  0 . 5  0 . 8  0 . 9  

Tyrosine 4 . 0  2 . 8  3 . 1  2 . 6  

Valine 4 . 5  4 1  . J  3 . 8  6 . 6  
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Figure 4.2. Alignment of selected MADS-box proteins using clustal W analyses .  The 

TM 1 0 sequence is in bold letters. Gaps were introduced to achieve maximum 

alignment. Conserved residues are shaded black and moderately conserved residues in 

grey. The conserved MADS-box and K-box are labelled with thick and thin lines 

respectively. 
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F igure 4.3. A cladogram of  selected MADS-box proteins. The tree was obtained from 

neighbour-j oining analyses of  pairwise distances. Sequences from the MADS-box, the I 

region and the K-box only were used in these analyses. TMl O  protein grouped with AGL 1 2  

of Arabidopsis. 
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Figure 4.4. Secondary structure of TM I 0  protein. The amino acid residues were 

predicted as a-helix, f3-strand or coil using PSIPRED (Jones, 1 999). The MADS­

box and K-box are represented by amino residues 1 -58 and 93- 1 5 8, respectively. 
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4.2.4 G ene copy number 

To estimate the gene copy number of TM1 O, Southern hybridisation was performed 

using a gene-specific probe to hybridise to tomato genomic DNA digested with EeaRI, 

HindIII and JOwl enzymes. The probe hybridised to m ult iple fragments in the EeaR! 

digest but to s ingle bands in HindIII and Mwl digests  (Figure 4 .5 ) .  The EeaR! 

recognition sequence (GAATTC) may be present at several sites within the genomic 

DNA sequence of TM1 0. The resu lts suggest there is one copy of TAil 0 in tomato .  

4.2.5 TM1 0 is expressed in above-ground tissues at v ery low levels 

To characterise the expression pattern of TM1 0, total  RNA from flower buds, early  frui t  

(7 - 1 0  days post-anthesis (d.p.a) ) ,  young l eaves, shoot t ips and roots were analysed by 

northern hybridisation. However, TAN 0 transcript could not be detected in  these t i ssues 

using th i s  technique. even at reduced stringency . F urther experiments using total RNA 

fro m  different fruit samples also did not detect any TM1 0 transcripts. These results 

suggested T/vfl 0 may be expressed at very low levels in these tissues or there may be a 

post-transcriptional regulatory pathway affecting mRN A  accumulation (Kuhn e t  al . .  

200 I ) . The more sensitive reverse transcriptase polymerase chain reaction (RT-PCR) 

was there fore used to further examine T,'H} 0 expression in  tomato tissues.  In RT-PCR, a 

reverse transcriptase synthesises DNA copies of  m RNA transcript, which is then 

amp l ified by a DNA polymerase ( Had idi and Yang, 1 99 0 ) .  

1 5 1  



L 1 2 3 

1 2.0 

6 .0  

3 .0 

1 .6 

0.5 

Figure 4.5.  Southern hybridisation of tomato genomic DNA digested with 

EcoRI ( Lane 1 ), HindlfI ( Lane 2) and XbaI (Lane 3), using labelled TMJO­
specific probe. Four to five fragments in the EcoRI digestion  hybridised to 

the probe. The HindI I I  and XbaI  digestions resulted i n  single major 

hybridised bands . Lane L contained the l -kb DNA ladder and the numbers 

on the left-hand side represent the fragment sizes in ki lobasepairs .  
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Gene-speci fic pnmers ITM-O 1 and ITM-02 were used i n  a one-step RT-PCR (as 

described i n  Chapter 2) to ampl ify a 0 .6-kb DNA fragment using 1 �g total RNA as 

template i n  a 50 )11 reaction.  The RT-PCR products were e lectrophoresed on agaros e  

g e l ,  transferred t o  Hybond N +  membrane (Arnersham) and probed with a l abel led 

TJ\;fj a-spec ific  probe (Hadidi and Yang, 1 990). The hybridi sation was analysed with  

Storm phosphorimager and Imagequant software (Molecular Dynamics) . Total RNA 

from young leaves (0 .5- 1 . 0 c m  long), large leaves (2-5 c m  long), growing shoot t ips,  

roots, flower buds, fruit of 7- 1 0  d.p .a and 1 4-2 1 d.p .a were analysed. The results 

showed that TMI a i s  expressed in both smal l and immature big leaves,  shoot t ips ,  

fl ower buds, early and late fruit t issues but, not in  roots (Figure 4 .6A) . This pattern 

suggests that TMI a express ion is specific  to shoot tissues. 

4.2.6 TMI O is expressed in  fru its 

To further characterise TMI a expressIOn In deta i l ,  total RNA from sepals,  peta l s ,  

stamens , ovary of  flower buds and ovary at anthes is  were analysed.  TMI O  express ion i n  

the d i fferent floral organs was barely detected but express i on i s  re lat iv e l y  h igher 1 11 

anthesis ovary (Figure 4 .6B) ,  i nd icat ing a possible increase in TMI a express ion at 

an t hes is . To analyse TMI a express ion d uring frui t  deve lopment , total RNA from fru i ts 

at 2 ,  4 ,  6, 9, 1 4  and 2 1  d . p .a were a lso analysed for l evels  o f  transcript .  Tlvfl a express i o n  

was detected a t  comparab l e leve l s  i n  a l l  fruit  sam p les examined ( F i gure 4 . 6C ) .  The 

ex pression o f  TMI O i n  a l l  the fru i t  t i ssues exam ined suggests i t  may be i nvo l ve d  i n  t h e  

m u l ti p l e  stages of tomato fru i t  deve lopmen t . 

Taken together, T/v/l () express ion i s  at very low l eve l s  spec i fic to shoot t i ssues o f" 

tomato w i t h  re lat ive l y  high level  of express i o n  i n  leaves.  I n  the fl ower, TJ'v/ l O  
expression was relat ive ly  h i gher in  the ovary a t  anthes is  and t h i s  cont i nued through f"ru i t  

development to at l east 2 1  days post-anthes i s . 
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Figure 4.6. RI-PCR expression analyses of TMIO in  tomato tissue s .  RI­

PCR products (after 25 cycles) were subjected to electrophoresis in 1 % 

agarose gel, transferred to a membrane and hybridised with IM 1 O-specific 

probe. Total RNA used as templates were isolated from: A. S mall leaves 

0 ), l arge leaves (2), shoot tips (3), roots (4), flower buds (5), early fruit (6) 

and late fruit. B. Pre-anthesis sepals ( se), petals (pe), stamens (st), ovary 

(ov) and anthesis ovary. C. Fruits of 2, 4, 6, 9 ,  14 and 21  days post­

anthesis (d.p.a). 
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4.2.7 In situ hybridisation 

In situ hybridisation technique was used to exami ne TMI O expression i n  early floral 

t issues. D i goxigenin-labelled TMI O-speci fi c  RNA probes were prepared from TMI O 

DNA fragment ampl ified usi ng ITM-O l and I TM-02 primers . The pr imers ITM-O l and 

ITM-02 c arried promoter sites for the T3 and T7 RNA polymerases, whic h  were used 

for in vitro transcription. The anti sense RNA probe was used to detect  TMI O transcript 

whil e  the sense probe was u sed for background levels .  Here also, t he l eve l  of TMI O 

transcript was very low. However, in  vegetative t issues, TMI O transcript was detected at 

the t ip  of the sympodial bud, i n  the l eaf axi l  and i n  leaf b lade (Figures 4 . 7  A, 4 . 7C) .  

