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Abstract 
This study investigates the role of auxin in the development of apical-basal patteming of 

the Arabidopsis embryo. Two specific aspects of auxin signaling have been looked at in 

detaii: auxin transport and auxin perception. In order to address the role of auxin 

transport during embryogenesis, a rnethod was developed to allow for the growth and 

maintenance of Arabidopsis embryos in vino. Embryos were then subjected to the auxin 

transport inhibitor, NPA, and the consequences on embryo apicd-basal patterning were 

assessed. Specific genes that encode transcription regulators of auxin-induced gene 

activity were also h k e d  at. Mutations in the transcription factors, MP, NPH4 and the 

nuclear CO-regulator, Sm, result in altered auxin responsiveness of an individuai. 

Single mutations in MP cause defects in embryo axis and vascular strand formation. The 

phenotypes of mp;nph# and mp;shy2 double mutants indicate overiapping and 

antagonistic gene function, respectively. As fmt steps towards further insight into the 

roIe of MP in angiosperms, a MP:GUS translationai fusion construct was introduced into 

Arabidopsis and partiai sequences of MP homologues from related plant species were 

determined. In addition, an auxin-inducible GUS reporter construct was also introduced 

into Nicotiana tobaccum with the intent to assess auxin distribution and activity in 

another pIant species. 
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1 Introduction 

1.1 A mview of embryogenesis in Arabdopsis thaliana 

The study of Arabidopsis as a mode1 system for dicotyledon plant species 

investigates the muititude of processes that govern the developrnent of a plant. 

One specific developmental stage is embryogenesis. The Arabidopsis embryo, 

once completely matured, has d l  organs necessary [O form a young seedling. The 

cotyledons, hypocotyl md root organs are al1 recognizable by the kart  stage (Fig. 

le). Two meristematic regions, the shoot apical meristem (SAM) and the mot 

apicai meristem (RAM, Fig. tg) will produce the leaves and stems (SAM), and 

main root (RAM) once the seedling germinates. The process of ernbryogenesis 

has been divided into discrete stages [reviewed by Berleth (1998) and Jurgens 

(2Wl)I. 

Figure L contains a summriry of the stages of embryo development, 

starting with the division of the zygote (Fig.1 a) to the bending cotyledon (Fig. 

lg). The zygote divides, giving rise to the apical and basal daughter celb. The 

apical ce11 (which wiil form most of the seeding), after t h e  rounds of ctlIuIar 

divisions, produces the octant (Fig. Lb), which contains eight ceiis. in parallei, 

the basal ceIl divides to produce a file of cells, from horizontai divisions, which 

go on to form the suspensor (the atcachment to the mother plant) and the 

hypophysis - the uppermost ce11 wtiich wüi  form part of the mot meristem of the 

seedling. Tangentid divisions of the octant celIs form the protoderm of the 

dennatogen stage (Fig. lc). At the globular stage, etongation of the inner cells of 

the Iower tier of the embryo begins and is maintained throughout embryogenesis 

(Fig. Id). 



Figure 1 
Arabidopsfs embryogenesis. (a) division of the zygote, (b) octant, (c) 

cell; ba, basal cell; sus, suspensor, hy, hypophysis; pd, protoderm; ut, upper tier, 

lt, lower tier; cot, cotyledon; SAM, shoot apical meristem; RAM, root apical 

meristem; blue line outlines ceIl wail aiignment that separates the upper and lower 

tiers. This figure was adapted from Berleth (1998) and Jurgens (2001). Figure is 

not to scaie 





These elongated ceUs WU f o m  the provascular and ground tissues, which 

terminate at the RAM (Fig. Le, heart stage), and mark the formation of the 

hypocotyl and radicle. Also seen is the emergence of the cotyledons (hem stage), 

which flank the developing SAM. At the torpedo stage (Fig. If), the outgrowth 

of the cotyledons and progressive maturation of the hypocotyl and root occurs. 

By the bending cotyledon stage. the cotyIedons fold over the bulge of the SAM. 

Two dimensions of growth transfon the uniforrn embryo (octant, for 

exarnple) to one containing distinct organs and different cellular organizations 

(the formation of ceil layers such as the epidermis and ground tissue, for 

example). The first dimension of growth is dong the apicai-basal axis which 

organizes the spatial arrangement of the cotyledon, hypocotyl and root organs. 

The cell lineage of these organs can be traced back to the apical and basai 

daughter cells of the zygotic division. Subsequent divisions of the apical ce11 

produce the cotyledon, hypocotyl, and most of the RAM, whereas the basal ceil 

produces the suspensor and part of the RAM. The apical-basal orientation 

becomes clearer at the octant stage, where there is a demarcation of the ernbryo 

into two tiers (Berleth, 1998). The upper and Iower tiers of the embryo are 

marked by a border of ceii waii alignments (blue line in Fig. 1). that separates the 

elongated ceUs - which will go on to form the hypocotyl and mot organs - of the 

Iower tier, from those ceLls which continue isodiametnc divisions to f o m  the 

apical organs of the ernbryo (BerIeth, 1998). 

The second dimension of growth patternhg is dong the radiai axis. The 

hypocotyl and mot organs are organized in distinct ceii layers that extend in a 

ndiai pattern, starting with the centrai vasculac cyhder, which is surrounded by 



the ground tissue layers, and the outer epidemd Iayer. The patterns established 

during embryogenesis (organ and tissue layer patterns) appear to be tightly 

regulated, since chey are highiy conserved LI each individual embryo. 

1.2 Mutants defective in apical-basal patterning of the embryo 

The search for genes that regulate embryogenesis has k e n  facilitated by 

the isolation of mutants in apical-basal patteming. Arabidopsis seedlings that are 

aberrant in apical-basai patteming have Led to the discovery of such genes. 

Examples of these mutants include gnom (gn, Mayer et ai., 1993). a h -  

resisrant6 (uxr6, Hobbie et al., 2000). bodenlos (bdl, Hamann et al., 1999) and 

monopteros (mp, Berleth and Jurgens, 1993). Common to each of these mutants 

is the failure to develop one or more organs during embryogenesis. 

Several alleles of gnom exist where each is a recessive one (Mayer et al., 

1993). This mutant produces three classes of morphologies: the 'bail'. 'oblong', 

and 'cone'. The 'ball' morphology contains no coryledons, hypocotyl or root 

organs, the 'oblong' shape lacks the cotyledons and mot, and the 'cone' Iacks only 

the mot organ, but the cotyledons can be partiaily or cornp1etely fused (Mayer et 

ai., 1993). The earliest defect observed in gn was in the embryo at the division of 

the zygote. in wiId type, this division gives rise to the apical and basal daughter 

ceiis, where the apical ce11 is smaller than the basai ceil (see Fig. La). in gn, 

however, the two daughter cells of the zygote are simiiar in size, where the 

division is nearly a symmetric one (Mayer et al., 1993). Further analysis of this 

particular gene bas shown that it is a membrane-associated guanine-nucleotide 

exchange factor on ADP-riiosylated factor G protein (ARF GEF) (Ste' rnmann et 



ai., 1999) which is postulated to be invotved in vesicle trafficking. There are two 

yeast ARF GEF genes (Gealp and Ge@) which have high sequence similarity to 

GNOM and the full-Iength GNOM protein can rescue temperature-sensitive yeast 

carrying mutations in these two genes (Steinmann et al., 1999). The aberrant 

morphologies resulting in the gn mutant might be in part due to the mis- 

localization of the PIN1 protein - a putative efflux carrier for the phytohormone 

auxin (Gaiweiler et al, 1998, Steinmann et ai., 1999). In wild type, PIFIT 

~ocaiization is non-oriented in early embryogenesis (early globular, for example) 

but becomes localized to the basai end of the developing provascular ceIls by the 

heart stage embryo. In gn, PiN 1 localizauon remains non-oriented as the embryo 

matures (Steinmann et al., 1999). One explmation for the above-menuoned data 

is that GNOM regulates the proper localization of the PIN1 protein in a vesicle 

Micking-dependent pmess. Furthermore, the polar distribution of PIN1 (to the 

basai end of the cells), might regulate the direction of flow or uanspon of auxin 

during embryogenesis. Blocking this uanspon therefore, as  it might be done in 

gn, resuIts in the apical-basai defects of the embryo. 

The correlation of blocking auxin transport and the proper organization of 

the embryo has also been observed in a study by Hadfi et al. (1998). Brassica 

juncea embryos ( s t d n g  at the globular stage) were cultivated in vitro and the 

effects on the embryos were assessed when auxin efflux inhibitors (NPA and 

PCIB) were added to the growth medium. Addition of NPA or PClB produced 

defective embryos. Observed were embryo morphologies that resembled those 

produced by the gn mutation (Hadfi et ai., 1998). The extreme morphology 

observed was that of the 'bail', where there was no formation of any cotyledom, 



hypocotyl or root organs. Other defective shapes observed were that of the 

"cucumber" and ''fuses' cotyledon shapes. Results by the Hadfi et al. study 

(1998) ais0 implicate an auxin transportdependent mechanism for the proper 

formation of the apical-basal axis of a developing embryo. 

Mutations in axr6, bdl and mp give rise to sirnilar seedling pbenotypes, 

where the development of the hypocotyl and root organs is either comprornised or 

iacking. The arr6 homozygote for example, gives nse to a seedling lethal 

phenotype. It lacks the hypocotyl and root organs, producing a peg of white 

tissue instead. In addition, only one cotyledon is produced in some cases (Hobbie 

et ai., 2000). Moreover, the venation pattern in these mutants is aitered. In most 

cases, formation of the midvein is complete, whereas the secondary veins are 

partially formed, The an6 mutation also shows an abnormai phenotype in the 

heterozygote. In this case however. there is no perturbation to the apical-basai 

patterning. instead, seedlings carrying one copy of the mutation have increased 

rates of root elongation and decreased lateral root formation, with respect to wiId 

type. In addition. these heterozygotes were found to be about two-fold to four- 

fold more resistant to the synthetic auxin 2.4-D, as compared to wild type (applied 

awùn hinders the elongation of wild type mots) (Hobbie et al., 2000). 

Like a h ,  the bdl mutation gives rise to rootiess and rooted individuals. 

Although the nature of the bdl mutation was originaiiy reported to be recessive 

(Hamann et al., 1999), recent analysis has redefrned this allele as a dominant one 

(T. Bedeth, personal communication). bdl individuais that do form the h p o t y l  

show reduced swelling of the hypocotyl with applied 2,4-D, compared to wild 

type, once again linking another gene in an auxin-mediated process. 



Similar to am6 and bdl , the recessive mutant mp. also fails to produce the 

hypocotyl and mot organs, but gives cise to the basal peg instead (Berleth and 

Jurgens, 1993). L i e  axr6  rnp c m  produce one or two cotyledons, and the 

venation patteming is also aberrant. Severe alleles of mp, do not fom secondary 

veins, but just the midveia instead. Weaker aüeles, however, c m  partiaIiy form 

the secondary veirts (Berleth and Jurgens, 1993). 

13 The phytohormone auxin and its role in plant development 

The genes for BDL and MP have k e n  cIoaed and belong to members of 

either the AIIWIAA gene farnily (BDL; Reed, 200 1) or the ARF gene f d y  (MP; 

Hardtke and Berleth, 1998). Both of these gene families are proposed to be 

involved in regulating genes in response to auxin (Guilfoyle et aLL998a); 

however these details wilI be discussed later. The AXR6 gene has yet to be 

identifie& AXR6 maps to a region on chromosome IV that contains no A IIX/IAA 

genes, but early anaiysis has suggested that it rnight play a role in a protein 

degradation pathway (L. Hobbie, personai communication). 

Common to these mutants previously discussed is, not only their apicd- 

basal abnomaihies, but also their proposed involvement with auxin-rnediated 

processes, such as auxin transport (gn) or reduced perception of auxin (mp, bdl, 

and mr6). The phytohormone auxin has k e n  shown to be invotved in many 

developmental processes- Examples include vascuIar patterning and 

differentiaiion (Mattsson et al., 1999; Sieburth, 1999), mot development and 

gravitropisrn (Boerjan et al., 1995; Delme et ai,, 1998; Marchant et al., 1999). 

differential growth in aerid tissues (Harper et al., 2000; Watahiki et al.. 1999) and 

apical dominance (Cemac et aI., I997), to name a few. 



Several tests assess auxin sensitivity. Auxin root growth assays. for 

exampte. are done using Arabidopsis seedlings ranging in age. High 

concentrations of exogenous auxin inhibit elongation of the root. The search for 

mutants that are less sensitive to auxin application, or those that are less inhibited 

in mot growth, are categorized as auxin-insensitive mutants (Leyser et al., 1996; 

Cernac et al., 1997). 

Auxin is transported in the apicai-basal direction. It is hypothesizad bat  

the signaling processes governing continuous vascular differentiation are 

dependent on polar auxin transport (Berleth et al., 2000). One Iine of evidence 

that supports this rnodel has corne from resuits obtained after application of NPA 

to Arabidopsis seedlings (Mattsson et al., 1999). The venation patterns of 

ernerging leaves were altered such that vascular differentiation was progessively 

restricted to the leaf margins with increased concentrations of NPA (Mattsson et 

al., 1999). Once again, there is a correlation between polar auxin transport and 

the pmcess of pattern formation. Previously, applied NPA was shown to alter 

apical-basal patterning in Brassica juncea embryos. (Hadfi et ai., 1998). 

1.4 Auxin-induced gene regdation 

An extensive study that involved isolating genes directly upregulated by 

increased Ievels of auxia M e r  rissisted in identifying mechanisms and genes 

involved in auxin-regulated processes. Initially, plant species other than 

Arabidopsis were used to isolate these auxin-inducible genes. Such systenis 

included soybean, mung bean and pea plants (Abel and Theologis, 1996). Genes 

that were upregulated within 5 ta 60 minutes after exogenous application of 



auxin, were characterized as 'early auxin response genes' (Abel and Theologis, 

1996). These genes were found to be independent of de novo protein synthesis. 

indicating that transcription was due to direct gene activation. Further 

investigation into the soybean early auxin response genes led to the cloning of the 

gene CH3 (Liu et al., 1994). The funcrion of GH3 was no[ of main interest in this 

study. but instead the analysis of its promoter cis-elements. Dissection of the 

GH3 promoter Id to the discovery of cis-elements that, when fused to a minimai 

promoter-GUS gene, conferred auxin-specific expression (Liu et ai., 1994). mese 

cis-elements (sequence TGTCTC) were terrned, Auxin-Response Etements. or 

AuxREs. Anaiysis of other eariy aauxin response gene promoters revealed regions 

containing this specific sequence, furiher illustraring its significance in auxin- 

induced gene regdation (Guilfoyle et al., 1998). 

Further manipulation of the AURE ied to the design of several auxin- 

inducible GUS reporter constructs. These constructs either contained a portion of 

the GK3 promoter containing the AuxREs, or artificial promoters that consisted of 

tandem repeats of the AuxRE only (Guilfoyle et al-, t998a). One such artiftciai 

reporter construct is DRS. The DR5 promoter is a seven tandem repeat of 

TGTCTC(ccm), where the lower case bases serve as spacer regions between each 

AuxRE. There is published data using the DR5 consuuct as an auxin marker in 

Arabidopsis mts (Sabatini et ai.. 1999). Sabatini et ai. (1999) showed that DR5 

expression in Arabidopsis mots was strongest in the ioitids of the central mot 

cap, and thus caiIed this site of highest Iocaiized expression the 'auxin peak'. 

Further anaiysis was canied out to see the effects on this peak expression in the 

background of awlln distribution and perception mutants. The use of DR5 or any 



otber auxin reporter construct (see &O Luschnig et al., 1998) can therefore aid in 

visualizing the localization and distribution of auxin in a number of conditions 

(auxin assays or mutant background, for example). 

