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Abstract

Three approaches were used in this study to examine the roles of the polyamines putrescine, -
spermidine, and spermine, and the regulation of their synthesis, during growth of
Arabidopsis.

In the first approach, plant tissues werc trcaled with polyamines, as well as chemical
inhibitors of key polyaminc biosynthetic enzymes, in order to assess effects on overall
phcnotype. It was noted that addition of polyamines moderaiely inhibited production of
lateral and adventitious roots when added in conjunction with auxin. When added alone
however, they had no effcct on root growth. Treatments with various inhibitors depressed
shoot and root growth, although all inhibitors promoted early initiation of lateral roots
rclative to untreated conirols. Transcript lIevels of the genes ADC, SAMDC, and SPDS
increased or decrcased according to specific treatment.

In the seccond approach, Arabidopsis was transformed with genes from the Ri T-DNA of the
bacterial plant pathogen Agrobacterium rhizogenes, tesulting in marked allerations in
phenotype analogous to polyamine inhibitor trcatment. It has been suggested in the literature
that the altcred phenotype of similarly-transformed tobacco plants containing the the Ri T-
DNA, is due to reduced in vivo titres of polyamines. This hypothesis was supported by
obscrvations that Arabidopsis transformants produced in this study also cxhibiled reduced
levels of polyamines. Exogenous polyamines did not ameliorate the transformed phenotype
however, despitc the restoration of normal cendogenous polyamine titres. Subsequent
cxperiments suggested that factors such as alterations in auxin sensitivily or perceptioti rather
than polyamine lcvels per se, are causal 10 the aliered morphology in Arabidopsis due to the
Ri T-DNA.

Thirdly, in a more direct attempt to study specific allerations in polyamine metabolism mutant
lines of Arabidopsis resistant to high levels of the inhibitor MGBG were isolated. Genetic
analysis suggcested that the resistant phenotype scgregated as a recessive trait, though some
variability in penctrance was observed in offspring. Further characterisation of the mutants
suggested that resistance may be duc to the high titres of free, conjugated, and bound
spermidine detected in these plants.,




CHAPTER 1:

GENERAL INTRODUCTION

1-1 BIOSYNTHESIS OF POLYAMINES IN PLANTS

POLYAMINES ARE SMALL, positively charged molecules that are present in all organisms, In
plant cells the major polyamines, putrescine, spermidine, and spermine can be found in three
forms: (i) as Jrec molecules, (ii} conjugated to hydroxycinnamic acids, or (iif) bound 0
macromolecules. They have been implicated to play important roles in an array of growth
and developmental processes (Galston, 1983; Tabor and Tabor, 1984; Evans and Malmberg,
1989). The synthesis of the diamine putrescine in plants can be via the decarboxylation of
cither argininc or ornithine by the action of arginine decarboxylase (ADC) or omithine
decarboxylase (ODC), with arginine being first converted by ADC to the intermediate
agmaline in this process (Figure 1-1). The decarboxylation of S-adenosylmcthionine (SAM)
by S-adenosylmethionine decarboxlasc (SAMDCY) gencrates an aminopropyl group which is
added 10 putrescine to produce spermidine via spermidine synthase (SPDS).  The subsequent

addition of an amino propyl group o spermidine by spermine synthase (SPMS) results in the
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production of spermine. SAMDC is recognised as an important enzyme for polyamine

biosynthesis as it competes for available SAM with the ethylene biosynthesis pathway.

UREA CYCLE
nase

ORNITHINE -t ARGININE
opC / ADC
o METHYLTHIO- el
METHIONINE ADENOSINE Y INE &
(MTA] PUTRESCIN
SPDS

5”5”05‘"-:‘:;‘“10“‘“5 " DECARBOXYLATED '
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! Y

MTA
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Figure 1-1: The biosynthetic pathway of polyamines in plants

The polyamines putrescine, spermidine, and spermine are produced from ornithine or arginine
via the respective enzymes ornithine decarboxylase (ODC) and arginine decarboxylase (ADC).
Arginine can undergo conversion to ornithine via arginase.  §S-adenosylmethionine
decarboxylase (SAMDC) catalyses the conversion of S-adenosylmethionine (SAM) to
decarboxylated S-adenosylmethionine (dcSAM), which donates an aminopropyl moiety for the
production of Spd from Put via spermidine synthase (SPDS), and also for the production of
Spm from Spd via spermine synthase (SPMS).

Arabidopsis cDNA sequences representing ADC (Watson and Malmberg, 1996), SPDS
(Hashimoto ef al., 1998), and SAMDC (Franceschetti ef al., 2001), and have recently been
cloned, whereas ODC has not been isolated and is suggested io be absent from Arabidopsis
(Hanfrey et al., 2001). It is proposed that the Arabidopsis genome has evolved from an
ancestral duplication of the whole genome, followed by extensive localised areas of fusther
gene duplication (The Arabidopsis Initiative, 2000). This may account for the identification
of two active copies of ADC in Arabidopsis (Watson et al., 1997) and six genes for SAMDC,
although four of which appear to be defective and not expressed (Franceschetti ez al., 2001).

Expression of ADC is suggested to be regulated by translational and/or post-transiational
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mechanisms, due to the lack of correlation between ADC activity and mRNA levels (Pérez-
Amador er ai., 1995; Borrell er al., 1996). One of the two ADC genes in Arabidopsis has
been shown to be inducible by osmotic siress (Soyka and Heyer, 1999). From studies in
Arabidopsis it is suggested that ADC is likely to be a head-to-1ail homodimer which is formed
before processing (Hanfrey er al., 2001). In animal systems, ODC is reported 10 undergo
regulation at both the transcriptional and translational levels (Porier and Bergeron, 1988} and
is responsive o feedback regulation by endogenous polyamine levels (Heby and Persson,
1990), which has also been noted in plants (Slocum, 1991). The cloning of ODC from
Datura found that the long 3° untranslated region involved in rapid tumover of the
mammalian enzyme is absent from the plant gene (Michael ez al., 1996). Analagous 10 ODC,
Sta:e0 v 77 was found 10 have a long leader sequence which may be involved in
pecunp o e g etal, 1996). In plant SAMDC genes, a short conserved open reading
f.oo0o wae Jentified in the long 57 untranslated leader sequence (Mad Aril er al., 1994;
eavheier nd Schrdder, 1995). It was subsequently demonstrated that there are in facl two
highly conserved, overlapping upstream open reading frames within the 53° Jeader scquences,
which are suggested to be involved in translational regulation (Franceschetti er al., 2001).
Spermidine symhzise has been suggested 10 undergo post-translational modification
(Hashimoto er al., 1998) or possibly exist within plant cells as a siable multienzyme complex
(Bagga et al., 1997). The latier proposal was based on in vitro activity leading 1o the
production of spermine and other minor polyamines, in conjunclion with spcrmidine from
putrescine (Bagga et al., 1997). The regulation of the key poyamine biosynthetic genes will

be discussed in further chapters of this study.

1-2 LOCALISATION OF POLYAMINES AND POLYAMINE

BIOSYNTHETIC ENZYMES

While polyariines arc synthesised within the cytoplasm, they have also been shown 1o be
localised to se- + .} organclles within plant cells (Colombo ef al., 1992). Localisation of

polyaminges w3 1 :n the mitochondria and vacuole (Colombo et al., 1992) has been reported
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in Arabidopsis, carrot (Pistocchi er al., 1988) and Neurospora crassa (Davis and Ristow,
1991). In addition, two N. crassa mutants, spe3 and prul, which accumulate very high
levels of putrescine, both sequester large excesses of putrescine in vacuoles (Davis and
Ristow, 1991). It is suggested that localisation of polyamines o the vacuole may act as a

storage mechanism (Colombo er al., 1992).

Localisation of polyamincs to extraccllular spaces has been suggested to be important for the
initiation of their long distance transport in plants, or their mctabolism by diamine or
polyamine oxidases (Colombo ef al., 1992). It has been reporied that free and conjugated
{forms of polyamines undergo differential localisation in tobacco (Allamura ez al., 1993), and
differential transport in Ricinus commumis (Antognoni et al., 1998). In the latter plant, {ree
polyamines arc present in the phloem sap, whercas conjugated {orms are sequestered in

vacuoles and therelorc unablc to enter the sieve wbe cytosolic fluid.

Gradients of polyaminc levels exist within plants, and high titres are found in dividing
tissucs and developing organs (Allamura et al., 1993). Higher titres have beer found in
actively growing plant tissues including carrot somatic cmbryos (Feirer ez al., 1984), tobacco
thin ccll Jayers (Torrigiani ef al., 1987A), cycling cells of Helianthus tuberosus (Torrigiani et
al., 1987B), Chrysanthenum plants during flower initiation (Artbaud and Martin-Tanguy,
1994), potato during tubcrisation (Mader, 1995), embryogenic tobacco pollen (Garrido et
al., 1995), and differentiating maize callus (Bernet er al., 1998). In addition, treatment with
auxin or cytokinin stimulated organogenecsis and also increased polyamine accumulation in
cggplant cotyledon explants (Scoccianti e al., 2000). A comparable situation has also been
observed in mammalian tissues, with several reports demonstrating incrcascd uptake and
clevated levels of polyamines in rapidly dividing cancer cclls (Moulinoux er al., 1984;
Moulinoux ef «f., 1989; Sccmama et al., 1989; Nicolet et al., 1990; Moulinoux et al., 1991;

Khan et a¢f., 1994).

In plants, gradicnts of polyamine levels appear to be the result of activitics of polyamine

biosynthetic enzymes in various tissues. High aciivities of ADC and ODC, have been
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reported, for example, in growing celis of tobacco (Altamura ef al., 1993), and cotyledons of
R. communis (Antognoni er al., 1998). ODC, ADC, and SAMDC, activitics have also beén
specifically localised 1o chloroplasts in Pinus radiata and mitochondria of Helianthus
fuberosus (Torrigiani er al., 1985). The authors also noted differences in the activitics of
cach of these enzymes in the different organelles—a factor suggested to reflect the
compartmentalisation of the enzymes (Torrigiani ef al., 1985). In Zea mays, ODC was
localised mainly in meristcmatic zones due io relatively high specific activity in primary and
lateral roots (Schwartz et al., 1986). In oat, ADC was localised to the thylakoid membrane
of chloroplasts through the use of ADC-specific antibodies (Borrel ef al., 1995). The
authors suggest that localisation of thc ADC enzyme to the chloroplasts may explain why
animals do not posses ADC, and hence the ability of plants to use both ODC- and ADC-
mediated pathways for putrescine production (Borrel ef al., 1995). Activity of SPDS was
{found to be high in meristematic shoot tip and floral bud tissues in alfalfa, suggesting that

polyamines may be involved in ccll division (Bagga et al., 1997).

The localisation of enzymes involved in polyamine degradation, including acetylputrescine
oxidase, acetamidoaldehyde dehydrogenase A, and acctamidoaldehyde dehydrogenasc B,
andd acetamidoalkanoate deacctylase, have also been found within the peroxisome,
mitochondria, and cytosol respectively in the yeast Candida boindini (Gillyon et al., 1987).
Aminc oxidases have also been localised o cell walls in tomato, pea, (D’Orazi and Bagni,
1987), and maize tissues {Slocum and Furey, 1991), and also found in lateral root cap cells,
vascular tissues of roots, developing leaves, the hypocotyl, stylc and stigmatal tissuc of

Arabidopsis (Moller and McPherson, 1998).

1-3 UPTAKE AND TRANSPORT OF POLYAMINES

It is believed that regulation of polyaminc icvels in mammalian, yeast, and bacterial cells

involves an interplay between biosynthesis and uptake and/or transport of polyamincs to
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various tissues and cell types {Alhonen-Hongisto et al., 1980; Syers and Pegg, 1990; Grillo
and Colombatto, 1994). |

It has bcen proposed that at low polyamine concentrations, uptake may be carrier-mediated
(Di Tomaso ef al., 1992A; Di Tomaso et al., 1992B; Antognoni et al., 1994), whereas at
high concentrations, simple diffusion may be the main transport process {Antognoni ef al.,
1994). Radio-labelied polyamines have been widely used to study cellular polyamine
transport. Using carrot protoplasts, such an approach demonstraied that while celt surface
binding is important for polyamine uptake, transport does occur across the plasmalemma and
tonoplasts (Pistoccht er al., 1988). The existence of a linear polyamine concentration
gradient across the plasmalemma and observations that uptake is pH-dependent and saturable
at low polyamine concentrautions, further suggested that a carrier-mediated process is
responsible for polyamine transport into organelies (Pistocchi ef al., 1988). In addition,
polyamine transport is suggested to be both energy- and tcmperature-dependent, and in the
presence of excess polyamines, is saturable in mammalian cells (reviewed in Seiler and
Dezeure, 1989; Nicolet ef al., 1990). An analogous situation was also noted in cultured
apple inflorescences, in which polyamine uptake was found to be rapid, non-polar, and

dependent on both temperature and relative humidity (Pistocchi and Bagni, 1991).

1:3-1 POLYAMINE TRANSPORT SYSTEMS

Several different polyamine transport systems have been [ound in a range of species. In
E. cofi, for example, three putrescing transport systems exist; onc of which is also involved
in spermidine transport, and another involved in pun -suinc excretion (Kashiwagi ef al.,
1991 Suruchi et al., 1991; Pistocchi et al., 1993). A specific polyaminc transport sysiem
has also been identified in the fungus N. crassa (Davis and Ristow, 1988) and in the yeast
Saccharomyces cerevisine (Kakinuma et al, 1992). In mammalian tissues, several
ransporters specific o cell-type have been discovered (Kumagai and Johnson, 1988; Byers
and Pcgg, 1989; De Smedt e al., 1989; Kumagai et al., 1989; Seiler and Dezeure, 1989).

Interestingly, in most cultured mammalian cells putrescine, spermidine, and spermine are

s i
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often taken up from nutrient media via activity of one transport system (reviewed in Seiler
and Dezeure, 1989). There are exceplions in which more than one transport system has been
identified, however, with each having different affinities for different polyamines (reviewed
in Bagni and Pistocchi, 1991). In a rat tumour cell line, for example, two different
transporiers of putrescine and spermidine exist, onec of which was specific for the
aminopropy! groups found on spermine and spermidine (Nicolet et al., 1990). In addition,
MGBG, a structural analogue of spermidine, has been suggested 10 share the same uptake
system as spermidine in animals (Alhonen-Hongisto et al., 1980; Porter and Sufrin, 1986)
and plants (Tassoni et al., 1996), although at low concentraions of MGBG, separale
transport systems may operate in plants (Antognoni et al., 1999). There is also evidence, for
a lack of specificity in polyamine-transporting systems. Unrelated triammines with chain
lengihs similar to those of spermidine and spermine have been shown io effectively inhibit
the transport of polyamines in a L1210 leukacmia cell line (Porter ez al., 1984). Mammakan
Chinesc Hamster Ovary (CHO) cells lacking a functional polyamine transport system retain
the capacity to take up bis(benzyl) polyamine analogues, {urther demonstrating variation in

specificity of polyaminc transport (Byers et al., 1990).

It was initially believed that putrescine may pass through inward rectifying K* channels of
the plasma membrane (Colombo and Cerana, 1991). Subsequent studies investigating the
presence of polyamine transport channels across both the plasma membrane and tonoplast in
Arabidopsis protoplasts and vacuoles found that slow-developing vollage dependent currents
ar¢ detected when polyamines are present (Colombo et al., 1992). This suggests that ion

channcls, selective for polyamines, may exist in Arabidopsis cells (Colombo et al., 1992).

Interestingly, K* is found to stimulatc spermidine-binding to the plasma membrane of
zucchini hypocotyl cells (Tassoni et al., 1996). Recendy. it has been demonstrated that
clevated exogenous [K*] can also induce the excretion of putrescine from the cytoplasm of

barley seedling roots into the external media (Tamai, et al., 2000).
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Transport of polyamines in animal cells in culture was found 10 be important in regulating
intracellular polyamine concentrations, following observations that the transport pathway is
sensitive to changes in polyamine content of cells (Byers and Pegg, 1990; Grillo and
Colombato, 1994). DFMO treatment of CHO cells. or polyamine starvation of CHO cells
lacking an active ODC, for example, were found 1o not only decrease polyamine titres, but
also increase the transport of polyamines into such cells from surrounding media (Athonen-
Hongisto et al., 1980; Byers and Pegg, 1990). Conversely, polyamine-feeding to CHO cells
produced a decreasc in polyamine transpott, such that polyamine titres were found to be
similar to levels noted in untreated controls (Byers and Pegg, 1990). These results suggest
that regulation of polyamine transport is rapid, and sensitive (o changes in intracellular
polyamine titres. It has been proposcd that the capacity [or a polyamine transport system is
an adaptational response of cells to changes in polyamine requirements (Seiler and Dezeure,
1989). ﬁ has been demonstrated, for example, that the soil bacterium, Azospirillum
brasﬁense,. incrcases polyamine upiake from nutrient media following exposure to 2.4,-
Dichlorcphenoxyacctic acid (Mori er al., 1993) in order to prevent toxic effects of the

treatment by restoring normal intraccllular polyamine concentrations.

Treatment of CHO cells with a proicin synthesis inhibitor, cyciohcximide, demonstrated that
while protein synthesis was required (o upregulate transport of polyamines in response to
polyamine depletion, it was not necessary for the process of down-regulation of polyamine
transpori (Byers and Pegg, 1989). Control of cellular polyamine titres in mammalian cells
may involve an active outward transport system (Seiler, 1987). In addition, in mammalian
cells it is reported that reguiation of polyamine uptake may be via an inhibitory protein,
similar 10 antizyme, which regulates ODC. Indced, enhancement of polyamine transporti in
several different cell types is suggested to be linked to the stimulation of this inhibitory
protcin by polyamines themseclves (Murakami et al., 1992; Michell er al., 1994).
Furthermore, as the puul mutant of N. crassa concentrates putrescine {rom the growth media
due 10 reduced Ca™ sensitivity of the polyamine transport system, the suggestion has been
made that putrescine uptake is normally regulated by a Ca™-binding protein that restricts

polyaminc uptake (Davis ef al., 1990).
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1-3-2 LONG DISTANCE TRANSPORT OF POLYAMINES IN PLANTS

In plants, free polyamines are suggested to be capable of long distance transport and this is
supported by observations that the diamines putrescine and cadaverine readily migraic in
phloem in rice (Yokota er al.. 1994). The polyamines, spermidine and spermine, are morc
restricted in their movement however, suggesting that the mobility of these molecules is
inverscly proportional to the number of aniino groups (Yokota et al., 1994). Increased
polyaminc titres are also noted in the phlocm of R. communis (Antognoni ¢f al., 1998) and
also Sinapis alba (wild mustard) following floral induction (Havelange et al., 1996). In
addition, a deiay in flowering of S. alba caused by the typical application of DFMO correlates

with a decrcase in putrescine levels in leaf exudates (Havelange et al., 1996).

1-3-3 BINDING OF POLYAMINES TO CELLULAR COMPONENTS

Subcellular distribution and uptake of polyamines in plants is suggesied to involve at lcast
two overlapping process; clectrostatic interactions of positively-charged polyamines with
ncgatively-charged cell wall components, and active uptake and transport of polyamines
across the plasmalemma of cells (Pistocchi er al., 1988). The capacity of polyamines to bind
to various negatively-charged cellular components, such as nucleic acids and phospholipids,
has been well documented (reviewed in Bagni and Pistocchi, 1991). In tomato cells
polyamines bind to negatively-charged pectin substances in the cell wall (D’Orazi and Bagni,
1987).  Furthermore, in tomato and carrot cells, polyamines bind (0 membranc
phospholipids and compete with Ca* and other cations, for the same anionic sites on
mcmbranes (D°Orazi and Bagni, 1987; Pistocchi er al., 1988). Interestingly, uptake into
carrot cell cultures is shown o be not only dependent on pH, but also stimulated by clevated
[Ca™] (Pistocchi and Bagni, 1991). In N. crassa, virtally all spermidine found in growing
cells is sequestered to internal anionic binding sites, with excess, qnbound spermidine

excrcled from cells (Davis and Ristow, 1989). 1t is suggested that, a§\1hc regulation of

enzyme levels and activity is a relatively slow process, therc is some -advantage in
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maintaining polyamine pool size via intraceliular binding and excretion (Davis and Ristow,
1989). Excretion of polyamines is also thought to be an important regulatory step in
maintaining polyamine titres in mammalian cells, despite the [act that cukaryotic cells release
only small amounts of these molecules. While the release of polyamines is not thought to be
energy-dependent, changes in both {Na*] and {Ca**] are thought to be involved in regulating

this process {Grillo and Colombatto, 1994).

The presence of primary amino groups within polyamines are suggested to be of critical
importance {or uptake to occur (Porier et al.., 1982; Porter and Sufrin, 1986; Hesion et al.,
1987, Chang et al., 1988). Hence, the recognition of polyamines by a transport sysicm may
bc based on the presence of negative charges on cell membranes, spaced at distances
corresponding to those of the positively-charged nitrogen atoms of polyamines (revicwed in
Sciler and Dezeure, 1989). Studics with spermidine analogues showed that the primary
amino groups of spermidinc at positions 1 and 8 in particular, are [ound to be critical for
binding specifically to membrane proieins (Tassoni et al., 1996; Tassoni et al., 1993).
Furthermore, the four nitrogen atoms of spermine impart a stronger capacity for binding to

plasma membrane proteins in zucchint, than the triamine speridine (Tassoni ef al., 1996}

1-4 EFFECTS OF POLYAMINE BINDING IN MEDIATING

CELLULAR PROCESSES

In animal cells, polyamines can conjugate with acetic acid to form acetyl derivatives, whereas
in plants, polyamines can covalently bind to hydroxycinnamic acids such as [erulic, p-
coumaric, and calfcic acids (Martin-Tanguy, 1997). Such conjugates occur at high levels in
plants, and in some specics, they arc the predominant form of polyamine (Slocum and
Galston, 1985; Tiburcio et al., 1987, Burtin et af., 1990; Aribaud and Martin-Tanguy,
1994B; Michacl er al.,, 1996). The exact roles of conjugaled polyamines arc unclear,
however, they have been correlated with developmental processes including floral initiation

(Aribaud and Martin-Tanguy, 1994A; Tarenghi and Martin-Tanguy, 1995; Havelange et af.,
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1996}, germination (Bonneau ef al., 1994B), and root formation (Burtin et «/., 1990), and
are also proposed to be indicators of stress in plants (Campos et al., 1991; Scaramagli et al.,
1999A). Comjugated polyamines will be further discussed in Chapters 4 and 5 of the present

study.

The capacity of polyamines to bind to several different cellular components, such as nucleic
acids, phospholipids, and other negatively-charged proteins residing in cell membranes, as
well as pectin in cell walls, may have biological significance (Kashiwagi et al., 1986;
D’Orazi and Bagni, 1987; Mizrahi et al., 1989). The binding of polyamines to nucieic acids,
for exsmple, is thought to increasc stability of mRNA thereby improving translation and
protein synthesis (Cocucci and Bagni, 1968; Quigley et al., 1978). In addition, the
interaction of polyamines with ccll membranes is thought (o be an inlcrmediate siep in
ccllular evenis in animai cells such as aggregation and fusion of liposomes (Schuber et af.,
1983), or regulation of (L“az* fluxes in membrane responscs (Koenig e al., 1983). A role for
polyamines in influencing signal transduction mechanisms is also noted in cultured tobacco,
~«cumber, and Arabidopsis cells, in which addition of polyamines have both marked
posilive and negative cffects on protein phosphorylation at concentrations corresponding 1o

endogenous levels (Ye et al., 1994).

Polyamines have recently been reported (o target inward K* channels in guard cells of plants,
with a possible role in plants of modulating stomatal movements (Liu et af., 2000).
Furthermore, cutting injury to root scgments of pca and maize causes endogenous
polyamines to be relcased, which in wurn inhibit transport proccsses across the plasma-
membrane, specifically K* uptake and H* extrusion (De Agazio et al., 1988; De Agazio et
al., 1989). Interestingly, it was noted that following treatment of cells with aminoguanidine
o inhibit diamine oxidasc, an cnzyme involved in putrescine metabolism, that the
degradation products of putrescine oxidation, rather than putrescine itself, arc more active in
inhibiting K* uptake (Dc Agazio er al., 1989). A further role for polyamines in plant
responses 1o injury is also suggested following observations that application of poly-L-

omnithine, or a combination of Ca** and spermine, activates a 1,3, B-glucan synthase,
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producing callose which acts as a transient cell wall material after injury in soybean (Fink et
al., 1987). Polyamines also increase efflux of monovalent meial ions such as Na*, K* and
Mn*, which affect photochemical activity of chloropiasts in rice and pea cells (Chatiopadhyay

and Ghosh, 1990).

1-5 AIMS OF THIS STUDY

The scientific hicrature contains many reports, some conflicting, of polyamine involvement
during plant growth proccsses. To some exient, these contradictions may be a result of
species-specific and cell-specific roles of polyamines. Furthermore, due to antagonism with
ethylenc btosynthesis, the developmental age of tissues studied may have contribuied to the
varicd results.  The ubiquitous nature of polyamines, however, and their established
corrclations with many aspects of piant development, warrant {urther experimentation o

clarily the in vivo roles of polyamincs.

The aims of the present study were to appraise three different approaches for examining
alterations in polyaminc levels and growth and development of Arabidopsis. Initially few
studics involving polyaminc metabolism had focuscd on Arabidopsis, although the number
of published reports dealing with this topic has increased recently. The present study sceks
to contribute information regarding this model plant, which may also be applicable to other

species.

The first approach involved treating plants and plant tissues cultured in vitro with chemical
inhibitors that target key polyamine biosynthetic enzymes, to delermine the cxtent of
depletions of polyamine titres in vivo and effects on growth and development. Analogously,
cffects of cxcess levels of polyamings were also assessed following application of
polyamines themselves to plants.  Such treatments of tissues in other species have been

shown to cause cither negative or positive regulation of a range of growth processes which
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can be correlated with altered titres of polyamines. This study sought to clarify the extent of

similar responscs in Arabidopsis. d

The second approach involved the generation of transformed Arabidopsis plants containing
genes {rom the Ri T-DNA of Agrobacterium rhizogenes. An hypotbesis exists in the
literature (Martin-Tanguy et al., 1990; Burtin et al., 1991) based on experiments involving
tobacco, that a dircct corrclation between transformed phenotype and reduced poivamine
conicnl. Analysis of phenotype, polyaminc titres, and the expression pattern of polyamine
biosynthetic genes in Arabidopsis transformants containing Ri T-DNA sought 1o test this

hypothesis.

The third procedure involved aticmpts at isolaling novel mutants of Arabidopsis possessing
altcrations in polyamine mctabolism. This was done with a view {0 using such mutants 10
gain insights into regulation of polyaminc metabolism in vivo and effects of genetic
pertutbations upon growth and development. Screening methods were based on resistance
to high levels of polyamines or polyamine biosynthetic inhibitors in order to isolaic mutants

with deregulated expression of the polyamine biosynthetic genes.




CHAPTER 2:

MATERIALS AND METHODS

The letters (g.v.) after a reagent name or method name is an abbreviation of guod vide and
denotes a cross-reference for that item.,

2:1 GENERAL SOLUTIONS AND REAGENTS

Agarose: [ICN Biomedicals Inc.] Dissolved in single-strength TBE buffer; generally, 0-8%
agarose was uscd unless otherwise stated.

Chloroform:Isoamyl Alcohol: 24 parts chloroform [BDH Chemicals] to 1 part isoamyl
alcohol [BDH Chemicals].

Denaturer: 1-5M NaCl, (0-5M NaOH. pH adjusted until over [2.

Denhardt’s Solution: A 50X stock was made and filtered; 1% (w/v) Ficoll (Type 400),
1% (w/v) soluble polyvinylpyrrolidone, 1% (w/v) BSA (Fraction V).

dNTPs: A ANTP mix was made containing the nuclcotides dATP, dCTP, dGTP, and dTTP,
each at a concentration of 0-2mM.

EDTA: [ Astral Scicntific] A 0-5M stock was made. pH adjusted 1o 8-0 before autoclaving.

Ethidium Bromide: [Sigma] A 1% (w/v) stock was madc and stored in the dark at 4°C.

Gel-Loading Buffer: A 6X stock was made; 0:25% (w/v) bromophenol blue, 0-25%
(wiv) xylene cyanol FF, 15% (w/v) ficoll type 400.
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Hybridisation wash (low stringency): 3X SSC, 0-5% SDS.