Hybridisation with sense probe was used as  i ndication of background level (Fi gure 

4 .7B) .  TMI O  transcripts were also detected i n  the floral meristem and in the stamen and 

ovary of mature flower bud (F igures 4 .7C,  4 . 7D) .  

4.2.8 Tomato transformation 

Agrobacterillm transformation vectors, pART2 70S and pART270AS, carryIng the 

TM1 0 cDNA in sense and antisense orientations to the CaMV 3 5 S  promoter, were 

constructed as described in C hapter 2. Transgenic  tomato plants were generated with 

Agrobacterillm tumefaciens harbouring pART270S,  the TMf 0 sense vector. A total o f  

4 9 6  tomato coty ledon explants were i nocu lated with this vector and sel ected o n  

kanamyc in contain ing medi um.  Overal l ,  1 1 7 e x  plants (23 .5% o f  explants inoculated) 

produced putat ive transgen i c  shoots at an average of 1 .2 shoots per explant. A fter 

repeated transfers to selection medium, 32 putative transgenic plants were selected and 

rooted on kanamycin-contai n ing medi um.  
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Figure 4.7. RNA in situ hybridisation analysis of TMIO expression ill 

tomato tissues. A. TMIO transcript was detected in leaf blades, sympodial 

buds and in floral meristems .  B. Similar section in A probed with sense 

RNA as control .  C .  TMlO expression was not expressed in emerged sepal 

primordia but was detected in the floral meristem at this stage. D. In mature 

floral bud, TM 1 0  transcripts were detected at low levels in the petals, stamen 

and ovary . 

Bars= 1 50 )lm. ov :ovary; pe: petal;  sb: sympodial bud; se: sepal; st: stamen. 
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Figure 4.8. PCR of TMI O transgenic tobacco plants. A. A schematic diagram 

showing the binding sites of the primers p35S- 1 and ITM-02, used to ampl ify a 

1 . I -kb fragment. B .  Gel photograph of PCR products from some tobacco 

transgenic l ines. Lanes 1 -8 contain PCR products of putative transformed 

plants,; lane 9, product of non-transgenic control plant. The lane marked L 

contains the l -kb DNA ladder (GIBCO-BRL). The size of the ladder fragments 

in ki lobasepairs is indicated on the left-hand side. 



These were transferred to so i l  together with 1 0  non-transgenic tomato p l ants 

regenerated through tissue culture. Transgenic plants were confirmed by peR using 

P 35 S - 1  primer, specific to the 3 5 S  promoter and ITM-02 (F igure 4 .8 ) .  

4.2.9 Phenotypes of transgenic p lants 

The maj ority of the transgenic tomato plants carrying the TM1 0 DNA under the 3 5 S  

promoter did not show any abnormal phenotype. Vegetat ive  growth characteri st ics ,  

flower phenotype and frui t  deve lopment i n  these transgenic l ines was same as i n  the 

non-transgenic tomato plants . However, one transgenic p lan t  in  this populat ion, T270S-

15  d isp layed aberrant characterist ics in flower and frui t  morphology ( Figure 4 .9 ) .  

In  wi l d  type tomato flower, the  petals and stamens are ye l low a t  anthesis and senesce 4-

5 days after anthesis (Figure 4.9A) but in flowers of the T270S- 1 5  l ine, there was a 

homeotic transformation of the sepals of flowers to leaf- l ike organs (Figure 4 .9B) .  

These leaf- l ike sepals were b igger ( 1 2 .4 ± 0 . 5  mm long) than the wild type tomato sepal 

(6 . 1 8  ± 0 .27  mm long) .  In  add it ion, the petals and stamens of T270S- 1 5  did not deve lop 

normal ly .  These second and third whorl organs were reduced in size and they senesced 

before emerging from the calyx tube. The petals of T270S- 1 5  were smaller ( 1 . 1  ± 0 . 1 

mm long) than the wild type petal (6 .0  ± 0 .2 mm long) . S imi larly, the T270S - 1 S 

stamens were smaller ( 1 . 0 ± 0 . 1 1  mm) than the wild type stamen (4 . 6  ± 0 .2  mm).  

Although, the petals and stamens senesced 4-5 days after anthesis these organs 

remained on the flower and did not abscise (F igure 4 .9D) .  The transgenic ovary looked 

normal and was simi lar in size (0 . 8  ± 0 .05  mm wide) to the wi ld type ovary ( 0 . 9  ± 0 .0 8  

m m  wide) .  However, whereas i n  the wild type, the development o f  ovary into a fruit  

depends on po l l inat ion and ferti l isation (Figure 4 .9C) the transgenic ovary was abl e  to 

develop in the absence of pol l ination, to produce parthenocarpic fruit (Figure 4 . 9 D) .  

The s ize o f  transgenic fruits (2 .2  ± 0 .5  c m  diameter) at the breaker stage was 

signi ficant ly bigger than the wild type fruit ( 1 . 5 ± 0 . 3  mm d iameter). 
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Figure 4.9. Phenotype of the aberrant T270S- J S  tomato transgenic plant. A. 

Tomato wild type flower at anthesis. B. Transgenic flower at anthesis with sepals 

replaced with leaves in the fIrst whorl. The petals and stamens were green and 

reduced in s ize. C. A wild t ype tomato fruit .  D. Transgenic ovary developed into 

parthenocarpic fruit . 