1.5 The Arobidopsis ARF and IAA gene families of transcription regdators 

Thus far, discussion has detaiIed the phenotypes of specific embryo 

pattern mutants which are the consequences of impaired auxin transport or 

perception. In addition, the devance of auxin's regulatory role in numerous 

developmental processes has kd  to diverse methods of isolating as many genes as 

possible that play a role in these processes. 

Although extensive studies were originally canied out on the promoters of 

the soybean GH3 gene, similar earty auxin response genes have been isoiated in 

Arabidopsis. Members of the AUXllAA gene family encode short-lived, nuclear- 

localized proteins which contain regions of conserved amino acid residues named 

domains 1, II. Hi and IV (Abel et al., 1994, Fig. 2). Initiaiiy, it was reasoned that 

these proteins were regulators of auxin-induced gene transcription; whether these 

were positive or negative regdators was not certain. A series of Arabidopsis 

gain-of-functionldominant mutants were found to encode genes of the AUX/IAA 

farnily. Mutants of this gene Family include: shy2-2liua.3 (Tm and Reed, 1999), 

axr2- I lh7  (Nagpal et al., 1000), axr3liaaI7 (Oueliet et al., 2001), and the 

recentiy re-categorized, WmI2 (Hamann et al., 1999). Screens for intragenic 

suppressors of three of these mutants have yielded Ioss-of-function (recessive) 

deles of shy2-U'd  (Tian and Reed, 1999),4xr3-I/iaaI 7 (Rouse et ai., 1998) 



Figure 2 

Possible interactions amongst the AUX/IAA and ARF pmteins. Adapted h m  

T. GuiIfoyIe (1998). (a) An ARF pmtein associated with the AURE thrUugh the 

N-terminai domain that is not present in the AWX/Y.AA protein (b). (c) Furdier 

distinction of the domains in the ARF protein. +/- refers to the activation or 

repression domain of transcription regdation. (d-f) Possib!e homo- and 

heterodimer interactions. 





and axr2-lhaa7 (Nagpai et ai., 2000). Most of these loss-of-function mutants 

have inconspicuous abnormaiities. By contrast, the gain-of-hinction mutations 

render mutants less sensitive to endogenous and exogenous auxin (and in the case 

of axr2-l/iaa7, other applied hormones), which supports the mode1 that these wild 

type proteins may act to repress auxin sensing mechanisms. The shy2-2 single 

mutant hhort liypocotyl2-2) contains a mutation that converts a proline residue to 

that of a serine. in domain II (Tian and Reed, 1999). 

Similar mutations in domain II of the other A d A A  mutants have rendered their 

protein products more stable (increased half-life) as determined by biochemicai 

data with the axr3haal7 mutant protein (Ouellet et ai., 200 1). 

The shy2-2 seedling phenotype includes large and cup-shaped cotyledons, 

shorter main root and hypocotyl organs, and fewer lateral roots (as compared to 

wiid type). The adult plant is extremely dwarfed with curled leaves. Similarly, 

Ml rooted individuals (which are shoner than wild type) give rise to dwarfed, 

curly-leaf plants (Hamann et al., 1999). Rooted axr6 mutants also produce 

shorter than wild type plants. Their leaves are smalier and wrinkied, as compared 

to wild type (Hobbie et ai.. 2000). An individuai homozygous for the shy2 

mutation has a more severe aduit phenotype than that of a heterozygous individual 

(Tian and Reed, 1999). This allele, therefore, is a semi-dominant mutation, where 

the seventy of the phenotype is dependent on the number of mutant alleles carrîed 

by the plant. 

The cloning of the MP gene and characterization of its protein pmduct has 

added to the known compIexity of the mechanisms underlying gene regulation in 



respnse to auxin. MP is now known to be part of a family of transcription factors 

cdled the 4wrin Besponse Eactors (ARFs) (Hardtke and Berleth, 1998), and is 

aiso referred to as ARF5. To date, there are cwo other ARF genes published with 

mutant phenotypes - the enin mutant ( M F 3 :  Sessions et al., 1997; Nemhauser et 

al., 2000) and the nph4 mutant (ARF7; Stowe-Evans et al., 1998; Harper et al., 

2000). The rnp mutant, however, is the anIy one to give rise to an embryo- 

defective phenotype. 

Ulmasov et ai, (1999) conducted a series of m i e n t  expression assays (in 

canot protoplasts) which demonstrated that members of the A R F  gene family 

were abte to either activate or repress (ARFI)  the expression of the AuxRE-GUS 

reporter genes. The M F  proteins conrain both DNA and protein-pmtein binding 

domains. The DNA binding dornains interact with the AuxRE's (section 1.4) and 

the protein-protein domains ailow for interaction between Like or unIike ARE. 

included in this study were a number of other A R F  genes for which no known 

mutant phenotypes have been assessed. These genes were isolated via a low- 

stringency hybridization screen of Arabidopsis cDNA libraries (Ulmasov et aI., 

1999). The biocheniicai data provided by the Guilfoyle and üimasov studies in 

combination with the loss-of-function mutations of the ARF genes (resulting in 

their decreast in awcin-perception) has led one to hypothesize bat these genes are 

possible regulators of auxin-induced regulation. 

Guilfoyle et ai. (1998) proposed a modeI for the interactions of ARF 

proteins and the mechanisms invoIved in transcription regdation. Homo- or 

hetero-dimerization via the protein-protein binding domain (located near the C- 

terminus, domains III and IV) could occur for two given ARFs, and might be 



rcquired for transcriptional activity. hcluded in this mode1 are the AWULU 

proteins, which could aiso bind AR& or other AUXAAA proteins for 

transcription regulation since they too contain these protein-protein binding 

domains (domains III and IV, Fig. 2). Evidence has shown that AUX/iAA 

proceins cannot directIy bind to the AuxREs, whereas the ARFs can (Uimasov et 

al., 1997). The AUXAAA proteins, therefore, might somehow mediate or 

obsmct dimerization between two aven ARFs as they try CO bind to the AuxREs 

(Guilfoyle, 1998) (Fig. 2)- 

1.6 Investigating auxin-regulated processes during embryogenesis 

Sumrnarized thus far are the different approaches taken to understand how 

auxin conuols or mediates different processes in plant development. To date a 

number of genes involved in these processes have been isofated. Biochemical 

data that investigate the properties of their protein products and mutant analyses 

that assess the consequences of their impaired functions are brought together to 

furttier understand the mechanisms that govern phnt growth and development. 

With the use of auxin-specific tools, such as the DR5 transgene and an auxin 

transport inhibitor (NPA), this thesis will further investigate auxin-regulated 

processes at the level of the embryo. In addition, since biochemicai studies have 

shown the possible interactions mongst the ARF and AUX/lAA proteins, these 

potentid interactions shouid dso be analyzed at the genetic level. Double mutant 

anaiysis is a goud method to investigate the consequences of one genetic Iesion 

whïle in the presence of another. Candidate interacrors with MF, for example. 

would therefote be another AM gene or mutant, for example nph4; or a p i f i c  

AUXITPLA gene or mutant, such as shy2-2, 



1.7 Aim of study 

Avaiiable to this study is an Arabidopsis (ecotype, Columbia-û) line 

uansformed with the DR5::GUS uansgene. If this transgene proves to be a 

reliable auxin marker during embryogenesis, it could be a tooI to mark the 

distribution of auxin at each embryo stage - characterization of DR5 has not yet 

been done in the embryo. 

Moreover, in order to better understand îhe mechanisms which govern 

embryo patterning, a method that allows for the growth and study of Arabidopsis 

embryos under the conuoliable conditions of the Iab (or in vitro) will be 

established. This in vitro method would require the removd of Arabidopsis 

embryos (at any stage of development) from their matemal plant environment, 

followed by their placement into a nutrient-supplemented medium in order for 

them to deveiop as normally as they would in vivo. One major god of this 

expriment wouId be to apply the auxin transport inhibitor, NPA, to developing 

embryos in order to assess any possible affects on embryo patterning. if results 

are successful and NPA-treated embryos are aberrant in deveiopment (as 

suggested by Hadfi et al., 1997). there is the potentid to understand the role of 

auxin transport since a potential auxin response marker (DR3 could provide a 

visuaüzauon of auxin disiribution in hTA-treated conditions. 

ln addition CO addressing the role of auxin distribution dunng 

ernbryogenesis, is the issue of auxin perception. Genetic andysis between mp and 

nph4 and, mp and shy2-2 wiII be carried out, Biochemicd experiments have 

already suggested potentid interactions between MP and NPH4 (Hardtke et al, 

poster, 200 L), and between MP and certain A U X M  genes (Kim et ai., 1997; 



Ouellet et al., 200 1). Whether these interactions in vitro are in fact occurring in 

vivo can be investigated by double mutant phenotypic analysis. 

Lastly, with the potential of investigathg auxin-regulated mechanisms in 

other plants species, the DR5 transgene wiü be introduced to Nicotima tabaccum 

(tobacco) and its expression will be assessed. 



2 Materials and Methods 

2.1 GUS assay, Fixing Techniques and Siide Preparation for Arabidopsis 

Emb ryos 

2.1.1 Isolation of individual embryas for GUS assay 

Siliques were removed frorn plants that were homozygous for the auxin 

marker uansgene. DM. With the aid of a dissecting microscope, the valves of the 

siliques were peeled off with forceps - in a watch glass containing water - and the 

ovules containing the embryos were released into the water. Heart stage embryos 

and more mature embryos. were released by squeezing the ovule with the forceps. 

For those younger than hem stage (which canot be seen with the dissecting 

microscope), the ovule was punctured to alIow for better access of the GUS 

substrate. Embryos of a given silique were then pipetted into Eppendorf tubes 

dong with the water solution. Once d l  stages were isolated and the embryos had 

settled to the bottom of their respective tube, the water was replaced with the 

GUS substrate (50mM P-buffer pH7, 5mM K+ ferro cyanide, 5mM K+ ferri 

cyanide ,5mM X-GIuc ,0.1% Triton-X ) such that the GUS solution completely 

covered the embryos. Closed, the Eppendorf tubes were placed in a 37'C oven 

for one hour. After incubation. the GUS substrate was removed and the embryos 

were washed once with water, and then stored in fixing solution (75% methanol, 

25% acetic acid) at 4'C for at Ieast one hour. The fixing solution was then 

removed and the embryos were washed in 95% ethano1 2-3 times, and stored in 

70% ethanol (at 4OC or room temperature). 



2.1.2 2,4-D treatment ofembryos 

Embryos carrying the DR5 tritnsgene were dissected out of rheir ovules (as 

mentioned in 3.1.1). The water solvent was replaced with 1 mL of 10 ph4 2.4-D 

(DMSO solvent). The embryos were then pipetted into a petri dish containing 15 

rnL of 10 p M  2.4-D and dlowed to shake under a constant light source for 2 

hours. The soiution was removed and the GUS assay was carried out as in 3.1.1. 

2.13 F'iing ernbryos 

For embryos that were only to be fixed and studied without carrying out a GUS 

assay, the water in which the ernbryos were isolated was replaced drectly with 

the f i n g  solution and the subsequent steps were cmied out as above. 

Slide prepantion for Nonarski and DIC optics: 

Embryas in 70% ethanol were pipetted onto a slide and the ethanol was 

allowed to evaporate fless than minute). Chloral hydrate solution (chloral 

hydrate: water: giyceroi, 8:2: 1) was added onto the embryos, Coilowed by a cover 

slip. Best observations were made with longer exposure to the chlorai hydrate 

clearing solution (for example, 2 hours). 

23 In  vitro maturation of em bryos 

23.1 In vitro growth conditions and addition of the auxin efftux inhibitor, 

NPA, to growth media 

Siliques from Arabidopsis ecotype, Columbia-O. were removed frorn 

plants p w n  in the greenhouse or p w t h  chamber and surfaced stenlized (50% 

commercial blerich, 50% sterite water) for 30 seconds in a sterile hood. 

Sterilizing of the siliques was done in a variety of containers, incIuding steriie 



magenta boxes, Falcon tubes or petri dishes (100 X 15 mm), and perfonned by 

swirling or shaking the container. With the aid of sterile forceps, siliques were 

removed, washed in stede water, and then placed in petri dishes fded with 15mL 

of 112MS liquid media (IL2 Murasbige Minimal Organics Medium, GIBCO 

BRL), which contained either 10 or 100 pM NPA or the equivaient volume of 

DMSO (the NPA soivent). The petri dishes were sealed with parafilm and left to 

grow (on a shaker, under a constant light source) in vitro for 1,2.3,5, or 7 days, 

depending on the purpose of each exposure cime. The shaker was set at medium 

speed for the desired length of study. 

22.2 Estimating embryo stages before in vibio treatments 

To estimate the stage of embryogenesis of a given silique(s), prior to in 

vitro maturation, the following stntegy was ernployed: 

The youngest silique on the inflorescence (positioned highest, where the perds 

had cornpletely fallen off) and the sixth position silique, were fixed. The four 

siliques in between the 'Fied' ones were then subjected to in vitro cultivation for 7 

days, marking their respective positions on the inflorescence (Fig. 3). 

22.3 Desiccation and germination of cultureci embryos 

individuai siliques were grom in Iiquid 1/2MS (with either 100 pM NPA 

or DMSO added) for 5 days, and then were msferred to magenta boxes (in the 

stede hood and using stede forceps) containing lPAS, 0.8% agar (Bioshop) 

media (25-30 mL) without any chemicds and aiiowed to further manue and then 

desiccate (approximateIy t 0- 14 days). The siliques were then removed and 

harvested, and stored in separate bags (since position on infiorescence had been 

previousIy recorded) for at least one week before steriiization and piating (Fig. 4). 



Figure 3 

Method to estimate the range of embryo stages used for Ur * O  experimeats. 

Using the six youngest siliques of a given inflorescence, siliques assigned 

numbers 1 and 6 were fixed to see which stages flanked those put into in vitro 

cultivation. 





Figure 4. 

Desiccation of ut vitro matured siliques. Siliques were treated for 5 days in 

vitro (NPA or DMSO) and rhen transferred to 1/2MS agar magenta boxes. without 

NPA. The siliques, once desiccated. were barvested individuaiiy 





2.3 Sterüization and germination of Arabidopsis and other plant species 

SeedS 

23.1 Standard sterilization and plating procedures 

Seeds were vortexed in Eppendorf tubes (in 15% commercial bIeach, 0.5% 

Tween, sterile water solvent) for 15 minutes and then washed 3-4 times with 

sterile water. The water was removed and seeds were then kept at 4 ' ~  for 2 days 

before plating (using 0.3% agas to dispense - with a 1000 pL pipet) onto petri 

dishes with 15-20 mi, of InMS, 0.8% agar. Seeds were germinated and allowed 

to p w  under constant light. Nicotiana tabaccum, Brassica napus, Arabis alpina, 

and Lesquerella kahina(LK) seeds were sterilized as mcntioned above, but were 

germinated on IMS, instead. 

23.2 Selection of transgenic lines 

Nicotiana rnbaccwn lines (type SRI) carrying the DR5 msgene (see 2.8) 

with the Kanamycin (Kan) selectable marker were plated on IMS, 0.8% agas. IO0 

pg/rnL kanamycin media. 50 seeds of each T l  line were plated on selection 

medium. Seedlings susceptible to kanamycin were able to germinate but did not 

product any leaves and tumed white within 2 weeks. In addition, their mots did 

not significantly grow, in contrast to the resistant seedlings. Resistant seedlings 

grew nomaIIy on selection medium, developing Ieaves ruid an extended root 

systern. Arabidopsis Col-O lines carrying the DR5 msgene were germinated on 

1/2MS, 0.8% agar, 50 pg/mL Kan. Col-O tines carrying the Basta selectable 

marker (the MP::GUS transgene, see 2.9) were germinated on 112 MS saits 

(SIGMA), 0.5 g/L MES (SIGMA), pH 5.5-5.8 adjusted with 0.1 MKûH, 0.8% 



plant agar. This U2MS medium does not contain sucrose, unlike the GIBCO 

prepared mix. Basta seiection must be done on sucrose-free media. Seedlings 

susceptible to Basta gerrninated on selection but did not produce any leaves, 

tumed yellow. and their roots did not elongate, a s  compared to the resistant 

individuais. 