Hybridisation wash (medium stringency): 0-5% SSC, 0-5% SDS.

Hybridisation wash (high stringency): 0-1% SSC, (0-5% SDS.

MgCl,: 25mM stock (Promega]; for use with Taq DNA polymerase [Promcga]

MOPS buffer (1X): 0.2M 3-[N-morpholino}propanesulfonic acid (MOPS); 0.05M NaAc;
0.01M EDTA

Neutraliser: 1-5M NaCl, IM Tris. pH adjusted to 8-0 with concentrated HCL.

PCR Buffer: A 10X stock of magnesium-free thermophilic buffer [Promegaj.vas used in
conjunction with Tag DNA polymerase [Promegal.

Phenol: 500g of phenol [Wako] was melted and washed twice in 500mL of 0-5M Tris-
HC], 0-05M EDTA (pH = 8-0) and stirred for 60 minuics. A further wash was
performed using 1000mL - 1M Tris-HCI, 0-01M EDTA (pH = 8-0) and stirred {or
30 minutes. The pH was checked with indicator paper, and adjustcd to §-0.

pH Standards: {Activon] Capsules for pH 4 and pH 7 solutions were dissolved in MQ
waler,

Prehybridisation Solution: 5X SSPE, 5X Denhardt’s solution, 0-5% (w/v) SDS,
0-04mg/mL salmon sperm DNA.

RNase A: A 10mg/mL stock was made in 10mM Tris-HCl (pH = 7-5) and 15mM NaCl.
The solution was boiled for 15 minutes and allowed to cool to room tcmperature,
before storage at -20°C.

RNA loading buffer: For 1.5mL, add 0.72mL formamide, 0.16mL 10X MOPS buffer,
0.26mL 37% formaldehyde, 0.18mL water, 0.1mL 80% glycerol, and 0.08mL of a
saturated solution of bromophenol blue.

RNA hybridisation wash 1 (low stringency): 2X SSC; 0.05% (w/v) SDS.

RNA hybridisation wash 2 (medium stringency): 0.1X SSC; 0.1% (w/v) SDS.

Salmon Sperm DNA: A Smg/mL stock was made.

Sephadex G-50: 5g Scphadex G-50 (DNA grade) [Pharmacia Biotech.] was added to
80mL sterilc MQ water. The swollen resin was washed with sterile MQ water
several times, and then equilibrated in TE (pH = 7-6) before autoclaving.

Sodium Acetate: 3M stock. pH adjusted to 6-0 with acctic acid before autoclaving.

SSC: A 20X stock was madc; 3M NaCl and 3M sodium acetate (or sodium citrate). The pH
was adjusted to 7-0 with 10M NaOH before autoclaving.

SSPE: A 20X stock was made of {75g NaCl, 31-2g NaH,PO,. The pH was adjusted to
7-7 with NaOH before the addition of 0-5M Na,EDTA, before autoclaving.

Tris-Borate buffer (TBE): A 10X stock was made; 0-09M Tris-Borate, 0-002M EDTA.
pH should be 8:3 without adjusiment.

TE: 10mM Tris, lmM EDTA. pH adjusted to 8-0 before autoclaving.

Tris: A 2M stock solution was made and the pH was adjusted to 7-5 with a Tris-compatible
pH clecirode before autoclaving.
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2-2 BACTERIAL METHODS

2:2-1 SOLUTIONS AND MEDIA

Luria Bertani (LB) Broth: 1% (w/v) tryptone {Oxoid], 0-5% (w/v) yeast extract
[Oxoid], 1% (w/v) NaCl. pH adjusted to 7:5

LB agar: As f{or LB broth, but 1-5% (w/v) agar [Difco Bacto] added before autoclaving

Yeast Mannitol Broth: 0-05% (w/v) K,HPO,, 0-02% (w/v) MgS0,, 0-01% (w/v) Na(l,
0-04% (wiv) yeast extract, 1% (w/v) mannitol. pH adjusted 1o 7-0 with 1M NaOH.

Tryptone Yeast Broth: 0-5% (w/v) iryptone, 0-3% (w/v) yeast extract. pH adjusted to
70 with 1M NaOH.

Transformation and storage buffer (TSB): In LB broth (pH = 6-1), make up; 10%
PEG (MW = 3350), 10mM MgCl,, 10mM MgSO,, and 5% DMSO (add prior to use).

X-gal: A 100mg/mL stock solution was prepared by dissolving the powder [Progen] in
N,N-dimethylformamide (DMFO) {BDH Chemicals]. The solution was filter
sterilised with a 0-45um filter unit and stored in the dark at -20°C.

IPTG: A 0 1M stock solution [Progen] was prepared and filter sterilised with a 0-45um
falter unit before storage in the dark at -20°C.

2:2-2 ONE-STEP MINIPREP FOR THE ISOLATION OF PLASMID DNA

750uL of an overnight culture of E.coli was added to a microcentrifuge tube containing an
cqual volume of phenol:chloroform:isoamyl alcohol (25:24:1) and vortexed for one minuie.
The tube was then centrifuged for five minutcs, afier which 600uL of the upper, aqucous
layer was removed and transferred to a fresh tube containing 750pL of isopropanol. This

was mixed and immediately centrifuged for a further five minutes. The supematant was
removed and S00uL of 70% cthanol was carcfully added to the side of the tube. This initial
cthanol was removed before another S00uL was added and was followed by a further five
minute centrifugation. The supernatant was discarded and the DNA pellet vacuumed dry
belore resuspension in S0uL-100uL of TER (TE {g.v.] plus 20ug/mL RNase). SpL-t0pL of
the plasmid DNA was electrophoresed to check quantity and quality before it was used in a
restriction digest.

2:2:3 WIZARD MINIPREP FOR THE ISOLATION OF PLASMID DNA PRIOR TO
SEQUENCING

This mcthod is as per “Wizard™ Minipreps DNA Purification System Technical Bulletin”,
Promega, Revision: 1/94, Scctions Il and V.

I-5mL of an overnight culture was centrifuged for two minutcs. The pelleied cells were
resuspended in 200pL of Cell Resuspension Solution before the addition of 200uL of Cell
Lysis Solution. The cells were mixed by inverting the tube several times until clear. 200uL
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of Neutralization Solution was added, and again the tube inverted several times. This was
centrifuged for five minutes, after which, the cleared supernatant was transferred (0 a fresh
tube. ImL of Wizard Minipreps DNA Purification Resin was added to the supematant and
mixed by inversion. The DNA/Resin mix was pipetted into the barrel of a 3mL disposable
syringe and was injecied into a Minicolumn. In a similar manner, 2mL of Column Wash
Solution was passed through the Minicolumn, before it was removed from the syringe and
transferred 10 a microcentrifuge tube and centrifuged for 20 seconds in order Lo dry the
Resin. The Minicolumn was then removed 10 a sterile microcentrifuge tube and 50puL of MQ
water was added and left for one minutc. To elute the DNA, the Minicolumn was
centrifuged for 20 seconds. The plasmid DNA was stored at 4°C or -20°C.

2:2-4 PREPARATION OF COMPETENT CELLS
50uL of an overnight culturc of E.coli DH50 cells was inoculated into a 10mL LB broth

(g.v.) and grown to the carly log phase. Alter approximately three hours, the growth was
checked using a spectrophotometer, until an ODg,, = 0-6 was rcached. The broth was
poured into a 10mL tube and centrifuged at 3000rpm or 1000 X g for 10 minutes at 4°C. The
pellcted cclls were resuspended in one-tenth of the volume of TSB (g.v.) at 4°C, and
incubated on ice for 10 minutes (the cells were frozen at this stage if required).

2-2-5 TRANSFORMATION

100uL aliquots of compctent cells were pipetted into cold 10mL tubes. To these cells, [0ng
(2uL-5uL) of the ligation mix was added and incubated on ice for 30 minutes. In order to
permit the cxpression of the antibiotic resistance gene, 900uL of TSB (q.v.) containing
20mM glucose was added to the cells, which were then left at 37°C with constant shaking.

Aliquots of the cells ranging from 100uL to 400uL were plated onto antibiotic-containing
agar plates supplemented with X-gal (40mg/l) (g.v.) and IPTG (0-5mM) (q.v.) and
incubated overnight at 37°C.

2:3 PLANT METHODS

2:3-1 GENERAL MEDIA AND SOLUTIONS

Arabidopsis natrient solution: For a final volume of 20L, the following solutions were
added to 1ap water; 100mL of 1M KNO,, 50mL of 20mM Iron EDTA, 40mL of 1M
MgSO,7H,0, 40mL of 1M Ca(NO,),.4H,0, 20mL of micronutrient solution, and
50mL IM K Phosphate.

Micronutricnt spletion: 70mM H,BO,, 14mM MnCl,.4H,0, 0-5mM CuSO,.5H,0,
ImM ZnSO,.7H,0, 0-2mM NaMoO,.2H,0, 10mM NaCl, and 0-01mM
CoCl,.6H,0.
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K Phosphate: 1M KH,PQ, and 1M K,HPO, were mixed together until the pH was
5:5. _

BS Medium: 3-19% (w/v) Gamborg’s BS basal medium with minimal organics [Sigmal,
3% (wiv) sucrose [CSR]. pH adjusted to 6-5 before autoclaving.

Callus-induction medium (CIM): 0-443% (w/v) Murashige and Skoog basal medium
{Sigmal, 2% (w/v) sucrose, 0-05% (w/v) MES [Sigma}, 0-2% (w/v) phytagel
{Sigma]. Alfier autoclaving 500uL of a Img/mL stock of 2,4-D was added per litre of
media.

Chromium trioxide: [BDH Chemicals] A 1% (w/v) solution was made.

Domestos: [Lever] A 10% (v/v) solution was made.

Extraction Buffer (EB): For DNA extractions from planl tissue; 100mM Tris (pH=8-0),
50mM EDTA, 500mM NaCl, 10mM B-mercaptocthanol [Sigma] (added just prior to
use), 20% SDS, 5SM Potassium Acetate (pH not adjusted).

Germination medium (GM): 0-443% (w/v) Murashige and Skoog basal medium, 1%
(w/v) sucrose, 0-05% (w/v) MES, 0:1% (w/v) phytagel.

MS medium: 0-443% (w/v) Murashige and Skoog basal medium, 3% (w/v) sucrose, and
0-18% (w/v) phytagel or 0-8% (w/v) agar.

Shoot-induction medium (SIM): 0-443% (w/v) Murashige and Skoog basal medium,
2% (w/v) sucrose, 0-05% (w/v) MES, 0-2% (w/v) phytagel. Aftcr autoclaving,
250uL of a 20mg/mL stock ol 2iP was added.

2-3-2 GROWTH REGULATORS

Antibiotics

o Ampicillin; As ampicillin sodium for injection [CSL]; A 25mg/mL stock was made and
filter- sterilised using a 0-45um pore-sized filter.

« Kanamycin: As kanamycin monosulfate [Sigma]; A 25mg/mL stock was made and filter-
sterilised using a 0-45pm pore-sized filter.

 Timentin: {SmithKlinc Beccham| A 200mg/mL stock was made and filter-sterilised using a
0-45um porc-sized filter.

Hormones

*2.4-D: 2.4-Dichlorophenoxyacctic Acid [Aldrich Chem. Co.]; dissolved in ethanol as a
Img/mL stock.

o 2iP: 6-(y, v-Dimethyl-allylamino}-purine [Sigma] was dissolved in sodium hydroxide as a
200mg/mL stock and filter-sterilised using a 0-45urm pore-sized filter.

o IAA: Indole-3-Acetic Acid [Sigma); dissolved in ethanol as a 10°”"M stock and then diluted
in MQ water and filter-sterilised using a (-45um pore-sized filter.

* IBA: Indole-3-Butyric Acid (potassium salt) {Sigma]; dissolved in ethanol as a 10"'M stock
and then diluted in MQ water and filter-sterilised using a §-45um pore-sized filter.
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« NAA: Napthalenc Acetic Acid {Sigma] dissolved in sodium hydroxide as a 10"M stock and
then diluted in MQ water and filter-sterilised using a 0-45um pore-sized filter,

Polyamines and precursors

The three polyamines Putrescine (dihydrochloride) [Sigma), Spermidine (tribydrochloride)
{Sigma}, and Spermine (tetrahydrochloride) [Sigma} were made up as concentraled stock
solutions, typically between 100mM and 500mM. The precursors L-omnithine [Sigma] and
L-arginine [Sigma] were made in the same manner as for the polyamines. The pH of the
individual solutions were adjusted to that of the growth media (usually pH = 6-2, for MS
media). They were then filter-sterilised with a 0-45um filter before use or storage at -20°C.

Polyamine inhibitors

The inhibitors DL-o-Difluoromethyl ornithine (DFMO) [Merrell-Dow Rescarch Inc.], DL-a-
Difluoromethyl arginine (DFMA) [both donated from the Merrell-Dow Research Institute,
Cincinnati, Ohio, U.S.A.], methylglyoxal bis-(guanylhydrazone) dihydrochloride (MGBG)
[Sigma), and cyclohexylamine CHA [Sigma} were made in the same manner as for the
polyamincs. '

2-3-3 SEED STERILISATION

Sced sicrilisation was performed in a laminar air flow cabinet using sterile 1-5mL

microcentrifuge (ubes and sterile Pasteur pipettes. Seeds were treated with 70% ethanol for
two minutes with constant, genlle inversion. Using a Pasteur pipette, the secds were
transferred (0 another tube, this time containing a 10% (v/v) Domestos solution (g.v.), and
subjected 1o constant, gentle inversion for 10 minutes. Thereafter, the seeds were removed

and washed in sterile MilliQ® water (hereafter referred to as MQ water) for two minutes
(again, with constant inversion). At least four washes in MQ water were required to
compleicly remove all races of the bicach.

2-3-4 SEED SOWING AND IN VITRO GROWTH

In vitro sowing of sced was performed in a laminar air flow cabinet using sterile Pasteur
pipeites. Afler sterilisation (g.v.), seeds were left in sterile MQ water at 4°C for at least 16
hours (usually 24 to 48 hours) in order to break the seed dormancy. Prior to sowing, the
seeds were aspirzied with a pipetie to evenly distribute them within the water, immediately
after which a small amount of the liquid was drawn up into the pipetie shaft. This facilited
casy sowing of individual sceds onto the surface of the media. Porous Micropore lape was
used to scal the plates, thereby atlowing the exchange of gases and also avoided the build-up
of condensation. In vitre planis were grown under {luorescent light (~60 uE/mYs) at a
constant iemperature (20°C) with a 16 hour photoperiod.
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2-3-5 SEED SOWING AND SOIL GROWTH

The soil mixture required for growing plants consisted of equal proportions of Seed-Raising
Mix [Debeo] and horticultural perlite [Chillagoe]. Punnets were filled with the soil mix and
moistened with Arabidopsis Nutrient Solution (g.v.). After the soil mixture was completely

saturated, the seeds were scatiered onto the soil and the punnets covered with plastic wrap,
before being placed at 4°C for 24 hours 1o break seed dormancy. After 24 hours,
germinating scedlings were placed under constant fluorescent light (~60pE/m®/s), and
maintained at a temperaturc of 18-21°C in greenhouse conditions. Any in vitro-grown plants
that were transfered 1o soil were first gently removed from the media and buried in soil until
the roots were completely covered. The tray was again covered with plastic film and
immediately transferred to the greenhouse. After seedlings had reached the cotyledon stage,
the plastic wrap was removed, and the plants were watered every two to three days with
Arabidopsis nutrient solution.

2:3-6 ARABIDOPSIS CROSSES

Under a binocular microscope, flowers of the recipient were hand-cmasculated by removing

all six stamens with fine forceps. Only unpollinated flowers of the most apical inflorescence
were used. Any pollinated flowers within the inflorescence were removed before ~roceeding
with the crosses. Anthers of mature flowers of the donor were removed, and the pollen
applied to the stigmatic surface of the recipients.

2:3-7T AGROBACTERIUM-MEDIATED TRANSFORMATION OF ARABIDOPSIS
This method is based on that of Valvekens et al. (1988).
Scedlings were grown on GM medium (g.v.) for four-to-six weeks after which the roots

were harvested and incubated on CIM medium {g.v.) in the dark for two days. The roots
were then removed and cut into half centimetre lengths and were added to [reshly-grown
10mL cultures of the AGL1 Agrobacterium strain containing the gene(s) of interest. The
cultures were shaken vigorously 10 completely mix the roots with the bacteria and thee
pourcd through a sterile stainless stecl tea strainer. The root fragments were lightly blottec
onto sterile filier paper and then roughly dispersed onto fresh CIM plates and incubated in the
dark for two days. The roots were then washed in sierile MQ water to remove the surface
bacteria, strained, and blotied before their transfer 10 SIM medium (g.v.) in 2cm deep Petri
dishes.  Selection against Agrobacterium was mediaicd by the inclusion of Timentin at
- 200mg/L in the SIM media. If required, kanamycin was also included (50mg-100mg/L).
Aller three-to-four weeks, the first shoots appecarcd. When their growth approached
approximately Smm in length, the regenerated shoots were excised and transferred to 250mL
glass jars containing 50mL GM medium (¢.v.). The raised lids were sealed with Micropore
tape and the plants grown until seed set.
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2-3-8 LATERAL ROOT PRIMORDIA BIOASSAY

Seedlings were germinated and grown on MS medium (g.v.) until four days afier sowing, at
which they were transferred to MS media containing auxins, polyamines, or polyafninc
inhibitors. Approximately 40 scedlings were aligned on Petri dishes containing the freshly-
made media, ir two horizontal rows, each with approximately 20 seedlings. The plates were
incubated under fluorescent light at 20°C in racks to maintain a vertical orientation. This
allowed the roots to grow down along the surface of the agar, facilitating casy removal of the
plani 1nd scoring of primordia. The seedlings were removed at appropriate time-points and
treated with 1% chromium (rioxide (¢.v.) for 10 minutes, after which they were subjected to
a serics of washes ‘'~ distilled water in order to remove all waces of the stain. The seedlings
were then visualised under a microscope and the number of lateral roots and lateral root
primordia were counted. ¥~ addition, the length of the primary root was measured.

2-3-9 ADVENTITIOUS ROOT PRIMORDIA BIOASSAY

Scven planis were grown per Petri dish containing MS medium (g.v.) until day 19 of growth
(pre-flowering stage) and/or day 26 of growth (flowering stage). Al these time-poinis,
rosetle leaves were removed from rach plant and dissected longitudinally along the main
vein. The resulting two explants from cach leaf were placed on MS media supplemented
only with the auxin 1AA (g.v.) or with JAA and either of the polyamines putrescine (g.v.) or
spermidine (q.v.). Several explants were also placed onto hormone-free and polvamine-free
control media. The same scts of rosette leaves were taken from all plants when gencrating
cxplants, in order 10 remove any developmentally-induced anomalies between different leaf
types. No more than 20 explants werc placed per plate. The plates were incubated
honzontally under fluorescent ¥ight at 20°C for approximately 14-10-21 days, at which
adventitious roots became visible.

2-:3-10 MINIPREP FOR THE ISOLATION OF GENOMIC DNA

3-5mL of 20% SDS was added to 50mL EB buffer (g.v.) while a stcrile mortar and pestle
was cooled with liquid nitrogen. 2g of plant tissue was ground to a fine powder in the
mortar and then 3mL of the extraction buffer/SDS mix was added and further ground. The
powder was then wransferred to a sterile 10mL tube containing 2-5mL of the extraction
buller/SDS mix. This was stored on ice untit all tissucs were ground, The samples were
then incubated at 65°C for 10 minutes, during which the tubes were shzken vigorously
several times. 2mL of potassium acetate was then added (o the extracts and again mixed oy
shaking. A further incubatior. on ice was required for 10 minutes, after which the samples
were centrifuged at 10,000rpm for 20 minutes, and then the supematants were individually
[iltered through Kimwipe tissues into sterile centrifuge tubes. Three-fifths of the volume of
isopropanol was added end the wbe genty inverted to mix, followed by another spin at
10,000rpm for 20 minutes to pellet the DNA.,
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The supernatant was removed and the tube inverted on a paper towel for 5 minules 10 bricfly
dry the pellet. The inside of the tube was wiped with a Kimwipe to remove .any cxcess
isopropanol, and the pellet was resuspended in 700uL of TE. This was left for at least 2
hours at 4°C (often overnight) to ensure complete resuspension. The DNA in solution was
then transferred to microcentrifuge tubes and centrifuged to remove any insoluble material.
The supernatants were then transferred to {resh tubes. RNase was added to each sample to a
final concentration of 50ug/mL and the tube was incubated at room temperature {or 30
minutes. The DNA was phenol-extracted and then precipitated with one-tenth of the volume
of sodium acetate and two-thirds of the volume of isopropanol. The contents were gently
mixed and the tube centrifuged at 10,000rpm for 20 minuies. The supernatant was removed
and the pellet washed in 70% ethanol, followed by air-drying at 37°C until all ethanol had
evaporated. The DNA pellct was resuspended in 50uL-100uL MQ water and the DNA
concentration was estimated by clectrophoresis with known concentrations of standards.

2:3-11 MINIPREP FOR THE ISOLATION OF TOTAL RNA
RNA manipulation techniques

Gloves were worn for all RNA procedures. A separale set of chemicals, glassware,
equipment and consumables were kept for RNA manipulations only. All glassware and
vessels 1o be used for RNA methods were washed successively (with intermitient rinses in
sterilc MQ water) with the following solutions before being used; 0-1% SDS, (-1M NaOH
(cquipment soaked for onc hour at this step), chloroform, and finally, absolute ethanol.

Mini prep isolation of RNA

A 50mL centrifuge tube {Falcon] containing 750uL of TLES buffer (100mM Tris [pH 8.0],
100mM LiCl, 10mM EDTA, 1% (w/v) SDS), and 750uL of RNA grade phenol, was
prepared for cach extraction 1o be performed and then placed in an 80°C waterbath. 0-5g of
plant sissuc was then ground under liquid nitrogen, in a montar and pestle before the ground
powder was added (o the centrifuge tubes containing TLES-phenol solution. The samples
were then vortexed for 30 scconds. 750uL of chloroform-isoamyl alcohol (24:1) was added
to the tubes and the samples were again vortexed for 30 seconds. The mixture was then
divided into two microcentrifuge tubes and centrifuged at 10,000rpm {or {ive minutes. The
supernataint of each sample was subsequently removed (o a clean microcentrifuge tube, and
an cqual volume of 4M LiCl was added. Samples were then kept at 4°C overnight followed
by centrifugation at 10,000rpm for 30 minutes at 4°C. The pellet was then resuspended in
250pL of RNasc-frec MQ water. 25uL of NaAc (pH 6.0) and 500pL of absolute cthanol
were added, and the RN ilowed to precipitate overnight at -20°C. Following precipitation,
thc RNA was pelleted by centrifugation at 10,000rpm for 20 minuies, and was then washed
in 70% cthanol. The pellet was resuspended in 50-100uL of RNase-free MQ water.
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2-3-12 CHEMICAL MUTAGENESIS OF ARABIDOPSIS SEED

Chemical mutagenesis of Arabidopsis seeds was achieved by incubating approximately
10,000 secds (200mg) of the Landsberg erecta ecotype in a 40mM solution of ethyl

methanosulfonate (EMS) (Sigma). The sceds were stirred in this solution for eight hours
beforc the EMS was ncutralised by decanting into a 10M sodium hydroxide solution. The
seeds were rinsed 8 times with 100mL of MQ water over a period of 2 hours. To facilitate
easy sowing, mutagenised sceds were icsuspended in 500mL of cooled 0-15% agar and
dispensed with a pipettc to a final density of 2pproximately 260 seed per punnet. These M1
sceds were allowed to germinate and grow, and resulting M2 seeds were harvesied and used
in experiments screcning for mutants resistant to high levels of MGBG, CHA, or putrescine.
To test the stability of the inhibitors in selection plates, wild-type seed were sown on media
that had been stored at 4°C for two weeks. MGBG had the capacity 10 breakdown or
precipitate to some extent, allowing the growth of sensitive wild-type plants. Thus, resistant
plants had to be identificd during the early growth phase on freshly-made selective media.

2-:3-13 GAMMA-RADIATION MUTAGENESIS OF ARABIDOPSIS SEED

Irradiation of approximately 10,000 sced of the Landsherg erecta ecolype of Arabidopsis
was carried out in the Gammacell 1000 Gamma Irradiator (Isomedix, Inc. New Jersey) with
a cesium'” chloride source. The seeds were exposed for an appropriate length of time to
achicve doses of 70krads, 75krads, 80krads, 85krads, 90krads, 95krads, and 100krads. To
facilitate casy sowing, the mutagenised seed were resuspended in 500mL of cooled 0-15%
agar and dispensed with a pipettc to a final density of approximatcly 200 seed per punnect,

These irradiated M1 seed were allowed 10 germinate and grow, and resulting M2 seeds were
harvested and used in screening experiments looking for mutants resistant 10 10mM
ornithine. Screening experiments were performed prior to the report that Arabidopsis lacks
ODC (Hanfrey et al., 2001), and it was originally anticipated that the 0DC coding sequence
may have been isolated using subractive hybridisation procedures.

2:4 HPLC METHODS

2-4-1 GENERAL MATERIALS AND INSTRUMENTATION
System

s Waters 600E System Controller

¢ Waters U6K injector

e Watcrs 717plus Autlosampler
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» Waters 470 Scanning Fluorescence Delector
» Waters 486 Tunable Absorbance Detector A
» Baseline Chromatography Soltware [Waters]

« Millennium™ Chromatography Soltwarc [Watcrs]

Columns

o Cartridge column [SGE instruments]); 50mm length, ODS2 (C18) packing, Spm particle
size, and 4mm intcrnal diameter.

e Pre-column [SGE instruments); 10mm effective length, ODS2 (C18) packing, Spm particle
size, and 4mrm intcrnal diameter.

Filters

 For mobile phase; regenerated cellulose [Sartortus] with a 0-45um porz size.

Chaeinicais arid solutions

» Acctone [BDH chiemicals]

= Acclonitrile [BDH chemicals; HiperSolv™ for HPLC]
» Benzoyi chloride [BDH chernicals]

» Dansyl chloride { Sigma]

« Dicthyl cther [BDH chemicals)

» Methano! [BDH chemicals; HiperSolv™ for HPLC]

o Perchloric acid {BDH chemicals; 60% stock]

« Sodium carbonate (anhydratc) [ Ajax chemicals]

e Toluenc {BDH chemicals; HinerSolv™ for HPLC)

Miscellaneous §
» High purity compressed helium JBOC gases] . q
o Vacuum pump iMillipore; model #XX5522050) %
» Auiosampler vials [Alltech]; 15x45mm clear glass; 4mL WISP vials ;

« Inserts for vials [Alltech]; 300uL poly inserts for 4mL WISP vials 3
o Springs for inserts [ Alltech]; for 300uL inserts vsed in 4mL WISP vials 1

2-4-2 EXTRACTION AND DERIVATISATION CF POLYAMINES FROM PLANTS FOR
ANALYSIS BY ABSORBANCE DETECTION

This method is based on that of Fiores and Galston (1982).

“iant tissuc was homogeniscr in 5% coid perchloric acid (HZ10,) at a rativ of 100mg tissue
per mL acid using a hand-held Polytron homogeniser [Sciby], and lefi on ice for one hour,
The cxtract was pellcted by centrifugation at 48,000 X g for 20 minutes. The liberated free
posyamines contained within the supernatant fr.tion were stored at -20°C or do.svatised

g e e A
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immediately. Polyamines required benzoylation in order to facilitate their detection by ulira
violet absorption. 500uL of the extract was mixed with ImL of 2M NaOH, followed by the
addition of 10uL benzoy! chloride. The solution was vortexed for 10 seconds and incubated
al room temperature for 20 minuies. 2mL of saturated NaCl was then added, {ollowed by
2mL of anhydrous dicthyl ether 10 extract the benzoyl polyamines. The sample was
centrifuged for 1,500 X g for five minutes before imL of the cther phase was collecied and
evaporated to dryness under a stream of air. The residue was redissolved in 100pL of
methanol and stored at -20°C uatil further analysis. For HPLC analysis, a mobile phase
consisting of acetonitrilc:water was run isocratically at 52% acetonitrile, at a flow rate of
imL/minute. The solvent wzs eluted through a reverse phase C18 column and detected at
254nm.