Bars= 2 mm. pe :  petal; se : sepal 
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To confi rm the change in  identity of the transgenic sepal to l eaf, scannmg electron 

microscope (SEM) was used to examine the abax ial and adaxia l  surfaces of these first­

whorl organs, in detail (Figures l OA, l OB) .  The arrangement of epidermal ce l ls  i n  these 

sepals was d ifferent from those of wi ld  type sepals (F igures 1 0C ,  1 0D) .  S E M  revealed 

features  such as midrib, trichomes, stomata and epidermal cell shape, normall y  found in 

tomato leaves (Figures 1 0E, 1 0F) .  The level of  TMl a RNA in the tomato transgenic 

l ines was assessed by northern analysis, by probing total RNA isolated fro m  these l ines 

with TMl a-specific probe . The resul ts  suggested that, unlike the other transgenic l ines 

TMJ O RNA did not accumulate in  the T270S- 1 S  aberrant l ine (Figure 4 . 1 1 ) .  

4.2. 1 0  Tobacco transformation 

To further examme the functional role of TAfl 0, tobacco p lants were used as 

heterol ogous hosts to express the Tlvfl a RNA .  S i xty leaf disks were inoculated with 

Agrobacterium harbouring pART270S vector. From this experiment, 1 8  regenerated 

tobacco p lants were selected and rooted on kanamycin before transferr ing to so i l  i n  the 

glasshouse . I n  addition, seven non-transgenic tobacco p lants, regenerated in t issue 

culture , were transferred to the glasshouse as contro l .  Transgenic tobacco p l ants 

displayed early flowering. F lowering time was measured by number of nodes to 

flowering and p lant height at flowering (Table 4 .2 ) .  The flowers forme d  on the 

transgenic tobacco p lants showed l it t le  or no change in phenotype compared to the wi ld  

type fl owers . 

There was increase Il1 the growth o f  axi l l ary buds, which suggests reduced apical 

domi nance in transgenic tobacco p lants .  In the wi ld  type tobacco, ax i l l ary buds below 

the terminal inflorescence are suppressed for most part of shoot growth, a l though few 

buds further down the stem may grow into shoots (Amaya et a I . ,  1 999) .  I n  contrast, 

there was increased ti l lering in the transgenic tobacco p lants with a signifi cant number 

of ax i l lary buds actively generating leaves (F igure 4 . 1 2 ; Table 4 .2) .  
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F ig u re 4 . 1 0 .  E p i d erm a l  fe atu res  o f  a b e rran t  TM I O  tran s gen i c  tom ato s e p a l .  

( A ) S E M  o f  a d ax i al s u rface o f  tra n s g e n i c  s e p a l  

(B ) A b a x i al s u rface o f tran s g e n i c  s e p a l  

(C ) A d a x i a l  s u rfa c e  o f W T  s e p a l  

(D ) A b a x i a l  s u rface o f W T  s e p a l  

( E )  A d a x i a l  s u rface o f  W T  l e a flet 

(F)  A b a x i a l  s u rface o f W T  l e a flet 

B a rs'" 1 0 0 !l m  
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Figure 4. 1 1 .  Northern analysis of TM I 0  RNA in tomato transgenic 

l ines. A. Total RNA (20 Jlg) from 270S- 1 5  (lane 1 ), four other 

transgenic plants (2-5) and wild type tomato (6) were hybridised with 

TM I O-specific probe. B. Photograph of stained rRNA bands showing 

loading levels. 
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Table 4.2. Characteristics of transgenic tobacco plants of TMIO  

T ransgenic l ine Height at flowering Number of nodes Number of active 

(cm) to  flowe ring axil lary buds 

Contro l  90 ± 2 . 3  3 1  ± 1 . 5 0 

1 5 2  2 5  ,.., .) 

5 6 1  3 9  5 

7 7 8  2 3  4 

8 6 3  3 0  5 

9 7 8  2 7  8 

1 0  8 1  2 8  6 

11 64 2 8  1 8  

16  72 3 0  2 

1 7  9 0  3 0  0 

20 82  24 7 

2 1  6 7  3 0  

23 90 29 "l .) 

25 64 44 6 

30 70 3 1  0 

31  8 1  2 7  0 

34 8 8  22 5 

90 75 2 1  8 

9 1  67 2 8  7 
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There was poor seed formation observed in at least two transgeni c p lants, TB270S - 1 1 

and TB270S- 1 7, though, the general morphology o f  flowers on these transgenic p lants 

resembled the wild type. The stamens on these flowers were normal and produced 

pollen.  However, the carpels failed to produce seeds and l ater senesced l ike the petals 

and stamens .  To find out whether the poor seed fom1ation in these l ines was a result of 

i nferti le  pollen, wild type pollen was used to pol linate these flowers but they d id  not 

form seeds suggesting ovule steril ity . 

4.3 Discussion 

In this chapter, degenerate peR was used to identify tomato MADS-box genes 

expressed in  flower and fruit and this showed there were at least 1 8  tomato MADS-box 

genes expressed in flowers and fruit. One o f  these ,  Tlvfl 0 was amplified from c DNA 

templates and subsequently characterised by expression and transgenic analyses .  

1 64 



Figure 4. 1 2 .  Transgenic tobacco plants displayed reduced apical dominance. 

A. In wild type tobacco, axil lary buds are dormant. B. Transgenic tobacco 

plant showing actively growing axillary buds (arrowed) . C. Close up view of 

plant in A. D. Close-up view of transgenic plant in B showing growing buds 

(arrowed). 
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Figure 4.13. Northern analysis of TMIO RNA in tobacco transgenic 

plants. Lanes 1 -9 contained total RNA from tobacco transgenic plants and 

lane 1 0  contained RNA sample from non-transgenic tobacco plant. B. Gel 

photograph of stained rRNA bands showing loading levels. 



4.3. 1 TM1 0 represents a novel tomato MADS-box gene 

The analyses of nucleotide and deduced ami no acid  sequence of TMf 0 suggested it i s  a 

homologue of the Arabidopsis A GL f 2  MADS-box gene; the high sequence hom o logy 

and also the s imilarity in amino acid composition support th is  observation. The amino 

acid sequence identity of  64% between TM I O  and AGL 1 2  i s  comparable to 72% 

identity between the tomato TAG 1 protein and its Arabidopsis orthologue AG. 

S imi larly 67% identity is observed between TM29 and its l ikely Arabidopsis orthol ogue 

SEP l .  However, the s imi larity in sequence between TM I O  and AGL 1 2  is contraste d  by 

the i r  d ifferent expression patterns, which suggest they have different functions. 

TM f 0 is  expressed at very low l evels i n  tomato and could not be detected by northern 

hybridisation. Transcriptional regulatory factors or post-transcriptional control of RNA 

stabi l i ty may be responsible for the low level of TMf 0 expression in t issues. It i s  

poss ib le  TMf 0 may require spec ific stimuli  (exogenous or endogenous) to  activate 

expression or that its expression is i nhib i ted by sequence motifs that may be present i n  

untranslated regions (UTR) (Currie and McCormick,  1 997) .  Post-transcri ptional 

mechanisms such as high rate of mRNA decay can also lead to low gene transcript 

levels (Anderson et a! . ,  1 999; Gutierrez et a! . ,  1 999; Hua et a! . ,  200 1 ) . 