2.3.3 The cotyledon expansion assay - identifying np h 4- 1 

homozygous d i n g s  

Seeds were gerrninated on O. 1 @4 2,4-D (10 pM stock, DMSO solvent) 

112MS plates. After ten days of light grown conditions, Col-O seedlings had 

epinastic (curled towards the hypocotyl) cotyledons and a thick, short primary 

mot. When kept longer (two to thnie weeks), Col-O seedlings becarne yellow, and 

their leaves did not emerge fully. The nph4-lsingle mutant cotyledons, when 

plated on the same conditions, did not curl epinasticdly, but remained expanded 

and green, even after three weeks in tfie 2 .44  medium. The Ieaves emerged fuIly 

in the nph4-1 single mutants, as well. The roots of nph4-I single mutants did 

resemble those of the Col-O controls. Double mutant iines segregating the nph4-l 

locus and a mp deIe were p w u  as mentioned above. Individuais with expanded 

cotyledons were selected and then potted for further verification of the 

homozygous mutant aliele ( s e  section 2-10]. 

2.4 Transformations 

2.4.1 Transformations of pLasmids into chemicaiiy cornpeteut E. coli 

(XLlblue strain) celis and dectro-competent A. tumefaciens ce& 

Chernically competeot E coli ceiis were prepared as outlined in Sambrook 

et aI. (1989) Volume 1: 1 .??- 1-81. 



One or 0.5 pi., of given plasmid (stock 100 ng/mL) was added to into 150 

pi, competent XLlBlue (Sambrook et al.. 1989) cells in a 1SmL Eppendorf tube 

and then tightiy tapped to mix. The negative control was sirnply the 150 pL of 

the XLlBlue cells. The sarnples were kept on ice for 30 minutes. They were then 

heat-shocked for 1 minute in a 42OC water bath. The cells were pipetted out ont0 

LB agar plates (SIGMA, 25 pg/rnL Kan) and spread with a sterile spread plater 

and then stored upside down overnight in a 37C incubator. Resulting colonies 

were stored for long-tem rit 4OC. 

The preparation of electro-competent Agrobacteria was carried out as 

follows: 5 mL of an overnight ceU culture was inoculated into 500 rnL of LE3 

liquid media. The culture was grown on a 28OC shaker overnight in a fiask. The 

flask was chilled on ice for 30 minutes and centrifuged in a cold rotor at 3000Xg 

for 15 minutes. ï h e  pellet was resuspended in 0.5 liters of sterile water and 

centrifuged as above. The water resuspension and centrifugation steps were then 

repeated 2X. The Final pellet was resuspended in 20 rnL of 10% glycerol and 

centrifuged as above. The pellet was resuspended in a finai volume of 2 to 3 mi, 

in 10% glyceroi. Aliquots of 250 pL were made and stored at -80°C. 

Transformation of plasmid DNA into A. tumefaciens was done using 

eIectroporation. Electro-competent celIs (stored at -80°C) were thawed at room 

temperature and then placed on ice. in a cold Eppendorf tube, 50 pL of the cells 

were added with 1 pL of plasmid (stock, 100 ng/mL). The tube was tapped 

tightiy. The Gene pulser apparatus was set at 25 pF and 2.5 kV and the pulse 

controller was set at 200 Ohms. The cells and plasmid mixture were transferred 

to a cold 0.8 cm electroporation cuvette and then tapped iightly to aiiow the 



culture to settle evenly. After puising, 800 pi, LB Iiquid was added and rnixed in 

the cuvette. The liquid was then removed and pipetted into an Eppendotf tube 

and incubated at 30°C for one hour before plating on 25 pg/mL Kan. Colonies 

grew within 2 days of 30°C incubation. 

2.42 Transformation into Arabidopsis and N ~ C O ~ M  tabaccum (tobacco) 

Transformation of Arabidopsis was carried out as follows: 

Arabidopsis plants were grown until they flowered (4 plants pet pot). A 500 mL 

Agrobacterium culture carrying the plasmid of interest, and supplemented with 

anîibiotics, was grown for two days, on a shaker at 28OC. The bacteria were then 

centrifuged (for 5 minutes at 1500Xg) and resuspended in dipping solution (500 

mL, of 5% sucrose, 0.05% Silwet L-77 - if made fresh, no need to autoclave). 

The dipping solution was poured into a container and the aerial parts of the 

flowering plants were then dipped. The plants were left in the solution for 

appmximately 30 seconds or until there was a film of soIution left on them (250 

mL can be used for 3 to 4 pots). The plants were then left overnight, tumed ont0 

their sides and away h m  light. The next day, the plants were turned upright, put 

under light and watered. To increase transformation efficiency, plants were 

sometimes re-dipped, as mentioned above, one to two weeks d e r  the fmt run (in 

order to aUow the plants to recover h m  the fmt transformation). 

Tobacco transformation (Iine SRI) was canîed out as follows: 

Tobacco plants were germinated and p w n  in sterile magenta boxes (in 50 mi, of 

IXMS, 0.8% aga) for one month, or until they produced severaI, broad Ieaves. A 

IO0 mL LB-Agrobacterium culture (supplemented with 30 p$mL Kan and 40 



pg/mL Gen), harboring the DR5 plasmid, was grown oveniight on a 28OC shaker. 

10 rnL of the culture was poured into a petri dish. With sterile scalpel and 

forceps, approximately 1x1 inch squares were excised from the center of the 

leaves such that the midvein and leaf edges were excluded (this aiiows for 

wounding al1 amund the leaf square which increases transformation efficiency). 

The leaf squares were placed into the culture plate and were allowed to soak ia 

the bactena for 5 minutes (the forceps were used to poke holes into the squares 

for additional wounding sites). The Ieaf squares were then removed and blotted 

onto steriie paper towel (autoclaved) to remove excess bacteria. The leaf squares 

were placed ont0 cocultivation plates (IXMS, 0.8 agar, 1 pg/mL BAP) and 

seaied with paraf~lm. The plates were kept under constant light for 3 days- The 

leaf squares were then removed and placed ont0 induction plates (1 pg/mL BAP, 

0.1 pg/mL NAA, 100 mM Kan, 200 pg/rnL 0-bactyl) for one month under 

constant light. During that month, caiii formed at the wound sites (clusters of 

white and paie green tissues). After one month the calli, which had turned 

predominantly green, were m s f e m d  to lXMS petri disfies containing only 100 

lg/mL Kan and 200 pg/mL B-bactyl. Wlthin two weeks shoots fomed from the 

caiii and eventuaily mots ( wichin another two weeks). The plants were removed 

b r n  sterile culture and ont0 soi1 once the root system was extended. 

2 5  Plasmid isolation frorn bacteria (miniprep) 

Isolation of DNA plasmids from bacteria was carried out as outlined by 

Sambmk et al., (1989) Volume 1: 1.25-1.28. 



2.6 Plant DNA isolation protocol for PCR 

Plant tissue was isolated and p u n d  to a powder with liquid nitrogen using a 

mortar and pestle. The powder was transferred to a centrifuge tube and when it 

warmed up to about OaC, 250 pL of hot (pre-warrned at 6S°C) CTAB buffer was 

added (200 mM TrisHC1. pH7.5.250 mM NaCl, 25 mM EDTA, 0.5% SDS; just 

before use, 1 p U  250 pL of beta-mercaptoethanal was added to the buffer), and 

mixed well with a srnall spanila The tube was incubated at 60°C for 30 minutes, 

250 pL chloroform:isoamyl akohol (24:l) was added and mixed thoroughly to 

form an emulsion. The mixture was centrifuged at 10 OOOXg for 10 min at room 

temperature and the top Layer was then uansferred to a new tube. A 1% find 

volume of CTAB buffer was added (wfo 8-mercaptoethanol) and the 

chloroform:isoarnyl to 10 ûûûXg spin steps were repeated. 150 pL isopropyl 

alcohol was added and mixed, and the mixture was kept at room temperature for 

10 minutes. The tube was then centrifuged at 12 OOOXg for 15-20 minutes and 

the remaining pellet was dtied. The pellet was resuspended in sterile water (200 

piJg fresh weight, of the original sampIe) and kept at -200C. 

2.7 Plant RNA isolation and RT-PCR 

The Rneasy Plant Mini Kit supplied by QIAGEN was used for plant RNA 

isolation. and the One-Step RT-PCR kit (QIAGEN) was used for RT-PCR 

reactions. 



2.8 DR5 plasmid/coastruct 

The DR5 plasmid map is shown in Figure 5. DR5 is a synthetic promoter 

containing a 7X tandem repeat of the sequence TGTCTCccttTGTCTC fused to 

the CaMV minimal promoter and GUS gene, contained within a T-DNA. The 

Kanamycin gene, under the 35s CaMV promoter, is the selectable marker for 

plant transformations (towards Right Border, Fig. 5). in the opposite direction is 

the DR5 promoter fused to the selectable marker, WH, which confers resistance 

to Hygromycin (towards the Left Border, Fig. 5). The T-DNA was sub-cloned 

into the pBiN 19 vector (Kan resistance for bacterial transformations). 

23 MP::GUS construct 

The MONOPTEROS gene and approximately 780bps of its upstream 

elements (T. Berleth, personai communication) were iüsed to the GUS gene at 

exon 13 (of MP). Figure 6 illusuates the construct, and the forward and reverse 

primers (MP Exon12 Forward, MP::GVS Reversel) designed for RT-PCR, in 

order to venfy the fusion of the construct in transformed lines. Once the intron 

flanked by exons 12 and 13 is spliced, the resulting RT-PCR fragment would 

include, 86 bps from exon 12, the entire exon 13 (187 bps) and 33 1 bps into the 

GUS gene (Fig. 6). The final fragment size is 604 bps. The plant selectable 

marker is the Basta gene. 



Figure 5. 

The DR5 plasrnid. Map is not to scale. 



Pstl I 



Figure 6 

The MP::GUS construct. Primers used for RT-PCR of the transgene are 

mapped. Exons are boxes (first and Iast two exons of MP are labeled), lines are 

introns. (Arrow) initiation of transcription; the primers are placed at the 

approximate annealing sites (see Table 1 for sequences and PCR product size). 





2.10 PCR coadltions, and MP- and NPH4- specif~c primers 

AU reactions were carried out in a SANYO DNA ampMer, mode1 MIR- 

D30. PCR was done in a 25 @, volume reaction containhg LX PCR ceaction 

buffer (Fermentas, 10X stock), 2.5 mM Magnesium Chloride (Fermentas, 25 m M  

stock), 2.5 pL dNTP (Fermentas, 2.5 mh4 stock), 1 pL of each primer (IO mM 

stock) and 1 pL Taq polymerase (2 uBits/ pL stock). AU PCR reactions began 

with a 94OC initial denaturation for 90 seconds, and a final extension of 72OC for 5 

minutes. Figure 7 shows the approximate positions of the MP-specific primes, 

KS 185A2, KS l8?i, Exon 1 1 start and Exonll end. Table 1 contains the PCR 

primers sequences and conditions used for diagnostics on MP, NPH4, and the 

MP::GUS transgene. 

2.11 Sequencing 

Sequenciag reactions were done using the Beckman Coultier CEQ 2000XL 

DNA Andysis System. The original ternplate was generated using the KS 185A2- 

KS183i primer combination (see Table 1)  on Arabidopsis genornic DNA. The 

DNA product was purifïed using the Qiagen, QIAquick Spin Kit. KS l83i was the 

primer for the sequencing ceaction. bcluded in the reaction mix was 2.93 pi, 

PCR product, 5.5 pL dye cerminator (1 pi, 10X sequencing reaction buffer, 9 ULM 

(INTP Mix. 18 mM ddUTP dye terminator, 18 mM ddGTP dye terminator, 18 

mM ddCT'P dye terminator. 18 mM ddATP dye terminator), 0.25 pi, polymerase 

(aii reagents were provided by Beckman Coultier), and 0.32 pL primer (KS M i .  

10 mM stock). 30 cycIes of sequencing was done with 20 seconds at 9@C, 20 

seconds at 59OC and 4 minutes at M e r  the sequencing reaction, added to 

the tube was 2pL stop soiution (LI, 3M NaOAc:100 mM EDTA, freshiy 



prepared), 0.5 pL of 20 mdmL glycogen and 300 uL ethanol (kept at -2eC). The 

mixture was transferred to a 1SmL Eppendorf tube and spun at full speed at 4OC 

for 15 minutes. 250 pL of 70% ethanol was added and kept at room temperature 

for 5 minutes. The solution was then spun at full speed at 4OC for 15 minutes- 

The solution was replaced with 500 pL of 70% ethanol and spun again for 15 

minutes. The ethanol was removed and the peiiet was left to dry completely. The 

peilet was resuspended in a drop of mineral oil (Beckman Coultier) and stored ac 

4OC. Sequencing of the PCR product was done followed by the manufacture's 

protocol (Beckrnan Coultier). 



5'rnGTAGG AGATGATCCATGGG 

STCC TGC ï G A  GTT TGT G û ï  TCC Tï 

5'-GGG GCTTGC TGA TI'C TGT 'ITG 
TTA 

5' GGï GGA TI% TGG CCA GCi CAC 

5' GGT GGA T E  TGG CCA GCT CAG 

Target 

Denanire 94 30 
Annealing 55 30 
Extension 72 120 
#ofcycles 33 

Denature 94 30 
Annealing 55 45 
Exension 72 60 

#ofcycles 33 

'initial Denixtcmp is 95 
Denature 94 30 
Annealing 55 45 
Extension 72 60 

#ofcycles 33 
*Final extension is 10 min 

*initial i k ~ t u n p  is 95 
ücnatutt 94 30 
Anncaiing 55 45 
Extension 72 60 

#of cycles 33 
exunsion is 10 min 

Dcnatun 94 30 
Ameaiiag 63 30 
Extension 72 120 
#ofcyclts 39 

'Finai extension is [O min 

RT 
FCR 
Sec 
2.9 
for 
dctai 
ts 

- 
Dtte 
4% 

WT 
COPY 

hm 
nd 
mtr  
01 

- 

Table 1 
Primers and reaction specincations 



Figure 7 
MP-specific primers 





2.12 Translation and Alignment of Protein sequences 

Translation of the Brassica napus sequence was doue using the DNA Strider 

Program (Version 1.3). Alignment of the Brassica DNA sequence and the predicted 

protein product with Arabidopsis ME' was done using the Blast 2 Sequences Link: 

ht~~/www.ncbi.nlrn.nih.gov/b1ast/b12seu/bl2seq/. 



3 Results 

3.1 Analysis of the DR5 transgene in Arabidopsis ernbryos 

3.1.1 Assessing the response of DR5 to exogenous awin 

Establishing the localization of auxin during Arabidopsis embryogenesis 

will assist in determinhg its role in this particular developmental process. The 

DR5 marker can monitor the intensity of auxin response, which could reflect the 

actual distribution of relevant auxin pools, if the marker should directlyl respond 

to applied auxin. 

To assess the response of DR5 to applied 2.4-D (an auxin analogue), 

Arabidopsis embryos were ueated as outlined in Materials/Methods 2.1.2. 