2-4-3 EXTRACTION OF FREE AND CONJUGATED POLYAMINES FROM PLANTS

FOR ANALYSIS BY FLUORESCENCE DETECTION
This method is based on that of Tiburcio er al. (1985).
Plant tissue was homogenised in 5% cold perchloric acid (HCIO,) in plastic tubes at a ratio

of 100mg tissue per mL acid using a hand-held Folytron homogeniser, and left on ice for
two hours. The homogenates were then transfened to thick-walled polyallomer tubes for
centrifugation in a Beckman ultracentrifuge (75 Ti rotor) at 25,000rpm for 10 minutes at 4°C.
ImL of the supematant was transferred to a microcentrifuge tube and stored at -20°C until
requirced. The pellet was resuspended in the original extraction volume with (reshly-made
1M NaOH by vigorous voricxing and siored at -20°C uvniil required. For the extraction of
conjugated and bound polyamincs, 200pL aliquots of the supernatant and the resuspended
peliet were removed and placed into the bottom of individual glass vials with screw-topped
lids. 200uL of concentrated HC] {12M) was then added o cach vial beforec hydrolysing the
samples for 16-18 hours at 110°C. After incubating, the vials were pulse-spun in a bench
centrifuge at 1500rpm 10 collect all condensation. The samples were transferred to ImL
disposable syringes containing glass wool plugs and ‘filiered’ in order to rcmove the
carboniscd material. 200uL of the samples was transferred to sterile microcentrifuge tubes
and dricd in a vacuum centrifuge for onc-10-two hours. The pellets were resuspended in
H00uL 5% perchloric acid and stored at -20°C until required for dansylation.

2-4-4 DERIVATISATION OF POLYAMINES FOR HPLC ANALYSIS

This method is based on that of Minocha er al. (1990).

S0pL of cach standard solution or centrifuged tissue extract were pia.ad in 2mL screw-
topped Sarstedt tubes containing [00pL of a saturated sodium carbonate solution. To each
vial, 100uL of freshly-made dansyl chloride (in acetone, at 10mg/mL) was added. The vials
were capped tightly and incubated in the dark in a 60°C water bath for one hour. 50uL of a
proline solution (100mg/mL) was then added to the reaction mixture to rerove excess dansyl
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chloride. The vials were incubated for an additional 30 minutes in the dark at 60°C before
the acctone was evaporated off by centrifugation under a vacuum for six-io-cight minutes.
400ul. of toluene was added and the solution vortexed for 30 seconds. The vials were
allowed o sit undisturbed f{or five minutes in order to separate the organic and aqueous
phases, before centrifugation at 2,500rpm in a microcentrifuge for two minutes. Upon
scparation of the two phascs, 200uL of the toluene layer was transferred to a sterile
microcentrifuge tube. The toluene was completely evaporated off by centrifugation under a
vacuum for 10-15 minutes, after which, the residue was dissolved in 1mL acetonitrile. After
vortexing for one minute, the samples were centrifuged for a (urther five minutes at 4°C
before S00uL of the solution was removed to a sterile microcentrifuge tube and stored at -
20°C.

2:4-5 HPLC MOBILE PHASE GRADIENT FOR POLYAMINE SEPARATION
A mobile phase gradient using two solvents was set up in order 10 achieve scparation of the

three polyamines; putrescine, spermidine, and spermine from Arabidopsis tissue cxtracts.
Solvent A was a 9:i ratio of 10mM Heptane sulphonic acid (pH = 3.4) (o acelonitrile.
Solvent B was 100% accntoniirile.

The gradient profile was as follows;

ﬁep Time (min) “Flow rate (mL/min) "% Solvent A % Solvent B
1 0-00 2:5 60 40
2 0-10 2-5 30 70
3 2-10 2-5 5 95
4 2.25 2-5 0 100
5 2-60 2-5 30 70
6 3.00 2-5 25 75
7 3-10 2-5 20 80
8 3-50 2-5 ! 30 70
9 7-40 2-5 60 40
10 1000 2-5 60 40

The cxcitation wavelength of the fluorescence detector was set at 340nm and the emission
wavelengih set at 510nm. 20uL of sample was injecied for analysis. The polyamines were
generally cluted before 4 minutes, with the remaining 6 minutes of the run allowing the
celumn to regenerate for the next sample. Typically, the elution times for the polyamincs
were in the order of 2.7 minutes for putrescine, 3-3 minutes for spermidine, and 39 minutes
for spermine.
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2-5 GENERAL MOLECULAR METHODS

2-5:1 PHENOL:CHLOROFORM EXTRACTION OF DNA
An cqual volume of phenol:ichloroform was added (o the nucleic acid sample in a

microcentrifuge tubc and vortexed until the formation of an cmulsion. The tube was
centrifuged at 12,000 X g for 15 seconds at roor: temperature after which the aqucous layer
was transferred to a sterile microcentrifuge tube. This extraction was repeated until no
protein was visible at the interphase of the aqucous and organic phases. An equal volume of
chloroform was added to the aqueous layer before mixing and centrifugation as before to
separate the phases. The aquecous phase was removed and the nucleic acid recovered by
cthanol precipitation.

2-5-2 ETHANOL PRECIPITATION

To an aqucous solution containing DNA, one-tenth of the original volume of 3M sodium

acetate was added, followed by twice the volume of ethanol. The tube was slowly inverted
several times to ensure complete mixing and then placed at -20°C for at least three hours.
The DMA was pelleted by centrifugation for 30 minutes, followed by a wash in 70% cthanol.
The cthancl was removed with a micropipette and the sample air-dried at 37°C for 30 minutes
before resuspension in MQ waler.

2-5-3 RESTRICTION DIGESTION

lug of DNA was made up to a final volume of 18uL with stecrile MQ water before the
addition of 2uL of the appropriate 10X restriction buffer. One-to-two units of enzyme was
addcd and the tube gently tapped to mix the contents. The mixture was incubated at the

temperature recommended by the manufacturer of the enzyme for three hours. The enzyme
was inactivated by incubation at 65°C for 10 minutes. To check that the digestion was
successful, an aliquor was removed and subject to elecirophoresis on an agarosc gel.

2-5-4 ELECTROPHORESIS OF DNA

DNA samples were electrophoresed on (8% agarose (g.v.) gels made with single-strength
TBE buffer (¢.v.) for approximately three hours at 60 volts. The gels contained 3pL of a
10mg/mL stock of cthidium bromide (y.v.) per 100mL of agarosc; a final concentration of
0-3ug per mL.

2:5-5 PURIFICATION OF DNA FRAGMENTS FROM AGAROSE GELS
Phenol freeze method

Agarosc bands containing DNA were excised from gels using a sterile blade. The agarose
slices were crushed between pieces of parafilm and placed into a 1mL syringe which was
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attached to a 27G needle. The agarose was forced ihrough the needle into a steriie
microcentrifuge tube and TE buffer was added 1o make a final volume of 500uL. An equal
volume of phenol (g.v.) was added and the mixwre was vortexed for one minute before
freczing at -70°C for onc hour. The samples were then centrifuged at 14,000rpm for 20
minutes, before the upper aqucous layer was removed to a sterile microcentrifuge tube
{ollowed by the addition of an equal volume of chloroform. The tubes were vortexed for 30
seconds before centrifugation at 14,000rpm for five minutes. This step was repeated, and
the DNA was precipitated with ¢thanol (g.v.).

GEL-SPIN™ DNA recovery kit

* This method is based on that of the Worthington GEL-SPIN** DNA Recovery kit protocol,
Agarose bands containing DNA were excised from gels using a sterile blade and placed
inside a GEL-SPIN unit within a microcentrifuge wbe. The tip of a plunger was moistened
with sterile water and used to pick up a porous polyethylene filter, which was placed on top
of the agarose fragment. The plunger was pushed down on the filier, which forced the
agarosc inlo the GEL-SPIN unit. The tube was then centrifuged at 10,000rpm for two
minutcs. 100pL of GS solution (0-1M KCl) was added to the GEL-SPIN unit and the
centrifugation repeated. The GEL-SPIN unit was then discarded and the DNA precipitaied
with two and a half volumes of cthanol. Following precipitation at -20°C for at least one
hour, samples were centrifuged at 14,000rpm for 30 minutes, washed in 70% cthanol, and
vacuum dried. The pellets were resuspended in 15pL of MQ water.

2:5-6 QUANTIFICATION OF DNA

Agarose plate

A 1% agarose gel was made containing cthidium bromide (g.v.) at a concentration of
0-Spg/mL in a 9cm Petri dish. DNA samples and standards were spotted onto the plate and
allowed to dry at 37°C for approximately one hour before visualisation under UV light.

Minigel electrophoresis

The DNA sample was mixed with sterile MQ water up 1o a volume of [0uL, followed by the
addition of 2pL of 6X stop solution. The samples were loaded into the gel in conjunction
with a range of uncut lambda DNA standards of known concentrations; 50ng, 100ng,
150ng, 200ng, 300ng, 400ng, and 500ng, and electrophoresed (q.v.) for approximately two
hours at 60V. The ethidium bromide (q.v.)-containing gels were visualised under UV light
and the concentration of DNA cstimated by a comparison of the fluorescence of the samples
with those of the standards.
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Spectrophotometer readings

Accurate readings of DNA and RNA concenirations were measured using a Perkin-Elmer
Lambda-3 UV/Vis Spectrophotometer. Optical density readings were taken at wavelengths
of 260nm and 280nm. The readings measured at 260nm allowed DNA or RNA
concentrations to be estimated, while the ratio of the 260nm and 280nm readings provided an
estimate of the purity of the sample (an optimum ratio of 1-8 is found for DNA samples,
whilst the value for RNA samples is 2:0). The baseline of the spectrophotometer was set to
zcro at the required wavelength by measuring the absorbance of ImL of sterile water in a
quariz cuvette. luL of the DNA or RNA sample resuspended in sterile MQ water was then
added the 1 mL cuvette, and the optical density readings at both 260nm and 280nm were
recorded. A further 1uL of sample was then placed in the cuvetie to check that the readings
measurcd at both wavelengths was twice those inttially recorded.

2-5-7 LIGATION OF DNA
DNA ligation reactions were performed in sterile 0-5mL microcentrifuge tubes using either a

commercial vector [pGEM-T; Promega) or a ‘home-made’ vector. The protocol was based
on that rccommended by Promcga [pGEM-T Vector Systems Technical Manual, Part
#TMO042, USA 4/96, page 7). The molar ratio of PCR product:vector required optimisation in
order to maximise the rate of ligation, consequently, PCR product:vecior ratios of 1:1, 5:1,
and 8:1 were used with an initial vector amount of 50ng. A'so added to the tube werc T4
DNA ligase 10X buffer {Promega), control insert DNA [Promega) when required {or control
tubes, T4 DNA ligase [Promega), and sterile MQ water. The reactions were gently mixed by
pipeiting and incubated at 15°C for threc hours, followed by storage at 4°C.

2-5-8 CONSTRUCTION OF A CLONING VECTOR

A vector for ligation was prepared by the digestion of Spg of pBluescript DNA with EcoRV
for 3 hours at 37°C. The DNA was phenol-extracted {g.v.) and precipitated {g.v.) and then
incubated with Tag polymerase and 2mM dTTP [or 3 hours at 72°C. The DNA was again
phenol-cxtracted and precipitated, and resuspended at a concentration of 50ng/uL. PCR
products were directly ligated (g.v.) into the vector.

2-5-9 SEQUENCING OF CLONED DNA FRAGMENTS
DNA from plasmids containing inserts to be sequenced was [irst exiracted uvsing the

appropriate prolocol. Sequencing reactions were then set up in 600uL PCR tubes as follows;
300-500ng of double stranded plasmid DNA, 3-2pmol of the appropriate primer, 8uL of
terminator premix, and stcrile MQ water to give a {inal reaction volume of 20uL. The mixture
was then overlayed with 40pL. of mineral oil and placed in a Perkin-Elmer 480 DNA thermal
cycler preheated 0 $6°C. A denawration temperature of 96°C was used for 30 seconds,
followed by an annealing temperaturc of 50°C for 15 seconds, and finally an extension
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temperature of 60°C for four minutes. This regime was continued for 25 cycles. and after
complction, the tubes were stored on ice. The cxtension products were purified from
unincorporated nucleotides by transferring each reaction mixture 10 separate microcentrifuge
tubes containing 2puL of 3M sodium acetate (pH 4-6) and 50pL of 95% cthanol. The wbes
were vortexed and left on ice for 10 minutes before centrifugation at 14,000rpm for 30
minutes. As much cthan)l as possible was removed, and the DNA pellet was rinsed in
250pL of 70% cthanoi. The DNA pellel was then dried under vacuum for threc minuies.
The dried samples were yun on an ABI PRISM Genetic Analyzer. Scquence analysis was
pcrformed using thc Australian National Genome Information  Service (ANGIS)
(hitp://www.mell angis.org.au).

2:5-10 FIRST STRAND cDNA SYNTHESIS

First-strand ¢cDNA was prepared using Superscript™ RNase H' Reversce Transcripiase [Gibco

BRL]. In a sterile microcentrifuge tube, 1pLl of mRNA (S1lpg) was combined with oligo
(dT),,.;; at a concentration of -5Spg/ul. The {inal volume was made up to 11ul with sterile
MQ water, and the tube was incubated in a 70°C watcr bath for 10 minutcs. The tube was
chilled on ice before being bricfly pulsed in a microcentrifuge 1o collect the contents. The
following reagents were then added to the tube; 4pL. of 5X reacion buffer, 2uL of 0-1M
DTT, 1uL of a mixed dNTP stock (10mM each of dATP, dGTP, dCTP, and dTTP at necutrai
pH), and 1uL of RNasc inhibitor. The contents were mixed by gently vortexing and the tube
was briefly centrifuged to collect the mixture, before a two minuie incubation at 37°C to
cquilibrate the contents. 1uL of M"MLV H' RT (200 units) was added to the tube followed
by an incubation at 37°C for one hour. The reaction was terminated by incubation ai 65°C
for 10 minutes. H second strand cDNA was to be synthesised, the tube was placed on ice.

2-5:11 SECOND STRAND cDNA SYNTHESIS

15uL of first-strand cDNA was added o a sterile microcentrifuge tube containing 42-7uL of
sterile MQ water. Using the Superscript™ RNase H Reverse Transcriptase kit, 16uL of 5X
2nd strand buffer was added, followed by 1-SuL ANTP (10mM), 3pL 0-1M DTT, 1uL
E.coli DNA ligase, 2uL DNA Polymerase I, and (-35uL RNase H. The tube was incubated
at 16°C for two hours, before the addition of 10 units of T4 DNA polymerase. This was
followed by a further 45 minute incubation at 16°C. The reaction was stopped by the
addiuon of 4uL. EDTA/glycogen.
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2:6 PCR METHODS

Reagents and micropipette ips were set aside {or exclusive use for PCR amplification., and
were only handled whilst wearing gloves. Amplification reactions were set up using sterile
600uL PCR tubes containing 50-200ng of DNA template; sterile MQ water to adjust the {inal
reaction volume o either 25uL or SOUL; one tenth of the final volume of 10X Thermo buffer
(Promega), MgCl, 0 a final concentration of between 1 and 3-5mM; ANTP mix (10mM of
cach dATP, dCTP, dGTP, and dTTP) to a final concentration of 0-2mM of cach dNTP and
Forward and reverse primers at a final concentration of between 0-2 and 0-4uM. The
reaction mix was then mixed and covered with onc Lo two drops of mineral oil. Tubes were
placed into a Perkin-Elmer 480 DNA thermal cycier prehealed to 94°C. Tag DNA
polymerase was then added 10 each tube (1-1-5 Units per reaction) and cycling at the
required parameters was immediately commenced.

2-:6-1 RAPID AMPLIFICATION OF cDNA ENDS (RACE):

After second-strand cDNA was synthesised, AP1 adaptors {Marathon RACE kit] were ligated
onto the ends of the cDNA strands by incubation with T4 DNA ligase at 16°C overnight. The
cnzyme was inactivated by heating to 70°C for [ive minutes, before the mixture was diluted
in MQ water or TE (at ratios of 1:49 or 1:249). The diluted double-stranded ¢cDNA was

heated at 94°C for 2 minutes and then chilled on ice for a further Iwo minutes before storage
at -20°C.

2:7 NUCLEiIC HYBRIDISATICGN PROTOCOLS

2:7-1 SOUTHERN BLOT

This method is based on that described in the Amersham lifc science Hybond™-N+
membrane protocol, version two.

The agarose gel to be blotied was washed in 0-25M HC1 until the dyes in the loading buffer
had changed 10 a yecllow colour. If fragments larger than 10Kb in sizec were to be

transferred, the gel was left in the acid solution for a further ten minutes. Afier rinsing the
gel in distilled water for five minutes, it was completely covered in denaturation buffer (¢.v.)
for 30 minutes with gentle agitation. The gel was then rinsed in distilled water, and placed in
neutralisation buffer (g.v.) for 15 minuies, again with agitation. This neutralisation step was
repeated, belore the gel was removed for capillary blotting. A large dish was then filled with
onc litre of 20X SSC (g.v.) and covered with a perspex or glass platform. A wick was made
from three sheets of Whatman 3MM filter paper and was saturated with 20X SSC, and placed
across the platform. The two cnds of the wick were left dangling in the 20X S5 buffer.
The prepared gel was tarned upside-down and placed gently on the wick. Any trapped air
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bubbles beneath the gel were removed by rolling a clean 10mL glass pipette over the surface,
and a sheet of Hybond-N+ membrane was cut to the exact size of the gel and placed on top
of the gel. Air bubbies trapped between the gel and membrane were again squeezed out
using a 10mL glass pipette. Three sheets of 3MM Whatman paper cut to the size of the gel
were then placed on 10p of the membranc and again, any air bubbles were removed. A stack
of absorbent paper towel was placed on top of the Whatman paper, followed by a flat plate,
and finally a weight of approximately 500g to 1000g, depending upon the size of the gel.
The capillary transfer was allowed 10 proceed for at least 12 hours. After blotting, the
apparatus was dismantled and the position of the wells on the gel werec marked on the
membrane, The filier was washed briefly in 2X SSC to remove any adhering agarose, and
thc DNA was then fixed by placing the membrane (DNA side down) on a UV
transilluminator for two minutes. Filters were storcd at room icmperature until required.

2:7-2 PREPARATION OF RADIOACTIVELY LABELLED DNA PROBES.

This method is based on that described in the GIGA prime labelling kit protocol [Bresatec).
100-200ng of doublc stranded DNA was mixed with sterile MQ water in a sterile
microcentrifuge tube to make a final volume of 6pL. The tube was was placed in boiling
water for five minutes and chilled briefly on ice. The tube was pulse spun before the
addition of: 6pL of decanucleotide solution (Tube 1), 6uL of the nucleotide buffer cocktail
(Tube 2A), SuL of o P*P-dATP, and 1-5p1 of Kienow cnzyme. The reaction was then
incubated at 37°C for 30 minutes. Before the removal of unincorporated nucleotides from

the probe, a purification column was prepared by placing a small piece of sterile glass wool
at the bottom of a shortcned Pasicur pipettc. The pipettc was then carcfully filled with
Scphadex G50 (g.v.), to within one centimetre of the top, and was covered with parafilm
and placed at 4°C until required. The probe reaction was terminated by the addition of IpL
of 0-5M EDTA. 5uL of Orange G dye and 35uL of the dextran blue dye was then added to
the reaction. The scphadex column was positioned over a series of sterile microcentrifuge
tubes and the parafiim was removed. The rcaction was added and allowed 1o flow through
the column by ihe periodic addition of TE buffer into the top of the column. Since the
dextran blue dye co-migrates with large DNA fragments through the sephadex, the fraction
containing the blue dye was collected to usc as the purified probe. The fractions with the
orange dye contained the unincorporated nucleotides and were discarded. Double stranded
probes werce boiled for 2-3 minutes prior to their use in hybridisation experiments.

2:7-3 SOUTHERN HYBRIDISATION PROTOCOL.

This method is bascd on that described inthe Amersham life science Hybond™-N+
membrane protocol, version two.

Mcmbrancs for probing werc placed into glass hybridisation tubes with their DNA-sides
facing inward. 100uL of a Smg/mL stock of salmon sperm DNA was denatured by heating
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to 100°C for five minutes. The DNA was chilled briefly on ice and mixed with 50mL of pre-
hybridisation solution (g.v.) in the hybridisation tube containing the membranes. The
membranes were pre-hybridised for at least onec hour at 65°C in a shaking water bath.
Following pre-hybridisation, the double stranded DNA probe was denatured by heating (o
100°C for five minutes and added to the tube containing the membrane and pre-hybridisation
solution. The probe was left 1o hybridise to the filters for at least 12 hours at 65°C in a
hybridisation oven. Following hybridisation, the filters were washed with low-, medium-,
or high-stringency wash solutions (g.v.) as required, with constant shaking. The low-
stringency washes were performed at room temperature for 10 minutes, the medium-
stringency washes took place at 65°C for 15 minutes, and the high-stringency washes were
at 65°C for 10 minutes. Following the washes, the filters was wrapped in plastic wrap and
exposed to an X-ray film in an autoradiograph cassetie at -70°C for the appropriate length of

time. The X-ray films were developed in a Agfa-Gevamatic 60 X-ray machine, under NX-
914 safety lights.

For successful removal of probes, membranes were never allowed to dry during, or after,
the hybridisation and washing procedures. A solution of (-5% (w/v) SDS was boiled and
poured onto filters to be strippcd. The solution was then allowed 10 cool at room

temperature. The stripped filter was again exposed to X-ray film to determine if the removal
of the probe was successful.

2:7-4 NORTHERN BLOT

This method is based on that described in Davis ez al. (1986). All gel 1anks, trays, and
combs were soaked with 1% SDS solution for one hour prior to use, and rinsed thoroughly
with RNase {ree water. To prepare the gel; 1% (w/v) agarose was dissolved in 1X MOPS
buffer (¢.v.)in a clean flask, free of RNase. The agarosc was allowed 1o cool to ~60°C
before 5.5% (v/v) of a 37% formaldehyde solution was added. The agarose was then
poured into a electrophoresis apparatus and the gel allowed to solidify for at least 1 hour
before use. RNA in lpL to 5 pL aligquots was mixed with 20 pL of freshly prepared RNA
loading buffer (g.v.)and 0.5pL of ethidium bromide (10mg/mL). The RNA samples were
then heated 10 65°C for cight minutes before being loaded. Electrophoresis was performed at
a vollage ranging from 20-80 volts and RNA bands were visuvalised using a UV
transilluminator. Gels were blotied in a similar manner as for Southern blots (section 2-7-}
[Southern blots]) except that the RNA gels were not washed before beginning the capillary
blot transfer. In addition, the filters were not washed following transfer. RNA was fixed
onto the [iltcrs via exposure 10 UV illumination for 2 minules.
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2-7-5 NORTHERN HYBRIDISATION PROTOCOL

This method is bascd on the Clontech ExpressHyb™ Hybridisation solution user manual
(PT1190-1). Membranecs to be hybridised were placed into plastic bags that were heat-sealed
on three sides. Pre-warmed ExpressHyb™ salution (~10mL for a 10cm X 15 om
membrane) was added 1o the bag containing the membranes, and the bag completcly sealed
afier all bubbles were removed, The membrane was pre-hybridised for 30 minutes at 68°C
in a shaking water-bath, Following pre-hybridisation, double stranded cDNA probes were
denatured by heating 10 100°C for five minutes before being added to 10mL of fresh
ExpressHyb™ solution. This solution was then immediately added to the bag containing the
membrane (NB. Single stranded cDNA probes were not denatured before adding to the
ExpressHyb™ solution). The probes were left 1o hybridisc 1o the filters for one hour at 68°C
in a shaking watcr bath. After hybridisaton the fillers were then incubated in RNA
hybridisation wash 1 at room tcmperature for 10 minutes. This wash was repeated three (0
four times. If neccssary, filters were incubated twice in RNA hybridisation wash 2 for 20
minutes at 50°C. Following the washes the filter was wrapped in plastic wrap and cxposed
to an X-ray {ilm at -70°C for the appropriate length of time. The X-ray {ilms were developed
in a Agfa-Gevamatic 60 X-ray machine, under NX-914 safety lights. Following
autoradiography membranes were stripped as described in section 2.7-3 (membrane stripping
protocol) and re-probed with a ubiguitin probe to check for equal loading of RNA samples.

2-7-6 PHOSPHORIMAGING
As an alternative to autoradiography, Northem biot filters were phosphorimaged. Powder-

frec gloves were always used (o handle the phosphorimaging screens and residual
background signals were erased from the screcn by exposure to bright light for at least 10
minules. The radioactive membranes were wrapped in plastic and placed RNA-side up in the
phosphorimaging cassette. The screen was then placed face down on top of the membrane
and left to exposc at room temperature for the appropriate length of time. Following
exposure, the screen was placed into the STORM phosphoimager and the image. scanned into
a computer for analysis. The signal intensities [or cach gene were quantified realtive to those
of UBIQUITIN using ImagcQuant software (Molecular Dynamics).




CHAPTER 3:

EFFECTS OF CHEMICAL PERTURBATION OF

POLYAMINE METABOLISM IN ARABIDOPSIS

3:1 INTRODUCTION

311 COMMONLY USED INHIBITORS OF POLYAMINE BIOSYNTHESIS

AN IMPORTANT METHOD FOR studying polyamine involvement in the growth of cells is through
the use of irreversible and competitive inhibitors of polyamine biosynthesis. Putrescine
production can be inhibited by amino acid analogues DL-a-difluromethylarginine (DFMA)
and DL-a-difluromethylornithine (DFMO) which bind irreversibly to the active sites of key
polyamine biosynthetic enzymes arginine decarboxylase (ADC) and omithine decarboxylase
(ODC) respectively (Metcalf et al., 1978; Kallio et al, 1981). The enzyme S-
adenosylmethionine decarboxylase has also been identified as a rate-limiting enzyme in
polyaniinc biosynthesis and can be strongly inhibited by the competitive inhibitor
mcthlyglyoxal bis(guanylhydrazone} (MGBG) (Williams-Ashman and Schenone, 1972).

Another competitive inhibitor, cyclohexylamine (CHA) is commonly used to block the
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production of spenmidine from putrescine via the inactivation of spermidine symthase
(Hibasami et al, 1980). Presented in Figure 3-1 is the basic polyamine biosynthetic
pathway in piants showing the points of enzyme inhibition by these commonly used

polyamine biosyathetic inhibitors.
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Figure 3-1: Points of blockage in the biosynthetic pathway of polyamines in plants, by
inhibitors of key enzymes.

Inhibitors of key biosynthetic enzymes are indicated in red; DL-o-difluoromethylarginine
(DFMA) and DL-a-difluoromethylornithine (DFMO) which block ADC and ODC respectively,

methylglyoxal bis(guanylhydrazone) (MGBG) which blocks SAMDC, and cyclohexylamine
(CHA) which blocks SPDS.

Treatment of whole plants or plant tissues with inhibitors of polyamine biosynthesis has
proven useful in establishing correlations of polyamine involvement in various aspects of
plant growth. Care must be taken, however, when interpreting results of experiments using
such inhibitors. The application of DFMA to plant tissue for example, can lead to the
inhibition of both ADC and ODC activities in some tissues as a result of the in vivo
conversion of DFMA into DFMO through the action of the enzyme arginase (Slocum and

Galston, 1985). Similarly, MGBG is not absolutely specific for SAMDC, and treatments




Chapter 3: Chemical Perfurbation 37

may lead (o other unexpected effects such as inhibition of diamine oxidase thereby causing
putrescine build up (Pegg and Williams-Ashman, 1987) or vacuolisation of mitochondria
(Pleshkewych et al., 1980; Jinne and Alhonen-Hongisto, 1989; Cheng et al., 1990). Due 10
their similar structures, MGBG and spermidine have been proposed to share the same
transport system in animal cells (Alhonen-Hongisto et al., 1980; Porter and Sufrin, 1986),
although recent evidence suggests that at low concentrations, this may not be the case in
plant cells (Antognoni et al., 1999). It has also been noted that the effects of reversion of
MGBG-induced phenotypes by spermidine application may be due to displacement of MGBG
from the uptake and transport system, rather than successful competition for SAMDC
binding (Pegg and McCann, 1982). Although studies of inhibition of polyamine
biosynthesis arc corrclative by nature, nonctheless they can prove useful in means for
providing information on which further molecular characterisation of the polyamine

biosynthetic pathway can be based.