To detect TMf 0 mRNA, reverse transcriptase-PCR was employed. RT-PCR detected 

transcripts in vegetative leaves and shoots, in flower buds and frui t  t issues but n ot i n  

roots.  I n  contrast, A GL l 2  express ion was detected in only roots (Rounsley e t  a ! . ,  1 995) .  

I f the express ion pattern is  used as an ind ication o f  where the gene functi ons, then TM f 0 

funct ions may be d irectly opposite that of  A GL l 2, such that TMf O  cannot be the 

orthol ogue of A GL l 2 .  The expression o f  TMI O in the shoot ti ssues only is rather s i m i l ar 

to the ex pression of ;/ rabidopsis ;/ GL3 M A DS-box gene (H uang et a I . ,  1 995) .  TM I () 
represents a new tomato MADS-box gene whose expression i s  tightly regulated to y ield 

low transcript level and may perform various functions spec i fi c  to shoot deve lopment.  

TMf O  expression was present in  floral buds when exami ned as a whole but RT- peR 

could not detect transcript in  samples from the individual fl oral organs. Th is  fu rther 

confirms the low ex press ion of  TJ\1f 0 in  these organs. Till! 10 express ion was 
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s ignificantly greater in  ovary t issues at anthesis  compared t o  pre-anthesis ovary. The 

anthesis  stage in  tomato corresponds with ful l  opening of  the flower fol lowed shortly by 

anther dehiscence and pol linatio n  (Picken, 1 984) .  Po ll inat ion regulates a syndrome of 

developmental events, such as growth and development of the ovary and ovules, which 

co l lectively prepare the flower for fert i l isation (O'Nei11 ,  1 997). The significant i ncrease 

in TMJ 0 transcript  level in anthesis ovary suggests its expression is upregulated in 

anticipat ion  of ovule ferti l i sation and subsequent fru i t  development. 

4.3.2 TA1iO may regulate events in  fru it development 

I n  tomato, frui t  development can be d ivided into three phases characterised by cell 

d ivis ion (phase I), cel l  expansion (phase I I )  and frui t  ripening (phase Ill)  (Narita and 

Grui ssem, 1 989 ;  Gi llaspy et a l . ,  1 993) .  Anther dehiscence and po l li nation occur at about 

a day after anthesis which leads to frui t  set at 2-3 d .p .a  (Picken, 1 984) .  Fo l lowing fruit  

set ,  there i s  a rapid cel l  divis ion phase of  fru i t  gro\vth, whi ch lasts up to about 1 4  d .p .a 

and largely determines the number of ce l l s  in the fruit (Ho,  1 984) . The period of  cel l  

d iv i s i on  is fol lowed by a ce l l expans ion phase characterised by  cell en largement and 

main ly  accounts for the final  frui t  s ize (Gillaspy et al . ,  1 993 ) .  Because Tlvfl 0 was 

detected in anthesis o vary and fru i t s  o f  2-2 1 d . p . a, t h i s  gene may regulate events pr ior to 

fru i t  set  as wel l  as the ce l l  d iv is ion and cel l  expans ion  stages of fru i t  development.  As a 

putat i ve transcriptio n  factor, TM 1 0 could regulate these d i verse events through 

in teraction \vi th other factors. 

4.3.3 Till/lO causes aherrations in transgcn i c  p lants 

Out o f  the populat ion  o f  transgen ic  tomato plants express ing sense T/vfJ () RNA,  on ly  

one,  T270S- 1 5  d i splayed aberrant phenotype .  further, 478 cotyledon expl ants were 

i nfected with Agro/Jacferill111 harbouring pART270AS vector, fo l 1ov.:ing the p rocedure 

d escribed above. Explants in th i s  experiment produced cal lus  on selec t ion  med ium but 

had poor shoot regenerat ion .  peR react ions  confirmed the cal l i  as transgeni c .  

Transgen ic  cal l i  were frequently transferred to  fresh shoot regenerat ion medium t o  
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stimulate shoot p roduction; however this resulted i n  only four (4) putative transgenic 

shoots, which did not show any abnormal phenotype. This difficulty in regenerating 

transgenic shoots was unique to the exp lants inoculated with p ART270AS vector. 

4.3.4 Cosuppression of TMIO resu lts in  a berrant phenotype 

The level  of TMI O RNA i n  the tomato T270S- 1 5  l i ne was virtually absent, though i t  

'vvas under the control of  the constitutive 35S  promoter. Other transgenic l i nes carrying 

the same construct showed high levels of TMI O tran script .  This observation suggested 

Tlvfl O  has been co-suppressed in the T270S- 1 5  l ine .  Co-suppress ion is a rare occurrence 

and often, on ly a smal l percentage of transgenic p lants display this phenomenon (Napol i  

e t  aI. , 1 990 ;  van der Krol et al. , 1 990) .  

The aberrant phenotype of T270S - 1 5  suggests TAIl 0 control s  sepal identity and may be 

required for proper development of the petals and stamens .  The transgenic sepals were 

c om pletely replaced by a whorl of l eaf- l ike organs. This homeot i c  conversion was 

confi rmed by scanning e lectron microscopy .  Recent ly,  a new class (E -funct ion) of  

MADS-box genes has been identified as  regulat ing the identity of  petals, stamens and 

carpels in  Arabidopsis through i nteraction with the B and C organ identity genes (Pelaz 

et aL 2000) .  The absence of this E-funct ion converts the inner floral organs to sepal 

identity. However, no such gene has been i dent i fied to mediate the A-funct ion  of 

contro l l in g  sepal identity .  The l o s s  of such function w i l l be expected to convert the 

sepal s i nto  leaves, the ground state of fl oral organs ( Weigc l and MeyerO\vi tz, 1 994) .  

TM 1 0 may be a candidate for such funct ion in tomato. 

The cosuppress ion of TMl O also caused phenotypic aberrati o ns i n  the inner three whor ls  

of  the 11ov,>'er. The petals and stamens V'lere reduced i n  s i ze and d id  not  absc i se  Crom the 

flower.  The ovary deve loped i nto  parthenocarp i c  fru i t, \vh i c h  grew b igger than the w i ld 

type fru i t .  These p henotypes are consistent wi th the express ion pattern o f  TAfl () and 

suggest Tlvfl () may be requ i red for the proper deve lopm en t of a l l  the  floral  organs.  