Although ubiquitous expression was observed in some embryos (Fig. 8). these 

results were not readily teproducible. It is believed that external auxin couid not 

always fully peneuate the embryo. Rowever, exogenous application of 2,4-D has 

shown ubiquitous expression in a11 organs of young seedlings (cotyledons, young 

leaves, hypocotyl and mot) (not shown). Results by Ulmasov et ai. (1997) also 

show ubiquitous expression of DR5 after exogenous application of NAA (another 

auxin analogue) in di seedling organs. The DR5 transgene expression, therefore, 

is interpreted as a tentative auxin distribution reporter. 



Figure 8 

Ubiquitous expression of DR5 in Arabidopsis embryos. (a) globular, (b) 

torpedo, (c) late torpedo, (d) bending cotyledon. GUS is shown throughout the 

embryos treated with 2,4-D. The cotyledons of (d) are more intensely stained 

than the hypocotyl and root organs. Bar = 50 p.m. 





3J.2- Ciiaracterization of DK5ln Arabidopsis emb- 

To characterize the response of DR5 to endogenous auxin, Dfi::GUS 

expression was characterized in seven stages of embryogenesis 

(Materials/Methods 2.1.1): the f i t  cellular division of the embryo proper, octant, 

dematogen, giobular, hem (early and Iate), torpedo, and bending cotytedon (Fig. 

9). Table 2.1 contains the number of individuals observed and the locakdon of 

the amin marker at each embryo stage. While Table 2.1 demonstrates more than 

one type of expression pattern observed for a given embryo stage. Figure 9 shows 

the predominant GUS patterns. GUS was first expressed at the giobular stage at 

the basal end of the embryo-proper (arrow head, Fig. 9 e). As shown in Table 2.1, 

15 of 24 giobular embryos observed did not show GUS. The expression becomes 

localized in the dista1 Wh4 at the heart stage (Fig. 9 f,g - earIy and lace, 

respectively). Expression in the cotyledon ups is first seen in the torpedo stage 

embryo (Fig. 9 h) (however, 1 of 7 late heart stage embryos did show GUS at the 

rips, Table 2.1). By the bending cotyledon stage, provascular tissues show a light 

expression. The distal RAM, however, remains the most intensely stained region. 

Upon closer inspection of the RAM of the torpedo and bending cotyledon stages, 

GUS expression was shown to be mostly iocalized to the columeila ceIIs (Fig. 9 

k-m, CC). In the wild type Arabidopsis embryo, the awùn marker was not 

observed prior to the giobular stage. Even within the globular stage itseff, the 

expression of DR5 was not always seen, indicating that this might be a stage of 

establishing this initia1 locaiization of auxin in the lower tier of the embryo. 



Figure 9 

Expression of DR5 in Arabidopsis embryos (a) fmt cellular division, (b) 

octant, (c) dennatogen, (d, e) globular, (0 early heart. (g) late heart, (hk) torpedo, 

(i J) late torpedo, (j,xn) bending cotyledon. (km) a closer look at the root. Arrow 

head: DRS::G[IS expression in or near the hypophysis cell; RAM: root apical 

meristem, CC columeila cek, arrow: provascutar tissue, bar = 50 p. 





Table 2.1 DR5 expression patterns obsewed in each embryo stage. * Ubiquitous 
expression was light. Numbers were obtained from siliques taken from two 
inflorescences (8 siliques each). Bolded ate the GUS patterns shown in Figure 9. 

Embryo 
stage 

Bending 
Late 

Torpedo 
Torpedo 

Late Heart 
Heart 

Globutar 
Dermatogen 

Oc tant 
Fit 

division 

Total 
Observed 

3 1 
11 

20 
7 
10 
24 
11 
15 
5 

GUS expression patterns 
Llbiquitous 

O 
O 

O 
O 
2 
2* 
O 
O 
O 

Cotyledon 
tips and 
RAM 

29 
10 

11 
1 
O 
O 
O 
O 
O 

RAM ody 

2 
1 

9 
6 
6 
7 
O 
O 
O 

No 
Expression 

O 
O 

O 
O 
- 3 

15 
11 
15 
5 



3.1.3 Assessing DR5 expression in bendiag cotyledon embryos 

treaâed with NPA 

In order to assess a possible dependence of the presumed auxin 

distribution on auxin transport, a method was developed to treat embryos with the 

a u i n  effiux inhibitor, M A .  Materials and Methods 2.2.1 outlines the technique 

used that dlows for the study of embryos over a given ptriod of time, in vitro. 

While the embryos are removed from the mother plant, they are kept intact in 

their siliques and allowed to further mature in vitro. This method of in vitro 

maturation, under normal conditions, does allow for the proper formation of the 

apical-basal axis of the embryo. 

As established in 3.1.1, there is a strong expression of DR5 in the distal RAM 

suggesting that this is a site of auxin accumulation. It had to be determined, 

therefore, whether this accumulation of auxin, was the result of its basipetal 

transport (frorn the apical organs of the embryo). Since NPA reduces the 

efficiency of auxin efflux (Bures et al., 1991), it was applied to bending cotyledon 

stage embryos and the DR5 expression was assessed after 1,2 and 3 days of NPA 

matment. If the apex (the cotyledons) serves as an auxin source and the auxin is 

transported basally, the applied NPA could result in a iess intense GUS signal at 

the root tip. In addition, there couId dso  be a more intense GUS signal at the 

apex, since auxin is accumulating, due to its reduced transport. Conversely, a 

new site of accumuiation could reflect an auxin source region. Figure 10 contains 

bending cotyledon embryos exposed to 100 pM NPA for 1,2 and 3 days. Dark 

field images provide a better contrast of the NPA-treated versus the control. Light 

pink highiights the less concentrateci GUS precipitate, wbereas blue is its more 



dense accumulation. For al1 three days of exposure (Fig. 10 a, e, i), the non- 

treated embryos aii had DR5 expression patterns that were represented in Table 

2.1 (localization at the cotyledon and root tips, and expression in the provascular 

tissues - Fig. 10 b,f). in NPA-treated embryos, the cotyledon expression pattern 

deviate from the control. At a one-day exposure, the auxin marker expression is 

no longer exclusive to the cotyledon tips, but unifonniy expressed in the 

cotyledons (Fig. 10 c,d) instead. At two days exposure, there is a stronger 

expression in the provascular tissues (Fig- 10 g,h). In addition, there are extra 

areas of expression across the cotyledon which are not seen in the controls (Fig. 

10 g, arrow). At thee days of exposure, GUS was Iocalized more strongly to the 

cotyledon edges (Fig. 10 k.1). Table 2.2 shows the numerical values of the GUS 

expression patterns observed in embryos treated with NPA for two and three days. 

in addition to the altered expression of DRS..:GUS in the cotyledons, a less intense 

expression of DR5::GUS was observed ar the root tip. QuantiQing this 

phenotype was difficult, however, as the controls were not consistent (they 

contained a range of root tip GUS intensities); therefore quantitative data is not 

presented. Overall, individuds treated with NPA appeared to have a Iess intense 

accumulation of GUS at the root tip. The margind expression of DR5 in the 

cotyledons indicares chat there is an accumulation of auxin at the apex, indicating 

that this is the result of an NPA-mediated biock of its cransport to the base of the 

embryo. 



Figure 10 

DR5 expression after 1 ,2  and 3 days exposure of late embryos to M A .  DIC 

(as,e,g,iJc ) and darkfield (b,d,f,h,j,l) optics were used to visuahe intense (dark 

blue for DIC) and weak (pink for darkfield). GUS expression at the bending 

cotyledon stage, after 1 (a-d), 2 (e-h) and 3(i-1) days exposure to 100 pM NPA. 

The contml (a,b,e,f,i j) and NPA-treated (c,d,g,h,k,l) individuais are lakled. The 

marginal expression of DR5 at 3 days of NPA treatment is better visuaiized in (1), 

where the pink signal borders the cotyledon edges. Arrow indicates extra lines of 

GUS expression in cotyledons. Al1 images are at 10X magnification. 





Table 2.2 
DR5 expression in the cotyledons of bending cotyledon embrym treated for 2 or 3 
days with 100 pM NPA. The controt data is given for 3 days of treatment. Normal - 
GUS expression pattern which localized to the cotytedon tips and tbe provascular tissues. 
Ectopic expression - additional lateral GUS expression from the midvein. Marginal - 
GUS is Iocalized to the priphery of the cotyledon. Bolded are the expression patterns 
sbown in Figure 10. 

2 days NPA 
3 days NPA 

3 days 

TotaI seedlings 
10 
8 
8 

Maginal 
3 
5 
O 

Normal 1 Ectopic Expression 
4 
2 
8 

5 
I 
O 



3.2 In vitro maturation of Arabidopsis embryos 

As demonstrated by Hadfi et al. (1998), young Brassicajuncea embryos, 

when mahued in vitro in NPA, grew abnormaiiy, forming aberrant morphologies 

as compared to the conuol embryos. It was of interest, therefore, to test whether 

AMbidopsis embryos could also be matured (after a long period) in vitro, and how 

NPA would affect their development. 

3.2.1 The development of embryos in the presence of 100 pM NPA 

Once again, in order to assess the implications of auxin transport on the 

embryo, a rnethod was developed so that early staged embryos could be removed 

from their mother plants and allowed to further mature in vitro. The application 

of the auxin transport inhibitor. NPA, was added to the in vivo growth media and 

the consequences on embryogenesis were then assessed. 

The protocol outlined in Materials/Methods 2.2.2 was used to establish the 

range of embryo stages that were used in vitro, for NPA- and non-treated 

conditions. The highest silique of a given inflorescence contains the youngest 

stage(s) of embryos and the lowest contains the oldest. Five inflorescences were 

used, where the f i t  and sixth siliques (from the apex) were fixed so that their 

stages couid be known (Fig. 3). This furation would give an approximate range of 

embryo stages spanning siliques two to five, or in other words, their starting ages 

just before the embryos were subjected to m vitro conditions. Siliques (2 to 5) of 

three inflorescences were treated with 100 p.M NPA and two were the non-treated 

controls. 



The non-treated controls gave rise to embryos without any detectable 

abnormalities, containing ai i  major organs, organized normaiiy dong the apical- 

basai a i s .  Figure 11 (a-g) depicts the general embryonic morphologies viewed 

after NPA treatment. Embryos classified as 'normal' had ai i  identifiable organs 

(separated cotyledons, hypocotyl and root) (Fig.1 l b); the 'fused' class contained 

identifiable hypocotyl and root organs, but the cotyledons were fused (Fig. 11 d); 

'long' embryos were aimost rod-like, but for the fused and extremely tiny 

cotyledons (Fig. I I  c); the 'beil' class (big and smail) had fused and srnaIl 

cotyledons, and their hypocotyl and root organs were not as elongated as those of 

the 'fused' class. (Fig. 1 I e,f - the big k l l s  (e) grew to fill the ovule, in contrast to 

the medium and smaller ones (0); members of the 'unclassifiable' class were not 

descnbable using traditional symbols or geomecric names (not shown); and the 

'normaUfused' clas belonged to embryos that fdled and hardened in the seed coat, 

and were not distinguishable fmm nomd or fused ones. It is most likely that this 

last class is a combination of fused or normal-shaped embryos, since none of the 

other morphologies hardened witbin the ovule and thus, were clearly 

distinguishable when prepared whole-mount and using Nonnarski optics. 



Figure 11 

Classification of altered embryo morphologies and their respective DR5 

expression patterns. (a) undetedned, (bj) normal, (c j) long, (dJc) fused, (eJ) 

big bell, (f,m) mediudsmall bell, ( g n )  ball, (h) untreated control. GUS 

expression patterns ranged from ubiquitous to tocalized. Non-treated embryos 

genedly had GUS in the distai RAM (h) or in both the cotyledons and distal 

RAM (not shown). NPA-treated embryos that were normal in organ patterning 

contained dense and patchy GUS in the cotyledons (i); fused cotyledon embryos 

generally showed a dense apical GUS pattern (k). Most bell-shaped embryos 

either had ubiquitous expression (m), or intense expression apically (1). Aii of the 

observed ball-shaped embryos showed ubiquitous GUS (n). The double-headed 

arrow in (e and 0, marks the elongated ceIIs observed. Bar = 50 pm. 





Tables 3.1 to 3.5 show the numbers and types of embryo morphologies 

observed after 7 days of in vitro maturation, and the embryos stages that flanked 

them pnor to treatment (the Gxed siiiques). Tables 3.1 and 3.2 are the non-mated 

siliques and Tables 3.3 to 3.5 are the NPA-treated siliques. The fixed embryo 

stages shown from each inflorescence indicate that the range of embryo stages 

generally used were between octant and hem (see silique positions, SP, 1 and 6 of 

each table). Figure 12 is a graphical representation of the embryo shapes obtained 

from NPA treatment. The general trend shown is that the younger a given siiique 

was prior to NPA treatment, the broader the range of ernbryo morphologies 

obtained. Embryos from the fifth-positioned silique (the oldest in this case) gave 

rise to rnostly normal embryos. with the exception of the data set of Table 3.4, 

which showed a distribution ail across the morphology range. This distribution 

range is understandable considering that these embryos consisted of the youngest 

range of a i i  three NPA-treated sets ( h m  octant to globular, Table 3.4). 

The age-dependent trends observed in Figure 12 were further analyzed by 

repeating the above experiments, using the four highest positioned siliques of two 

inflorescences, to see the range of embryo shapes obtainable. Although the age of 

these embryos were not as precisely recorded, Figure 13 shows again the age- 

dependent range of morphologies obtained after NPA treatment. In both cases, 

the youngest or highest siiique gave rise to the broadest spectnun of shapes, 



Table 3.1 

r 

Total 
Obser 
ved 

Table 3.2 

Nad Nad 
lFuSed 

Total 
Obser 
ved 

Tables 3.1 to 3.5 
The number of specific embryo morphologies obsewed in a given silique after in vitro 
maturation in NPA. 3.1 and 3.2 are the non-treated controls, 3.3 to 3.5 are NPA-treated. 
The position on the inflorescence from which they were isolated is listed in the SP 
(silique position) column. Silique positions 1 and 6 were fixed to establish the range of 
embryos (siliques 2 to 5) that were used for in vitro experiments. See text for the 
description of each embryo shape. UnCl.- unclassifiable. Figure 12 shows a graphic 
distribution of the morphology range in NPA-treated embryos. 
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Figure 12 

Distribution of embryo morphologies obtained after NPA treatment. (2-5) 

silique positions on a given inflorescence; data are from three inflorescences 

(Tables 3.3-3.5 - see colour legend for specific table reference). in al1 three cases, 

embryos h m  silique two gave rise to a broader range of morphologies after NPA 

treatment. Siliques 3 and 4 show a gradua1 shift towards the left of the spectrum 

and silique 5 for two data sets gave normal embryos (yellow and tan bars), 

whereas the third (blue) remains distributed dong the spectnim of shapes. (a-g) 

see Figure 1 1 legend for descriptions. 





Figure 13 

Distribution of embryo morphologies after NPA treatment. Sîiiques 1-4 h m  

two separate inflorescences show similar trends in the morphology spectrum. In 

each case. the youngest silique gave rise to a range of morphologies (normal to 

ball-shaped), whereas the oldest (4' silique) from each inflorescence produced 

normal embryos. The data corresponds to Table 3.6. (a-g) See Figure 1 1  iegend 

for descriptions. 





whereas the oldest siliques shifted the spectrum to the 'normal' end. Table 3.6 

gives the numericai values of Figure 13, Once it was established that very young 

embryos were susceptible to 100 pM M A ,  in vitro experiments were repeated, 

taking the top four siliques of a given infiorescence and growing them together - 

in a batch of four siliques. Previously. siliques of a given inflorescence were 

grown separately in order to keep mck of their original positions on the 

inflorescence. Table 3.7 also gives numbers of embryo morphologies observed 

after 7 days of NPA treatment of batch-grown siliques. in this case, the original 

silique position on the inflorescence is not known. in the silique column of Table 

3.7. the data from #5 is the accumulation of observed embryos from 4 siliques, 

whereas 1 to 4 are individual siliques. Only ball-shaped embryos were observed 

in siIique 1. whereas siliques 2 and 3 gave rise to mostly 'ber shapes. Most of the 

embryos in silique 4 had hardened and thus the status of the cotyledons could not 

be assessed (fused or not). 