3-1-2_TREATMENT OF PLANT TISSUES WITH POLYAMINE BIOSYNTHESIS

INHIBITORS

DFMA and DFMO

Inhibition of putrescine accumulation in plant tissue following the application of cither
DFMA or DFMO has suggested an important role the diamine in promoting root growth.
Effects of inhibitor treatment, however, appear (o vary according to the specific type, and the
developmental age, of the tissues involved. In a study of tobacco using callus tissue, low
putrescine titres induced by DFMA were associated with a marked increase in rates of root
organogenesis (Tiburcio et al., 1987). In contrast, ireatment with either DFMA or DFMO
was shown 10 decrcase growth and development of roots in rice seedlings (Bonneau et al.,
1994A; Lee, 1997), and when both inhibitors were combined, the same effect was seen in
tobacco thin cell layers (Altamura et al., 1991). Studics of embryogenesis have also used
DFMA and DFMO 1o deplete endogenous polyamine titres, again with differing results

depending upon the system. During the process of pollen embryogencsis in tobacco,
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treatment with these inhibitors al concentrations of between 1.5mM and 12mM suggested
that polyamines are required for growth (Garrido et al., 1995). Studies of somatic
embryogenesis in carrot cell cultures however, showed that although DFMO inhibited the
accumulation of putrescine, cell growth and embryo development were unaffected by

treatment with DFMO up to 5mM (Mengoli et al., 1989).

Polyamines have also been suggested to play an important role in the process of flowering in
a range of plants. Treaiments with DFMO caused reductions in the levels of frec and
conjugated putrescine, which were correlated with an inhibition of flowering in a variety of
plants, including chrysanthemum (Aribaud and Martin-Tanguy, 1994A), strawberry
(Tarenghi and Martin-Tanguy, 1995), and wild mustard (Havelange et al., 1996). The lack
of inhibition caused by DFMA (Aribaud and Manin-Tanguy, 1994A; Tarenghi and Martin-
Tanguy, 1995), led these authors to suggest that the omithine pathway tc¢ putrescine

production predominatcs during flowering.

Stimulation of ADC activity has been shown (o be an important mechanism for increasing
putrescine in plants following exposure (o osmotic stress (Flores and Galston, 1982).
Under non-stressed conditions, DFMA application 1o Brassica napus leaf discs decrcases
cndogenous polyaminc fevels, whereas DFMO has no effect, suggesting a predominant role
for the ADC route 1o putrescine in this system (Aziz et al., 1997). Studies involving both
DFMA and DFMO, have also implicated ODC in this phenomenon. The application of either
5mM DFMA or 5SmM DFMO (0 leaf discs exposed 1o osmolic stress caused by growth in the
presence of PEG6000, however, decreased putrescine titres in both cases, suggesting that
ODC acuvation is also involved in perturbing polyamine titres under conditions of osmotic
stress in Brassica napus (Aziz et al., 1997). Such a response of ODC may be specific to
conditions of non-ionic osmotic stress, as il was not scen when tomato leal discs were
subjected to salinity stress and treated with DFMA or DFMO (Aziz ef al., 1998). In rice
secdlings subjected to chiling, tolerance to cold stress was found 10 be mediated by high
titres of putrescine, both of which were abolished following treaiment with DFMA, but were

unaflected by DFMO (Lee, 1997).
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CHA and MGBG

Treatment of plant tissues with either CHA and MGBG both cause reductions in the levels of
endogenous spermidine, with a concomitant increase in putrescine levels, This response has
been reported in a variety of plants such as carrot (Minocha er al., 1991B), pea (Villancuva
and Huang, 1993), chick-pea {(Gallardo et al., 1994), and Brassica napus (Aziz et al., 1997),
Following CHA or MGBG treatments, aliered polyamine levels have been corrclated with
reductions in growth processcs including the synthesis of cellulose (Berta et gl., 1997), the
frequency of cell division (Altamura et al., 1993), the formation of rool meristemoids
(Altamura et al., 1991), the growth of leaves and roots (Bonneau et al., 1994A), seed
germination (Bonncau ef al., 1994B), and pollen germination and tube growth (Song et al.,
2001). Such alterations in growth processes, however, appear to be closely related to tissuc
type and developmental age. Application of the inhibitors to rice secds for example, did not
inhibit germination in high germination-potential seeds, whereas they were inhibitory in low

germination-potential seeds (Bonneau et al., 1994B).

Following from their cffects in aliering polyamine accumulation in treated plant tissue,
trcatment with the inhibitors also alters the activitics ol some of the cnzymes involved in
polyaminc biosynthesis.  The increased putrescine accumulation scen with MGBG
application resulted in a reduction of ADC activity, probably due to feedback inhibition (Hiatt
et al., 1986; Minocha et al., 1991B). An unexpccled increase in ADC activity, however, has
been noted in CHA-treated carrot cells, possibly contributing to the elevation in putrescine
that was observed in these cells (Khan and Minocha, 1991). Most reports note that treatment
with MGBG reduces the activity of SAMDC as was demonstrated in treated tissues of pea
(Villancuva and Huang, [993) and soybcan (Yang and Cho, 1991). Occasionally however,
binding of MGBG stabilises the enzyme and protects it from proteolytic activity, resulting in

increased levels of SAMDC as was observed in tobacco by Hiau ef al. (1986).

As both the polyaminc and cthylene biosynthetic pathwa compete for the common precursor
S-adenosylmethionine (SAM), reports of increased production of cthylene following

reatment with MGBG (Roberts et al., 1984; Muiioz de Ruedo et al., 1994; Scaramagli et ai.,
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1999B) or CHA (Muiioz de Ruedo ¢1 al., 1994; Gallardo et al., 1995) arc not unexpected. In
chick-pea seeds undergoing thermoinhibition of germination, the production of ethylene was
markedly reduced (Gallardo er al., 1991). Upon co-treatment with CHA or MGBG, levels of
polyamines within the seeds decreased, whilst ethylene production increased, correlating
with a reversal of the thermoinhibition of germination (Gallardo ef al., 1994). Thus,
alterations in growth following the application of these inhibitors may be due to ethylene-

induced effects, rather than the result of perturbed polyamine accumulation.

3-1-3_TREATMENT OF PLANT TISSUES WITH EXOGENOUS POLYAMINES

Exogenous f[eeding of polyamines 1o plants may influence growth and development,
however, the different cffects exerted by the individual polyamines may vary according to
the cellular compartment and developmental stage (Ye et al., 1994; Mader, 1995). In
conjunction with alterations in phenotype, exogenous polyamine application to plant tissuc
has been obscrved to prodcuc decreased ADC activity in tobacco (Hiatt ef al., 1986), whilst
treatment with spermidine alone reduced SAMDC activity (Hiaut et a/., 1986; Yang and Cho,
1991; Tassoni et al., 2000). Low levels of exogenous putrescine enhanced root elongation
in rice, whereas treatment with spermidine or spermine were inhibitory (Tee, 1997). On the
other hand, callus tissue of Scots Pinc was unresponsive to exogenous spermidine or
putrescine, however, spermine treatment was markedly inhibitory o growth (Laukkanen and
Sarjala, 1997). Spermidine treatment altered the phenotype of Arabidopsis plants, resulting
in stunted shoots with dark green leaves (Tassoni ef al., 2000), and was also observed to
promote or inhibit flowering, depending upon the time of application (Applewhite et al.,
2000). An in-depth study of the application of spermidine and spermine (o spinach sub-
membrane fractions, found that photosynthetic oxygen evolution was disrupted, with a

specific inhibition of electron transport in photosysiem I (Bograh et al., 1997).
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3-2 RESULTS

3-2-1 ISCLATION OF SEQUENCES ENCODING THE POLYAMINE BIOSYNTHETIC

GENES IN ARABIDOPSIS

At the commencement of this study, gene sequences representing ADC, ODC, SPDS, and
SAMDC had not been characterised from Arabidopsis. As a result, much effont was devoted
to the 1solation and cloning of fragments of these genes in order to use them as probes for
Northern hybridisations. It was intended to study the transcription of these genes in
Arabidopsis plants under various conditions, in order to provide insight into regulatory

mechanisms involved in the polyamine biosynthetic pathway.

Arginine decarboxylase (ADC)

Four Arabidopsis EST clones [GenBank accession numbers: Z37204, 237205, Z33969, and
T46784] were identified from the database as posscssing similarity at the protein and DNA
levels with the arginine decarboxylase sequence from tomato. The nucleotide sequences of
the four clones were translated in all six open reading frames, and aligned with the amino
acid sequence of ADC from tomalo (Lycopersicon esculentum; GenBank accession number
L16582). Clones Z37204 and Z33969 both exhibited regions of homology to the 3’ region
of the tomato ADC sequence. Both Arabidopsis clones were found 1o contain a stretch of
residucs (FPIVPIH) within this region that was conserved in both lomato and pea (Pisum
sativum;, GenBank accession number 237540) ADC sequences.  An oligonucleotide primer
(5° TGGATTGGAACAATAGGAAA 3’), 10 be used in an attempt to amplify ADC from
Arabidopsis, was therclore designed based on the 3’ sequence of the 237204 clone, which

was found to have the highest fevel of homology (71%) to the tomato ADC gene.

As the sequence of the Arabidopsis EST clone was located at the 3’ end of the tomato ADC

gene, a region of homology was required at the 5° end of the sequence in order to design a
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forward PCR primer. The residues LVVRFPD were found to be conserved in tomato and pea
ADC genes, and were used 1o design a forward primer (5° AGACTTGTTGTTCGGTTTCCT 3°).
The ADC sequence of tomato was used in preference over that of oal (Avena sativa,
GenBank accession number $12265) when designing PCR primers, as tomato is a dicot and
also 10 allow the possibility of amplification of the gene from Nicotiana tabacum for seperate
studies in the laboratory. Standard conditions for PCR were used and a fragment of the

expecled size (1-2kb) was obtained.

The complcie sequence of ADC from Arabidopsis was subsequently reported in the GenBank
database [accession number ATUS52851]). The DNA sequence of the PCR product was
aligned with the reported Arabidopsis ADC gene, conlirming that the amplified fragment was

did represent part of Arabidopsis ADC (Appendix 1).

Omithine decarboxylase (ODC)

A fragment of the tobacco ODC gene was obtained from PCR amplification using primers
based on the ODC sequence of Danwra (Michael et al., 1996). §* RACE (rapid amplification
of cDNA ends) was used on the ODC amplification product in order to obtain a ‘virual’ full
length ¢cDNA sequence [GenBank accession number Y10472] (Lidgett, 1997). A primary
screen was performed in duplicate on a rool cDNA library of Arabidopsis using Datura ODC
¢DNA (Michael et al., 1996) as a probe. Initial library screens were undertaken by Professor
J. D. Hamill, probing at low stringency [55°C, 2 X SSC and 0.1% SDS washes]. Further
purification was undertaken in this study. Four potential positives were identified, labelled
AWl to A4 respectively, and secondary and tertiary screens performed.  Plasmids
containing cloned Arabidopsis and tobacco fragments were isolated from pulative positive
plaques using in vivo excision (ExAssist/SolR system (rom Stratagene; Lo#UC121), and
inserts were subsequently sequenced. In order 1o attempt recovery of a bona fide full-length
CDNA scquence from iobacco, a lobacco cDNA root library was screened in parallel using
the Datura ODC ¢DNA. Three positive clones were identified, and designated N101, Ni02,

and Nt03 respectively.

L
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DNA scquence analysis of the putatively positive Arabidopsis clones revealed neither
significant homology with cach other (Table 3:1) nor with any of the tobacco clones (Table
3-2). When compared with the sequences available in the database, Arabidopsis clone At0l
showed high homology to aquaporins from a range of plants, and was found to have highest
identity with an Arabidopsis mRNA for plasma membrane intringic protein Ic (99-4% over a
478bp overlap). Clone A2 matched with a Brassica napus myrosinasc-associaied protein
(74% over a 37 1bp overlap), and clone At03 was similar to glutamine synthase from a range
of plants, especially the B. napus mRNA for glutamine synthase isoform (86% over a 452bp
overlap). Clone A104 however, exhibited limited homology io a variety of unrelated genes,
and most likely represents an as yet unidentificd sequerice from Arabidopsis. The DNA
sequences of sin2 inserts from the positive tobacco clones showed no homology to each other
(Table 3-3), however, the inscrt in clone NtOI was confirmed to be that of the ODC gene

from tobacco by comparison with the sequence renorted in the database (Table 3-4).

Arabidopsis clone A2 A3 A4

AL0] 37% 40% 2%
A2 - 39% 36%
A3 - - 37%

Table 3-1: DNA sequence homology between positive Arabidopsis ODC clones.

 Tobacco cloncs Arabidopsis clones
_ A1 A2 A3 A4
N0l 32% 42% 36% 41%
Nt02 37% 38% 36% 38%
N103 40% 38% 40% 35%

Table 3-2: DNA sequence homology between positive Arabidopsis ODC clones and

positive tobacco ODC clongs,
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" Tobacco clone Homology with
— number tobacco ODC gene
‘Tobacco
clone no. Ni102 N103 Ni0] 94%
Nt01 34% 38% N2 39%
N102 ) 34% Nt03 40%
Table 3-3: DNA sequence homology Table 3-4: DNA sequence homology of
2;3 (::f: n putative positive tobacco ODC positive tobacco ODC clones with the

wobacco ODC gene sequence (GenBank
accession number Y10472)

That the Danira ODC ¢DNA probe identified a tobacco ODC gene during library screening,
suggests that the negative result from the Arabidopsis screenings were not due to
cxperimental error. Furthermore, these results, indicating that an Arabidopsis ODC sequence
was not detected by screening an Arabidopsis root cDNA library with a tobacco ODC probe,
contributed to the recent publication by Hanfrey et al. (2001) who reported that Arabidopsr_'s

lacks ODC.

S-adenosylmethionine decarboxylase (SAMDC)

During this study, the sequence for the SAMDC gene from Arabidopsis was made available
on the database [GenBank accession number: Y07765). Therefore gene-specific primers
were made directly from this sequence (forward: 5" TCAACTTAATCGTTTCTCTC 3; reverse:
5 " CCAATACAACTTGCTTGTGAAGG 3°). Standard conditions for PCR were used and a
fragment of approximately 2-3kb was obtained. Sequence analysis of the amplified product
confirmed it 10 be that of the Arabidopsis SAMDC gene (Appendix 2). Recently a second
SAMDC gene present in the Arabidopsis genome has been identified (GenBank accession
number: AJ252212 [genomic], AJ251915 [cDNAJ]). This smaller gene (2-0kb) share 72%
identity with the previously published gene sequence (GenBank accession numbers: Y07765

[genomic], U63633 [cDNA]).
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Spermidine synthase (SPDS)

Database scarches identified an Arabidopsis EST [GenBank accession number: T20920] of
approximately 350bp in length (Appendix 3), that has limited overall homology to speE, the
human gene for spermidine synthase [GenBank accession number: P19623]. The translated
Arabidopsis EST sequence, however, was found to possess several residues which are
conserved in tobacco [GenBank accession number: D28506], human, and mouse [GenBank
accession number: L19311] SPDS proteins (Appendix 4). A forward oligonucleotide primer
for PCR amplification was therefore synthesised, based on this conserved region. This
oligonucleotide also contained a BamHIl restriction site and a guanine anchor (5
GGGGGATCCATGTGGCCAGGAGAGGCACA 3'). The design of a degenerate reverse PCR
primer was based on the conserved amino acid residues KAAFILP found at the 3 end of the
tobacco, human, and mouse SPDS genes. In order to facilitate cloning, this oligonucleotide
was also synthesised with a guanine anchor and an EcoRl restriction site (&
GGGGAATTCA(A/GYAIG)AIC/THG/IA)AAAGCAGGC(T/OT(G/A)TG 3°).  Standard conditions for
PCR with genomic DNA were used . After several trials a fragment of approximately 900bp
was amplified, sub-cloned into a TA cloning vector and sequenced. Analysis revealed
however, that the clonc was 91% homologous at the DNA level to an Athila retroelement,
which have recently been identified as a new family of retroclements in Arabidopsis. Several
other amplification products of less than 500bp in size, were also obtained and by Southern
hybridisation these were found to show some homology 1o a tobacco putrescine
methyliransferase (PMT) probe, which evolved from spermidine synthase (Hibi er al.,
1994). Scveral attempts were made to re-amplify these smaller PCR products, however, they
proved unsuccessful. A comparison of the DNA scquences of the putative tobacco SPDS
gene subsequently reported in the database {GenBank accession number D28506] and the

Arabidopsis SPDS EST revealed only 48% identity (Appendix 5).

An alternative approach was taken to isolate the SPDS gene based on oligonucleotide primers
[rom the Arabidopsis SPDS EST sequence {Appendix 5). Primers SPDSF2:1 and SPDSR2-1

amplified a band of the expected size (310bp) from Arabidopsis genomic DNA, and were
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then used in a RACE procedure 10 obtain a larger region of the gene (Appendix 6). Figure
3.2 presems the results of the RACE PCR with varying amounts of cDNA templates {from
both shoot and root tissue. The autoradiographs following hybridisation with the SPDS PCR
product (Figures 3-2B and 3-2C) showed hybridisation bands corresponding to both the 5
and 3’ products. As expected, the size of the 5” extension product is essentially the same as
that of the 310bp PCR product, since the SPDSF2-1 and SPDSR2-1 primer sitcs are located al
the 5 end of the gene. The single hybridisation band representing the 3° amplification is
approximately 1-3kb in size, corresponding with the sizes of SPDS transcripts from human
[GenBank accession number; BCO00309] and mouse [GenBank accession number:

267748).

Scveral atiempts were made to reamplify the 3’ RACE PCR products, either direcly from the
PCR mix, or purified from agarose, in order t0 obtain sufficient DNA for cloning and (o
confirm the specificity of the primers. Reamplification however was not successful for
rcasons unclear as the 5 RACE product was able 1o be reamplified using both the SPDSR2-1

and adaptor-specific primers (AP2), or nested primers and AP2.

Given that the 3° RACE amplification product was of the expected size (1-3kb) and
hybridised o the SPDS EST probe, and since the Arabidopsis SPDS gene was sought only
for usc as a probe in Northern hybridisations, it was decided that the 310bp SPDS PCR
product would be sufficient for use as a hybridisation probe. Furthermore, a partial coding
sequence for the Arabidopsis SPDS gene {Accession number: ABO06693] was subscquenty
made available in the database, which when aligned with the Arabidopsis SPDS EST
sequence gave 84% homology, confirming that the 310bp probe was part of the gene

(Appendix 7).
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Root cDNA Shoot cDNA
std 3°

5 3 5 3 535

-—1.3kb

310 bp

Figure 3. 2 : RACE PCR of the SPDS gene from Arabidopsis.

A. Ethidivm bromide-stained gel of the amplified RACE

products. ABstEIl is the size standard. ¢cDNA was made from

both shoot and root total RNA.

Filter probed with the 310bp SPDS PCR product; 30 hour exposure.
Filter probed with the 310bp SPDS PCR product; 1 week exposure.
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3-:2.2 BIOLOGICAL EFFECTS OF TREATMENT WITH POLYAMINES OR

POLYAMINE BIOSYNTHESIS INHIBITORS

Whole plant morphology

The inclusion of polyamines, or their biosynthetic inhibitors in culture media, at levels
ranging from O-1mM to 3mM was able to alter several growth parameters of whole wild-type
Arabidopsis plants including inflorescence height, shoot and root weights, endogenons

polyamine titres, and the expression of the polyamine biosynthetic genes.

General morphology

The phenotypes of plants grown in the presence of the diamines agmatine and putrescine are
shown in Figures 3-3 and 3-4 respectively. Both treatments caused a slight change in shoot
morphology, stimulating the production of axillary inflorescences, which was slightly
evident at week five and much more so at week ten post germination. Similarly, treaiment
with spermidine (Figure 3-5) and spermine (Figure 3-6) also resulted in shools containing
more axillary inflorescences than treated controls. Spermidine atimM and 3mM produced
stunted shoots, but interestingly, in the case of imM, also markedly stimulated root growth
(Figure 3-5). A low level of spermine (0-1mM) was also stimulatory to root growth,
however, it did not retard the growth of shoots (Figure 3-6). Heights of primary
inflorescences following putrescine treatment are presented in Table 3.5. After nine weeks
of Jrcatment post germination, however, any inhibitory effects of polyamines on shoot height
were diminished, and the plants exhibited a ‘normalising” of the phenotyp:, and were not

visibly different from untreated controls.
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Figure 3.3 : Effects of exogenous agmatine (AGM) on the in vitro morphology of
wild-type L. erecta (week 10 of growth).

A, Untreated B.0.1mM AGM C.ImMAGM D.3mM AGM
(Measurement bars represent lem)

_ Figure 3.4: Effects of exogenous putrescine (PUT) on the in vitro morphology of
wild-type L. erecta.

g A. Week 5. Left to right: Untreated, 0.1mM PUT, |mM PUT, 3mM PUT
B. Week 10. Left to right; Untreated, 0.1mM PUT, 1M PUT, 3mM PUT
(Measurement bars represent lcmy)
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Figure 3.5: Effect of exogenous spermidine (SPD) on the in vitro morphology of
wild-type L. erecta.
A. Week 5. Leftto right: Untreated, 0.!mM SPD, lmM SPD, 3mM SP'D
B. Week 9. Left to right: Untreated, 0.imM SPD, ImM SPD, 3mM SPD

Figure 3.6: Effect of exogenous spermine (SPM) on the in vitro morphology of
wild-type L. erecta.
A. Week 5. Lefttoright: Untreated, 0.ImM SPM, i mM SPM
B. Week 9. Left to right: Untreated, 0.lmM SPM
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Treamment Week 5 Week 9
MS Coniral 700 £ 0-00 TT86 £ 058
0-1mM PUT 453 £ 0:55 1327 £ 1-17
1mM PUT 686 + 0-35 1330 + 1.84
3mM PUT 6:90 + 0-48 1426 + 1.66
0-1mM SPD 4-10 £ 0-49 [1-18 + 1.44
{mM SPD 623 + 0-84 9.42 + 1.97
3mM SPD v 8.95 + 3.25
0-1mM SPM 5.10 + 0.29 1223 £ 271
1mM SPM 300 £ 120 not tested

TABLE 3-5: Primary inflorescence heights afier feeding with polyamincs

Avcerage height in cm + SEM presented. n ranges {rom 3 (o 8 plants per
treatment. V= non-flowering vegetative shoot.

Trcatment with the polyaminc biosynthetic inhibitors, CHA and MGBG also caused a

stunting of the plants which was observable at week five and somewhat diminished by week
nine of growth (Tablc 3.6).

A

Treatment Week 5 Week 9
M Control 1026 £ 120 1387 £ 2-60
0-1mM CHA 1025 % 1.35 1193  3.53
ImM CHA 902+ 1-17 18:07 £ 0-92
3mM CHA 8:10 % 0.76 1390 + 3-39
0-lmM MGBG 910 % 1-90 7.63 + 404
1 ImM MGBG 6-92 + 051 1613 £ 0-50
3mM MGBG 0-40 £ 0-06 (oxic (death)

plants per treatment

TABLE 3-6: Primary inflorescence heights after feeding with polyamine biosynthetic

inhibitors . Average height in cm % SEM presented. n ranges [rom 3 to 8

Inhibition of spermidine biosynthesis, using the inhibitor CHA, resulted in a slight stunting
of shoots which was observable at week five of growth with all concentrations tested (Figurc

3-7). By week nine post germination, however, only those plants treated with 3mM CHA

rcmained stunted, whercas all others showed a ‘normalising’ of the phenotype. At this age,

the production of axillary shoots was evident following treatment with all levels of CHA.
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Figove 3.7: Effect of exogenous CHA on the in vitro morphology of wild-type L. erecta.
A. Week 5. Left toright: Untreated, 0.1mM CHA, lmM CHA, 3mM CHA
B. Week 9. Left toright: Untreated, 0.ImM CHA, ImM CHA, 3mM CHA
C. Flowers from untreated L. erecta after transfer to soit
D. Flowers from L. erecta plants treated with SmM CHA afier transfer to soil

Figure 3.8: Effect of exogenous MGBG on the in vitro morphology of wild-type L. erecia.

A. Week 5. Left to right; Untreated, 0.1mM MGBG, imM MGBG, 3mM MGBG
B. Week 9. Left to right: Untreated, 0.1mM MGBG, |mM MGBG, 3mM MGBG
C. Flowers from L. erecta. Left to right: Untreated, 0. mM MGBG, [mM MGRG
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Plants treated with the slightly higher level of SmM CHA, for 14 days in vitro before transfer
to soil did not exhibit a complete ‘normalising’ of the treated phenotype. The growth of such
plants was delayed, and they possessed small, unopened, green flower buds contrasting
with the opened flowers found on untreated control plants (Figure 3-7C and 3.7D). Plants
rcated with MGBG followed a similar trend, in that five-week old shoots had a stunted
phenotype which was dose-dependent.  Similarly to CHA-treated plants this phenotype
‘normalised’ by week nine of growth (Figure 3-8). Again, many axillary shoots were
present on the MGBG-treated plants during the later stage of development. Treatments of
(-1ImM and ImM MGBG appeared inhibitory to growth, as seen from the smaller-sized
flowers on treated plants compared to controls (Figure 3-8C), and 3mM MGBG was found to
be toxic after five weeks exposure. The effects of DFMO were different t¢ the other
inhibitors, inasmuch as therc was no ‘normalising’ of the altered phenotype by the latter
stage of growth (Figure 3-9). Stimulatory effects of this inhibitor on root growth, were
evident after six weeks of treatment (Figure 3-9A), whereas inhibitory effects on shoot

growth were not clearly evide.: until afier 10 weeks of growth (Figure 3-9B).

Shoot and root weight

The effects of polyamine treatment on the fresh weights of shoots and roots of wholc plants
arc presented in Figure 3-10. At week five post germination, the only marked difference in
shoot weight was seen following treatment with spermine, which caused a reduction
compared! 10 the wild-type controls. On average, weights of roots from polyamine-treated
plants were, however, lower than those of the controls. In contrast, by week nine of in vitro
growth post germination , the average weights of all the wreated shoots and roots, except for

those exposed 10 0-1mM putrescine and 3mM spermidine, were greater than the controls

(Figurc 3-10).

Polyamine biosynthetic inhibitors, particularly MGBG, were effective in altering shoot and
root weights during the carlier stage of development (Figure 3-11). At week five of growth
for example, only the highest concentration of CHA tested, 3mM, was inhibitory to shoot and

root weight, whereas all three levels of MGBG tested were inhibitory. As growth progressed
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Figure 3.9 : Effects of exogenous DFMO treai:nent on the in vitro morphology of
wild-type L. erecta.

A. Week 6. Left to right: Untreated, 0.1mM DFMO, ImM DFMO, 3mM DFMO
B. Week 10. Left to right: Untreated, 0.1mM DFMO, |mM DFMQ, 3mM DFMO

(The measurement bars represent 1cm)
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Figure 3.10; Effects of exogenous polyamines on shoot and root fresh
weight of wild-type L. erecta at days 33 and 60 of in vitro

growth.
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Figure 3.11: Effects of exogenous polyamine biosynthesis inhibitors on
shoot and root fresh weight of wild-type L. erecta at days
33 and 60 of in vitro growth.
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however, the efficacy of the inhibitors were reduced, such that by week nine no differences

in weights were observed between the treated and untreated plants (Figure 3-10).

Flowering time

Application of the putrescing, spermidine, or spermine, or their biosynthetic inhibitors
resulted in minor delays in flowering times of treated plants, as measured by the standard
parameter of rosette leaf number at flowering. The histograms in Figure 3-12 show that the
spermidine and spermine delayed flowering in a dose-dependent manner, whereas the
delaying effects of putrescine did not increase with concentraion. Treatment with the
inhibitors CHA or DFMO delayed flowering to an cqual extent, whilst MGBG was only
effective at extending the period of vegetative growth when used at 3mM—a level at which

death resulted before the initiation of flowering.