T/vfl 0 m ay control fru i t  s ize through i ts  express ion d ur i ng the ce l l  d i v i s i o n  and 

expans io n  stages o f  tomato fru i t  deve lopment . 
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4.3.5 Ectopic expression of TMIO caused phenotypic a lterations in tobacco 

TMl O overexpression in tobacco hetero logous system resulted in various  alterations i n  

plant morphology. TMl O expression promoted early flowering, reduced apical 

dominance and poor seed development in transgenic tobacco l i nes .  Though the 

mechanisms by which TMl O affected these traits i n  tobacco are unknown, these suggest 

that Tj\;!J 0 may be involved in  simil ar pathways in tomato (Chung e t  al. ,  1 994; Kang e t  

al. ,  1 995) .  

The early flowering o f  tobacco transgenic l ines suggests that 7Ml O product cou ld  h ave  

induced the  expression of  genes i nvolved in  floral i nduction. I n  Arabidopsis, t he  

transition to flowering is controlled in  at l east four pathways (Levy and  Dean, 1 99 8 ;  

Pineiro and Coupland, 1 998) .  Flowering i n  tobacco may be  control led by  similar set o f  

genes a s  in  Arabidopsis (Kempin et a l . ,  1 993 ; Kel l y  e t  a l . ,  1 995) .  S imil arly, TMl O may 

have an effect on the pathways control l ing apical dominance. Apical dominance i n  

tobacco can b e  associated with specific l evels of  endogenous hormones.  E levated l evels  

of  cytokinins or reduced auxi n  levels resu l t  in  increased axi l lary bud growth (Romano et 

al . ,  1 99 1 ;  S ano et al . ,  1 994; McKenzie et al . ,  1 998 ;  Eklof et al., 2000) .  C onverse ly,  low 

levels  of cytokinins or h igh auxin  levels promote apical dominance (Harrison and 

Kaufmann, 1 984;  Romano et al . ,  1 99 1 ) .  The poor seed development in  the transgenic 

plants as a result of steri le  ovules indicates TM1 0 effect on ovule development. The 

TM 1 0 product may have resulted in  the negative regulation of  factors required for 

proper seed development in tobacco. The steri le  transgenic ovules may be due to 

embryo sac degeneration, abnormal ovule integument development or aberrant 

d i fferentiation of the megagametophyte (Ray et al. , 1 994 ;  Western and Haughn, 1 999) .  

TMl () RNA or product may have disrupted the genet ic pathway for normal ovule  

development. 

TMl () is a tomato MADS-box gene with high homology to the A GL l 2  of A raoidopsis. 

Tl\;f} 0, however, has a d i fferent expression pattern to what is known for A GL l  

suggesting these t\I/O genes have d i  fferent functions .  The expression analysis and t he 

phenotypes of  the transgenic plants generated with IJ,f} () ind icate it may regulate events 

in  flower and fruit  development. 

1 70 



CHAPTE R S General Disc ussion 

Over the last decade, p lant MADS-box genes have been studied extensively to  reveal 

their contro l of floral development and by v irtue of these roles in flower development, 

i nc luding the carpel and ovule, they are strong c andidates for regulating fru i t  

development. Th is  research was aimed a t  ident ifying the  role of  MADS-box genes in  

flower and  fru i t  development. The approach used in th is study was to identify new 

members of the tomato MADS-box fami ly ,  which are expressed i n  flower and frui t ,  to 

characteri se these genes using molecular techniques and to examine their functions 

using genet ic  methods. Tomato was chosen as a model crop, for this proj ect, because i t  

produces a berry frui t  and has a good system t o  study frui t  development, unl ike the 

s i l ique produced by Arabidopsis, which is a good model of the Brassicaceae . 

Two previously uncharacterised tomato MADS-box genes were obtained. Tlvf29 was 

isolated fro m  a young fru i t  cD A l ibrary by screening with homologous MADS-box 

fragments and degenerate PCR was used to identify TM1 0, which was subsequent l y  

i solated using 3 '-RACE P C R .  For functional annotation of  genes, sequences were fi rst 

analysed. This is based on the general assumption that genes with same sequence 

structures may have s imi lar functional properties .  Sequence homo logy searches,  

phy logenetic analysis, protein composition and structure ident i fied homologous genes 

whose functions were known. In addit ion,  northern hybridisation, reverse transcriptase 

PC R and in situ hybridisation techniques were used to define the temporal and spatial 

gene express ion to give i ndications of where the genes function. 

Despite the valuable i n format ion that accrues from analys ing gene sequence and 

expression patterns, it is only through functional analyses that the role  of a gene can be 

estab l i shed with certainty .  The pri mary strategy for studying gene function has been 

forward genet ics, which  begins with a mutant phenotype and screens for the loss-or­

funct ion mutations (Martin, 1 99 8 ;  Krysan el al. , 1 999) .  However, this strategy rarely 
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identify genes that act redundantly or whose loss of function do not result in remarkabl e  

phenotype .  Reverse genetics on the other hand, begins with a gene sequence and 

determines its loss-of-function phenotype.  The recent availab i lity of genome sequences 

has created opportunities for reverse genetic tools, such as activat ion tagging which 

randomly activate the expression of genes (Weigel et al. , 2000)  and insertional 

mutagenesis, which disrupt gene expression through i nserting T -DNA or transposons 

(Krysan et al. , 1 999) . Alternatively, transgenic techniques allow plant genes to be 

overexpressed by using cDNA fragments l inked to strong promoters or si lenced through 

antisense and cossupression phenomena (Napoli  et al. ,  1 990; van der Krol et al. ,  1 990) . 

Though, the effectiveness of the transgenic techniques are variab le  and not contro l lable ,  

they are part icularly versatile and have been widely used to study gene functions 

( Mizukami and Ma, 1 992 ;  Pneuli et al. ,  1 994ab; Angenent et al. , 1 995) .  In this proj ect, 

the transgenic methods were used to overexpress or to reduce the level of gene 

transcripts in tomato . In addition, tobacco was employed as a heterologous host to 

overexpress the MADS-box genes . The use of heterologous host provides i ndications of 

gene functions, which may be s ilent in the original host due to functional redundancy 

( Kang et al. ,  1 995) .  

Overal l ,  the functional implications from the transgenic phenotypes generated from 

these transformations ,vere consistent with the inferences drawn from their sequence 

and expression patterns. 
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S u m m a ry  of findings 

Tomato MADS-box 29 

TM29 cDNA is 1 .2-kb long and has an open reading frame of 73 8 nucleotides encoding 

246 amino acids .  The conceptual TM29 protein has a molecu lar weigh t  of 28 

kilodaltons (kDa) and isoelectric pH (PI) of 8 . 2 8 .  Sequence simi larit ies and 

p hy logenetic relationships suggested Tlvf29 i s  a homologue of Arabidopsis SEP 1 gene .  