In general, NPA-specific effects on embryo patterning were reproduced 

three times, either by growing a silique individually or as part of a batch. Results 

clearly indicate that Arabidopsis embryos can be matured in vitro starting h m  as 

young as the octant stage and that applied NPA c m  severely impair the patterning 

process of embryogenesis, producing at times the severe 'bali' morphology. 



Obser lFuscd T 
Inflorescence 2 

Table 3.6 
Number of morphologies obtained from NPA-treatzd embryos. The fmt four siliques of 
two infiorescences were used. The originai silique position is Listed in the SP column. 
Figure 13 shows a graphic distribution of the morphologies. 



Tabk 3.7 
Embryo morphologies obtained after siliques were grown together in the same medium (4 
per petri dish), in NPA for 7 days. Silique #5 is actudly the accumdated data from 4 
siliques. 

Silique 

1 
2 
3 
4 
5 

Totai 
Observed 
ernbryos 

17 
13 
17 

Normal 

O 
O 
O 

25 [ 19 
65 1 6  

N o r d  

O 
O 
O 
O 
29 

Fused 

O 
O 
O 
1 
12 

Long 

O 
O 
O 
1 
O 

Beil 
(various 
sizes) 

O 
12 
13 
O 
9 

Bails 

17 
1 
4 

UnCI. 

O 
O 
O 

1 
5 

3 
O 



3.2.2 In vilro mahiration of Arabidopsis embryos in 10 pM NPA 

To test whether Iighter inhibition of auxin transport could provide 

additional insights, young siliques (the top two or three of a given inflorescence) 

were batch grown in 10 pM NPA for 7 days. Table 3.8 shows that, unlike 100 

pM NPA, 10 pM NPA gave rise to mostly normal-shaped embryos, with a lower 

appearance of aberrant shapes (the bell- and long-shaped embryos were observed 

less frequently, and ball-shaped were not observed). Therefore, Arabidopsis 

embryos require a relatively high concentration of appiied NPA in order to effect 

patterning. 

32.3 The cellular organization of NPA-treated embryos 

In addition to the more obvious morphological aberrations of NPA- 

matured ernbryos is the aitered organization of the ce11 layers within each novel 

shape. In the 'ball', (Fig. 1 1 g,) there were no elongated or organized ce11 layers 

observed. By contnst, in the bell-shaped embryos (Fig. 1 I e,f, double-headed 

arrows), there are elongated cells indicative of provascular tissue formation. In 

the hypocotyl and mot organs of the 'long' and 'fused' embryos, elongated cells are 

aiso evident. Thus the only embryo that has no clear apicd-basai orientation (the 

'ball') aIso has no ciex sub-epidermai organization of the ground tissue. 



Table 3.8 
Embryos matured in 10 NPA-supplemented medium. The top 2 and 3 siliques of two 
inflorescences were grown together for 7 days. Most morphologies observed fdi within 
the Normal class. No ball-shaped embryos were observed. 

Silique 

1 
2 
3 
4 
5 

Total 
Observed 
embryos 
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16 
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1 
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O 
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O 
O 
2 
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Normai 
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7 
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O 
O 
O 
O 

4 [ 13 
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3.2.4 DR5 expression patterns in altered embryo morphologies 

DR5::GUS locaiization was studied in 100pM NPA-treated (for 7 days) 

embryos, in order to assess whether a correlation befsveen auxin distribution and 

altered embryo patterning could be made. Figure 1 l(h-n) shows the most 

frequent DRS:: G US expression patterns observed for eac h s hape. Table 3.9 

shows the numerical values of the observed expression patterns in the different 

embryo shapes: the 'ubiquitous' class refers to embryos that showed a unifonn 

expression of GUS; 'apical ody' refers to GUS localization at the cotytedon Ups 

andor margins - depending on the shape of the cotyledons (normal or fused); 

'basal only' refers to GUS Iocalization at the basal end of the embryo which is 

associated with the RAM (with respect to a wild type embryo); and, the 

'apicaübasal' cIass represents embryos that have GUS expression in both the 

cotyledon and root structures. Conuol embryos generally showed similar GUS 

expression patterns represented in Table 2.1, where the cotyledon tips and RAM 

show GUS staining (Fig. 11 hl. Normd-shaped embryos resulting from NPA 

marnent contained enhanced GUS expression in the cotyledons, especiaiiy in the 

provascular tissues (Fig. 11 i, Table 3.9). In addition, unlike the controt, the 

NPA-normal cIass contained embryos (8 of 19) that bad no expression of the GUS 

marker in the RAM, but did show GUS in the cotyledons oniy. 'Long' embryos. 

which appeared the teast frequently (only 4 observed), showed GUS in both the 

cotyledons and W. or in just the RAM aione. The 'fused' and 'beW classes 



TabIe 3.9 
DR5 expression patterns observed in aitered ernbryos. Text has the descriptions of each 
GUS pattern. The first row is data from the non-treated controls. Bolded are the 
expression patterns in Figure 12. * NPA show enhancement of GUS signai in the 
cotyledons. 



showed the most diverse range of DR5::GUS expression, from ubiquitous to a 

very locaiized expression pattern (Fig. I I  k-m). The fused cotyledons of these 

two classes contained dense and patchy GUS expression, and a relatively weak 

signal in the mot tip (k,l). Finally, the 'ball' class contained ody ubiquitous 

expression of GUS (Fig. 1 1 n). 

For embryos that do form identifiable organs (the kli' to 'normal' cIasses), 

GUS expression is more frequently locaiized at the apex of the embryo, where it 

is enhanced compared to the controI embryos- Conversely, there was no 

differentid expression observed in the balI-shaped class, but only the ubiquitous 

expression of the marker instead. 

3.25 Desiccation and germination of in vitro-matured seeds and 

examination of their cotyledon venation patterns 

NPA marnent in Arabidopsis seedlings bas been shown to alter venation 

patterns of emerging leaves (Mattsson et ai., 1999; Seiburth, 1999). The 7-day 

NPA treatment of Arabidopsis embryos did produce individuais that had bardened 

and lost chlorophyll (Fig. i 1 a). It was Cessible, therefore, to assume that a 

fraction of embryos rnarured in vitro could also be desiccated, harvested and then 

eventudy germinated in order to test whether the venation patterning in the 

cotyledons was altered (MatenaWMethods, 2.2.3, Fig.4). 

Figure L4 shows the cotyledon venation patterns of seedlings generated 

from in vitro maturation of téeir embryos (non- and NPA-treated), and their 

respective positions on their original idiorescences. Only the venation pattern of 



Figure 14 

Dark field images of 5-day-old seedlings that were harvested after in vitro 

maturation in 100 NPA. The control and NPA columns are labeled. 

Numbers corresponds to its original location on a silique, when isolated for in 

vitro maturation. NPA matured individuds show fused cotyledons (NPA 1 to 3). 

and extensive venation patterns, sometimes producing tertiary loops (anow, NPA 

4). Al1 images were taken at 4X magnification. 





normal-shaped seedlings were looked at in detail. As compared to the controls, 

NPA-treated individuals contained enhanced vein patteming. NPA individuais 

contained excess loops of veins that stemmed from the midvein and other 

secondary veins (Fig, 14, NPA 4). Table 3.10 shows the relative position a given 

population of seedlings originally had on their inflorescence, in addition to the 

appearance of extra vein loops of their cotyledons. Only the NPA-treated 

individuals showed excess veins. NPA treatment, pnor to germination, can 

therefore cause altered venation pattern in Arabidopsis cotyledons. 



Seedhg population 1 Total cotyledons ) Number with more than four 1 
I 1 Ioops (secondary and 1 

tertiary ) 
Controt 

Table 3.10 
Number of extra secondary and tertiary vein loops in cotyledons of seedlings 
generated from non-treated (Cl-C3) and NPA-treated embryos (NI-N6). 
Numbers refer to relative position on a given inflorescence, where CM1 is the 
highest. 



3 3  Analysis of the npR4;mp double mutant 

Sections 3.1 and 3.2 examined the effects on the developing embryo when 

the basipetal transport of auxin is compromised. The aberrant embryo patterns 

obtained were presumably due to the alteration of awrin distribution, as shown by 

the GUS expression patterns of DRS. if awùn distribution is essentid for proper 

patterning in the embryo, there rnust also exist perçeptiodsensory mechanisms 

that assist in this process. There are specific transcription factors that regulate 

genes responsible for auxin perception and response. MP and NPH4 are two 

examples of such transcription factors, where eacb single mutant gives rise to an 

individual that is reduced in the perception of auxin. W e  each gene has ken  

assigned specific regulatory roles (Hardtke and Berieth, 1998; Harper et al., 

2000). the creation of a double mutant could reveal any additional roles, 

specifically relating to overlapping functions shared between the two transcription 

factors. 

33.1 Establishing the double mutant lines 

The generd strategy to isolate the nph4;mp double mutant was canied out 

as follows: the nph4 single mutant (a recessive mutation that gives a tùiiy fertile 

plant) was crossed into a plant segregating the mp mutation (since the rnp 

homozygote is seedling lethal). Once the F2 popdation was obtained. plants that 

were homozygous for the nph4 mutation were propagated and their progeny were 

screened for the appearance of a rootless phenotype, Rootiess individuais (taken 

to be homozygotes for mp) segregating at a 25% frequency in the homozygous 

nph4 background, were concluded to be the nph4;mp double mutants. The mp 

mutant alletes used in crossing were mpG92 (Landsberg erecta (Ler) background), 



mpT370 (Ler) and mpG12 (Columbia), and the nph4 aileles used were nph4-102 

and nph4-l (both in the Columbia background). 

332  Isolating F2 seedlings homozygous for the nph4 mutation 

F2 plants homozygous for the nph4-102 aiiele were identified by the 

epinastic leaf phenotype of the adult plant. F2 plants homozygous for the nph4-l 

allele were identifxed first using the cotyledon expansion assay 

(Materials/Methods 2.3.3). and then verified with PCR diagnostics 

(Materials/Methods 2.10). A plant that is homozygous for the nph4-1 mutation 

will not produce the 800 bp band in the PCR reaction. F2 plants homozygous for 

die nph4-l mutation had expanded cotyledons on 0.1 p M  2.4-D-supplemented 

germination medium (as compared to the epinastic cotyledons of wild type) and 

did not produce the 800bp fragment in a PCR reaction (Fig. 15). Figure 15 shows 

that seedlings with expanded cotyledons on 2.4-D germination media did not 

segregate the NPH4-associated band (Ianes designated, P. for positive on 2,4D 

selection). 

Rootless individuals segregating at a 35% frequency in the nph4  

homozygous background were therefore concluded to be the nph4;mp double 

mutants. Table 4.1 contains the genotypes of F2 parental h e s  of four different 

nph4;mp aiiele combinations, and the segregation of rootless phenotypes in the 

F3. The following nph4;mp doubIe mutants were therefore generated: nph4- 

102;mpG92, nph4-102;mpT370, nph4-I;mpT370, and nph4-I;mpGI2. 



Figure 15 

PCR diagnostics of NPE4NPH4, NPH4/nph4-1, nphCZ/nphCl F2 plants, 

segregating mpG12. As long as there is one wild type NPH4 allele present, the 

800 band wiii appear. Only nph4-1 homozygous individuals lack this band. The 

PCR reaction control band is present in al1 genotypes (200 bps). Pl-PS indicate 

seedlings with expanded cotyledons and N1-NS indicate seedlings with epinastic 

cotyledons - detennined from the cotyledon expansion assay. AU eight expanded 

individuals lack the 800 bp band, al1 but one epinastic individual (N4) contained 

the NPH4-specific band. Asterix (N3), band is present but faint. (a), (b) and (c) 

were done on separate runs. 





Table 4.1 
Frequency of rootiess and rooted seedings of nph4/nph4;+/mp F3 populations. 
* This lie corresponds to the W lane in Figure 15. 

Parental Genoype 

nph4- 10Unph4- 102;+/mpG92 
nph4-IOS/nph4-102;+hpï370 
nph4- l/nph4- 1; +/inpT370 
nph4-l/nph4- 1; +/mpGI2* 

Genotypel Phenotype Total Dicotyledon Fused coty Iedon Monocotyledon Club 
Rootiess (96) (%) 

Table 4.2 
Frequencies of cotyledon number in mp and nph4 single and double mutants. 
*Additional lines also show a 100% frequency of the cIub phenotype. 

Rootiess % I 

184 -- 37 

31 23 
20 16 
27 27 

Total F3 ' Rooted 
seediings 

8 19 
135 
1 29 
100 

635 
104 
109 
73 



3 3 3  Frequencies of seedling pbenotypes in single and double 

mutant ünes 

Table 4.2 compares cotyledon number of both the mp single and nph4;mp 

double mutants. Unlike the mp singIe mutants. there are no rootiess phenotypes 

in the nph4-1 single mutant. The weak mp aiiele, mpG92, consists mostly of 

seedlings with two cotytedons (60%) and some with one cotyledon (IO%), 

whereas the stronger alleles, mpT370 and mpGI2, tend to have an kcreased 

frequency of monocotyledon seedings (15% and 45% respectively). Of the 

rnpGl2 single mutant, 8% of the rwtless seedlings do not have any cotyledons, 

which h m  now on wül be referred to as 'clubs'. When the nph4-102 mutation is 

in the mpG92 background. there is a significant decrease in the frequency of the 

dicotyledon seedlings, where the double mutant phenotypic spectrurn consists 

mostiy of clubs (60%) and rnonocotyIedons (37% Fig, 16). As the seventy of the 

mp allele increases to mpT370 (with the same nph4-102 allele), the shift towards 

the club phenotype is more ciramatic, with it appearing at a 90% frequency. The 

strongest allele combinations (mpT37O or mpGI2 with nph4-1) result in a 95% to 

100% population (respectively) of clubs. Results, therefore, show that the nph4 

mutation in a mp background further compromises the proper formation of the 

cotyledons. 



Figure 16 

10-day-old nph4-Z/nphCZ;mpG92/mpG92 double mutants. Monocotyledon 

(left) and club (right). 





3.3.4 Examination of the vascular system in the nph4;mp double 

mutant cotyledons 

A correlation between the formation of the apical-basal axis and vascdar 

formation has been proposed based on the mp single mutant phenotype. (Hardtke 

and Berleth. 1998). Figure 17 contains the spectnim of seedling phenotypes that 

segregate in the nph4 and mp single and double mutants, and their vascuiar 

patterns. The vascular phenotypes were categorized as foiiows (see Fig. 17 for 

labeled phenotypes): (A) a nomal venauon pattern consists of completely formed 

secondary loops €rom the midvein (or primary vein); (B) a 'dicotyledon' with 

partially formed secondary veins; (C) a dicotyledon with only the midvein; (D) a 

'fuse& dicotyledon with only the midvein; (E) a 'monocotyledon' with only the 

midvein; and (F) the 'club' that has no extended vein. but a cluster of vascular 

tissue instead. The weak double mutant combination provides enough cotyledon 

species to analyze the vascular patterning, with respect to the single mutants. 

None of the monocotyledon seedlings (55 looked at) in the nph4-102hph4- 

102;mpG92/mpG92 population formed secondary veins (as in Fig. 17, B). Not 

shown in this chart are the vascular phenotypes of the mpGI2 single mutant, but 

as seen in Figure 19. the monococyledons of this aiiele only have the midvein, and 

no secondary veins. The club phenotype contains only a bright cluster of vascular 

tissue in the apicai region (Fig. L7, F). 