Endogenous free polyamine titres

Treatment with polyamines

When grown in the presence of putrescine, spermidine, or spermine, wild-type Arabidopsis
scedlings were able to take up the polyamines from the media and translocate them to the
shoots, as observed by the altered endogenous titres of the respective free polyamines at
week 5 of growth (Table 3.7). Feeding putrescine resulted in a slight increase in free
spermidinc levels, however, treatment with spermidine did not increasc titres of spermine
above the levels observed in untreated control plants. Although results obtained were
somcwhat variable, the increase in putrescine titres alter treatment with 0-1mM spermidine
indicaies a capacity in Arabidopsis for conversion of spermidine to putrescine. Analogous to
the ‘normalising’ effects on morphology observed after nine weeks of continual treatment,
endogenous frec polyamine titres {ollowing most treatments are within the ranges observed
lor the control plants at this stage of development. The only exceplions were plants treated
with 3mM spermidine and O-lmM spermine, which maintained clevated free polyamines

even at this later stage of growth (Table 3-7).




a
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Number of rosetlc leaves at flowering

Putrescine
12
1o
; 4)
st 5 ) o)
65 ,ﬁ ‘;::? ...........
4 E‘ i {. 3 “‘-‘ ;‘:;
2k S - -..<;.’
0 55 Pz 2 2
OmM 0.1mM mM ImM
Spermine
” -
(_5} :
{3}
%
IimM

Spermidine (4)

Figure 3.12: Effects of polyaminc or poiyamine biosynthesis inhibitor {reatment

on rosetic lcal number at the time of in vitro flowering.
Avcrage rosette [eal number + SEM presented.
Sample sizes are indicated in paresihicses above each column,

Plants were grown individually in 250mL glass jars (diamcter 65mm)

with venied lids.

*3miM SPM caused precipitation of the phytagel in the media,
detrimentally affecting growih and therefore was not used.

**¥ImM MGBG was toxic,




Chapter 3: Chemical Perturbation 59

WEEK 5§ WEEK 9 |
 Treatment PUT _}ﬁ) SPM | Treatment W_T _S'FD SPM

MS control 25-40  75-110 20-80 MS control 10-20  20-35  30-60
0.ImM PUT | 47 v Vg 0-1mM PUT 2 4 6

ImM PUT 65 139 v 1mM PUT v v 4

imM PUT 144 14} v 3mM PUT v v v
0-1lmM SPD 116 128 V4 0-1mM SPD S V4 J

1mM SPD v/ 185 v 1mM SPD J v 7
0-1mM SPM 50 249 v 3mM SPD 98 202 205

1mM SPM 137 406 1725 ¢-1mM SPM 50 101 v
Table 3-7: Endogenous free polyamine titres (ug/g) after feeding with polyamines

and quantified at weeks 5 and 9 of in vitro growth.

(v = falls within the range of the controls)

Extractions were performed on pooled shoot tissue; n is between 3 and 6 per
treatment. Data presented is the average of 2 independent experiments.

Treatment with polyamine inhibitors

As expected for the inhibitor CHA, which blocks conversion of putrescine to spermidine,
treatment resulted in increased accumulation of free putrescine in five-week old plants (Table
3-8). Interestingly, and somewhat strangely, spermidine levels were reduced following
treatment with ImM CHA, whilst treatments with 0-1mM and 3mM caused slight-to-
moderate increases in titres of both spermidine and spermine. Application of MGBG was
expected to cause reductions in the endogenous titres of spermidine and spermine, with a
concomitant increase in putrescine levels. This was not found to be the case, however, al
week five of growth after treatment with all three concentrations of MGBG. As expected,
putrescine accumulation increased with this inhibitor treatment, but unexpectedly, so too did
spermidine and spermine accumulation (Table 3-8). MGBG at 3mM was severely inhibitory

to growth, resulting in small, abnormal vegetative shoots which had extremely high levels of

all three free polyamines.
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____ WEEKS WEEK 9
" Treamment | PUL___3PD ___ SPM_| [ TIveanmemt | PUT ___SPD___ SPM |
MS Conwrol | 25-40  75-110  20-80 | MS Control | 10-20 20-35  30-60
0-1mM CHA 68 118 182 0-1mM CHA J J J
ImM CHA 221 52 82 1mM CHA 132 v v
3mM CHA 217 169 312 3mM CHA 721 e v
0-1mM MGBG 201 330 531 0-1mM MGBG v 4 J
ImM MGBG 72 153 212 1mM MGBG v v v
ImMMMGBG | 7691 6935 10496
2mM DFMO 6 150 73
Table 3-8: Endogenous free polyamine titres (ug/g) after feeding with polyamine

inhibitors quantified at weeks 5 and 9 of in vitro growth).

(v =falls within the range of the controls)

Extractions were performed on pooled shoot tissue; n is between 3 and 6 per
treatment. Data presented is the average of 2 independent experiments both
of which showed similar trends.

Exposure to the inhibitors for further periods of time rcsulted in a diminution of their effects,

such that free polyamine titres for mos( treatments were within the ranges of the controls at
wecek nine of growth (Table 3-8). The only exceptions were the two higher levels of CHA
treatments which resulted in treated plants maintaining markedly higher putrescine titres than
control shoots. As the effects of 3mM MGBG were cventually toxic to growth, no treated

plants survived (o allow analysis at week nine.

Expression of polyamine biosynthetic genes
ADC

Shoots with unopened flower buds were selecied from plants treated with polyamines or
polyamine biosynthetic inhibitors for use in RNA exiractions. As is clear from Figure 3-13,
the 1-2kb ADC transcript was high in untreated wild-type shoot tissuc which had unopened
flower buds, and then decrcased as flower development progressed. Treatment with the
inhibitors DFMO and MGBG had essentially no effect on ADC transcript levels, however,
treatment with 3mM CHA produced a slight increasc. A low level of exogenous putrescine,
0-1mM, resulted in a decrcasc in ADC transcript, whereas treatment with higher

concentrations of 1mM and 3mM had no effect. Spermidine wreatment increased transcript
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1. Control;, unopened flowerbuds 7. 0.lmM CHA 12. 0.imM PUT
2. Control; opened flowers 8. ImM CHA 13. ImM PUT
3. 0.1mM DFMO 9. 3mM CHA 14. 3mM PUT
4. lmM DFMO 10. 0.ImM MGBG 15, 0.lmM SPD
8. 3mM DFMO 11 imM MGBG 16, imM SPD
6. 5mM DFMOQ 17. 3mM SPD
18. 0.JmM SPM
19. 1mM SPM
20. 3mM SPM

Figure 3.13: Northern blot analysis of ADC expression in wild-type Ler shoot tissue from 5
week old treated and control seedlings.

Shoots with unopened flower buds were chosen for analysis. Tissues were pooled from cach
treatment, in order 10 have a minimum of 0.5g per extraction. On average, this represents
approximaicly 20 plants per treatmenl. The standardised signal intensitics of ADC relative 1o that
of UBIQUITIN are presented in the Ristogram. The strongest signal is designated a value of

one.
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levels of ADC only when the highest level tested, 3mM, was used. All three treatments of

spermine reduced ADC transcript levels to approximately half that of the control shoots.

SAMDC

Probing Northern filters with the genomic DNA PCR product, identified the expected sized
transcript of 1-8kb. The expression patterns of SAMDC in treated and untreated shoots are
prescnted in Figure 3-14. Unlike ADC, no difference was observed in expression of SAMDC
in shoots having either opened flowers or unopened flower buds. Treatment with each of
the three main polyamines resulted in decreased SAMDC wranscript levels: all concentrations
of spermidine and spermine reduced expression by approximately the same extent, whereas
putrescine was only inhibitory when applied at low levels. Of the polyamine inhibitors,
CHA had no effect on the level of SAMDC transcript, whilst MGBG and DFMO caused an

increased signal at the higher leveis of treatment.

SPDS

The 310bp SPDS probe hybridised to a 1-3kb transcript in RNA from Arabidopsis. The
accumulation of SPDS transcripts, like those of ADC, were found to be higher in shoots with
unopened flower buds (Figure 3-15). Treatment with all three polyamines induced
reductions in the levels of SPDS wanscript. Putrescine caused a reduction in transcript levels
of approximatcly 25% at all concentrations testcd, whercas the higher concentrations of
spermidine resulted in a 50% reduction in signal compared (o the controls. Interestingly,
spermine was more effective in reducing transcript accurnulation when it was added at the
lower concentrations. The results for DFMO treatment were variable, with only slight
increases in the levels of SPDS message seen with the higher concentrations of inhibitor.
CHA acled in a dose-dependent manner to reduce the amount of SPDS transcript, which may
be expected from its mode of action—to inhibit the synthesis of spermidine from putrescine.
Shoot tissuc trcated with 0-1mM MGBG showed a reduced accumulation of SPDS

transcripts, whilst a level of 1mM was found to have no effect.
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Figure 3.14: Norther blot analysis of SAMDC expression in wild-type Ler shoot tissue from i
5 week old treated and control seedlings. 3
Shoots with unopencd flower buds were chosen for analysis. Tissues were pooled from each
ircatment, in order to have a minimum of 0.5g per extraction. On average, this represents ;
approximately 20 plants per treatment. The standardised signal intensitics of SAMDC relative to
that of UBIQUITIN are presented in the histogram. The strongest signal is designated a value
of one.
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Figure 3.15;: Northern blot analysis of SPDS expression in wild-type Ler shoot tissue from
5 week old treated and control seedlings.

Shoots with unopened flower buds were chosen for analysis. Tissues were pooled from cack
treatment, in order to have a minimum of 0.5g per exiraction, On average, this represenis
approximalely 20 plants per treatment. The standardised signal intensities of SPDS refative 10
that of UBIQUITIN are prescnted in the histogram. The strongest signal is designated the value
of one.
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Transcripts detccied by the Arabidopsis ADC and the SPDS probes used in the present study,

corresponded in sixe to those previously reported (Soyka and Heyer, 1999; Tassoni ef al.,

(approximaltely §-8kiy; thaa the 2 Ikb transcript reported by Tassoni et al. (2000). 1t should
be noted that the vudy of Tassoni et al. (2000 +~~d the Columbia ecotypc, whercas the
present study utilised the Landsberg erecta ecotype. Further experiments 10 compare
transcript sizes of SA7O¢ {rom both ecotypes should be undertaken. Norhem fillers wese
probed wiih an 800bp scyuence {rom the 5 region of the N. tabacum GDC cDNA sequence,

however no specific signals could be detected in shoots.

Effects of putrescine biosynthesis inhibitors on in vifro regeneration
procasses

Flower production

Presented in Figure 3-16 an: the cffects of DFMA and DFMO treatments on flower
production of scgenerating shoots. When included in the shoot regeneration medium,
(-1mM DFMA inbibited flower production. Rather suprisingly however, ImM and 10mM
DFMA treatments were promotive to flowering whilst DFMO at concentrations ol 1mM and
1M, was inhibitory to {lower production. When used in combination, the eifects of both
inhibitors were additive: levels of both inhibitors at 10mM were promotory to {lower
praduction, although not to the same extent as when 10mM DFMA was used alone, while
inciusion of both inhibitors at 0-1mM or ImM reduced the capacity of plants to produce

{lowers.

Root production

The effects of DFMA and DFMO on the production of roots from the bases of regenerated
shoot tissuc were also assessed, and results are presented in Figure 3-17. The same trends
noted above for flowering were also evident for root growth. That is, the inclusion of
10mM DFMA was stimulatory to root production, both in terms of overall number and the

time ol initiation, whilst reduced concentrations of DFMA were moderately inhibitory to root
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Figure 3.16; Effects of putrescine biosynthesis inhibitors on the
flowering process during in vitro shoot regeneration.

Inbibitors were included in the shoot regeneration media. Over the
time course, new shoots continually formed oa the existing callus
tissue, and were scored for the presence of floral buds. The number
of florai shoots at each time point is expressed as a percentage of the
tolal number of shoots present.
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Figure 3.17: Effects of putrescine biosynthesis inhibitors on the
rooting process during in virro shoot regeneration.

Inhibitors were included in the shoot regeneration media. Qver the
time course, new shoots continually formed on he existing callus
tissue, and were scored for the presence of roots at the base of the
liypocotyl. The number of rooted shoots at each time point is
expressed as a percentage of the total number of shoots present,
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growth. Both levels of DFMO tested, ImM and 10mM, were found to inhibit the production
of roots {rem the bases of the regenerated shoots. Again, when added in combination, the

effects of both inhibitors were additive; 10mM of bothBFMA and DFMO resulted in
approximately 50% of regenerants producing roots, compared to the figure of 80% when

tissue were treated with DFMA alone.

3-2-3 LATERAL ROOT INDUCTION

As mentioned previously, cxogenous polyamines were found to moderately stimulate root
growth at later stages of development. Therefore, to {urther examine the roles of polyamines
in this process, an appraisal of lateial root primordia (LRP) initiation was performed in
response 10 treatment wilh the three polyamines and also the polyaminc inhibitors.
Furthermore, in order to perform a complete appraisal of lateral root initiation in Arabidopsis
seedlings, the effects of treatment with auxins were also quantified, both when applied
alone, or in conjunction with polyamines to determine if a synergistic role exists for

polyamines and auxins during root development.

Effects of auxins

The efiects of three auxins [AA, IBA, and NAA on rooting of wild-type Landsberg erecra
secdlings were quantified over a range of concentrations from 10°M to 10°M. IAA and
NAA significantly stimulated root initiation at levels as low as 10"M (p<0-05), whereas the
stimulation caused by IBA was less, such that 10"M and 10°M treatments did not
significandy alter lateral root primordia production (p<0-05) (Figure 3-18). The
concentration of auxin which produced the most prolific lateral root stimulation in seedlings
was found 1o be 10“M for both IAA and IBA, whilst NAA showed an optimal response
cqually at 10“M and 10°M (Figure 3-18). With each hormone treatment, intense
proliferation of lateral roots was concomitant with a significant inhibition in the growth of the
primary root (p<0-05) (Figurc 3-19). In the case of the 10”*M treatments for all three

hormones, and also 10°M for NAA, root primordia were initiated along the vascular tissue
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Figure 3.18: Effccts of auxin on lateral root primordia initiation in wild-type

3 L. erecta secdlings. Average + SEM presented.

Asterisks indicate data points significantly different from controls (p<0.05).
(Sample size is 10-16 seedlings/ireatment/timepoint).
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of the hypocotyl, resulting in fracturing of the surrounding cortex tissue of the hypacotyl
(Figure 3-20 inset). A differential induction of lateral root growth was also occasionally
observed on seedling roots, with newer lateral root primordia appearing between other lateral

roots that had already started to undergo elongation.

Effects of polyamines

The effects on lateral root primordia production of adding each of the three polyamines,
putrescine, spermidine, and spermine, seperately 1o seedlings are presented in Figure 3-21.
It is apparent that exogenous polyamines do not have auxin-like actions and are not
stimulatory themselves with respect to lateral root formation. It fact, polyamines have no
significant (p<(-05) net positive or negative cffect on lateral root number at any of the
concentrations used. The lengih of the primary root, however, was significantly stimulated

by low concentrations of putrescine (10°M to 10°M), a moderate level of spermidine

(10°M), and a high spermine concentration (10°M and 10°*M) (p<0-05) (Figure 3-22). The

appearance of the polyamine-treated seedlings are presented in Figure 323,

Effects of chemical inhibitors of polyamine biosynthesis

The polyamine biosynthetic inhibitors CHA, DFMO, and MGBG were applicd (o seedlings 1o
study their effects on the initiation of lateral root primordia formation, at concentrations
ranging [rom 0-1mM up to 10mM for DFMO, and from 0-1mM to 3mM for CHA and
MGBG (levels of SmM or greater were toxic). Figure 3-24 shows the results of such
treatments on the number of lateral root initials. In most cases, the presence of inhibitor had
little effect on the number of primordia formed. The only significant differences from the
untreated controls were noted with the highest concentration of DFMO tested (10mM) which
increased root number. Such increases however, were only in the order of two- or three-
fold, contrasting with the auxin-induced enhancement of root number up to 20-fold.
Interestingly, and possibly of significance root initials were induced to develop very early

following exposurc 1o all three inhibitors, and were visible from six hours after treatment,
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Figure 3.20: Effects of auxin treatment on lateral root initiation in wild-type L. erecta (96hrs).
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Inset: Seedlings treated with 10<M of each of the three auxins are enlarged to show the
initiation of LRP along the hypocotyl and the fracturing of the cortical tissue (indicated
with an arrowhead).
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whereas the control seedlings required 18 hours incubation before root primordia werz

observed (Figure 3-24).

The effects of polyamine inhibitors on the clongation of the primary root are presented in
Figurc 3-25. CHA, DFMA, and MGBG were all significantly injiibitory (0 root growth at
levels greater than 1mM (p<0-05), and slowed development in a dose-dependent manner,
DFMO however, exhibited no significant inhibition of root length, even at concentrations as

higr us 8mM.

Effects of auxins and polyamines when applied simultaneousiy

To determine whether auxin and polyamines show additive or synergistic effects upon root
primordia formation, IAA, IBA, or NAA at concentrations of 10°M and 10°°M were nsed in
conjunction with either 10°M putrescine, 10°M spermidine, or 10°M spermine. These
levels of auxin were previously found to be suv-optimal in their capacity o simulate lateral
root imniation (Figure 3-18), while the polyamine conceniration used was considered the
optimum for lateral root growth (Figure 3-21). If any positive relationships exist between
auxin and polyamines in lerms of lateral root initiation, it was thought that the number of
roots elicited trom such simultaneous applications would increase beyond that expected from

a trcatment with the sub-optimal IAA levels only.

Figures 3-26A and 3-26B show the results when 10°M and 10°°M auxins respectively, were
used in conjunction with the three polyamdines. Also included for comparison are the rooting
percentages observed when seedlings were weated only with the auxin, either at the same
concentration {(shown in blue) or increased (shown in red). In all instances, the rooting
valucs for the combined applications of auxin plus polyamine do not approach those
observed when seedlings were treated with a higher concentration of auxin alone. In most
cases, the combined treatments reduced the number of lateral root primordia produced below
those values scen for the auxin-only treatment (in bluc on the graphs), suggesting that the
presence of polyamines arc inhibitory to the process of auxin-stimulated root primordia

formation.
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Ficure 3. 26A: Effects of simultaneous treatment with auxins and polyamines on the
initiation of lateral root primordia.
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initiation of latera! root primordia.

103M of each of the three polyamines, putrescine, spermidine, anc spermine were
individually combined wih either IAA, IBA, or NAA at 10-°M and agplied to
seedlings to test for the existence of a synergistic relationship. Controls included io
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3-2-4 ADVENTITIOUS ROOT INDUCTION

In order 10 comprehensively study the involvement of polyamines during root formation, it is
necessary 10 also examine the process of adventitious root initiation. The development of
such roots from a varicty of tissues not normally possessing rocot meristems may require
different signals and cellular processes than those normally involved in the generation of
lateral roots from pre-existing root tissue. Hence, although polyamines may not be dircctly
involved in the production of lateral roots, the different processes surrounding adventitious

root development may have a requirement for polyamines.

Leaf explants removed from pre-flowering plants

Leaves from soil-grown plants were sensitive (o surface sterilisation procedures and did not
form any roots when cultured in vitro. Thercfore basal rosetted leaves of 19 day-old pre-
flowering seedlings grown in vitro were used in subsequent experiments. No adventitious
roots were formed when these leaf explants were cultured on either hormone-free control
media, or any of the media containing IAA only. In some explants cultured on hormone-ree
media, however, shoot regeneration and callus growth occurred at the sites of wounding,
indicating that explants were viable and retained some capacity for tissue growth and
differentiation (Figure 3.27A). It was also noted that a concentration of 10°M [AA
completely inhibited cellular growth and expansion in the explants, as no sites of callus
growth were cvident, and the explants did not exhibit an increase in size (Figure 3-27B).
Treatment with 10™*M IAA, produced limited callus formation along the exposed vasculature
of explants (Figure 3-27C), whilst 10°M IAA markedly stimulated callus growth in these

arcas (Figure 3-27D).

To test for a relationship between polyamines and auxin in the generation of adventitious
roots, similar leaf explants were incubated on media containing 10°M TAA supplemented
with a range of concentrations of putrescine (Figure 3-28) or spermidine (Figure 3-29).

10"*M IAA was chosen as a concentration that was neither toxic to growth nor stimulatory to
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Fig 3.27: Adventitious root formation when explants were excised from pre-flowering
wild-type L. erecta plants.
A. Hormone free control
B. 10°M 1AA
C. 10*M IAA
D. 10°M IAA
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Fig 3.28: Adventitious root formation using explants excised from pre-flowering
wild-type L. erecta plants. Media was supplemented with 10-*M 1AA and:
A, 0.0lmMPUT B. 0. ImMPUT C.0.5mM PUT
D. ImM PUT E. 5mM PUT

Fig 3.29: Adventitious root formation using explanis excised from pre-flowering
wild-type L. erecta plants. Media was suppiemented with 1M IAA and:
A. 0.0!lmMSPD B, 0. ImMSPD  C.(.5mM SPD
D. imM SPD E. 5mM SPD
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the production of an excessive amount of callus tissue. No adventitious roots were induced
in the presence of either putrescine or spermidine when combined with JAA. Furthermore, a
spermidine concentration of 5SmM was found 10 be toxic and resulied in explant chlorosis

belore any increase in explant size was initiated (Figure 3-29E).

Leaf explants removed from flowering plants

As secn for pre-flowering plants, leaf explants removed from plants that had undergone the
transition o flowering did not demonstrate any root growth or shoot regeneration when
cultwred on hormone-free media (Figure 3-30A). These explants were more responsive,
however, to hormonal induction of adventitious root growth, with both 10°*M and 10°M
levels of TAA, proving stimulatory to root formation (Figures 3-30C and 3-30D
respectively). Treatment with 10*M IAA however proved inhibitory to adventitious root
formation (Figure 3-30B). When explants from flowering plants were treated with ~ 10*M
IAA and supplemented with either putrescine or spermidine, the 1AA-induced roo.ing
response was inhibited by the presence of the polyamines, in a dose-dependent manner
(Figures 3-31 and 3-32 respectively). The results for these experiments arc presented as
histograms in Figures 3-33A and 3-33B. As can be scen the IAA-only control treatments
show an even distribution of explants in all the rooting catcgories, for both the 10*M and
10°M levels (Figure 3-33A). The addition of putrcscine or spermidine resulied in a skewing

of data toward the “zero roots per explant” category (Figure 3-33B).

Effects of inhibition of ethylene biosynthesis

Polyamincs and cthylene can have antagonistic roles during plant development (Apelbaum et
al., 1985) with exogenous polyamines capable of delaying senescence, whilst cthylene
reatment can promote it. This is partly a result of the biosynthetic pathways of these
mctabolites competing for the common precursor S-adcnosylmethionine.  As polyamines
were found to be inhibitory (0 adventitious rooting, a preliminary experiment was performed
to determine the role of cthylene during this process. Leaf explants were removed from

flowering adr mutant plants, which constitutively produce adventitious roots, possibly
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Fig 3.30: Adventitious root formation when explants were excised from flowering
wild-type L. erecta plants.
A. Hormone free control
B. 10°M IAA
C. 10#M 1AA
D. 10°M IAA
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Fig 3.31: Adventitious root formation using explants excised from flowering
wild-type L. erecta plants. Media was supplemented with 10-M IAA and:
A. 0.0lmMPUT B, 0.ImMPUT  C.0.5mM PUT
D. ImM PUT E. 5mM PUT

R

Fig 3.32: Adventitious root formation using explants excised from flowering
wild-type L. erecta plants. Media was supplemonted with [0-M IAA and:
A. 0LOImMSPD B, 0.IlmMSPD  C.0.5mM SPD

D. ImM SPD E. 5mM SPD
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Figure 3.33B; Effects of 10-*MIAA supplemented with cither putrescine or spermidine on

adventitious root formation in leaf explants excised (rom flowcring wild-type
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each experiment used 12 explants per (reatmeant.
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through disruption in the cthylene receptor or signalling pathway (adr mutanis kindly
provided by Dr. G. Wastcneys; Australian National University, Canberra). Explants were
treated with TIAA in conjunction with polyamines or the inhibitor of ethylene action, silver
thiosulphate. Figure 3:34 clearly shows the enormous capacity of the adr explants to
produce a mass of adventitious roots in responsc to both 10*M and 10°M IAA treatments.
When added in combination with IAA, spermidine at concentrations ranging from 0-0lmM
to 5mM was inhibitory to root growth {(data not shown), as was silver thiosulphate. These
observations suggests a role for cthylene in promoting adventitious root production in
Arabidopsis, providing a further example of the antagonistic roles of polyamines and

cthylene in plant development.
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Figure 3.34: Inhibition of adventitious root formation with silver thiosulphate.

Leaf explants from flowering adr (@dventitious root) mutants were
exposed to either auxin alone, or in combination with the ethylene
inhibitor silver thiosulphate (STS).

A. Unsupplemented MS control
B. 10*MIAA

C. 10*MIAA + Img/L STS

D. 10°MIAA

E. 10°MIAA + Img/L STS

adr explants were also treated with 10°M 1AA supplemented with either
putrescine or spermidine at concentrations of 0.5mM, ImM, or 5mM.
Spermidine was markedly inhibitory to rooting, whereas the rooting response
with putrescine was variable and less cffective (data not shown).
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3:3 DISCUSSION

3-3-1 ADC AND ODC IN ARABIDOPSIS

In Arabidopsis, low in vivo ODC activity was initially reported, but not found to be
reproducible (Watson et al., 1998). 1t was thought that the use of the inhibitors DFMA and
DFMO in enzynie assays however, would provide an accurate quanufication of both ADC
and ODC aclivities in Arabidopsis leaves (Feirer et al., 1998). A procedure was recently
described also reporting quantification of ODC enzyme activity in seedling cotyledons, and
leaves from flowering Arabidopsis plants (Tassont et al., 2000). As the genome sequence of
Arabidopsis is now all but complete, however, it is relevant to note that no coding regions
homologous to any plant ODC gene have been identified following the screening of diverse
Arabidopsis cDNA librarics with a Datura ODC cDNA probe (Hanfrey er al., 2001). The
probable absence of the gene in this species raises the question as to the mode of action of
DFMO in aliering the phenotype of Arabidopsis plants, and queries results claiming the

quantification of ODC enzyme aclivily in this genus.

One possibility is that DFMO itself, or its degradation products, may act on other enzymes
unrclated to polyamine biosynthesis in Arabidopsis plants. This hypothesis is supporied by
the rcport that DFMO can inhibit root formation in leafy spurge hypocotyl segments, without
affecting endogenous putrescine levels (Davis, 1997A). Alternatively, it may act on ODC-
like molecules o directly or indirectly influence polyamine biosynthesis. In soybean
seedlings this was found to be the case, with DFMO inhibiting the activity of lysine
decarboxylase, which lead to a reduction in titres of cadaverine, another polyamine found
predominantly in the Leguminosae (Gamarnik and Frydman, 1991). The similarity of the
ODC amino acid sequences from Datura, oat, and tomato to the sequences of both ADC and
. the enzyme involved in lysine metabolism, meso-diaminopimelate decarboxylase (DAPDC)
| (Michael ef al., 1996), may also suggest that these latter sequences act as potential targets for

DFMO action. This is {urther supported following TBLASTN searches with the Datra ODC
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sequence and Arabidopsis ESTs which detected the C-terminus of DAPDC on chromosome
number 5 (Hanfrey er al., 2001). A sequence confirmed to encode lysine decarboxylase in

plants has not yet been described in the DNA databases.

In plant species possessing both the arginine and omithine pathways leading to putrescine
biosynthesis, it is thought that the application of DFMA does not necessarily mnhibit ADC
activity, as it is known that DFMA can be converted into DFMO through the action of
arginase (Slocum and Galston, 1985; Burtin et al., 1989). In Arabidopsis, while this
conversion may still occur, as mentioned above, the mode of action of DFMO remains
unclear. The in vitro application of 2mM DFMO (o Arabidopsis seedlings in the present
study however, did result in a marked decreasc in the accumulation of free putrescine in
shoots, with no change in the titres of spermidine and spermine. It remains to be seen
whether this eflect is merely coincidenial, or due to a genuine interaction with the polyamine

biosynthetic pathway.