TM29 expression in  vegetative, inflorescence and floral meristems suggested i ts  rol e  in 

the development of the various tissues formed from these ce l l s .  This observat ion was in 

contrast to SEP 1, expressed only in  floral merist ems (Flanagan and M a, 1 994) . 

The pattern of TM29 expression in  floral organ pri mordia, which i s  high during early 

stages of organ primordium and d iminishes as the organ matures, ind icates the gene 

control s  events in the early stages of floral organ development . Ti\;f29 express ion in the 

stamens and ovary was suggestive of its role in reproductive development.  Un l ike i n  the 

mature perianth organs (sepals and petals) where TA129 express ion was barely detected. 

TM29 transcripts local ised to the tapetal region of  the stamen and the p ericarp region of 

the ovary . Such express ion pattern indicates that TM29 might be  involved in contro l l ing 

the development of these reproductive t issues. In the frui t, Tlv129 is expressed in the 

pericarp. the p lacenta and in the seeds. 

The temporal and spatia l  expression of nvf29 in  the floral organs was in agreement with 

the phenotypes caused by reduced T/\l129 RNA in  tomato transgenic p lants. Transgenic 

plants produced bigger floral organs and the inner three organs developed 

c haracterist ics typical of sepals :  green, presence o f  stomata, d elayed senescence and no 

absci ss ion .  7�Yf29 function in the reproducti ve organs was observed i n  the aberrant 
stamens and ovary . The transgenic stamens d id  not produce p o l len  indicating that TM29 

express ion in  the tapetum may be required for the proper deve lopment or anthers. 
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Another abnormal ity observed in the transgenic stamens was poor i nterweaving among 

the lateral and adaxial hairs causing the dialyt ic phenotype, which  further poi nted to 

TM29 rol e  in the morphogenetic development of the floral organs. 

The signifi cant number of transgenic flowers that produced p arthenocarpi c  fruits 

indicated TM29 rol e  in fruit development, suggesting  it might be a genetic repressor of 

parthenocarpic fruit development in  wi ld type tomato. F ruit ripening was delayed i n  the 

transgenic p lants indicating that TM29 may regulate events in fru i t  ripening. 

The transgenic fruit displayed indeterminate growth, characterised by the emergence of 

ectopic shoots with leaves and flowers. This phenotype suggested that TM29 control s  

determi nate growth of the tomato flower and may b e  required t o  prevent reversi o n  to 

vegetative shoot growth in the fl ower. The wil d  type tomato fruit i s  a determinate organ, 

vvhich undergoes ripening after reaching the matured stage (Gil Iaspy et  al., 1 993 ) .  

I n  the tobacco hetero logous system, TM29 promoted sympodia l  growih, early flowering 

and reduced apical dominance in  tobacco . Though, such effects were not obvious in the 

tomato transgenic p l ants , it is possible that in  tomato Tlvf29 regulates these traits 

redundantly  with other genes. 

Tomato MADS-box 1 0  

The Tomato MADS-hox j 0 (Tlvfl 0) has a n  open reading frame o f  603 basepairs 

encodi ng 20 1 amino ac ids . The predicted p rote i n  has a molecular v/e i ght  o f  2 2 . 9  kDa 

and P I  of 6 . 5 .  S equence ana lyses suggested TMj () m ight be a homologue of Arab idops is  

A GL j  2 .  Comparative ly ,  AGLl 2  has a molecu lar weight  o f 23 . 7  kDa and P I  0 1' 6 . 7 .  

TMl () \vas expressed a t  very l o w  leve l s  i n  tomato t i ssues and was detected by RT-PCR.  

S uc h  l ow transcript l eve l  may b e  due  to a t i ght regu l at ion o f  i t s  express ion .  Nonethe l ess ,  

T/vfl () expression was found to be spec i  fi c to the shoot  t i ssues  of  tomato contrasti ng  

sharp l y  w i th  A GL l 2  vvhosc transcripts were detected i n  roots on ly  (Rouns ley e t  a i . ,  

1 995 ) .  Thus TMi 0 may have d i fferent funct ions i n  tomato fro m A GL l 2  i n  A rah idopsis .  

The express ion of T/vfl () suggests i t  i s  spec i fi c  to shoot  deve lopment . TM 10  t ranscri pt 
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was relatively high in anthesis ovary and i n  fruits of d ifferent stages indicatin g  it may 

function in frui t  development. 

The TM1 0 cosuppressed l ine displayed aberrant phenotype in flowers and fruit .  There 

was homeotic conversion of sepals to leaves. The p etals and stamens were poorly 

developed and the ovary formed parthenocarpic fruit suggesting TM1 0 might control the 

proper development of floral organs and fruit .  The express ion of TM1 0  in heterologous 

tobacco p lants also resulted i n  reduced apical  dominance and promoted fl owering. 

Conclusions 

The characterist ics of  the two tomato M A DS-box genes  described in  th i s  thes is  

s uggested their  i nvol vement in  important aspects o f  fl ower and fru i t  development ,  

which could be usefu l  in  frui t  i mprovement p rogrammes.  F loral  organ deve lopment has 

s ign ificant effect on fru i t  development .  I n  Arabidopsis, the presence of the  other fl o ra l  

o rgans on  the flower i s  be l ieved t o  i nh ib i t  fru i t  development throu g h  i n ter-organ 

communication (Vivian-Smith  et  aI. , 200 1 ) . Second ly ,  flo ral organs i nfluence the 

a l l ocation o f  nutrit ive resource to developing frui t s .  The poor developmen t  o r  

senescence  o f  floral organs may contr ibute t o  fru i t  growth through  red i rect ion o f  

resources .  The effects o f  1�vf2 9 and TMIO o n  noral organs can there fo re b e  ut i l i sed  to 

mod i fy the growth o f flo ra l  o rgans to enhance fru i t  development .  

Parthenocarp ic  fru i t  development is  a des i rable trait in most frui t  types and has great 

value.  for instance in crops such as grapes. banana and p ineapple .  The e ffects or n.n !) 
and T�\11 () suggest they cou ld  be mean i n g fu l ly employed to i ntroduce  th i s  t ra i t  i n  

i mportant cro p  plants . Thei r  effect o n  r ipening c a n  be u t i l i sed  to manipulate fru i t  

r ipening process so a s  t o  e nhance she l f  l i fe and qual i ty .  Taken together, these two genes 
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and their  homologues in  other important plant species offer the potential to i mprove on 

the usefu l  traits mentioned above. 