Figure 17 

The spectrum of cotyledon number and vascular patterns of single and 

double mutant ünes of nph4 and mp. Genotypes are iisted in the Grst column. 

Vascular tissues are bright white in dark field. (A) n o r d  vascular pattern, (B) 

dicotyiedon with partial formation of secondary veins, (C) dicotyledon with a 

midvein only, (D) fused cotyledon with only a midvein. (E) monocotyledon, (F) 

club with the vascular cluster. Images are not to scale. 





33.5 nph4102/nphd102;G92/G92 mutant embryos 

Globular to bending cotyledon stage embryos of a nph4-IOîhph4- 

102;+/G92 parental plant were examined and compared to those of a mpG92 

heterozygote. mpG92 and nph4-102;mpG92 embryos were recognized by their 

disorganized cellular arrangements in the lower tier (for example, no formation of 

the elongated cell layers), which continued to fom the triande shape of the basal 

peg, instead of the hypocotyl and root organs. Specific stages of the mutant 

embryos were assigned by comparison to the normal sister embryos segregating 

in a given silique. Figure 18 contains globular, heart, torpedo and bending 

cotyledon of wiid type embryos, and the nph4-102 and mpG92 single and double 

mutant embryos, At the hem stage, there is no emergence of any cotyledons 

(Fig. 18. N), which are seen in the mpG92 single mutant (Fig. 18 J, arrow); and 

thus, the formation of the club phenotype is clear at this stage. 



Figure 18 

nph4-IO2 and nipG92 single and double mutant embryos. Genotypes are 

iisted to the left, and stages on the top- The nph4-102 single mutant embryos (E 

to H) are indistinguisbable from wüd type (A to D), Both the mpG92 single 

mutant (1) and the double mutant (M) globuIar embryos, have a triangular lower 

tier, as compared to the wild type ( A ) .  The mpG92 heart-stage embryo, forms 

cotyledon structures (although fused, arrow), but the double mutant at the same 

stage (N) has none. It - lower tier. 





3.4 The shy2d;mp double mutant 

in addition to the ARF gene farnily of transcription regulators, there is also 

the L4A gene family (reviewed by Reed, 2001). Interactions between given ARF 

and IAA proteins can also be assessed via double mutant andysis. For the most 

part. the shy2-2 single mutant renders the plant less sensitive to auxin (Tian and 

Reed, 1999). Since the mutation is dominant, the function of SNY2 is most likely 

to negatively regulate auxin perception, possibly by interferkg with ARF-protein 

dimerization (Liscum and Reed, 2001). A shy2-2;mp double mutant could reveal 

any potential interactions between these two genes. 

3.4.1 Establishing double mutant lines 

The shy2-2;mp double mutants were generated using the sarne strategy 

employed in section 3.3.1, where the single shy2-2 mutant (fertile. in a Lansberg 

background) was used as a donor, and the mp heterozygote was the recipient (the 

mpGI2 and mpT30 alleles were used). F3 populations that had rootless 

individuals segregating (at an approxirnate 25% frequency) in a homogeneous 

background of rooted seedlings, resembling the shy2-2 single mutant, were 

concluded to be the shy2-2;mp double mutant. At the seedling stage, the shy2-2 

singe mutant root is short and straight, and produces fewer lateral roots, relative 

to wiId type. Table 5.1 gives the segregation values of rootless and rooted 

individuals of two F3 populations. in both genetic combinations, approximately 

one-quarter of the seediings are rootless, and the remaining three-quarters 



Table-5.1 
Frequency of rootless and rooted individuals in the progeny ofshy2-Ushy2-2;+/mp 
parental plants. 

F2 Genotype 

shyZ-Ushy2-2:+/mpGI2 
shyZ-Ushy2-2;+hpT370 

Genotype Cotyledon Phenotype and frequency (%) 
1 Dicotyledon 1 Monocotyledon 1 Fused cotyledon ) club . 

Total 
progeny 

179 
87 

Table 5.2 
Frequency of cotyledon number in shy2-2 and mp single and double mutants 

shy2-Ushy2-2;+/+ 
+/+; 
mpT37Wmp7370 

shy2-2 single 
mutant like (%) 

75 
78 

- 

Rootless 
(46) 
25 
22 

No rwtless phenotype 

45 40 15 O 



resemble the shy2-2 single mutant, The two double mutant genotypes generated 

were shy2-2;mpGi2 and shy2-2;mp7370. 

3.4.2 Frequencies of cotyledon phenotypes in single and double 

mutants 

Table 5.2 describes the nature and frequency of cotyledon number of the 

shy2-2 and mp single and double mutants. In the mpGl2 single mutant Line, there 

is an 8% appearance of the club phenotype (roodess seedling without cotyledons), 

whereas the club has not been seen in the mpT370 single mutant rootless 

spectnim. The club frequency, however, increases to 23% in the shy2-2;mpGI2 

double mutant: it also appears in the shy2-2;mpT370 double mutant population, at 

21% (Table 5.2. Fig. 19, C). Figure 20 shows the rootless phenotypic spectrurn 

and the vascular structures, using dark field optics. The shy2-2;mp double mutant 

combinations show the consistent appearance of the club phenotype in this 

rootiess spectnim. 

Together, these data suggest that the shy2-2 mutation causes an 

enhancement of the mp mutant phenotype, which is consistent with a function of 

the SHY2 product as a negaûve regulators in the ARF pathway (see discussion). 



Figure 19 

Rootless phenotypes in the shy2-2;mpT30 double mutant population. (A) 

dicotyledon. (B) monocotyledon and (C) club. Ln the club, there is no identifiable 

cotyledon structure. 





Figure 20 

The spectrum of cotyledon number and vascular patterns of single and 

double mutants of shy2-2 and mpGZ2. (A) normal seedling (shy2-2 singIe 

mutant), (B) dicotyledon. (C) fused cotyledon (D) monocotyledon, (E) rootless 

seedling without cotyledon structure (club). Graph: frequencies of the rootless 

phenotypes (the data are from Table 5.2). Bars represent phenotypes directly 

above. images are not to scaie. 





3 5  Transformation of the MP::GUS construct into Columbia-O and mp 

and nph4-1 single mutant lines 

Further analysis into the mechanisms regulating auxin perception in 

Arabidopsis m u t  &O include moIecular studies wbich can be useful to exphin 

results obtained from mutant phenotypic analysis. A method of assessing the 

temporat and spatial. expression of a gene-is-by its hsion for its prumoter fusion). 

Co a reporter gene. 

3 . 1  Veritication of the MP::CUS transgeoe 

Previously, a MP::GUS fusion product was made for transformation into 

Arabidopsis, where 780 bps of the upstream eiements of MP and the MP gene 

itseIf were fused to the GUS gene (T. Berleth. personal communication). The 

MP::GUS transgene w u  transformed into CoIumbia-O (Col-O). To veritj that the 

GUS gene was fused to the lm rxon (13th) of the MP gene, an RT-PCR reaction 

was done (see Materialflethods 2.7). Figure 21 shows the RT-PCR gel of two 

TI plants (Materialshiethods 2.9. Fig. 6) and a non-transforrned Line. Both TI 

plants contained the 604 bp fragment (Fig. 21. m w ) ,  indicating that the GUS 

bene was fused to exon 13. In addition CO Col-O, the nph4-1 single mutant and a 

mp-segregating line (ailefe BS1354) were aisa transformed with the MP::GUS 

transgene. 



Figure 2 1 

RT-PCR of two Tl Cobû plants with the MP::GUS transgene. The expected 

band size if the GUS gene is fused to exon 13 is 604 bps (anow). The non- 

transfonned Col-O line, does not have this band. The control band is that of the 

Actin7 primer pair (arrow head). 





35.2 Expression patterns of the MP::GUS transgene in Col4 and 

nph4-l 

Transformation of the MP::GUS transgene into Arabidopsis ecotype Col-O 

yielded 6 TI plants. Transformation into the nph4-1 background yieIded 2 Tl 

plants and in the BS1354-segregating background, 8 transformants were obtained. 

The Tl progeny of the Col-O and nph4-1 transformed plants were plated 

and the segregation of Basta-resistant individuals was scored (Appendix A.1). 

Figure 22 contains the GUS expression patterns in one Col4 and two nph4-l 

single mutant lines. The GUS patterns presented in the Col-O line are typicai in 

three other T2 populations examined. Figure 22 includes the expression of GUS 

in four organs - the cotyledons, emerging leaves and Iateral roots, as well as the 

main root tip. Eight-day-old seedlings were looked at. There was no expression 

of the marker in the cotyledons. but there was extremely suong expression in the 

young leaves (Fig. 22 b). GUS was highly expressed in the basal region of the 

emerging leaves, and ubiquitous in leaf primordia. The locaüzation of the marker 

is not tightly associated with vascular tissues (the rnidvein of the young leaves, 

specifically), but it is expressed around secondary and tertiary veins at the basal 

end of the leaves. With respect to the roots, the marker was localized in the 

vascuIar bundle in the main root tip (Fig. 22 d), as weii as the emerging lateral 

mots (Fig. 22 c). The hypocotyl did not express the transgene, with the exception 

of some stomata that did stain blue (Fig. 22, e, arrow). Not aii stomata showed 



Figure 22 

Expression of the MP::GUS transgene in wüd type and the nph4-I single 

mutant backgrounds. Col-O T2 lines (a-e) nph4-1 T2 lines, (f-n). The organs 

are labeled on top, and the lines are labeled on the left. in Col-0, expression of 

the transgene is strongest in the young leaves, but is also observed in Iaterd root 

buds, and the vascular bundies of the main root tip. Expression was also observed 

in some stomata of the hypocotyl (e, arrow). In two nph4-1-tranformed ünes. 

expression was similar to the wild type control, except for the expanded 

expression in the root (h.1). Stomatai expression was aiso seen in the hypocotyl of 

one line (ri, arrow). 





GUS expression in this line; therefore, it is not yet certain whether these are 

arùfacts. Furthemore, of the four Col-O Lines lwked at, it was the oniy line with 

this result. 

Figure 22 (f-n) also contains the expression pattems of the nph4-1 

transformed lines. which do not deviate significantly from the wild type 

background. The only notable difference thus Far is that the root contains a 

suonger GUS expression pattern than the control. The panels containiag the 

emerging lateral mots show this best (h, 11, as the stele €rom which they emerge is 

significantly more blue than that of wild type (c ). in  general, line 2 (Fig. 22, j-n) 

shows weaker GUS expression than line 1. 

Figure 23 contains prelirninary results of the MP::GUS expression in T3 

embryos. The GUS assay was carried out as outiined in Materials and Methods 

2.1.1, however the incubation tirne was reduced to just 20 minutes for this 

particular constmct. Expression of MP::GUS showed ubiquitous expression, in 

the globular embryo (Fig. 23 a, the epidemal layer appears CO be lighter, 

however), but more confined co the provascular tissues of the torpedo and bendig 

stages (Fig. 23 b,c). The strongest expression observed was within the developing 

cotyledons (torpedo, and bending embryos). In situ hybridizations of the globular 

and torpedo stage embryos (Hardtke and Berleth, 1998), are comparable with the 

MP::GUS expression patterns (Fig. 23 d, e). The MP::GUS transgene, therefore, 

is mainiy expressed in young o rgm of the wiId type Arabidopsis seediing (Ieaf 

and rwt primodia), and is also expressed in provascuiar tissues of the developing 

embryo. The expression pattern of the rransgene have not yet been assessed in 

the mp segregating lines. 



Figure 23 

MP::GUS and MP transcript localization in embryos of Col-O. (a,d) giobular, 

(b,e) torpedo, (c) almost bending. GUS expression is ubiquitous in the giobular, 

but appears to be iighter in the epidermal layer (ep). GUS is Locdized to the 

provascdar cells of the hypocotyl and mot of the torpedo. Bar = 50 p. (d and e) 

are not to scaie (taken from Hardtke and Berleth, 1998). 





3.6 Transformation of DR5 into Nicoîianu tcrbaccum 

Tobacco is an ideal plant to study the role of auxin when dealing with 

organ regeneration. An entire tobacco plant can be readily generated fiorn leaf 

tissue. This regeneration requires a relatively simple pmtocol that uses cytokinin 

for callus regeneration (Materials/Methods 2.4.2). and while auxin does accelerate 

regeneration, it is not necessary in the tobacco transformation protocol. 

Correlating the expression patterns of DR5 in tobacco with those of Asabidopsis 

is a starting point in assessing the role of auxin in tobacco embryo and organ 

developmen t. 

3.6.1 Expression of DR5 in TO and Tl tobacco plants 

In tobacco transfomation, the TO generation refers to the plant generated 

from caüi transformed with the uansgene in question. The Tl generation refers to 

the progeny of the plan& regenerated from the calli. 

32 TO plants were obtained from the transformation with DR5::GUS. The 

rom of TO plants (when already potted for propagation) were rernoved irorn the 

soi1 and the GUS assay was canied out (Fig. 24). 



Figure 24 

Expression of DR5 in the m b  of a TO plant of tobacco (SRI). 

(a, b) the root tip, (C ) Iateral root prhordia. (a) bdongs to a relatively long root, 

as compared to (b). in (a), the GUS is strongly expressed at the root cap and 

surroundirg root tissues, whereas in (b), GUS is localized to the meristematic 

tissues. The protrusion in the main root of (c) indicates the emergence of a laterai 

root, where GUS is aiso bcalized, Bar = 50 m. 





The root tip of the longest root (Fig. 24a) showed intense GUS staining, as 

compared to a shorter mot (Fig. 24 b). GUS expression was also observed in sites 

of emerging lateral roots (Fig. 24 c). The floral organs were aiso looked at in 

another TO line. The vascular tissues at the tip of the floral lobes showed light 

GUS expression (not shown). 

Embryos from three TO plants were dissected out of their seed capsules, 

and the GUS substrate was added just as outlined for Arabidopsis embryos 

(MateriaisMethods 2.1.1). In this case, however, the tobacco embryos were 

incubated overuight in the GUS substrate (different intensities of GUS were 

obtained from différent lines, over staining was therefore not likeiy). Figure 25 

contains the GUS expression in three Tl embryos isolated from three independent 

transformants. Figure 25 (a and b) are heart stage embryos that have ubiquitous 

expression of GUS. Figure 25 (d) is a hem embryo that does not show GUS 

(frorn the same capsule as individual, b). Figure 25 (c) is a torpedo embryo that 

dso shows ubiquitous expression of GUS. These preliminary results do not 

include numerical values of the GUS expression patterns observed thus far. 



Figure 25 

Expression of DR5 in TI embryas of tobacco. (a,b,d) heart stage, (c) torpedo. 

GUS expression is ubiquitous in al1 three stages (d, an embryo without GUS in 

the same heterozygote population as  b). (a), (b.d) and (c) are from three 

independent tobacco lines. Bar = 50 pm. 





The Tl  generation were collected and plated on selection media 

(Kanamycin) and the resistant individuals were counted and recorded (Appendix 

A.2). Figure 26 contains the GUS localization in 7-day-old seedlings of two Tl 

populations (a-d) and (e-h). Both Tl seedlings show similar expression patterns. 

The cotyledons in both lines showed GUS expression in &e stmata (Fig, 26 a 

and e. arrow) only. The leaf primordia show light expression of GUS (Fig. 26 

bf), whereas the lateral root primordia are intensely stained (Fig. 26 cg). GUS 

expression in the rwts of each Iine are slightly different, where the individuai in 

Figure 26 (h) did not show any GUS, but the individual in Figure 26 (d) did show 

GUS in the vascular bundle. Ten seedlings per line were exarnined and they ail 

showed similar results. 