Resulis from the present study indicate that the alternate in vive conversion of DFMO into
DFMA seems unlikely in this species, as low levels of DFMA sirongly affected Arabidopsis
root growth, whereas high levels of DFMO (up to 8mM) were ineffective. This latter
observation is in agreement with findings of Mirza and Bagni (1991) who reported that
DFMO was only inhibitory 10 Arabidopsis root length when the concentration was increased
up to 20mM. The judicious use of DFMA in future work therefore, would appear to be an
appropriate means (o study the effects on growth of the specific inhibition of putrescine
biosynthesis in Arabidopsis. It should be noted, however, that experiments performed
during the present study to determing the effects of DFMA and DFMO on Arabidopsis were
limited, due to the lack of availability of the drugs, resulting from a decision in the carly
1990s by the manufacturer (Merrell Dow Research Company, Cincinnati, Ohio) to make

them available only for cancer-related research activities.
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3-3-2 EFFECTS OF POLYAMINE EXCESS OR DEPLETION

Growth of Arabidopsis callus tissue on regeneration media containing 10mM DFMA
siimuiated the production of roots, in agreement with similar {indings for tobacco callus
(Tiburcio et al., 1987). Furthermore, the inclusion of 10mM DFMA in regeneration media
had similar effects in stimulating production of shoots in maize callus (Guergué et al., 1997)

as il did in the present study of Arabidopsis shoots.

Growth of Arabidopsis plants in the presence of the polyamines putrescine, spermidine, or
spermine or the biosynthetic inhibitors CHA or MGBG, caused various phenotypic alterations
which werc ameliorated following prolonged exposurc. A similar responsc has been
reported in tobacco thin cell layers treated with CHA or MGBG (Altamura et al., 1991). Such
observations may be attributable to either degradation of the additives in the media toward the
cnd of the growth pericd, or 1o the compensatory production, metabolism, or transport of
endogenous polyamines 1o overcome the initial excess or depletion during the carly phase of
growth. Plants treaied with DFMO however, did not show such normalising of phenotype
after 1G weeks of exposure and remained stunted. This may be due to a variety of factors
including non-specific inhibition by DFMO of an enzyme unrelated to polyamine

biosynthesis, which once inactivated, results in an irreversible inhibition of growth.

The morphological alierations of Arabidopsis plants exposed to CHA or MGBG for up o §
weeks; included reductions in the heighis of inflorescences and a slight delay in the onset of
flowering, effects also observed {ollowing treatment with each of the three polyamines. The
similarity of phenotypes induced by treatments with polyamines, or inhibitors of polyamine
biosynthesis, may indicatc that any perturbations in the optimal levels of endogenous
polyamines affect basic processes, resulting in alterations in morphology and development,
In this present study, the application of CHA to Arabidopsis plants caused an accumulation
of putrescine and a concomitant decrease in spermidine levels. This is in agreement with

studies from other plant tissues including carrot cells (Khan and Minocha, 1991; Minocha et
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al., 1991B), pea seeds (Villaneuva and Huang, 1993); chick-peas (Gallardo et al., 1994),
and rape leaf discs (Aziz et al., 1997). In thin cel layers of tobacco, such treatments also
lead 10 inhibitions of cell wall production which were reversible by the application of

polyamines (Altamura et al., 1993; Berta et al., 1997).

Although endogenous putrescine levels were increased in Arabidopsis shoots by application
of CHA or MGBG, liitle change was observed in accumulation of ADC transcripts after
treatment with low levels of these inhibitors, suggesting either tight consirainis on
transcription of ADC, or post-transcriptional control operating to alter ADC transcript levels
in these plants. An increase in ADC signal was induced, however, by treatment with a
higher concentration of CHA (3mM). Such positive regulation of gene expression was
unexpected, as the increase in putrescine would be expected to cause reductions in
expression of ADC via a feedback mechanism. Interestingly, increased putrescine titres afier
CHA treatment of carrot cells (Khan and Minocha, 1991) and Jerusalem artichoke tubers
(Torrigiani et al., 1987B) have also corresponded with elevations in ADC activity. The
CHA-irduced increases in putrescine and ADC expression, and decreases in spermidine, may
result from the preferential metabolism of putrescine during growth into other compounds
which are not free, conjugated, or bound polyamines (Egea-Cortines and Mizrahi, 1993),
rather than its normal usc for spermidine production. This may occur via putrescine oxidase
in the gamma aminobutyric acid degradation pathway that leads to succinate biosynthesis
(Pérez-Amador and Carbonell, '795). It may therefore be possible that putrescine

metabolised in this pathway is replenished by the action of ADC in CHA-treated planis.

As mentioned previously, the application of MGBG to plant tissue has been shown to
increase putrescine titres (Minocha ez al., 1991B; Villaneuva and Huang, 1993) and decrease
spermidine tires (Minocha er al., 1991B; Aliamura et al., 1991; Villancuva and Huang,

1993; Aziz et al., 1998), as well as decreasing the activitics of ADC (Hiatt et al., 1986;

~ Minocha et al., 1991B) and SAMDC (Villaneuva and Huang, 1993; Yang and Cho, 1991).

In the present study, such treatment resulied in increased accumulation of both putrescine

and spermidine in Arabidopsis, which correlated with increased SAMDC transcript levels.
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While the reason for increased spermidine titres is unclear, increased putrescine levels are
expected, based on the MGBG-induced inhibition of decarboxylated SAM, the enzyme which
is used for the generation of spermidine from putrescine. The elevation in SAMDC (transcript
accumulation observed following MGBG treatment may be a response mechanism to produce
more SAMDC and overcome such inhibition. The present work is consistent with the recent
report that SAMDC in Arabidopsis is at least, parily regulated at the transcriptional level
(Tassoni et al., 2000).

Due to competition for decarboxylated SAM by both the polyamine and ethylenc biosynthetic
pathways (Even-Chen et al., 1982), treatment with MGBG or CHA also has the capagity (0
increase the production of ethylene, which in turn accelerates plant growth (Roberts et al.,
1984; Muifioz de Ruedo et al., 1994; Gallardo et al., 1994; Gallardo et al., 1995). In the
current work, Arabidopsis planis grown in the presence of both inhibitors, however,
demonstrated slight delays in the onset of flowering, possibly suggesting that the rise in
endogenous polyamines alter inhioitor treatment is sufficiently high so as lo negate any
effects of increased ethylene production. Alternatively, excess polyamine titres caused by
inhibitor- or polyamine-fecding of Arabidopsis plants in this study may have inhibited the
conversion of 1-aminocyclopropane-1-carboxylic acid (ACC) into ethylenc—a process also
observed in oat leaves treated with exogenous polyamines (Fuhrer et al., 1982).
Furthermore, Applewhite et al. (2000) reported that while weatment with cxogenous
spermidine promotes flowering when the endogenous levels are sub-optimal, such treatment
delays flowering in Arabidopsis when the levels of endogenous polyamines are already

optimal.

Interestingly, the activities of ADC and SAMDC can be inhibited by the application of
cxogenous polyamines (Hiatl et al., 1986; Yang and Cho, 1991) as well as polyamine
inhibitors (Hiatt et al., 1986; Minocha et al., 1991B; Yang and Cho, 1991; Villancuva and
Huang, 1993). In addition, both treatments also result in high titres of endogenous

polyamines (Minocha er al., 1991B; Villancuva and Huang, 1993. Both of these factors




Chapter 3: Chemical Perturbation 97

may contribute to the overall similaritics in the phenotypes of Arabidopsis plants treated with |
polyamines or inhibitors. High levels of endogenous polyamines have also been noted
following weatments such as cytokinin-induced stimulation of cotyledon growth in radish
(Sergiev et al., 1995) and aluminium treatment in Catharanthus roseus (Minocha et al.,
1992), suggesting that polyamine levels per se reflects growth processes, rather than being
the causative factor determining growth. It must also be considered when correlating
polyamine titres with stimulations in growth, especially in experiments involving their
exogenous application, that these amines may merely funciion as a source of nitrogen in

actively growing tissues (Martin-Tanguy and Carre, 1993).

3-3-3 LATERAL ROOT INDUCTION

Polyamines have often been described as a new class of growth regulator due 1o their
ubiquitous presence in all cell types and correlations of their endogenous levels with the
onset of many aspects of growth (Galston and Kaur-Sawhney, 1995). The resulis of the
present study also demonstrate that the application of exogenous polyamines or their
biosynthetic inhibitors induce some alterations in root growth and development. In order to
further study the involvement of polyamines in the initiaion of roots in Arabidopsis
seedlings, detailed studies of lateral and adventitious root production were undertaken
following treatment of plants with polyamines or their inhibitors. Possible interactions of

polyamines with auxin during root growth were also appraised.

Effects of auxins

It has been demonstrated that trcatments of root tissues with auxin results in an intense
stimulation of lateral root initiation in a diverse range of species such as radish (Blakely et
al., 1982), pea (Hinchee and Rost, 1986), lettuce (Maclsaac et al., 1989), onion (Lloret and
Puglarin, 1992), Eucalyptus (Pelosi ef al., 1995), and Hyoscyamus (Biondi et al., 1997).
The results in this study also indicate that Arabidopsis shows this developmental response

following treatments with IAA, IBA, or NAA. Each auxin also induced a significant dose-
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dependent inhibition of primary root lengtn, which has been reported in several other species
including onion (Lloret and Puglarin, 1992), pea (Zeadan and MacLeod, 1984),
Hyoscyamus (Biondi er al., 1997), and blue honeysuckle (Karhu, 1997).

Treatment with auxin at a level of 10°*M has also been shown to cause regions of sub-apical
swelling near the base of root fragments and at the tips of lateral roots in onion (Lloret and
Puglarin, 1992). Thesc regions are proposed to be areas which have resumed apical
meristem activity after the auxin-induced inhibition of root elongation. Occasionally, such
swelling was severe enough to cause fracturing of the surrounding cortical tissue of the
treated roots (Lioret and Puglarin, 1992). In Arabidopsis seedlings, treatment with auxins at
10*M had similar effects, such that stimulation of lateral root production was so prolific that
primordia were initiated along the vasculur tissue of the hypocotyl as well as the primary
root. Furthcrmore, it has been noted that auxin application to onion roots results in a
modification of the normal sequence of lateral root formation, resulting in out-of-sequence
development of new primordia between roots that had already begun to emerge (Lloret and

Puglarin 1992), a trait also cvident in the Arabidopsis seedlings treated with 10*M auxin.

Effects of polyamines

In the present study, putrescine, spermidine, and spermine did not exhibii auxin-like actions
in terms of stimulating the formation of lateral root primordia, when applied at concentrations
ranging (rom 10°M 1o 10°M. In fact, treatments with the individua! polyamines themselves

had neither positive nor negative effects on lateral root numbe:.

Numerous studies report that polyamines may have a role, however, in augmenting the root-
inducing effects of auxin in a wide variety of species such as mung bean scedlings (Jarvis et
al. 1983, Friedman er al. 1985; Nag et al., 1999), tobacco thin cell layers (Torrigiani et al.
1989), wild cherry shoot cultures (Biondi er al. 1990), micropropagated poplar shoots
(Hausman et al. 1994), and hazel microshoots (Rey et al. 1994). Therefore the hypothesis
'lhal polyan?ines stimulate Arabidopsis lateral root growth in conjunction with auxins, was

tested by the individual application of either putrescine, spermidine, or spermine with each of
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the hormones IAA, IBA, and NAA. In all experiments conducted with the three auxins at the
sub-optimal concentrations of 10°M and 10°M and the three polyamines at 10°M, no
evidence of a synergistic or additive relationship between exogenous auxin and polyamines
in the case of lateral root growth was observed. In fact, polyamines were found to be
somewhat inhibitory 1o auxin-induced stimulation of lateral root initiation in Arabidopsis.
Similar inhibitory effccts on root elongation and differentiation of lateral roots have been
reported in eggplant root cultures foilowing the application of putrescine alone (Sharma et
al., 1997). In addition, a study of Zea mays root development correlated a decline in
endogenous putrescine levels in roots with the development of lateral roots (Schwartz et al.,
1986). The inhibition mediated by polyamines, with respect to the intense stimulation of
roots by auxins, may be due to the fact that roots are highly active areas of cell division and
replication, which are processes known 10 require polyamines. Thercfore, an optimal level
of endogenous polyamines may exist within these areas of active growth, such that increases
above this value disrupt the normal rate of polyamine turnover and thereby become inhibitory

1o cell division,

It was also observed that treatment with very low concentrations of putrescine at 10°M (0
10*M induced a small, but statistically significant stimulation of Arabidopsis primary root
clongation. This finding is in agreement with the report of Mirza and Bagni (1991) who also
demonstrated that levels of putrescine up to 10*M were stimulatory to Arabidopsis root
length. The reported effccts of exogenous spermidine and spermine on lateral root growth
and elongation, however, are somewhat contradictory and therefore suggest that the roles of
these higher polyamincs during root growth are variable, depending upon factors such as the
species, the tissue type, and the growth conditions of the study. In studies of Zea mays, for
cxample, contradiciory reports exist as to the action of spermidine during root growth.
Addition of spermidine at a level of 10°M, inhibits the growth rate of the primary root by
60% in this species, whereas removal of this polyamine [rom media allowed the rate of
growth of treated seedlings to revert to normal (de Agazio ez al. 1995). It was suggested by
these sauthors that spermidine treatment reduced the mitotic index of the roots, thereby

reducing cell elongation. Endogenous spermidine on the other hand, was positively
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correlated with root growth in Zea mays following the measurement of significant increases
in spermidine titres in actively growing roots (Schwartz et al., 1986). In addition, whilst the
application of either spermidine or spermine at a concentration of 5 x 10™*M to Arabidopsis
seedlings has been shown 10 be sufficient (o inhibit rool elongation completely (Mirza and
Bagni, 1991), in the present study spermidine and spermine application were found (o
signilicanily promote Arabidopsis root elongation at levels of 10°°M and 10"*M respectively.
In support of the later observation, spermidine was found to have significant promotive
effects on lateral root number and elongation when applied to eggplant root cultures at levels

up to 10”°M (Sharma et al., 1997).

Despite some uncertainties remaining as to the specific roles of polyamines during root
initiation and growth, several general observations can be made.  Specifically, in
Arabidopsis root development, while polyamines had no promotive or hormone like effect
on initiation of lateral root primordia, they did appear 1o stimulate elongation of the primary
root, and inhibit the abnormal proliferation of lateral roots in auxin-treated seedlings. This
Iatter point is consistent with a hypothesis that the maintenance of normal growth patierns is

a process in which polyamines may play a role.

Effects of chemical inhibitors of polyamine biosynthesis

Trcaiment with Jow levels of DFMA inhibited primary root length in Arabidopsis seedlings in
the present study, however, cffects of DFMA treatment on lateral root production was not
xamined due to limited availability of the drug. A similar treatment of eggplant root cultures
resulted in a strong inhibition of root growth and differentiation of lateral roots (Sharma et al.
1997). It was also demonstrated that the application of putrescine was unable to cause
reversion of the DFMA-induced effects in (hat tissue (Sharma er al. 1997), suggesting that

the inhibition of root growth was not due to reductions in endogenous putrescine content.

As distinct {from the effects of DFMA treatment, this study indicates that high concentrations
of DFMO stimulate lateral root primordia production, though not to the same extent as auxin,

in Arabidopsis. While it remains unresolved if such effects of DFMO are the result of altered
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polyamine metabolism, given that Arabidopsis has been reported to not possess ODC
(Hanfrey et al., 2001), it has also been demonstrated that in Zea mays plants which possess
both ADC and ODC enzymes, the depletion of polyamines resulting from DFMO treatment is
correlated with increased production of lateral roots (Schwartz et al., 1986). It should be
noted, however, that the effects of DFMO on rooting do appear o be species-specific. In
eggplant root cultures for example, the inhibitor did not promote root growth or the
differentiation of laterals but rather, was weakly inhibitory to these processes (Sharma et al.

1997).

Analogous to DFMA-application, CHA and MGBG treatments, proved significantly
inhibitory to primary root clongation in Arabidopsis secdlings, a trait similarly noted in
cggplant roots (Sharma er al., 1997). In addition, treaiment with exogenous spermidine was
able 10 reverse the inhibitory effects induced by MGBG, as well as those induced by DFMA
application in these tissues (Sharma er al., 1997). The authors therefore suggest that the e
effects of the inhibitors arc attributable to the decrease in endogenous spermidine titres,
rather than the concomitant increase in endogenous putrescine titres (Sharma er al., 1997). 1t
cannot be discounted, however, that the elevaied putrescine levels caused by inhibitor
treatment is the primary factor correlating with the inhibition of lateral root growth, as

putrescine has previously becn shown (o be inhibitory to rooting (Schwartz ef al., 1986).

From examination of the polyaminc biosynthetic pathway, the inhibitors used in the present
study arc expecled to have contrasting effects lon putrescine accumulation; an inhibition
caused by DFMA, and a promotion caused by CHA or MGBG. Despite this prediction,
similar root length phenotypes were observed in Arabidopsis scedlings treated with any of
the threc inhibitors. These counter-intuitive observations may be explained, however, by the
different modes of actions of these inhibitors ir Arabidopsis. CHA and MGBG act by
competitively inhibiting the enzymes spermidine synthase and SAM decarboxylase
respectively, and may inhibit root growth by inducing an elevation in endogenous putrescine
titres as well as depleiions of spermidine titres. In Arabidopsis, an absence of ODC

(Hanfrey et al., 2001) eflectively means that ADC is the first committed step to polyamine
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biosynthesis. Specific inhibition of ADC by DFMA treatment would therefore be expected to
reduce total polyamine production—a process that would be cxpected 1o have significant
repercussions on several aspects of shoot and root growth. Furthermore, treaiment with all
three inhibitors were found (o enhance the timing of root initiation, with lateral root
primordia being observed after only six hours of inhibitor treatment, whereas primordia on
untreated controls did not appear until 18 hours of incubation. These observations imply a
general correlation between reductions in polyamine titres and the onset of lateral root growth
in Arabidopsis, possibly by triggering a stimulation of G, phase pericycle cells near the root
tip, which are susceptible to lateral root imtiation (Beeckman et al., 2001). Further work to
explore possible inieractions between auxin-stimulated lateral root production and polyaminc
inhibitors is warrented and may provide novel insights into the role of polyamines in the

process of lateral root primordia induction.

3-3-4 ADVENTITIOUS ROOT INDUCTION

Effects of auxin

Numerous studies report stimulatory effects of auxin in gencrating adventitious roots in a
variety of woody specics. Treatment with NAA stimulates adventitious root formation in
English ivy de-bladed petioles (Geneve and Kester 1991), micropropagated poplar shoots
(Bellamine and Gaspar 1998; Hausman er al. 1994), and hypocotyl and epicotyl cuttings
from pine seedlings (Goldfarb er al., 1998). In Taxus cutlings, root growth requircs a
combination of both IBA and NAA (Chee 1995), whilst both IAA and IBA are strong
inducers of adventitious root production in apple shoots (de Klerk et al. 1997). In difficult-
to-root micropropagated cultivars of pear, treatment with high IBA concentrations stimulated
root formation, Without auxin treatment, however, endogenous IAA levels were found to
peak before root induction in casy-to-root cultivars of pear, but not in the difficuli-to-root
cultivars Baraldi er al. (1995}, leading the authors to suggest that changes in endogenous
IAA levels are critically related to the rooting process in pear cuttings. From the variety of

studies described above, it is cvident therefore that the inductive effects of different auxins
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are likely 10 be not only species-specific, but also depend on the cell type and the

developmental age of the tissue.

Initial experiments examiuing adventitious root production in Arabidopsis leaf explants used
plants that did not show signs of floral initiation. Such explants did not develop roots, and
cxhibited shoot regeneration when incubated in the absence of [AA, or areas of callus growth
when in the presence of IAA. These observations may indicate that the ratio of auxin {0
cytokinin within the untreated ‘pre-flowering’ explants were low, thus enabling shoot
regeneration, In the presence of auxin however, presumably the balance is restored such that
the auxin levels are now similar to those of endogenous cytokinin levels, thus stimulating
callus growth. When cxplants were removed {rom flowering plants, adventitious root
growth was initiated in the presence of 10*°M IAA and 10°M IAA, suggesting that the ratio
of endogenous auxin (o cytokinin within the ‘flowering” explants were at a level sufficient to

allow the initiation of root growth.

Effects of polyamines

Reports examining the effects of polyamines of adventitious root generations have mainly
focussed on agronomically important or woody plant species. Jarvis er al. {1983) first
demonstrated the inhibitory effects of high levels of spermidine on the growth of roots from
stem cuttings of mung bean scedlings. In the present study of Arabidopsis, spermidine
inhibited root formation normally induced by exogenous auxin. These results are in
agreement with those of Hausman et al. (1994 and 1995B) who reported that both
spermidine and sperminc were inhibitory to the auxin-induced rooting response in
micropropagated poplar shoots. Interestingly, Hausman et al. (1995A) found that the
rooting inhibitions induced by spermidine and spermine were not due to the increased
endogenous levels of the two polyamines themselves, but a result of their interaction with
cndogenous TAA and putrescine. These reports, and the present work, indicate that
spermidine has the capacity to inhibit adventitious root formation when applied either alone

or in combination with auxin.
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In the current study, exogenous putrescine was also found to be inhibitory to adventitious
root growth in Arabidopsis—an observation which is in agreement with the correlations
found by Tiburcio ef al. (1987) who showed that root organogenesis is inversely related to
putrescine titres in tobacco callus cultures. In studies of pear microcuttings, lack of
adventitious root formation in difficult-to-root cultivars was suggested to be due to their high
levels of endogenous putrescine (Baraldi er ail.,1995). As noted previously, MGBG
application causes an increase in endogenous putrescine titres, which may be the reason for
the inhibition of root growth in MGBG-ircated mung bean stem cuttings (Jarvis et al., 1983),
tobacco thin cell layers (Altamura et al. 1991), and poplar shoots (Hausman er al. 1994).
Other studies have used the putrescine biosynthesis inhibitors DFMA or DFMO, to correlate
low putrescine levels with increased root growth. The simultaneous application of DFMA
with NAA, for example, resulted in a promotion of root formation in English ivy, which
could be inhibited by the addition of 1mM putrescine (Geneve and Kester, 1991). Similarly,
a decreasc in endogenous putrescine levels in cotyledon explants of the spindle tree,
following DFMOQ application, has been associated with a stimulation of rooting (Bonnecau et

al., 1995).

On the other hand, numecrous studies using polyamine biosynthesis tnhibitors cormelate a
depletion of polyamines with an inhibition of adventitious root generation. Treatment with
DFMA and DFMO causcd an inhibition of rhizogenesis in tobacco explants, for exampie,
which could be reversed by exogenous putrescine application (Burtin et al. 1990). Both
inhibitors also strongly reduced root induction in tobacco thin cell layers (Altamura et al.
1991), and decreased the auxin-induced rooting response in poplar shoots (Hausman ef al.
1994). Davis (1997B) uscd canavanine to block ODC, and canaline (o block ADC to decrease
the putrescine and spermidine content of leafy spurge hypocotyl segments, a factor which

again resulted in an inhibition of root growth,

Several reports have correlated elevated polyamine levels following auxin treatment with the
development of adventitious roots in a variety of plants and tissues, such as mung bean stem

cuttings (Jarvis et al., 1983), tobacco leal explants (Burtin, 1990), English ivy petioles
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(Geneve and Kester, 1991), and leafy spurge hypocotyl segments (Davis, 1997B). Rey e
al. (1994) demonstrated, for example, that polyamines act in concert with IBA to improve the
rooting response of hazel microshoots. Hausman et al. (1994) and Hausman et al. (1995B)
have also shown that putrescine promotes rooting in poplar shoots up to 42% when added to
the auxin medium. In conjunction with the proposed roles of free polyamines in the rooting
process, Burtin ef al. (1990) showed that auxin-induced root formation was accompanied by

an increase in the Ievels of putrescine conjugates before the visible appearance of roots.

Although the precise interactions between auxin and polyamines are unclear, the importance
of polyamines in the rooting process is supporied by the observation that endogenous
polyamine levels increase during adventitious root growth even in the absence of auxin
trecatment.  Furthermore, it has been demonstrated that putrescine biosynthesis increases in
the organs where roots are [ormed during root induction in mung bean hypocotyl scgments,
(Fricdman er al., 1985). Similarly, levels of {rec and bound putrescine and spermidine
increase in tobacco thin celi layer explants when root rﬁerislcmoids appear (Torrigiani et al.,
1989). Endogenous polyamine levels also peaked during the later stages of root primordia

development preceding root emergence in shoot culwres of wild cherry (Biondi et al., 1990).

Involvement of ethylene in the generation of adventitious roots

A further complication in understanding polyamine involvement during adventitious root
growth occurs when the role of ethylene is considered. The pathways for the biosynthesis
of cthylene and polyamines are intrinsically linked due to the sharing of the common
metabolite SAM. Ethylene treatment of carrot cells for, example, results in reduced activities
of ADC and SAMDC, and corrclates with inhibition of ¢cmbryogenesis (Roustan er al.,
1994). In the present study, it is concluded that putiescine and spermidine are inhibitory (o
adventitious root growth in Arabidopsis, however, il is not certain that these molecules per
se cause the inhibition, or whether their application resulted in a downstream down-
rcgulation of cthylene biosynthesis, thereby leading to inhibited root growth. Variable
reports of ethylene action during adventitious rooling exist; the inhibition of ethylene

biosynthesis stimulates root formation in wild-cherry (Biondi et al., 1990), whereas in
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sunflower scedlings, a wound-induced increase in ethylene production has been shown io

stimulate the development of root primordia (Liu ez al., 1990).

In the present work, a preliminary study of the effects of ethylene on adventitious root
initiation was performed by wreating explants with an inhibitor for ethylene action, silver
thiosulphate, Such cxperiments uscd a novel mutant of Arabidopsis {(adr) which produces
adventitious roots constitutively, possibly through alterations in the ethylene receptor or
signalling pathway (Dr. G. Wasteneys; Pers. Comm.). Adventitious root growth was
inhibited in explants from this mutant by silver thiosulphate application, in agreement with
similar treatments using sun{lower seedlings (Liu ef al., 1990). The effects of polyamine
rcatments on rooting of mutant explants were also noted. That exogenous spermidine also
inhibited root growth in the mutant corroboraics the propqsed anti-ethylene cifects of

polyamine application (Suttle, 1981; Slocum et al., 1984).




CHAPTER 4.

ANALYSIS OF POLYAMINE METABOLISM IN
ARABIDOPSIS PLANTS CONTAINING

T-DNA FROM AGROBACTERIUM RHIZOGENES

41 INTRODUCTION

THe 3LANT CATGOENS Agrobacterium tumefaciens and Agrobacterium rhizogenes have a
natvra) cansesty (0 infect a wide range of dicotyledonous plants. The neoplastic growth of
tumouss or adventitious roots at the infection site occurs as a consequence of the integration
and expression of genes contained on tumour-inducing (Ti) or root-inducing (Ri) plasmids
respectively, which is transferred from the bacterium {0 the plant cell (Zambryski er al.,
1989). Tnis translerred DNA, or T-DNA, contains genes that undergo regulation by the
transcripticnal machinery of the plant, leading 10 the production of opines, which are used by

the bacteria as a source of carbon or nitrogen.

Agropinc strains of A. rhizogenes have been intensively studied and their Ri plasmids contain

two regions of T-DNA, designated TL-DNA and TR-DNA respectively, that can be
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transferred to the plant cell (White er al., 1985). Eighteen ORFs are found on the TL-DNA
and through transposon mutagenesis, four in particular were found to affect root induction
(Slightom et al., 1986). These root loci (rol) genes were designated ro/A, rolB, rolC, and
rolD and correspond 1o ORFs 10, 11, 12, and 15 respectively (Siightom et al., 1986). The
TR-DNA contains genes functionally homologous to the iaaM and iaaH auxin biosynthesis
genes found on Ti plasmids, and together are referred 10 as the aux genes (White et al., 1985;

Cardarelli et al., 1987).