The findings of thesis can be further investigated .  The use of techniques such as y east-

2-hybrid screening of tomato l ibrarie s  can i dentify other genes that interact with these 

MADS-box genes and help explain their mode of functions . The use of c DNA 

microarray technique would al low gene expression to be assessed at the genome level  in 

transgenic plants to provide a genome-wide p icture of other genes that m ay have 

contributed to the phenotypes observed .  Thirdly,  the phenotypes of the transgenic 

p lants, such as organ maturation and frui t  ripening, suggest the involvement of 

hormones such as ethylene and this could be further investigated. 
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Appe ndix A:  GenBank accession numbers of protein sequences 

Protein name Accession numbers 
AGAMOUS (AG) P 1 7839 

AGL l  P2938 1  

AGL l l Q38836 

AGL 1 2  Q3884 1  

AGL1 5  Q38847 

AGL1 7  Q38840 

AGL20 T00879 

AGL3 P29383 

AGL8 Q38876 

APETALAl S271 09 

APETALA3 P3 5632 

DEFH49 S780 1 5  

DEFICIENS P23706 

FBP2 Q03489 

FBP20 AAK2 1 25 1  

GLOBOSA Q03378 

JOINTLESS AAG098 1 1  

PISTlLLATA P48007 

SEPl P293 82 

S EP2 P29384 

SEP3 022456 

SQUAMOSA S20886 

STMADS 1 6  AAB94005 

TAG 1 Q40 1 68 

TM29 CAC83066 

TM3 S23 729 

TM4 Q40 1 70 

TM5 Q42464 

TM6 S2373 1 

TM8 S23732 

TOBGLO Q034 1 6  



Appendix B: pART7 cloning vector 

ApR 

Not ! ( 1 )  

Spe 1 (38) 

Nhe 1 (46) 

PsI I (64) 

pART7 
5 0 4 2  bp 

Apa 1 ( 1 64) 

Xba 1 (779) 

Bam H I (785) 
Hin d III  (79 1 )  

Cia 1 (798) 

Sma 1 (8 1 1 ) 

Kpn 1 (8 1 8) 

Eco R 1 (820) 

Xho 1 (826) 

BgI II ( 1 030) 

BgI II ( 1 776) 

Not 1 (2 1 79) 

Sac 1 (2 1 95)  



Appendix C: pART27 binary vector 

Sal I ( I )  

Sac l l ( 1 1 503) Aal l I ( ! 3 1 )  

Mun I ( 1 044 1 )  

Tn7 8 pecR 

Nde I ( 8920) 

Eco RV (8402) 

Nde I (758 1 )  

Nco I (7279) 

Nar I (6796) 

Nco I (675 1 )  

Mun I (66 1 9) 

pART27 
1 1 608 bp 

Nde [ (6223 ) 

Sac [ (942) 
PsI 1 (960) 

Nol I (963) 
Spe 1 (970) 

Eco RV (978) 
Sac 1I (985) 

Nco I (988) 
Aal II ( 1 0  1 3) 

Apa I ( 1 0 1 9) 

Nhe I ( 1 308) 

BamH I ( 1 454) 

Nar [ ( 1 566) 

PSI [ ( 1 6 1 9) 

Nco 1 ( 1 998) 

Mun I (2652) 

oriT R K2  

1 8 1  Sal ) (3605)  

PsI I (4098) 

Aal II (4277) 