Not shown are the results of another Tl popuIation of seedlings which do 

not show GUS expression in the stornata of the cotyledons, but do contain the 

same expression patterns in al1 other organs (as shown in Fig. 26 d). Further 

andysis of other TI populations is on-going to vecif'y which expression patterns 

are wiid type and not due to possible insertions in ocher gens. 



Figure 26 

Expression of DR5 in tobacco Tl seedüne. (a-d) l i e  10, (e-h) iine 18. GUS is 

seen in the stomata of the cotyledons (a,e, arrows) and in the emerging leaves 

(light expression, b,f). Laterai root phordia show intense GUS staining (cg) 

and the mot expression is variable in tfiese two Lines - it is obvious in the vascular 

tissue of (d), whereas GUS is not observed in (h). Bar = 50 pm. 





3.7 Preliminary Results of Ideatifying MP homologues in other plant 

species 

The MP gene is linked with auxin perception and auxin-mediated 

developmental pathways in Arabidopsis thaliana. Since a u i n  may have similas 

functions in other plant species. for example in apical-basal patteming of the 

embryo, the assumption, therefore, that one might find a MP homologue in other 

plants species is reasonable. 

3.7.1 The use of MP-specific primers in other plants species 

Primers (KS pair, MaterialdMethods 2.10 and Fig. 7) generated h m  the 

MP gene were used with genomic DNA of Brassica napus and Nicoriana 

tabaccum line, SRI. Figure 27(a) shows that this primer combination generated a 

band in Brassica (segregating just below the 1 5 0  bp mark), but not in Nicotiana. 

The Brassica band was isolated and the DNA sequenced (MateridsMethods 

2.1 1). Appendix B. 1 contains the output of the sequencing reaction and the 

proofed sequence (Appendix 0.2) after the cornparison of two independent mns 

(to eliminate sequencing errors and undetennined bases). 

Figure 28 (a) aiigns the Brumica sequence (only a total of 589 bps of the 

original output were similar to MP)  to that of the MP gene. The Brassica 

sequence aligns with exon 11 of MP and overlaps the downstream intron. In total, 

the sequence similarity (8395, Materials/Methods 2.12) aiigns with bases 2945 to 

3550 of MP. Within that DNA span, there are 16 bases in the Brassica sequence 

that have no sequence sirnihty to MF (Fig. 28,o - red box). In addition, there are 

another 16 bases that are present in MP, but absent in Brassica (arrow shows 

gaP)- 



Figure 27 

PCR producîs using MP-specific primers with different plant genomic DNA. 

(a) the KS primer pairs amplified a band in B. napus, similu in size to 

Arabidopsis (1558 bps); tobacco (SRI) did not generate a product. The 'O' Iane is 

the no-template PCR control. (b) the MP exonll primer pair generated PCR 

products in B. napus, Arabi3 alpina, and Lesquerella kahina (LK) relatively close 

in size to the Arabidopsis control (1 152). whereas in (c), SRI did not generate a 

product. 





Figure 28 

Translation of the Brassica sequence reveals high homology to MP. (a) the 

aiignment ofthe partiaiiy sequenced B. napw KS- PCR fragment; it aligns to exon 

11 of MP and overIaps ont0 the adjacent intron. The arrow indicates the gap in 

the Brassica sequence, with respect to MP, and the red box higwghts the 16 bps 

that are present in Brassica, but not in Arabidopsis. (b) The uanslation of the 

Brassica sequence reveals high homology to MP, The coloured regions of the 

Brassica protein correspond to the DNA fragment in (a). Conserved amino acids 

are indicated between the two species' protein seqoences. + - amino acids with 

similar chemicai properties. Dashes represent gaps. 





When the Brassica sequence was translated (MaterialsMethods 2.12). the 

cesulting protein fragment was 95% homologous to MP (MaterialslMethods 2.12). 

The 1st  three amino acids (KVQ) found in Brassica, are piut of the highiy 

conserved domain LU in the ARF and IAA proteins. 

3.7.2 Exon Il-specEc primers in other plant species 

With the intent to scan mure plant species with MP-specific primers, a 

primer set designed to amplify the entire exon 11 were made. hcluding 

Arabidopsis, five plant species' genomic DNA were isolated and then subjected to 

a PCR reaction with the MP exon 11  primer pair IMaterials/'ethods 2.10 and 

Fig. 7). Those species included: Arubidapsis thaliana, B. napus, Arabis alpina, 

Lesquerella kahina (LX) and the tobacco strain, SRI. Al1 plant species, with the 

exception of SRI. gave cise to a single band corresponding to an 1 LOO bp size 

(Fig. 27, b). The product of B. napus was slightly smaller than that of che 

Arabidopsis control, white species A. alpha and LK, are approximately the same 

size as the control. Figure 27 (c) includes the same PCR reaction carried out with 

Arabidopsis, B. napus and SRI. There is no band present in the tobacco lane. It 

is iiiety, therefore, that these bands generated in the other plant species tested 

beiong to a MP homologue (as suggested by the sequencing product of Brassica). 

However, two sets of MP-specific primers coutd not ampli@ any bands 

from the tobacco species. It is possible that in tobacco, the sequences chosen for 

primer anneaiing are not highly conserved such that if there does exist a MP 

homologue in this plant species, the sequence similarity might exist elsewhere in 

the gene. Cowersely, the MP gene might not be present in tobacco. 



4 Discussion 

4.1 Apical-basal patternhg during embryogenesis is dependent on polar 
auxin transport 

4.1.1 Auxlli is transported from the apex to the base of the embryo 

Auxindependent mechanisms have been proposed to regulate numerous 

developmentai processes during a pIant's development. Specific Arabidopsis 

mutants that are defective in apical-basai patterning during embryogenesis are 

proposed to be either irnpaired in the transport of auxin (gn) or the perception of 

auxin (mp).  Although auxin is hypothesized to mediate the processes of 

embryogenesis, the mechanisms are not known. It would be ideai, therefore, to 

first determine the distribution of auxin in wild type embryos, in order to interpret 

the aberrant phenotypes of auxin transport or auxin perception mutants. The DR5 

uansgene, an auxin-inducible reporter, was therefore used to as a marker of high 

auxin concentrations in the different stages of embryogenesis, 

DR5 was fmt observed ôt the basai end of the globular embryo that wiIl 

eventuaiiy form the hypocotyi and root (Fig. 9-e). Timing of the appearance of 

DR5::GUS staining is congruent with the elongation of the Iower tier ceiis in the 

globular embryo. As the embryo matures, DR5 expression is further confined to 

the RAM, specificaüy at the central region of the root cap (or the columella c e k )  

as seen in Figure 8 (km) of the torpedo and bending cotyledon stages. 

Evennidly, the cotyledon tips (mostly seen in îhe torpedo and bending cotyledon 

stages) and the provascular tissues dso express DR5::GUS. It is possible that tbis 

DR5 lacaiization is due to the basipetal tr;insport of auxiafrorn the apex-of rhe- 

globular embryo to the base. The developing RAM wodd be the sink and the 

apex would be the source of auxin production. As the embryo matures, and as the 



provascular tissues form, the cotyledon tips continue to produce auxin, at a 

riueshoId visualized by DR5, and the developing vascuIar tissues serve as a means 

to transport the auxin to the RAM. 

The hypothesis that auxin is iransported fiom the apex to the base of the 

devetoping embryo was supported by data on bending cotyledon embryos 

subjected to the auxin transport inhibitor, N A . -  TwG and three-day treatments of 

NPA resulted Ïn enhanced or marginal expression of DR.5::GUS in the cotyledons. 

If auxin is produced at the cotyledon tips, NPA would block its efficient basal 

transport. leadiog to-ils accumulatioa (Fig 29). It was ais0 observed ttiat themot 

tips of NPA-treated embryos generally contaiiined a tight GUS signal, and this 

conelares with inability of auKin to properly reach the mot tip if its transport is 

blocked at the apex (Fig. 29). 

4.12 Establishment of the apical-basal axis is dependent on polar auxin 

transport 

Bending cotyledon embryos have aiready formed al1 organs (cotyledons, 

hypocotyl and root) and tissue types (vascular and gound tissues, for example). 

The effect of added NPA (at the bending cotyledon stage) was specific to auxin 

distribution and not to organ formation of the embryo. When embryos ranging 

€rom octant to earIy heart (eariy stage embryos) were subjected to NPA-for the 

duration of their maturation, organ and tissue formation was comprornised. 

Consider the model presented in Figure 29 which illustrates the proposai 

that NPA can block auxin transport, Naw consider what will happen to the 

embryo tbat is sa undergohg the process of establishing the apicai-basai pattern. 



Figure 29 

A proposed mode1 of inhibition of polar transport, resulting in the accumulation 

of auxin to the apex of the embryo. (a) Auxin is produced in the cotyledons and is 

transported to the root. where it pools at the distal RAM. (b) Inhibition of auxin 

transport to the root (with the application of NPA) leads CO the accumulation of 

auxin in the cotyledons. (c) Auxin does not reach the mot as efficiently when 

basal flow is compromised, as it rernains primarily localized in the cotyledons. 

Blue - auxin Iccalization as indicated by DRS::GUS expression; red - NPA; soiid 

arrows indicate nomai auxin transport; dashed arrows indicated reduced auxin 

transport* 





if attxin transport is - impaireci during this the, the apicabbasd patternhg wiil be 

abnormai. In the extreme case, no organs wiii form at ai i  - as seen in the 'bail' 

class (Fig. 11 g). Other embryo shapes obtained h m  NPA treatment included 

the 'fused' and 'bell' classes. Both of these morphologies consisted of embryos 

with fused apicai organs (the cotyledons) and varying sizes of the hypocotyl and 

mot organs. ResuIts obtained with Arabidopsis embryos are comparable to those 

results obtained by Hadfi et al, (1998) for Brassica embryos and CO the phenotypic 

range observed in the gnom mutant in Arabidopsis. 

In vitro matment of B.juncea embryos (Hadfï et al., 1998) in NPA also 

gave rise to aberrant embryo morphoIogies (when the original stages were 

globular or transition). The appearance of the ball-shaped embryo (when IO ph4 

NPA. the highest concentration used) was at a seven percent frequency. The 

remaining embryos were mostiy of the 'fused' class (termed 'collar' and 'split 

coliar' in Hadfi et al., 1998). In addition, a low frequency (7%) of normal-shaped 

embryos did result. Another auxin inhibitor (PCIB) also generated aberrant 

embryo morphologies. The highest concentration of fCTB used in this case was 

100 KM. Treatment resulted in a greater specmun of embryo shapes, including a 

higher concentration of bail-shaped embryos (14%). as compared to the NPA 

results. Normal-shaped embryos were dso obtained in kese conditions (14%). 

but the predominant embryo0 murphology was that of the -'fusedt class. Simihr 

results h m  two plants species correlate the dependence of awrin on pattern 

formation in dicotyledon species. In vitro studies using auxin transport inhibitors 

that alter patterning of dicotyIedon embryos resemble the gn mutant Figure 30 



Figure 30 

NPA-treated Arabidopsis embryos and gnorn phenotypes. (a,c) NPA-rnatured 

embryos, (b,c) gnom. The 'bail' obtained from NPA-matured embryos (a) 

resembles the 'ball' phenotype of gnom (b). Embryos of the 'beli' class resernble 

the 'oblong' class of gnom. h g e s  are not to scale. 





contains the 'bali' and 'beli' embryos obtained h m  NA-rnatured embryos (Fig. 

30 a c). and two comparable phenotypes of the gn mutant (Fig. 30 b, d, Mayer et 

al., 1993). Further analysis of the NPA-generated 'ball' embryo shows the 

disorganized ce11 arrangements (Fig. 31 c). There are no elongated ceiis 

indicative of provascular tissues, which n o d y  coincide with the formation of 

the hypocotyl and root organs. Likewise, embryos of gn mutants do not contain 

these organized ceiis. Figure 3 1(b) shows a hem-stage gn embryo lacking the 

elongated ceUs and the developing RAM, which are present at the wild type hem 

stage (Fig. 3 1 a). 

It is hypothesized that reduced auxin transport in gn mutants results in the 

aberrant apical-basd patternhg (Steinmann et ai., 1999). The phenotypes and 

expression of the DR5 auxin marker in NPA-ueated embryos support this 

hypothesis. Consider fust the NPA-induced 'fused' class of embryos. DR5 

expression was enhanced at the apex of this ernbryo ctass, indicating a high 

accumulation of auxin at this region (Fig. 1 1 k). Recail the observations made 

when bending cotyledon embryos were tceated for 2 to 3 days in NPA; they too 

showed enhanced expression of DR5 at the apex (cotyledon margins). Ln the case 

of the fused cotyledon embryos, however, the dtered auxin transport 

comprornised the proper separation and development of the cotyledons, since 

NPA was added early in development. The Ml-shaped embryos, considered 

smaiier and las eiongated with respect to the Fused-shaped embryos, aiso had 

enhanced expression of GUS at the apex. In addition, the big class of the beii- 

shaped embryos, did not show GUS at the basal end of the embryos (Fig. 11 l), 

indicating a more severe impairment of auxin transport, Fmaliy, the 'bail' class, 



which did not form any organs, contained ubiquitous expression of DR5::GUS 

(Fig. I l  a). Recail first that in a wild type globular embryo, there is the 

estabiishment of the DR5 peak at the region destined to be the RAM. This DR5 

localization is maintained throughout embryogenesis. In the NPA-generated baii, 

no such peak is established. hstead, there is a uniform distribution of DR5 

throughout the 'ball' which indicates that auxin must be properly transported or 

localized to the base of the embryo, in order tc? form the organs. ResuIts therefore 

indicate that auxin is required to be transported from the apex of the deveioping 

embryo to the base. in order for proper formation of the apicd-basai axis. 



Figure 3 1 

Sub-epidemal cellular- organization of-gn and-'bd'--embryos.- -(a) Late heart 

stage of a wild type embryo, (b) hem stage embryo of gn (approxiniate stage), a 

'bail' generated h m  NPA treatmeat. In the wild type late hem, formation of the 

provascular cells (pv) is marked by the elongated ceiis in the lower tier of the 

embryo (It). In the gn (b) and 'ball' (c) embryos the interna1 ceiis are 

disorganized. image (c) was contrast-enhanced for better visualization of the 

cek, ep - epidecmis. images rue not to scale. 





4.13 Auxin transport is required for vascular patterning in Arabidopsis 

embryos 

Although normal-shaped Arabidopsis embryos were obtained after NPA 

treatment, they did not fully escape the effects of NP& as their venation pattems 

reveaied when germinated, Embryos (specifically those that were from the 

youngest siliques of an inflorescence) that were matured and then desiccated gave 

rise to two classes of seedlings: fused and nonnal (Fig. 14). While the normal 

class of seedlings contained separated cotyledons, their venation pattems were 

significantly different than the controi. The enhanced venauon patterns observed 

in these cotyledons are similar to the venation patterns of Arabidopsis leaves 

treated with NPA in two previous, independent studies (Mattsson et ai., 1999; 

Seiburth, 1999). Mattsson et ai. (1999) showed that the earlier the fmt-node leaf 

was exposed to NPA, the more enhanced the leaf venaEion pattern. The leaf - 

venation pattems that resulted from this study included enhanced vascular 

differentiation at the Ieaf margins, and extra formation of secondary and tertiary 

veins, with respect to nomat leaves (Fig. 32 a, b). Cotyiedon venation patterns, 

when cubjected to similar NPA conditions, did not produce any extra vascular 

strands (Fig. 32 c, d). The resulting hypothesis was that the venation pattems of 

cotyledons were estabiished durhg embryogenesis, and were therefore not as 

susceptible to NPA as were the developing Ieaves (with respect to venation 

patterning). Evidence to further support this bypothesis was the generation of 

cotyledons containing aitered venation patterning (Fig. 32 e) - cotyledons that 

were exposed to NPA as they deveIoped during embryogenesis. Therefore, 



vascuhr patteruhg of the cotyledon, which is determined during embryogtnesis, 

is dependent on the polar transport of auxin. 