Each adventitious root produced following A. rhizogenes inlection is thought to represent an
individual transformation event (Cuilton et al., 1982). Whole plants, often with altered
phenotypes can be regencrated from transgenic roots of many species, and the T-DNA and
associaied phenotype arc transmitted to the progeny in a Mendelian fashion as a dominant
trait {Tcpfer, 1984). This mode of inheritance was first described in the offspring of
ransformed regenerated tobacco plants that showed three phenotypes upon segregation;
normal (N), transformed (T), or super-transformed (T"), with the latter two phenotypes being
duc to the presence of onc copy and two copies respectively, of the Ri T-DNA (Tepfer, 1934,
Durand-Tardif et al., 1985). The T-phenotype has characteristics such as reduced apical
dominance, leaf wrinkling, reduced flower sizc and number, delayed flowering, and an
intense stimulation of plagiotropic root growth, although some variation is observed between
specics (Tepfer, 1984). A similar phenotype is also observed in tobacco when only the three
main rol gencs {rom the TL-DNA, rolA, B, and C, are transformed together (Cardarelli ez al.,
1987, Jouanin et al., 1987; Spena et al., 1987; Vilaine et al., 1987). The rol genes have been
implicated in altering hormone metabolism in transformed plant ccils, however the precise
mechanisms remains unclear. Originally, RolB was proposed to release free auxin from
inactive conjugates (Estruch er al., 1991A) and similarly, RolC was thought to release free
cylokinin (Estruch ef al. 1991B). In rolB- and rolC-iransformed plants however, auxin and
cylokinin levels respectively were not increased comparcd to wild-type (Nilsson et al.,
1993A & 1993B). A subsequent hypothesis suggested that RolB is not directly or indirectly
involved in auxin metabolism, but may have a role in altering the sensitivity of plant cells to

IAA (Nilsson and Olsson, 1997). The tissue-specific and auxin-inducible expression of
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rolB in tobacco, has since been shown to require binding of the recently identified N(BBFI
(Nicotiana tabacum rolB domain B Factor 1) transcription factor (Baumann et al., 1999). In
addition, each rol gene has been ascribed certain phenotypic alicraiicns when transformed
into tobacco individually, either under the control of their respective promoters, or under the
control of the CaMV35S promoter. Thus transgenic rolA plants exhibit leaf’ wrinkling,
darker lcaves and shortened internodes (Schmiilling et al., 1988; Sinkar et al., 198R);
transgenic ro/B plants have increased adventitious root production, altered flower
morphology, and lesions on leaves (Schmiilling er al., 1988); and transgenic rolC plants
show lighter coloured leaves, reduced chlorophyll content, and reductions in apical
dominance, flower size, and pollen production (Schmiilling et al., 1988). Thesc phenotypes
have been ascribed to alterations in phytohormone metabolism and/or perception (Hamill,

1993; Michael and Spena, 1995; Nilsson and Olsson, 1997).

Corrclating with the hairy-root phenotype in tobacco is a reduction of between 30% to 50%
in the accrulation of both endogenous frec and conjugated polyamine titres, with the
magnitude of the reduction being broadly inversely proportional to the degree of alteration in
phenotype (Martin-Tanguy er al., 1990). Contrasting somewhat with the hypothesis that
conventional hormonal alierations are primarily responsible for phenotypic alicrations, these
authors proposed that the genes encoded on the TL-DNA act by depressing polyamine
biosynthesis, hence causing the transformed phenotype. This hypothesis was further
supported by studies using the specific inhibitor of putrescine biosynthesis DFMO, which
inhibil the enzyme ornithinc decarboxylase (Metcalf, 1978). In tobacco, the application of
DFMO to wild-type plantis mimics the phenotypic alierations seen following T-DNA
transformation (Burtin e ¢l., 1989), and furthermore, the inhibitor is able to accentuate the

transformed phenotype of tobacco T scgregants (Burtin et al., 1991).

While treatments with DFMO alters the endogenous titres of free and conjugated putrescing in
tobacco, and is accompanicd by changes in morphology resembling the T phenotype (Burtin
et al., 1989), the application of DFMA alone to tobacco plants does not mimic the phenotypic

effects induced by transformation (Burtin er al., 1991; Martin-Tanguy er al., 1991). Hence,
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thc TL-DNA may act by repressing polyamine biosynthesis through inhibitions of the
ornithine pathway leading 10 putrescine production (Burtin et al., 1991). The relationship is |
further enhanced by the demonstration that putrescine application reverses the stunted shoot
phenotype induced by DFMO (Martin-Tanguy et al., 1991), and in combination with another
polyamine tyramine, is also able 10 attenuate the T phenotype (Martin-Tanguy et al., 1996).
Treatment with putrescine alone, however, has not been shown to reverse the T phenotype in
tobacco, which would appear 10 be a critical requirement of the hypothesis that the T
phenotype is caused by a reduction in putrescine synthesis as opposed 1o be a secondary

consequence of transformation.

The purpose of the present study was to address directly the hypothesis that the genes
encoded on the Ri TL-DNA, rcsult in a hairy-root phenotype due to inhibition of the
biosynthesis of polyamines (Martin Tanguy et al., 1990). The hypothesis of Marun-Tanguy
et al. (1990) was framecd following studics involving tobacco, but should be applicable to
other specics if correct. As the rol genes have strong effects in aliering cellular responses (0
auxin (Maurel ef ¢l., 1991), an alternative and likely hypothesis is that depleted titres of
polyamines in Ri T-DNA (ransformants may be a secondary consequence of hormonal
alteration within such plants. Arabidopsis is an ideal plant in which to clarify the roles of
polyamincs in transformants as it does not have the metabolic complications of tobacco, in
which both spermidinc and alkaloids can both be derived from putrescine. Furthermore, the
use of Arabidopsis allows plants to be grown to flowering aseptically in vitro, thus allowing
polyamines to be fed to plants via the root system without possible complications due to

microbial over-growth in soil,

In the present work, Arabidopsis plants were studicd that had been regenerated from hairy
roots derived from transformation with A. rhizogenes or only with the rolABC genes from
the TL-DNA of Ri plasmid 1855 (which is present in LBA 9402 [agropine type]). As was
noled, rolABC gencs produce hairy-root phenotype in tobacco (Palazon et al., 1988). In an
atiempt to distinguish whether polyamine depletion is the cause of the altered morphology,

polyamines were supplicd to the T-DNA-transformed plants cultured in vitre in order (o test
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if they ameliorated the phenotype. Similarly, it was hypothesised that the application of
polyamine biosynthesis inhibitors to such transformed Arabidopsis plants may deplete
endogenous polyamine titres {urther, and thus exacerbale the wansformed phenotype. As
well as testing the hypothesis, it was thought that an examination of phenotypes following
such treatments, and the quantification of endogenous titres of {ree, conjugated, and bound
polyamines, and the expression of polyamine biosynthetic genes, would also provide some

understanding of the regulatory mechanisms operational in the polyamine pathway.
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4-2 RESULTS

421 THE PHENOTYPIC LINK BETWEEN _TRANSFORMATION  WITH

A. RHIZOGENES T-DNA_AND INHIBITION OF PUTRESCINE BIOSYNTHESIS iN

ARABIDOPSIS

Arabidopsis plants (Landsberg erecta ecotype) were regenerated from hairy roots following
transformation with the agropine strain of Agrobacterium rhizogenes LBA 9402. Primary
ransformant planis were stunted with compact inflorescences, and possessed very low self
fertlity in vitro, leading to the production of small quantitics of seed which had
approximatcly 50% germination capacity when grown in vitro, or in soil. Three distinct
phenotypes were observed in the progeny in a 1:2:1 ratio of ‘N’ (normal or wild-type
phenotype) to ‘T (transformed phenotype) to ‘T (supertransformed phenotype).  Such
plants arc hereafter collectively referred to as 9402 segregants. The 9402 T’ scgregants
cxhibited a severe alteration in phenotype, with plants displaying an exweme reduction in
both shoot and root apical dominance, a lack of fertility, and a stimulation of root growth.
The 9402 T transformants also possessed severe reductions in fertility, allowing only a
perfunclory analysis of morphology and quantification of endogenous polyamine levels
(Figure 4-1A). Axenic root culturcs were readily established from these T lines and whole
plant regencration was attempted on several occastons, however, no additional viable seed

were produced.

To further examine the importance of ORFs 10, 11, and 12, in producing the Ri T-DNA
wransformed phenotype in Arabidopsis, and 10 investigate links with alierations in polyamine
metabolism, Arabidopisis plants (Ler) were transformed with an EcoRI fragment of T-DNA
containing the rolABC gencs under the control of their own promoters (Durand-Tardiff et al.,
1985; Cardarelli er al., 1987). Four independent, pure-breeding, rolABC transformant lines
were ultimaiely generated that were resisiant 10 kanamycin and designated as #1, #3, #7, and

#9. Line rolABC#1 appeared phenotypically normal, whilst rolABC#3, rolABCH#7, and
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Figure 4.1: /n vitro plant phenotypes

A. 9402 T segregant |Bar represents |cm|

B. rolABC#3 [Barrepresents lecm|

C. Untreated wild-type Ler (left) vs. Ler treated
with ImM DFMA + 1mM DFMO (right)
[Bar represents 9cimn| 3

(All plants are al 6 weeks of in vitro growth)
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rolABCH9, exhibiled a broadly similar, though less severe phenotype to that of the 9402 T
scgiegants (Figurc 4-1B). Interestingly, the phenotypes of both the 9402 and rolABC
transformants, which consist of stunted, bushy shoots, increased number of flower#, and
prolific root systems resemble those of wild-type plants treated with DFMA and DFMO
(Figure 4-1C). Each of the rolABC transformants, however, did not exhibit the scvere
reductions in fertility associated with the 9402 wransformants and thus were subsequently
used for detailed characterisations of the effects of Ri T-DNA upon morphology, polyamine

titres, and expression of polyamine biosynthetic genes in Arabidopsis.

4-2:2 CONFIKMATION OF TRANSFORMATICN

Southern blots containing genomic DNA digested with Xbal and Kpnl were probed with the
rolB coding sequence in order to confirm transfer:ned status and attempt to determine T-DNA
copy number of both sets of transformants (Figure 4-2). As expected, the untransformed
wild-type control did not show a hybridisation signal. Since Xbal and Kpnl cach cut once in
the T-DNA of the binary vector, but not within the EcoRI fragment containing the rolABC
genes, the presence of two hybridisation bands in DNA extracted from the rolABCH3
transformant line indicaics the presence of two copies of the rolABC genes. Similarly, one
band in DNA cxtracied from the rolABC#7 and rolABC#9 lines indicates the presence of one
copy of the rolABC gene sequence in these lines. No hybridisation signal was detected in the
DNA cxtracied from the rolABC#I line, even though the seedlings showed resistance to
kanamycin. This suggests that only a section of T-DNA, possibly including the right border
and sequences up to, and including the npdll genc cncoding kanamycin resistance, was
intcgrated into the genome of ro/ABC#1. Approximaicly 10 sibling 9402 T lines {rom the
original transformed parcnt were generated, and three typical lines (D, E, J) were analysed.
Each showed one band under both digestion conditions, suggesting a single copy of TL-

DNA in cach line (Figure 4-2),




Chapter 4: Transformation 115
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Figure 4.2: A. Southern blot using DNA from wild-type and transformed
root tissue.

Axenic root cultures were established from wt Ler control plants
and also pure-breeding transformant lines rolABC#3, rolABC#1,
and rolABC#9, and sibling lines designated D, E, and J from the
original 9402 T parent. DNA was digested with the restriction
enzymes Xbal and Kpnl which do not cut the rolABC genes. The
membrane was probed with a fragment of the rolB gene and
washed at high stringency. Line ro/ABC#1 showed resistanse to
kanamycin but did not hybridise to the rolB probe (not shown).
As rolABC#1 exhibited a wild-type shoot phenotype it was used
as a further control in subsequent experiments.

B. Schematic layout of the TL-DNA of pRi9402 from
Agrobacterium rhizogenes.
The 18 ORFs are depicted by arrows, and a Kpnl and EcoRI
restriction map for that region is presented below. The rolB probe is
indicated in red. The EcoRI fragment containing the rolA, rolB, and

rolC genes was used to create the rolABC transformants, and is indicated
in yellow.
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4-2.3 EFFECTS OF POLYAMINE BIOSYNTHESIS INHIBITORS AND T-DNA

TRANSFORMATION ON MORPHOLOGY

Innibition of putrescine biosynthesis

When added together at ImM, DFMO and DFMA produced a marked change in shoot and
root morphology of Arabidopsis, resembling the phenotype {ollowing transformation with
the rolABC genes of A. rhizogenes (Figure 4-1). Thus DFMO and DFMA treatment
decreased shoot height of wild-type Ler plants by approximately 50% (Figure 4-3A) and also
stimulated the number of {lowers produced per plant, {rom an average of 70 {lowers in

untreated controls, to an average of 14{ flowers per treated plant (Figure 4-3B).

A further experiment using DEMO only, but at the slightly higher level of 2mM (Table 4-1),
confirmed these observations with a more pronounced reduction in primary inflorescence
height than was the case when both inhibitors were used at ImM. The overall shoot mass
however, increased from an average of 0-69¢g [resh weight 10 1-0g after treatment with 2mM
DFMO, due (o a stimulation of axillary inflorescence growth (Table 4-1). The length of the
primary root was slightly reduced following treatment with 2mM DFMO even though
concomilant minor stimulation of overall root mass was observed. A decrcase in
cndogenous [rec putrescine levels was also observed in plants treated with 2mM DFMO,
with levels dropping {rom =1 average of approximatcly 20pg/g {resh weight in controls 10 an

average of less than 6ug/g fresh weight in treated shoot tissue (Table 4-1).

Transformation with A. rhizogenes T-DNA

Effects of TL-DNA transformation on weight

A massive stimulation of root growth was observed in 9402 T segregants grown in vitro
resulting in both the shoot and root tissues having similar weights, whereas in both the 9402
Nand 9402 T segregants, the shoot weight contributed the major proportion of the total dry

weight (Figure 4-4). Overall, a dramatic decrease in the shoot and root ratio was observed
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A)

(B)

No. of flowers

Figure 4.3: In vitro elfects of putrescine biosynthesis inhibito.s
on key morphological paramelters of wild-type L. erecta (n=3).

Table 4.1:

Primary inflorescence height (cm)

Effect of ImM DFMA & 1mM DFMO

on shoot height
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A. Primary iniflorescence height

B. Number of flowers

Control 2mM DFMO
Shoot height (cm) 162+2.0 4.6+ 09
Shootfwt, (g) 0703 1-0 + 04
Primary Root length (cm) 11411 89+ 06
Root fwt. (g) 0-05 £ 002 0-08 + 0-03
Free Putrescine® 202186 56+ 41

(ug/g (wt)

wild-type L. erecta.

Valucs shown are averages + SEM.

A As measured in shoot tissue,
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from the 6:1 observed in wild-type Ler, to an average of 1:1 in 9402 T segregants (Figure

4.-4B).
Dry weights of 9402 segregants
0 - 1 Shoot wt (g)
60 E 1 B Root wt (g)
- I
= 40 F
& -
g 2
£ 30 -
20 ij
10 B /
N T T
Line

Figure 4-4: Eflects of Ri T-DNA on in vitro dry weights of 9402 segregants harvested at
10 weeks post-germination. Average + SEM presented; n=5

Effects of ro/ABC transformation on root architecture

The root growth of the rolABC transformant lines #3, #7, and #9 compared to an
untransformed control is shown in Figure 4-5. At eight weeks of in vitro growth, a change
in root architccture was evident in the transformants compared to the wild-types, whereby the
identification of primary roots from surrounding secondary, tertiary, and other higher order
fateral roots was difficult. By this age, there were several thick roots all originating from a
similar region at the base of the hypocotyl, and each of these ‘primary’ roots possessed
accompanying secondary, tertiary, and quaternary roots, thus contributing to the increased

root mass of the transformants.

In an attempt 1o quantify the observed alterations in root archiiecture of the rolABC

transformants, studies of in situ root growth on MS medium were performed. Results are
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rolABC#7

Week 8 of growth presented.

A. Primary root length

rolABCH#9
Figure 4.5: In vitro growth of centrol and rolABC-transformed plants.
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Figure 4.6: Root architecture experiment comparing root growth of
wild-type control and rolABC-transformants.
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only presented for the rolABC#7 line as the extremely complex growth patterns of roots from
the rolABCH3 and rolABCH#9 lines were impractical o track accurately for the duration of the
experiment. Itis clear that a major effect of rolABC transformation is o cause a stunting of
the primary root compared to untransformed wit Ler controls (Figure 4-6A). Although the
rolABCH7 line cxhibited fewer primary lateral roots than wild-type (Figure 4-6B), it was able
lo maintain a slighdy higher number of secondary lateral roots (Figure 4-6C). The toia)
number of root tips per plant however, was not compromiscd, as both wt Ler and rolABC#7
had approximately 50-55 tips each by day 13 of growth (Figurc 4.6D), thereby ensuring
overall similarities in total root tip number. From day 15 of growth, thc number of lakral
roots of the transfeimants were unable 10 be accurately counted, due to dramatic increases in

the initiation and growth of sccondary, tertiary, and quaternary roots from this lime onward.

Effects of rolABC transformation on shoot morphology

As presented earlier (Figure 4-1B), transformation of wild-type Ler with the three rol genes
induces a marked change in shoot morphology. The primary inflorescence heights of
transformed plants were reduced from an average of 170mm in the wild-type and rolABC#1
controls, to approximately 50mm in the threc rol/ABC#3, #7, and #9 Lines (Figure 4.7A).
Such marked differences in inflorescence hciriste tetween transformants and controls,
however, did not result in shoot weight differences of the same magnitude between the two
groups. As presented in Figure 4-7B, the shoot weight stiil contributed the major proportion
of 1otal dry weight in rolABC lincs, although stimulation of root growth noted in these lines
mcant that inicrmediale shoot-to-root ratios of approximately 2:1 were observed.  This
compares (o the 5:1 ratios observed in the wild-type and rolABC#1 control lines and the 1:3

ratio {or the 9402 T transiormant.

The characteristic stuntcd phenotype of 70iABC transformants was evident when plants were
grown under both in virro (Figure 4-8A) and grecnhouse conditions (Figurc 4-8B). As
previcusly mentioned, line rolABCH#1 exhibited a wild-type shoot phenotype when grown in

vizro (not shown) and in soil (Figuie 4-23, panel F).
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Figure 4.7: Ellects of transformation on key morphological
paramelers in vitro.

A, Plant heighi at seed set of rolABC lines (Average + SEM),
The 95% confidence intervals for plant heights (in mm) are
shown below (he x-axis. The number of samples used per line
arc indicated above cach column,

B. Shool and root dry weights of rolABC lines compared 10 :
wl Ler and the 9402 T segregant. (Average + SEM).
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Figure 4.8A: Shoot phenotypes of wild-type and ro/ABC
transformants when grown in vitro.
A. wild-type Ler control  B. rolABC#7

C. rolABC#3 D. rolABC#9
The bar in each panel represents lcm.,

Figure 4.8B: Shoot phenotypes of wild-type and rolABC
transformants when grown in soil.
E. wild-type Ler control  G. rolABC#3
F. rolABC#1 H. rolABCH7

L rolABCH#9
The bar in each panel represents 1cm.
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Effects of transformation with rof/ABC or Ri TL-DNA on flower structure

The 9402 N segregants have a wild-type shoot phenotype of vegetative and floral structures
(Figures 4-9A and 4.9B). Flowers of the 9402 T segregants however, were smaller than
wild-type flowers with their stamens approximately half the size of controls (Figure 4-9A
and 4-9B). A similar phenotype was also observed in the rolABCH#3 line (Figure 4-9B),
which possessed smaller stamens and also smaller petals and sepals than wild-type Ler
controls and the other transformed lines (Figures 4-10A and 4-10B). The stamens from lines
#7 and #9 were slightly reduced in size relative to their respective gynoecia, compared to
wild-type Ler controls and also r0/ABC#1 conuol flowers. The size of the gynoecium

however, was essentially the same in all lines (Figure 4-10B).

Effects of rolABC transformation on silique structure

The phenotype of siliques removed {rom wild-type and rolABC transformant plants grown in
soil are shown in Figure 4-11. rolABC transformant lines #3, #7, and #9 produced
abnormally small siliques which werc often bent (Figure 4-11, panels C, D, and E
respectively) compared to their wild-type Ler and phenotypically normal rolABC#1
counterparts (Figure 4-11, pancls A and B). The reduced size of transformed siliques
corrclated with a rcduction in seed number and also sced size (Figure 4-11, pancl F). The
total number of siliques produced per plant however, was markedly increased in
transformants compared to the wild-type Ler controls (Figure 4-12) and rolABC#] plants
(data not shown). Thus the 95% confidence interval for the wild-type Ler line is
approximately 20-10-30 siliques per plant, and for the rolABC transformants the intervals lie
between 100-150 siliques per plant for rolABC#3, between 55-80 siliques for rolABC#7, and
between 40-55 siliques for rolABCHS.

Effects of ro/ABC transformation on primary inflorescence structure

To study the cellular organisation of the dwarf shoot phenotype of the r0/ABC lines, cross-
scctions of the primary inflorcscence from wild-type Ler and the transformants were

examined. Figure 4-13 presents cross-sections obtained from the apical and basal nodes of
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wt Ler 9402 9402 rolABCH#3
‘N’ segregant ‘T’ segregant

Figure 4.9: Morphology of flowers from wild-type

control and transformed plants.
A. Intact flowers
B. Flowers with petals removed

: wt rolABC  rolABC  rolABC  rolABC
Ler #1 #3 #7 #9

Figure 4.10; Morphology of flowers from wild-type
Ler and rolABC-transformed plants.
' A. Intact flowers

B. Flowers with petals removed (the withered
' appearance of rolABC# | anthers is due to age,

5 rather than a transformation effect) i
(Bars represent I mm) |
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Figure 4.11: Morphology of siliques from wild-type and rolABC-

140
120

2

80

Number of siliques

40
20

transformants.

A. Wild-type Ler D. rolABC#7

B. rolABC#1 E. rolABC#9

C. rolABC#3 F. Dissected siliques; L. to R.:
wt Ler, rolABCEL, rolABCES, rolABCH#T,
rolABC#9

(Bars represent limn)

Number of siliques

- ()

III]—JII

Wi rolABCH3  rolABCHT  rolABCH9
(20-28) (101-148) (55-83) (40-53)
Linc

Figure 4.12: The effects of transformation on the number of siliques

produced per plant (Average + SEM).

The 95% confidence intervals for the number of

siliques per

plant are shown below the x-axis. The number of sampies

used per line are indicated above each column.
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inflorescence axes from wild-type Ler control (Figure 4-13A) and phenotypically normal
rolABC#1 (Figure 4-13B) lines, and the rolABC#3 (Figure 4-13C) and rolABC¥#7 (Figure
4-13D) transformant lines. The rolABCH#9 line had the same T-DNA copy number as the
rolABC#7 line and was not included this study. Close examination of the sections from all
four lines revealed that both rolABCH3 and rolABCHT were different from control and
rolABC#1, with ro/ABC#3 plants altered to the greatest extent. Firstly, the spatial positioning
of the vasculature was not symmetrical within the ro/ABC#3 line. Instead of a typical pattern
of pith cells, having quite evenly spaced, alternating vascular bundles and interfasicular
cambium as seen in control and rolABC#1 lines (Figure 4-13A), rolABC#3 sections, and to a
lesser extent the lower section of rolABC#7, had an uneven vascular pattern and irrcgularly-
shaped pith zone. Secondly, a lack of uniformity among pith cells, in terms of both their size
and shape, was found in both rolABC#3 and rolABCH7 lines (Figures 4-13C and 4-13D). A
further alteration in ccllular organisation was seen in the cortical layer of the lower section
from the rolABCH#3 inflorescence. The normally small collenchyma cells in this layer were
clongated, with their long axes perpendicular to the epidermal cell layer, rather than the
paraliel orientation noted for wild-type cortical cells. The increased size of these cells in the
rolABCH#3 lower section, and their changed orientation, resulted in the cortical layer
occupying relatively more arca of the cross scction than in control and rolABC#] lines. This
is in spite of the cortical zone of the lower rolABCH#3 section comprising only two-to-three
layers of cells, compared to the four-to-five concentric layers of near-uniformly-shaped

collenchyma cells observed in the other lines.

4-2:4 AXENIC ROOT CULTURE ANALYSES

Effects of transformation on growth, polyamine titres, and gene expression

Growth kinetics

To further characterise the cffects of wansformation on root growth, axenic root culiures
were cstablished from both the 9402 T and rolABC transformants, and the wild-type Ler

controls. This allowed the growth kinetics of each line 10 be determined, and correlated with
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gl s )
Figure 4.13A: Transverse sections stained with toluidine blue from
primary inflorescences of wild-type control (x25 mag.)
Upper section; from the apical node
Lower section; from the basal node above the rosette leaves
(Sections were prepared from soil-grown, flowering plants)
ctx - cortex; col - collenchyna; epi - epidermis; fsc - fasicular cambium;
b ifs - interfasicular cambium; par - parenchyma; phl - phloem: pth - pith;
] xyl - xylem
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Figure 4.13B: Transverse sections stained with toluidine blue from
primary inflorescences of rolABC#1transformants (x25 mag.)
Upper section taken from the apical node

Lower section taken fromi the basal node above the rosette leaves
{Sections were prepared from soil-grown, flowering plants)
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Figure 4.13D; Transverse sections stained with toluidine blue from
primary inflorescences of rofABC#7 transformants (x25 mag.)
uUpper section taken {rom the apical node
Lower section taken from the basal node above the rosette leaves
(Sections were prepared from soil-grown, flowering plants)
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_“

endogenous polyamine titres and the expression pattiems of important polyamine biosyntheti
genes during the various phases of root growth over a 42 day period. As could probably
have been anticipated, the fastest rate of growth was observed for the 9402 transformants
(Figure 4-14A) followed by the rolABC wansformants (Figure 4-15A). It was observed that
all transformed lines cntered the rapid growth phase by day 14, whereas the wild-type
cultures only did so from day 21. By day 35 however, all lines were observed to be in
statiznary phase and began 1o senescence Consequently, day 42 samples were not used in
subscquent experiments. Interestingly, all transformant lines, had the capacity to remain
alive for several weeks when in the stationary phase, while the wild-type cultures tended to
undergo rapid senescence after day 35. This made recovery of wild-type lines difficult or

impossible if subcultured after this time.

Endogenous polyamine titres

Quantification of endogenous polyamine titres from root cultures demonstrated that the 9402-
and rolABC-transformed culwres generally possessed lower levels of free polyamines than

wild-typc control lines throughout the culture period (Figures 4-14B and 4-15B).

Spermidine was the predominant {ree polyamine in both control and transgenic cultures for

all time points analysed except day 14, when putrescine levels were highest. As the age of

the cultures increased, the levels of free putrescine and spermidine were gencrally found to

decrease n all lines (Figures 4-14B and 4-15B).

PR

The same trends were evident for the conjugated polyamine titres, with reduced levels

L s

cvident in cultures of both scts of transformed lines compared to untransformed conirols
(Figurcs 4-14C and 4-15C). On the whole, putrescine was the predominant conjugated
polyamine in wild-type cultures, whereas in 9402 cultures the levels of conjugated

spermidine were slightly higher, In the rolABC lines, titres of conjugated putrescine and

spermidine were approximately egivalent 1o one another. As with the frec polyamines,

litres of conjugates generally were diminished by the end of the growth phase.
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Figure: 4.14: Polyamine titres from wild-type and 9402 T transformant root lines.
A, Blotted {resh weights of 9402 T and wild-type Ler root lines
B. Free polyamine titres
C. Conjugated polyamine titres
D. Bound polyamine titres (no bound Spm was detected)
[Free polyamine titres are the average of two independant experiments)
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Figore: 4.18: Polyamine titres from wild-type and rolABC transformant root lines.
A. Bilotted fresh weights of rolABC and wild-type Ler root lines
B. Free polyamine titres
C. Conjugated polyamine titres
D. Bound polyamine titres (no bound Spm was detected)
[Free polyamine titres are the average of (wo independent experiments]
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No marked differcnce in the titres of bound putrescine or spermidine were observed between
control and transformed lines (Figures 4-14D and 4-15D). Bound spermine was not detected

in any line.

Polyaming gene expression

In an aitempt 10 detcemine whether alterations in polyamine levels were associated with
alterations in polyamine gene expression, levels of wranscripts for major polyamine genes

were compared in wild-type and transformed lines throughout the growth cycle.

Arginir:e decarboxylase (ADC)

Probing Northern blot membranes with the ADC gene from Arabidopsis thaliana revealed a
I-2kb transcript in all wild-type and transformant root Enes (Figure 4-16B). Accumulation
of the ADC transcript was high during the early phase of growth, correlating with the high
levels of free and conjugated putrescine observed during that stage. By thc end of the
growth cycle, the expression of ADC amongst control and transiormed root lines was similar

(Figures 4-16C and 4-16D).