Appendix D: TM29 genomic DNA sequence I 

ATGGGTAGAGGAAGAGTTGAGCTGAAGAGGATAGAAAACAAGATAAATAGACAAGTCACTT 

TTGCAAAGAGGAGAAATGGATTGCTCAAAAAAGCTTATGAACTATCTGTGCTTTGTGATGC 

TGAAGTTGCTCTACTCGTTTTCTCTAATCGTGGAAAACTCTATGAATTCTGCAGCACAAAC 

AAGTAAT T T T T TTTCTTCTCTATTCTAAGAT CT GAAAT TAGGATTGAAGCTCTATATTATC 

AAAGAT CTGTTACATACAACATGAAAAATCATACTCCCATCCTAAAGTTGTTCATAAAATA 

AATAAAACATATAGATCTTAT GTTTTAGTGCGTTTTTCTAGGAGAT CACACTATTTTTGTT 

TCCTTAGTGACT CGAATTCACAATTT TAGAGTT GGAGATGGAGGTT T T TTATCAT CCGAGC 

AACCTCTCGTGTCAGATCCTGAGTTTTAAAATCGAATAAAGTAAGAAAATGCACT TAATAT 

T GTTTAGATC GATCATTAGACAATCT C T T C T TATAAAGAAAAGAGTAAAT GGACCGAGTAT 

AATCGTACCTGCAGATCT GAATAAC CAGATAAAACGTCTT CCAGTCCTTAATTCTACACCT 

TTTTTGAT GATGGCAAATAAGACTGATATGATAAAAGACT CATAATATCCTGTTTTTACCT 

CTGTGATCATAGACATTTTGTGATATAAAT CAGTCCACCGGGTAT T T C TGGCGTGCTT CAT 

AAAGTTCATT CACTT TAAAATTTATAGCTAAATAT TGACT TTAAT T TATAATAATATAGAT 

CAGTT CAAATTT TAAGGAAGCCTAG GAAATAT CTTTTGGGTAATCT CATGACATGCATATA 

TATTT T T T T T TTCAT CCGTGAAGCAAAT TTCTATTTAGTTATCAT T C GAGCTGTGACTTCT 

T TAATAT GAAAGACTGTAAATT TTCACGGGGGGGAAAT TGTATAGAGTACTT GGATTAGTG 

TAGTAGTCAAAAATTCATGAAGTTGATTGAGTGGCCTTCAACTTAACATATACGGTTAAAA 

GAATTTAT G T TATTTATATCGCTAGTGTAAGGACTTATCGGGTCATTAAAAAGATGT GATC 

AT TATTGAATATATGCATAATCT TAAAAATAAAAATAATTACAATATACAACAAGTAATGG 

TT CTAATGAGGAAGTAGGTCCATTAGTAAGTAGCATTTCCT TCATAT CTCTGGGCAT TGAA 

ACCAGTT T T T GAAACTGTTTTCTACCAAGGAT TAT GGC TAACTCAAGTCAGGTTGGTAATC 

GTAGT T T TAGAATATGATAAAAAAT GATTCATTGGTTTACAATAAGTAGAAATTATTTACA 

TT GTT TGTCCATCATATAAATGTTGAT CCAAATAATTTTACAAAGAGGCGTAGATTTTAT C 

CT TAATTATCTC TTGAGACATTATTCGAACAT GTT TAATATTT TCAT CCCGT TTATAGCTT 

T T GCATGGCCATATAGGGCAGGCAAAATGTTTTTTTTTTTAAAATAAAAAGAGTTGCGAGC 

TAGCACATT TTTTTATCCGTGTTAAATAAAGATGGATCGAATATT TATT TATACTTGCTCA 



TAT T T GATTCAATCCAAT CATT T GAGTATTAATAACTTTTTCCTTT TTATT TAT C T T GTGC 
AACAG TAT GCTCAAAACACTTGATAGGTACCAAAAGTGCAGCTATGGAACATTGGAAGTCA 
ATCGATCAATCAAAGATAATGAGGTAACAAAT GCTACTAATT TCGTTGACGTCACCT T TTC 
AAAGGATGAACGTATGTATGAT T T TTACCATAATATAACTTACTATATGTAAGTTAGT TGC 
T T TAAT T T CTGACATGATCGAATGCT GCTCGATCACAATTTTTTCTGATCGAATT T TTTTC 
GCAAATAAAGGAAGAAT T T T T T T T TTATATATATAGACCCCT T T T TCCAAGT TATT GATCC 
CATCT T GTGAGCCAT TGCAGCAAAGCAGCTATAGGGATACTTGAAACTCAAAGCCAAATAT 
GAGTCGCTGCAGCGATATCAAAGGTAATTAACTACTAGCTAGAAAGATAATCTATAGGTGT 
CAAATGAAACCTAAATATTAGT GACCC GTTCAATTCGTCCAAAATT T TATTCTCAAACATG 
GTTCAAGAATGGGCTAAAT CATAACACGTTTAGTCAGAATCCAT T T GCCAACT TACCGCAG 
T T T T TAT GCCCAAATTAACCCAACTTTCGACTT GATAATGAAATAGGCGTCGGTGCAGTTA 
TGTGATCATCGCGAAATGTCAT CAGTTTCTAT GATACTTTAGT T T C T CTATTCTGT CTATT 
T TAATT T TTTTTAATGTTTAGT GTCGTCTAAAAGCACTAAATAAAAT TAGATATAT T CATT 
T T T TAGT TTAAT T T GACTATAAAAAATATTTATCTAAACAACAGT C TAGTAACATT T TAT T 
AAAT CCACAACTTTCGATATAT TTATATAATCTTTTATGTACTAT GTGGAGGTTTAGAGTA 
T CACCAATTAACGGTGTTTAT GATGCTATTAATTTCAAAATAAATAAATATACCGACCTAA 
ATAAGCTTATATAAGTGACATC T T T GGACGCTCTAGTCACAAATATT GTATTTTCT GGCTT 
T T CT T T T T GTTGAGAAAT TGGT TTGCCTTTATTAGTTT GGTT TATAAATTACTCTGGTATG 
TAAGTAT TATTCAAATTAAGTGAGTCGGGTCATGAT CTAAT CCATTATTTTTGCTCAGCAC 
ATATGCTT TTAGTTGGATCAAT TATT TATTCAGCCCATT TAAAT CCGATTATCCATT T GAT 
ACCCCTATGTTAACCATAAT CATGCTGTCTAAATTATTTGACATAGAAGGAT GTACACAAA 
TT GTATT C TTGATAACT TATTATACT T TAACAGACACCTTCTTGGAGATGAGTTGGGGCCT 
CTGACTATAGATGATCTTGAGCATCTTGAAGTCCAACTAGATACTTCCCTCAAACACATTA 
GGTCCACCAGGGTAAGCTTAAC T TATAACAAATTTTTAGACCAAT T T CAAT TCAAGTATTC 
T GAT TGTTAT CTTCTGGCTGCT CTATAGACACAAATGATGCTTGATCAGCTTTCTGATCTT 
CAAACTAAGGTAT TCTCATTTGATTCTAAAAT GGTCAACAT GAT GCAT GTGTTCAATAGTT 
AGTAACTTTACTATTT TATCATAACAGGAGAAATTGTGGAAT GAGGCTAACAAGGTTCTTG 
AAAGAAAGGTAGGTTGCCCATACATGTGATTCTAACTCAT T T T CTAGCT CCATGTATATTA 
CTAGTTGTATTGTGATT GAT T T TTGT TAGAT TAGGTTTAT T T T T CGTCAAT T T T T T T TTTT 
TTACCTAACTAAGT TGCTAAAG TAAAGTATTTCTGTT GAAGAGTC TCACATCGGCT CTTTT 
TAAGGAAT GGGTATATGGGAAATTGTGAGCTAGTTTTTAGGG T TCAGTAATTATTAAGCCG 
AAGATCAATATT CCTTATT GATT GAT GTACCAAAGTCAT TGAAT T GCATATAATT T G T TAG 



CAGATGGAAGAAATATATGCTGAAAACAACATGCAACAAGCATGGGGTGGTGGTGAGCAAA 

GTCTCAATTATGGTCAGCAGCAACATCCTCAATCTCAGGGTTTCTTCCATCCTCTAGAGTG 

CAACTCTTCCTTGCAAATTGGGTAAATTCTACCATATTCATT CTATATATATCTTAATTTT 

TAATTTATCCTATCTATTTGACAT CTGCCCATTAGTTCACAAGT GAGATTTTTTGAAAAAA 

AAAAGGAAGAAGCAAACCAAATATAGCTTTTCATACTCTAGAGATATCGATGAAAGTTATT 

CACACAATTAAAGTGCTTGGCTAAAACAAAAATGTTATTGTTTTGATTTAATGCAGGTACG 

ATCCAATAACAACTTCAAGCCAAATAACAGCAGTAACAAATGCCCAAAACGTGAATGGTAT 

GATACCTGGTTGGATGCTGTGA 

I The translational start and stop codons are underlined. The exons are in black letters while 

the intron sequences are in red. 



Appendix E: Alignment of short MADS-box sequences 

BMF15 

BMF18 

BMF20 

TMdlO 

BMF4 

BMF9 

BMF5 

TM1 3  

TM1 4  

TM2 

TM20 

GD22 

GD5 

BMF2 

GDIO 

GD30 

TM18 

GD28 

GD9 

GD1 3 

G D 1 5  

G D 2 7  

GD17 

GD24 

GDll 

GD1 6 

GD21 

GD8 

GD23 

GD25 

GD2 

GDl 

GD4 

GD14 

BMFl4 

TM2 1 

TM2 5 

TM3 

TM1 9  

TM12 

TM7 

TM5 

TMl l 

TM2 4 

BMF1 9 

TM22 

TM17 

TMl 

TM4 

BMFll 

BMFl7 

GD2 6 