Figure 32 

Venation patterns of WA-treated leaves and cotytedons. (a-d) taken from 

Mattsson et al., (1999). (b) The venation pattern of a first-node rosette leaf after 

germination and growth (18 days) on 40 pM NPA. (a) the non-treated control. 

The primary (Io), secondary (2') and tertiary (3') veins are marked on (a). 

Vascular tissues in (b) are eahanced at the Leaf margin (arrowhead) and there is an 

eahanced vascuhr network in the rniddle of the ieaf (the secondary veins are 

IabeIed as an example). (c,d) t5 days non-ueated and NPA-treated cotyledons. 

The enclosed image (box) shows that [fie veinsare frayed in the NPA-treated - 

cotyIedons, but the over-al1 venation pattern is the same as the control. (e) 

Venation pattern of a cotyledon chat was ueated with NPA during embryogenesis. 

The tertiary veins, which are not observed in a nomai cotyledon, are marked. 





4 3  MP and NPK4 have overlapping gene function in apical-basal 

patteming of ernbryogenesis. 

Establishment of the apical-basal axis of the Arabidopsis embryo is 

dependent on polar transport of auxin during embryogenesis, as shown with the 

aberrant shapes obtained when embryos were matured in the presence of NPA. in 

addition to the importance of proper auxin distribution during embryogenesis are 

the required mechanisms to perceive the auxin signal. Of the known mutations in 

the ARF gene family (Sessions et al., 1997; Hardtke and Berleth, 1998; Harper et 

ai., 2000), oniy mp results in the aberrant embryo phenotype. The inability of mp 

to form hypocotyl and mot organs. and cornplete vascular networks irnplies that it 

is responsible for organ and tissue formation dong the apical-basal axis of 

embryogenesis (Berleth and Jurgens. 1993). The rootless phenotype of the mp 

single mutant is comprised of a spectrum of phenotypes. ranging from a 

dicotyledonseedlingto one-tbat has no cotyledons at aU (theclub, as seen in the- 

mpGl2 allele). The resulting spectmm of phenotypes rnight be due to some le* 

3r residual activity of a given mp allel::. On tfie other hand, redundant gene 

function could be compensating for the loss of mp, which allows for the embryo- 

viable phenotype. Lastly, a Ieaky m p  allele in combination with genetic 

tednndancy is a possibility-- 

46.1 The nph4;mp double mutant reveals a more fundamental role for the 

NPB4 gene iii Aratii;dopsis dêvelopment 

In situ hybridization results of torpedo stage embryos show that the NPH4 

(aiso knom as ARFT) transcript is expressed ubiquitously (Hardtke and Berleth, 



unpublished). However, the single mutant produces a normal seediing, containhg 

ail organs (cotyledons, hypocotyl and root) and a normal venation pattern. 

instead, the nph4 single mutant is defective in differentiai growth responses - 
processes mediated by auxin - in the aerial tissues of 3day-old seediings (Harper 

et al., 2000). The localization of the NPH4 transcript in the embryo, and the 

relatively weak mutant phenotype (of a presumed nuii allele, Harper et ai., 2000) 

leads one to speculate that NPH4 can not play a significant role in pattern 

formation in embryogenesis, if at ail. The nph4;mp double mutant. however, 

indicates otherwise. 

Addition of the nph4 mutation to the mp background enhances the roodess 

phenotype, such that there is a significant shift towards the extreme phenotype, 

the club. NPH4 must therefore have the potential to regulate the apical-basal axis 

of the embryo, in a manner very similar to MP. More specificaily, NPH4 most 

likely regulates the same set of target genes as MP. This assumption is reasonable 

considering that the nph4;mp double mutant further enhances a phenotype that is 

indicative of the mp single mutant (the monocotyledon or club, for example). 

How much of a role c m  NPH4 play in apical-basai patteniing? The nph4- 

102;nph4-102;mpG92/mpG92 double mutant helps to assess the situation. 

Firstly, consider the strongest allele combination studied: n p h 4 - l / n p h 4 -  

l ;mpGlUmpGI2.  Al1 of the rootless individuals in this combination consist of 

the club phenotype (Table 4.2). Since the spectrum of rootless phenotypes in the 

m p G l 2  single mutant consists primarily of monocotyledons (and a s d l  

percentage of clubs), eliminating the NPH4 factor would understandably shift the 

roodess phenotypic spectnim towards the club end. On the other hand, the 



mpG92 single mutant phenotypes are more dispersed dong the spectrum (Fig. 

17). such that the dicotyledon is the predominant phenotype. When the nph4-102 

allele is combined with mpG92,  a drastic shift towards the club end of the 

spectrum occurs. Over 60% of the roodess individuais are clubs, and there is an 

dmost complete elimination of the dicotyledon seedling. A Iess drastic shift in 

the rootless spectntrn profiie of this particular double mutant (a lower appearance 

of the club, for example 10%) would not implicate the NPH4 gene as much of a 

potential influence on embryo patteming, as the actual results indicate. 

NPH4 therefore can play a significant role in embryo patterning - one that 

is likely to be similar to that of MP. This role is only suggested in the mp;nph4 

double mutant. Since there is no abemnt embryo phenotype in the nph4 single 

mutant, it is likely that a wiid type MP gene the nph4 mutant background is 

sufficient to produce a normal seedling. MP, therefore, is the more important 

gene in the process of apical-basal patterning of the embryo. 

4 3  The negative regdation of MP by the SM2 protein 

The members of the AL/X/IAA gene farnily have been proposed to inhibit 

the transcriptional activity of the ARF proteins by forming A complex at the 

protein-protein binding dornain (Guilfoyle et ai., 1997). The AüX/ZM genes are 

proposed to be negative teguiators of the auxin response pathway. The gain-of- 

function mutations that leave these proteins more stable (Oueliet et ai,, 200 1) are 

most likely hindering ARF activity for longer periods of time. In virro analyses of 

the protein-protein affinities amongst these ACTWIAA and ARFs have shown that 

these proteins can interact indiscriminately when brought together (Kim et al., 



1997; Ouellet et al,, 2001). Investigation of the shy2-2;mp double mutant further 

suggests possible AUX/IAA-ARF interactions. 

43.1 shy2-2 further down-regdates mp activity 

The gain-of-function shy2-2 mutation shifts the rootless spectrum of the 

mp mutant to the more severe ena ([O the club, see Table 5.2). Aithough the 

mpGl2 single mutant does produce the club phenotype (8% fiequency), there is 

an increase in its appearance in the shy2-2;mpGl2 double mutant popuIation 

(23%). Moreover, the dub phenotype appears in the motiess spectrum- in the 

shy2-2;mpT370 double mutant, when it has not been observed in the mpT370 

single mutant (Fig. 17). This increased appearance of the club in the shy2-2;mp 

double mutant can be explained in two ways. Firstly,since. there mightbe some 

residud activity in either mp aiiele, shy2-2 could further reduce it (since the shy2- 

2 presumably accumulates due to its increased stability). Aithough the mpT370 

protein product, for exampie, lacks the putative protein-protein binding domains 

ilI and IV (due to premature stop codon resuking h m  a point mutation, Hardtke 

and Berleth. 1998). shy2-2-mpT370 interactions could still be possible through 

protein interactions not yet considered or understood. 

Secondly, the shy2-2 protein product codd be targeting another ARF 

protein, acting in pardie1 with mp, resuIting in the more frequent appearance of 

the 'club' phenotype. This latter expianation is kasibie since it has been shown 

above that NPH4 acts in paraiiel with MP in embryo pattern formation. One such 

target of SHY2 couid be NPH4. Furthemore, since the shy2-2 single mutant does 

not produce a rooties seedling, a reduction of NPH4 activity wouid not affect the 

embryo, since MP is hnctionaI. One way to test if there are any interactions 



between NPH4 and SHYî would be to generate the shy2-2;nph4 double mutant 

and assess if there is an enhancement of either single mutant phenotype. This 

study is in progress. 

4.4 Applications of the MP::GUS transgene 

The expression patterns of the MP::GUS constnict are comparabIe to 

results obtained from in situ hybridizations of the embryo (Fig. 23) and specific 

tissues of the seedling (the vascular tissues, for example; Fig. 23, Hardtke and 

BerIeth, 1998). What has not yet been ascertained, however, is whether the 

MP::GUS product is localized to the nucleus, as it should be (since MP is a 

transcription factor). Since the entire MP gene is fused to GUS, the GUS protein 

might hinder proper Iocaiization of MP to the nucleus. If this is the case, this 

transgenic form of MP might be sufficient for expression andysis, but not for 

functional andysis. One method to determine whether this construct is Functional 

would be to transform it into either a mp-segregating line, or the mp single mutant 

itself. if MP::GUS is able to rescue the mp mutant, and assuming that the resulu 

are not a consequence of insertion events into other genes, it can be concluded 

that this is in fact a functional form of the MP gene. 

The MP::GUS transgene would be a useful tooi in studying the MP gene 

in different circumstances, such as its activity and potential function in a specific 

mutant background, for example. 
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Appendi A. 1 
Segregation of Basta-sesistant T2 individuais of MP::GUS-uansformed Co14 
lines (see cesuits, 3 S. 1 ) 

Col4 

A 

Total 
seecüings 

60 

Basta resiscant 

52 

Percentage 

87 



Apptndi A 2  
Segrqation of Kimmycin-mistant Ti individuais of the DM-&ormtd robacco lines 
SR1 Tl 

iine 
1 
2 
3 
4 
6 
7 
8 
9 
10 
1 1  
12 
13 
14 
15 
16 

Total seedlings 

50 
50 
26 
50 

L 

21 
22 
23 

50 
50 

24 
25 

Kan resistant 

32 
44 
8 
3 8 

- - 

50 
34 

Not verified 
Not verified 

26 
27 

Percentage 

64 
88 
3 1 
76 

Not verXed 

33 
36 

46 
50 

66 
72 

Not verified 

- - 

50 
34 

Not verified 

46 
48 
48 
47 
50 

- - 

100 
100 

Not verified 

48 

3 8 
3 1 

l 

83 
62 

35 
4 1 
35 
29 
1 1  

39 

76 
85 
73 
83 
22 

8 1 



Appendix B. 1 
Brassica sequence output generated h m  the reverse primer, KS M i  
Run 1 
GNNCNNCNNNGCCCGCNNNGCCNNGCGGNNCCCCCCNNCGCGGAAA 
AANAAATATGANAANMTNGNTAGAAGCNCGNAGrnAGrnAGAC 
TCCGTCNCGCCCCGTNTANTCCGGNNTGCGTANCGGCNGTGGCGTTGC 
GCGATNTCTGCmGGAGCCAmcTATACTmGCNAGGmmAmA 
GTATCTCAAAATACAAACITGCITGANNAAGTNNCACcT'GTrCcrCCA 
GAGTTATmGGCGAGAGAAGGCcrGTGAGTcTGcAAAGcTAGCAGAT 
GTGATCTGTGA~GCACATCITGAGCAAAGCTGTTGTTGTTCCCGACC 
AAAGAATGGAACïCGGTlTCTlTGATGGCACAGAAGTCATCAAGAAcI' 
GTG'ITTGAGAGTGGAGGAGGATcrAGAATGlT~G'ITTGTGcrATrA 
CTCATGCACATGïTCTGACAACCATAAAGGTCCTCCïGCïGCATCAAG 
GGACTGAACTGGTCCAAAmANACCGTITAGcrGATTGTcccAcAT 
ATCCTGAAATGAN'ITI'GTTGAATCAGGTANCACAATAGGTC 
GTTAAAGGATAGCAmAACGGTTGCITGTAAGATCCANCTAAAGACTG 
GAAGGAAAANACITGTGATGTCAGCTCITC~GTITCCAGGAAAAANA 
NTNCA~ARGGATCANACTGTrGTGGTGGGTATATCïGïTNANNAC 
ATNNNATCNNNTTNTAAAGGAAACAAGGCA~GG~CTGACTCNNC 
TCCTmCCATNATNGCTNNTCCCNAANCïGmAA~ATNTNNG 
ANNNTANTrnGïTTAATNGTrnGGCclTNNNNNANNcNAAGATN 
~ G C T C C C N G N C C C G N N N T T C C C Y G G N N T N T A W  

Run 2 
CCI'CGTNNTCCTNNNATAATACCACACTGTACCNGACMTAAGTATC 
CCTAGTACACGACATNA'ITTNCCTGTACNANGCGATAGATATCNACTA 
G T A C A C m G T A C C T T G G T G T A A G ~ C G G A C A C G T G G  
Trcr'GCCATGAGCCrrrACTATTCTG(STGCAGAAGAcTAGTATCATCAA 
AATCAACA~GCTïGAAGAAGTACCACCTGTTCCïCCAGAGTTATClT 
GGCGAGAGAAGGC~GTGAGTCïGCAAAGCTAGCAGATGTGATCTGT 
GACTGCACATCITGAGCAAAGCTGTTGTTGïTCCCGACCAAAGAATGG 
AACTCGGTTTcTI"TGATGGCACAGAAGTCATCAAGAAcI'GTGWGAG 
AGTGGAGGAGGATCïAGAATGïTGCTGTTTGTGCTATTACTCATGCAC 
ATGTTCTGACAACCATAAAGGTC~CCTGCTGCATCAAGG 
TGGTCAAAClTTANACCGTITAGCTGAïT.GTCCCACATATCCïGM'CG 
AGTNTGTrGAATCANGTANCACAATAGGTGAAGATmANANGATAC 
ATTAACGTGmrGTAAGATCCAcrAAGACTGGAAGAAAAmGTGATG 
TCA~Cï~GTNTCCAGGAAAAGATCA~ATGNATCAACrGlTGTGTG 
NNNTrcTGTCAGGAcNTGATACcTGTAAGAACAGC~CGA(3TCAN 
CCNNlTNNATGGCiTCCACGGTTCATATGTAGA~AT~ATCGT 
NGCCCNNTGANAAGTGïTTGCCCGCCCGTïCCTGCGGTCTCATACW 
NTATGCTNCïATCTATTGCTI'NTCCACTGATGNGACCTCATAïTA 
AppendUr B.2 



The 589 bases that align to MP (from merging the resuits of two independent 
sequencing mns) 

CïTTGTACCïïGGTGTAAGïTCGGACACGTGGCGTTGCAAGïTïCïûCC 
ATGAGCmAcTA?TcTGCTGCAGAAGACTAGTATCATcAAAATcAA 
CATTrnGAAGAAGTACCACff GTI'CCTCCAGAGTT'ATCTTGGCGAG 
AGAAGGCCTGTGAGTCTGCAAAGCT'AGCAGATGTGATCTGTGACI'GCA 
CATCïïGAGCAAAGCTGTTGmGGAACI'CGGTTTmGATGGCACAG 
AAGTCATCAAGAACTGTGTTTGAGAGTGGAGGAGGATCTAGAATGTTG 
c T G ' I T T G T G c T A T T A C T C A T G C A C A T G c  
CTGCTGCATCAAGGGACTGAACTGGTCCAAAmANACCG~A~ 
GATïGTCCCACATATCCTGAAATGAGTTTGïTGAATCAGGTANCACAA 
TAGGTGAAGATTCGTT'AAAGGATAGCAïTAACGGïTGCïTGTAAGATC 
CANCTAAAGACTGGAAGGAAAANACCTGTGATGTCAGCI% 
TCCAGGAAAAANANTNcAmAnGGATCANAff GT 