Ornithine decarboxylase >DC)

As coding sequerce of omithine decarboxylase (ODC) irom Arabidopsis was not available
(sce section 3-3-1), a ¢cDNA fragment of 800bp comprising the 5 ~cgion of the N. fabacum
ODC gene [GenBank accession number Y10472; Lidgett et al., 1997] was used for Northern
hybridisations. Following washing at high stringency, a band of the expected size (1-3kb in
tobacco was not observed but a single distinet trapscript of 0-9kb in size was detected in all
root linc samples (Figure 4-17B). After standardisation (Figure 4-17D), no distinct

differences in expressivn pattern were eviden: between the control and the two transformant

lines.
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g Figure 4.16: ADC Northern blots of wild-type control and transformed root lines.
A: EthBr-stained gel (approximately 20pg total RNA loaded per track)

B: Probed with an Arabidopsis genomic DNA fragment of ADC

C: Probed with an Arabidopsis cDNA fragment of UBIQUITIN

D: Standardised signal inter:sity of ADC relative to that of UBIQUITIN
SAMPLE KEY: 1 = untransformed wild-type 2= rolABC#3
3=rolABC#7 4=9402(D) 5=9402(E) 6=9402 ()
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Figure 4.17: ODC Northern blots of wild-type control and transformed root lines.
A: EthBr-stained gel (approximately 20ug total RNA loaded per track) ;
B: Probed with an N. tabacun genomic DNA fragment of ODC "
C: Probed with an Arabidopsis DNA fragment of UBIQUITIN

D: Standardised signal intensity of ODC relative to that of UBIQUITIN
SAMPLEKEY: 1 = untransformed wild-type 2 = rolABC#S
3=rolABC#] 4=9402(D) 5=9402(E) 6=9402())
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Spermidine synthase (SPDS)

A cDNA fragment of the Arabidopsis spermidine synthase (SPDS) gene identified a transcript
of 1-4kb within the Arabidopsis root lines, when used as a probe in Northern hybridisations
(Figure 4-18B). The levels of the SPDS transcript signal revealed that wild-type root cultures
had the highest relative level of expression during the early phase of growth, which
progressively decreases with time (Figure 4-18D). The converse patiern was observed for
transgenic lines, especially the 9402 culturcs, in which the expression of SPDS was relatively

low at the start of the growth cycle, but increased with age of the culture (Figure 4-13D).

S-adenosylmethionine decarboxylase (SAMDC)

A 1.8kb transcript was detecied by an Arabidopsis cDNA {ragment of thc SAMDC genc when
uscd as a probe (Figure 4:-19B). At day 14 of growth, an inverse corrclation between
SAMDC expression and the growth rates of the three sets of root lincs was observed. That
is, the slowest-growing wild-type line had the highest relative expression of SAMDC; the
faster-growing roLABC lines showed a decrease in expression to approximately half the level
of the wild-types; and the 9402 lines which exhibited the fastest rate of growth had the
lowest level of SAMDC expression (Figure 4-19D). As the growth cycle progressed,
howcver, the accumulation of SAMDC transcripts were observed to be similar for all root

lines (Figure 4-19D).

roiB

This sequence was used as a probe, partly to confirm the transgenic status of transformed
root lines, and partly 1o assess whether T-DNA was being actively transcribed in transgenic
lines. As expected, no expression of rolB was detected in the wild-type Ler lines although
the relative expression of the transgene at days 14 and 21 in the transgenic lines was
somewhat variable (Figures 4-20B and 4-20D). By days 28 and 35 of growth, the

accumulation of the rofB transcript was higher in the 9402 lines compared 10 the ro/ABC lines

(Figure 4.20D).
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Figure 4.18: $PDS Northern blots of wild-type control and transformed root lines,
A: EthBr-stained gel (approximately 20ug total RNA loaded per track)

B: Probed with an Arabidopsis cDNA fragment of SPDS

C: Probed with an Arabidopsis cDNA fragment of UBIQUITIN

D: Standardised signal intensity of spds relative to that of UBIQUITIN
SAMPLE KEY: 1 =untransformed wild-type 2= rolABC#3
3=rolABC#7 4=9402(D) 5=9402(E) 6=9402())
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Figure 4.19: SAMDC Northern blots of wild-type control and transformed root lines.
A: EthBr-stained gel (approximately 20ug total RNA loaded per track) o
B: Probed with Arabidopsis cDNA fragments of SAMDC S
C: Probed with an Arabidopsis cDNA fragment of UBIQUITIN ;
D: Standardised signal intensity of samdc relative to that of UB/QUITIN
SAMPLEKEY: 1 = untransformed wild-type 2 = rolA.C¥3 E
I3=rolABC#] 4=9402(D) 5=9402(E) 6=9402 (Vi
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Figure 4.20: rolB Northern blots of wilt-ty pe ¢ontrol and transforraed root lines.
A: EthBr-stained gel (approximately 20pg total RNA loaded per track)
B: Probed with a DNA fragment of rolB
C: Probed with an Arabidopsis cDNA fragment of UBIQUITIN
D: Standardised signal intensity of roiB relative to that of UBIQUITIN
SAMPLE KEY: 1 = untransformed wild-type 2 = rolABC#3
3=rolABC#] 4=9402(D) 5=9402(E) 6=9402())
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Effects of putrescine biosynthetic inhibitors on growth and polyamine titres

Expenential growth phase

As has been noted above, transformed root cultures exhibited increased growth rates over
will-type controls, which \;vere correlated with decreased titres of free and conjugated
polyamines. In an attempt to directly test the hypothesis that a diminution of endogenous
polyamine titres is responsible for the increased growth rate of transformant roots, SmM
DFMO was added 1o the culture medium of all rooi lines (experiments were undertaken prior
¢ any suspicion that Arabidopsis lacks ODC}. Analysis was undertaken 0 determine if
deplction of polyamines could be induced by DFMO, and secondly, if reduced polyamine
levels corrclated with a stimulation of root growth. The inhibitor at SmM did not adversely
alfect growth of wild-type control cultures (Figure 4-21). Root growth of transformants in
the presence of 5SmM DFMO was decreased however, as measured by the average fresh
weights of both rolABC- and 9402-transformed root cultures. The fow titres of free and
conjugated polyamines found in unireated transformants however, were further depleted by
5mM DFMO (Tables 4.2 and 4-3) resulting in a marked decrease in accumulation of frec
puirescine in both transformant and wild-tyne root lines. Titres of free spermidine in wild-
type conirols were also reduced by DFMO treaiment, however, they wcre moderately
increased in all transformant tines (Tabie 4-2). On the whole, levels of pquescihe conjugates
in all root lincs were unaffected following DFMO treatment, whereas levels of spesmidine

conjugates generally increased (Table 4-3).

Stationary growth phase

By day 36 of growth, all root culiures had entered the stationary phase. In general, the
inverse relationship between the growth rate and accamulation of free and conjugated
putrcscine and spermidine seen at day 21 of growth was maintained during the stationary
phase (Figure 4-22). Intercstingly, by the onset of the stationary vhase of root growth, the
cffeee of DFMO was contrary to that observed for the exponential phase, with respect t6

polyamine accumulation. Thus a slight increase in free and conjugated putrescine
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Figure 4.21: Effect of SmM DFMO on root mass of wild-type
and transformed lines at day 21 of growth.

FREE Untreated controls Treated with SmM DFMO

Line: Put Spd Som Put Spd Spm
wild-lype 158.5 339.7 107-8 80-6 274.7 976
rol ABC#3 325 95-6 318 60 105.2 357
rol ABCH7 34.2 1117 708 7.0 159.7 79-5
9402 (B) 316 53.0 43.7 4.3 811 30-5
9402 (K) 2.6 16-6 383 4.4 43.5 26-3

Table 4,2: Efilect of SmM DFMO on [tee polyamine titres of
wild-type and transformed lines at day 21 of growth.

P
i.
T
b
ri
t:

CONI. Untreated controls Treated with SmM DFMO

Line: Put Spd Spm Put Spd Spm t
wild-type 93.5 296:6 1215 91.4 3138 104-7 __
Ol ABCH3 301 847 49-6 312 128.4 8.6
rolABCHT 452 558 447 57-0 170.5 54-2 “
9402 (B) 78 214 514 56 118 413
9402 (E) 265 8.7 378 64 30-5 322

Table 4.3: Eflcct of SmM DFMO on conjugated polyaminc titres of
wild-type and transformed lines at day 21 of growth.
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Figure 4.22: Eflcct of SmM DFMO on root mass of wild-type
and transformed lines at day 36 of growth.
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FREE Untreated confrols Treated with SmM DFMO

Line: Put Spd Spm Put Spd Spm
wild-type 96-5 240.7 989 101-4 27173 733
rolABGiH3 45-3 30-7 47.5 304 204 508
rol ABCHT 504 102:6 373 63-6 181-6 70.2
9402 (B} 274 939 59-4 29 89-0 44.8
9402 (E) 284 557 389 35.9 603 45.7

Table 4.4: Effect of 5SmM DFMO on free polyamine atres of
wild-type and transtormed lines at day 36 of growth.

CONJ. Untreated controls Treated with SmM DFMO

Line: Put Spd Spm Put Spd Spm
wild-type 85-2 135-4 721 90-4 401-6 895
rolABCH3 26-0 327 43-5 276 53.8 29-3
1ol ABCHY 279 189 42-5 85 307 559
2402 (B) 24-3 6-5 300 247 0-9 340
2402 (E) 6-3 13.7 42.5 25-2 89-1 28-6

Table 4.5: Efiect of 5mM DFMO on conjugated polyamine titres of
wild-type and transformed lines at day 36 of growth.
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accumulation was observed in wild-type and transformed lines. DFMO also induced general

increases in the accumulation of free and conjugated spermine (Tables 4-4 and 4-5).

4-2.5 WHOLE PLANT ANALYSES

Effects of transformation on phenotype and polyamine titres

Free polyamines

As mentioned above, transformation with genes from A. rhizogenes TL-DNA markedly
alters the shoot and root morphology of Arabidopsis plants. In the case of axcnic root
cultures, the resulting stimulation of growth correlates with reduced titres of [ree and
conjugated polyamines. To determine the polyamine profiles of shoots and roots from intact
plans, titres of free and conjugated polyamines were quantified in untransformed wild-type
Ler, rolABC#3, and 9402 T scgregant plants grown in vitro. Due to a paucity of seed being
available {rom f(ull Ri T-DNA 9402 transformants, only a limited characterisation was
performed on these plants. As presented in Figure 4-23, levels of the predominant free
polyamines, putrescine and spermidine, were found not to alter in shoots of any ol the three
lines. The abnormal 9402 T plant, however, exhibited a severely dwarfed shoot which never
flowered and possessed extremely elevated titres of free putrescine and spermidine. The
levels of free polyamines within intact roots of whole plants are in agreement with the above
findings for axenic root cultures, with an inverse relationship between the degree of
morphological alteration and accumulation of frece polyamines. Thus roots from wild-type
plants had the highest levels ol polyamines, followed by roots from the ro/ABC plants, and

{inally the roots from Ri T-DNA 9402 plants.

Conjugated polvamines

The accumulation pattern of conjugated putrescine and spermidine in shoots was slightly
diffcrent from that of (rece polyamines. Again, there were no differences in conjugated
putrescine and spermidine profiles of wild-type and rolABC#3 shoots. Conjugaied

pulrescine titres in 9402 T shoots however, were markedly elevated, with an approximately
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2
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&
= - SHOOT: 148 + 28 483 + 38 64 + 1.0
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§ E | SHOOT: 912 + 186 1631 + 425  127+24
£ ROOT: 151+ 38 52.5 +10.1 9.1 + 21
Conjugated Conjugated Conjugated
Putrescine Spermidine Spermine
3
g SHOOT: 4213+ 1765  69.2 + 1.0 233 + 1.7
% ROOT: 39003+347.5 196.6 * 21.9 98.6
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Figure 4.23: Titres of free and conjugated polyamines in shoot and root tissue
of control and transformed plants, measured in pg/g fresh weight.
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three-fold increase over wild-type and ro/ABC#3 shoots (Figure 4-23). The abnormal 9402
T plant had the most scvercly altered shoot phenotype which correlated with the highest
accumulation of conjugated putrescine and spermidine. Titres of conjugated polyamines in
roots also followed the same general patiern as that of the free polyamines, with the wild-

type roots exhibiting much higher titres than roots {rom transformants (Figure 4-23).

Effects of feeding polyamines or polyamine biosynthetic inhibitors on

phenotype, polyamine titres, and gene expression of transformed plants

Phenotype

Since transformation causes altcrations in root and shoot phenotypes, and is conelated with
reductions in polyamine titres of intact rcots and axenic root cultures, experiments were
carried out to test the capacity of polyamines to ameliorate or reverse the transformed
phenotype of seedlings. In addition, polyamine biosynthesis inhibitors were also fed to
scedlings 1o determine if the transformed shoot phenotype could be cxacerbated by further
reducing endogenous polyamine titres. The inclusion of putrescine in the media at levels of
ImM and 10mM, and spcrmidine at levels of 1mM, 3mM, and 5mM, did not negatively
alfect the growth of wild-type (Figure 4-24) or rolABC#! (Figure 4-25) control seedlings.
Such treatments were clearly unable to amelioraie the transformed shoot phenotype of
rolABCHT (Figure 4-26) or rolABCH#9 (Figure 4-26) seedlings. Furthermore, the
simullaneous addition of putrescine and spermidine was also not able 10 revert the rolABC-
transformed phenotype. In addition, relatively high levels of the polyamine biosynthesis
inhibitors; MGBG (1mM), CHA (10mM), and DFMO (10mM), were able to moderately
inhibit the size of all shoots, with DFMO able to induce marked alterations of the shoot by

causing severe leaf in-rolling (Figures 4-24 10 4-27).

Polyamine titres and expression of polyamine biosynthetic genes

When grown on media supplemented with either or both putrescine or spermidine,
transformed and control plants appeared able to actively take up the polyamines via their

roots and translocate them 10 the shoots. This is evident from the increases in titres of free,
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Figure 4.24: Growth of wild-type Ler on media containing either
polyamines or polyamine inhibitors. Day 34 of growth.

A. MS only B. imM DFMO C. 16mM DFMO

D. 0.1lmM MGBG E. ImM MGBG F. tmM CHA

G. tmM Put H. 10mM Pul L 10mM CHA

J. ImM Spd K. 3mM Spd .. 5mM Spd

M. ImM Put + N. 3mM Put + 0. 5mM Put +
ImM Spd 3mM Spd SmM Spd

Seeds were germinated on MS medium solidified with agar and supplemented with the
polyamines Put and/or Spd, or the polyamine biosynthetic inkibitors DFMOQ, CHA, or
MGBG. Control media remained unsupplemented.
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Figure 4.25: Growth of rolABC#1 on media containing either
g polyamines or polyamine inhibitors. Day 34 of growih.
A. MS only B. ImM DFMO C. 10mM DFMO
D. 0.imM MGBG E. lmM MGRBG F. lmM CHA
G. ImM Put H. 10mM Pul . 10mM CHA
J. tmM Spd K.3mM Spd L. 5mM Spd
. M. ImM Put + N. 3mM Put + O.5mM Put +
! ImM Spd 3mM Spd 5mM Spd

Seeds were germinated on MS medium solidified with agar and supplemented with the
polyamines Put and/or Spd, of the polyamine biosynthetic inhibitors DFMO, CHA, or
MGBG. Control media remained unsupplemented.
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v v ~ SN
3 Figure 4.26: Growth of ro/ABC#7 on media containing either
polyamines or polyamine inhibitors. Day 34 of growth.

A. MS only B. lmM DFMO C. 10mM DFMO
R D. 0.imM MGBG E. ImM MGBG F. lmM CHA

G. lmM Put H. {0mM Put L. 10mM CHA
J. ImM Spd K. 3mM Spd [.. 5mM Spd
M. 1mM Put + ImM Spd

Seeds were germinated on MS medium solidified with agar and supplemented with the
polyamines Put and/or Spd. or the polyamine biosynthetic inbibitors DFMO, CHA, or
MGBG. Control media remained unsupplemented.
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Figure 4.27: Growth of rolABCH#9 on media containing either
polyamines or polyamine inhibitors. Day 34 of growth.

A. MS only B. lmM DFMO C. 10mM DFMOQ
D. §.1mM MGBG E. tmM MGBG F. lmM CHA
G. ImM Put H. 10mM Pt 1. 10mM CHA
3 J. ImM Spd K. 3mM Spd L. 5mM Spd
:' M. ImM Put + N.3mM Put + 0. 5mM Put +
tmM Spd 3imM Spd SmM Spd

Seeds were germinated on MS medium solidified with agar and supplemented with the
polyamines Put and/or Spd, or the polyamine biosynthetic inhibitors DFMO, CHA. or
MGBG. Control media remained unsupplemented.
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conjugated, and bound putrescine when the plants were exposed to putrescine, and similarly,
all three forms of endogenous spermidine increased when media was supplemented with

spermidine (Tables 4-6, 4-7, and 4-8).

Effects of exogenous putrescine application

Feeding 10mM putrescine stimulated a marked accumulation of the three forms of putrescine
in all lines whilst concomitantly increasing SPDS mRNA levels. This transcript abundance
had litde downstream cffect, however, on the accumulation of spermidine in the
untransformed wild-type and the rolABC#1 control shoots. Plants of the rolABC#9 line did
not show this tight regulation of spermidine levels however, exhibiling a moderate increase
in titres of both free and conjugated spermidine following growth on media supplemented
with 10mM putrescine. Consequently, free putrescine levels in this line could not be
stimulated further than 4000ug/g f.wt. following treatment with 10mM putrescine. Levels of
conjugated putrescine in rolABCH9 shoots however, were dramatically higher than that of
controls following fecding with exogenous puirescine. In the wild-type and rolABC#]
control shoots, excess free putrescine does not appear to be used for the synthesis of higher
polyamines, and therefore both lines exhibited putrescine titres over 6000ug/g f.wi
compared with approximately SOug/g f.wt. for untreated controls (Table 4-6). Levels of
ADC mRNA accumulation gencrally decreased with putrescine application to all lines. The
simultancous application of putrcscine with DFMO did not revert the inhibitory effects of

DFMO on Ri T-DNA transformants (data not shown)

Effects of exogenous spermidine application

As mentioned above, spermidine treatment stimulated the accumulation of free, conjugated,
and bound spermidine in the controls and the transformed lines, which interestingly
correlated with increases in transcript levels of SPDS, the enzyme involved in the conversion
of putrescine 1o spermidine, in all lines (Figure 4-28). Such treatment also increased the
levels of the three forms of putrescine within those lines, however, it was not found to cause

a concomitant elevation of spermine levels (Tables 4-6, 4-7, and 4-8). Although putrescine




FREE POLYAMINE TITRES
wild-type Ler rolABC#1 rolABCHT rolABCH9
Treatment: n Put Spd Spm n Put Spd Spm n Put Spd
" Untreated || 7 | 482 | 1003 | 713 ] 7 | 515 | 1284 | 608 || 4 | 390 | 1036
ImM CHA 7 540 29-0 60-7 4 100-5 | 1210 | 794 - - -
0-1mM MGBG 7 91.3 17-4 66-2 4 91-6 256:2 | 1184 1 5 400 181-0
1mM MGBG - - - - - - - - 3 84.7 216-7
1mM DFMO 7 739 196-2 60-6 - - - - 6 329 195-0
SmM DFMO 3 653 214.2 63-2 - - - - - - -
10mM DFMO 7 501 125-4 | 482 “ 6 733 2724 | 118-6 . - -
1mM Put 7 74-3 113.6 | 445 7 2080 | 221.0 ] 614 - - -
10mM Put 7 6034 82-4 34.7 5 7082 107.3 28-5 - - -
1mM Spd 4 48-8 165-3 73.5 6 35-3 136-6 350 - - -
3mM Spd S 102-8 | 503-6 71-4 4 82-4 844.4 61-3 - - -
SmM Spd 4 ] 522.3 | 1618 46-6 3 | 441.1 1134 38.2 - - -
1mM Put + 9 130.7 | 2217 | 419 - - - - 5 569 302.6
1mMSpd

TABLE: 4-6: Free polyamine titres (ug/g fresh weight) from shoots of treated and untreated wild-type Ler and rolABC transformants.

Seeds were germinated on MS medium solidified with agar and supplemented with the polyamines Put and/or Spd, or the polyamine biosynthetic inhibitors DFMO,
CHA, or MGBG. Untreated plants were grown on MS media with no additives. Polyamine extractions were performed on day 34 of growth using pools of treated
shoots. The number of individuals used per extraction are shown in the columns designated ‘n’. Treatments without enough tissue for extraction are represented by
a dash.
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CONJUGATED POLYAMINE TITRES
wild-type Ler rolABC#) rolABC#7 rolABCH#9
Treatment: n Put Spd Put Spd Spm Put Spd Spm | " Put Spd Spm
Untreated || 7 | 321 | 826 463 | 1550 | 454 307 | 1016 | 445 | 10| 371 | 260 | 377
mMcuA || 7 [ 503 [ st 1149 | 732 | 525 i - = | 8 | 414 | 898 | 648
0-1mM MGBG || 7 | 131-0 | 186-3 654 | 1660 | 407 320 | 328 | 423 | 8 | 345 | 09 | 303
1mM MGBG || - | - i i - - 1532 | 1513 | 700 | 5 | 1467 | 166 | 314
ImMDFMO || 7 | 473 | 1685 i - ) 449 | 969 | 535 || 6 | 24 | 511 | 2451
SmMDEMO || 3 | 660 | 1853 - - ] - ) ; ) ) )
10mM DFMO || 7 | 416 | 202 6 | 528 | 821 | 946 i - ~ | 3 | 439 | 6925 | 559
ImM Put || 7 | 1033 | St-1 7 | 411.1 | 2252 | 3595 : ) ~ 8§ 6 | 2665 | 2437 | 1428
10mM Put || 7 | 4426 | 1023 5 | 6033 | 1127 | 652 : : ~ I 5 | 14955 | 1159 | 511
ImM Spd || 4 | 41.1 | 816 6 | 921 | 1256 | 46.4 ) i T 6 | 454 | 1636 | 396
3mM Spd || 5 | 1950 | 1019 4 | 673 | 3980 | 406 i i = |6 [ 3974 [ 7143 s02
smM Spd || 4 | 2548 | 1005 8 | 859.0 | 3379 | 49.0 } - = | 6 | 7756 | 2159 | 299
ImMPut+ || 9 | 1251 | 1707 - - : 1024 | 6649 | 714 || 7 | l622 | 2454 | 664
1mMSpd

TABLE: 4-7: Conjugated polyamine titres {(ug/g fresh weight) from shoots of treated and untreated wild-type Ler and rolABC transformants.

Seeds were germinated on MS medium solidified with agar and supplemented with the polyamines Put and/or Spd, or the polyamine biosynthetic inhibitors DFMO,

CHA, or MGBG. Untreated plants were grown on MS media with no additives. Polyamine extractions were performed on day 34 of growth using pools of treated

shoots. The number of individuals used per extraction are shown in the columns designated ‘n’. Treatments without enough tissue for extraction are represented by

a dash.
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BOUND POLYAMINE TITRES
wild-type Ler rolABC#l rolABCH7 rolABCH#9
Treatment: n Put Spd Spm n Put Spd Put Spd Spm n Put Spd Spm
Untreated 7 30-0 35-6 N/D 7 38.3 54-3 4.4 16-6 ND § 10| 316 13.5 ND
1mM CHA 7 583 37-3 ND 4 44.7 15-2 - - - 8 349 56 ND
O-ImM MGBG }| 7 | 1053 6-8 ND 4 48-8 162-7 476 10:9 ND 8 6-3 2.9 ND
1mM MGBG - - - - - - - 42-1 7-4 ND 5 52-5 34.2 ND
ImM DFMO 7 762 29.8 ND - - - 59 25.0 ND 6 350 17-0 ND
5mM DFMO 3 573 81 N/D - - - - - - - - - -
10mM DFMO 7 383 799 ND 6 60-9 115-0 - - - 3 43.9 I-6 N/D
ImM Put 7 40-7 36.8 N/D 7 69-9 28.2 - - - 6 9:0 10-1 ND
10mM Put 7 133.5 278 N/D 5 18%-6 318 - - - 5 5193 11 N/D
ImM Spd 4 493 54 N/D 6 30:0 33.7 - - - 6 409 23.2 ND
3mM Spd 5 756 65 ND 4 6-58 255 - - - 6 286 1.0 ND
5mM Spd 4 {1140 | 1954 | ND 8 62-1 107-6 - - - 6 40-0 | 1274 | ND
imM Put + 9 76-8 52:3 N/D - - - 430 1-4 N/D 7 44.5 1.0 N/D
imMSpd

TABLE: 4-8: Bound polyamine titres (ug/g fresh weight) from shoots of treated and untreated wild-type Ler and rolABC transformants.

Seeds were germinated on MS medium solidified with agar and supplemented with the polyamines Put and/or Spd, or the polyamine biosynthetic inhibitors DFMO,
CHA, or MGBG. Untreated plants were grown on MS media with no additives, Polyamine extractions were performed on day 34 ot growth using pools of treated
shoots. The number of individuals used per extraction are shown in the columns designated ‘n’, Treatments without enough tissuc for extraction are represented by
a dash.
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Figure 4.28: Expression of SPDS in wild-type and rolABC transformant
shoots following treatment with polyamines or polyamine
- inhibitors.
1 The EthBr-stained gel (~20p1g total RNA/track) (A.) was blotted and the membrane probed with SPDS (B.)
r. and UBIQ (C.). The signal intensities were standardised to those of UBIQ (D.).
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titres increased after spermidine treatment, no down-regulation in transcript levels of the
putrescine  biosynthetic enzyme, ADC, was observed (Figure 4-29).  Overall, these
observations appear to confirm the existence of an interconversion pathway of spermidine 10

putrescine in Arabidopsis.

Effects of simultaneous application of exogenous putrescine and spermidine

The simultancous addition of ImM putrescine and 1mM spermidine to growth media
generally resuited in increases in titres of free, conjugated, and bound forms of the two
polyamines in shoots of all lines. The transformed phenotypes of rolABCH#7 and rolABCHY
shoots however, were not ameliorated, even though endogencus polyamine titres were
clevated following the various treatments (Tables 4-6, 4-7, and 4-8). The most striking
differences in polyamine gene expression between the wild-type control and transformant
lincs rolABCHT and rolABCH9 were in response 1o this treatment. Whereas a modcrate
sumulation of endogenous polyamine titres was seen, which correlated with increased
transcript levels for SPDS (Figure 4-28D), ADC (Figure 4-29D), and SAMDC (Figure 4-30D)
in wild-type shoots, it resulted in reduced transcript signal for those genes in the rol/ABCHT

and rolABCH#9 shoots.

Effects of CHA application

CHA inhibits spermidinc synthase, thercby blocking the conversion of putrescine to
spermidine.  As cxpected therefore, levels of free putrescine increased and free spermidine
decrcased in both wild-type and rolABC#1 control shoots treated with this iphibitor. In the
rolABCH9 shoots howcver, both frce puirescine and free spermidine levels increased when
grown in media containing ImM CHA (Table 4-6). Transcript levels of the three polyamine
biosynthetic genes after CHA treatment either remained unaliered, or increased in the three

lincs (Figures 4-28,-4-29, and 4-30).
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Figure 4.29: Expression of ADC in wild-type and ro/ABC transformant
shoots following treatment with polyamines or polyamine
inhibitors. ,.
The EthBr-stained gel (~20ug total RNA/track) {A.) was bloited and the membrane probed with ADC (B.) 3

and UBIQ (C.). The signal intensities were standardised 10 those of UBIQ (D.).
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Figure 4.30: Expression of SAMDC in wild-type and rolABC transformant
shoots following treatment with polyamines or polyamine
inhibitors.

The EthBr-stained gel (~20ug total RNA/track) (A.) was blotted and the membrane probed with SAMDC(B.)
and UBIQ@ (C.). The signal intensities were standardised to those of UBIQ (D.).
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Effects of MGBG application

MGBG competitively inhidits the enzyme SAM decarboxylase, thereby reducing the
availability of aminopropyl moieties from decarboxylated SAM for the production of both
spermidine and spermine. The levels of putrescine would therefore be expected 10 increase
after MGBG treatment, whilst spermidine levels would decrease. Treatment with (-1mM and
ImM MGBG caused the levels of free (Table 4-6), conjugated (Table 4-7), and bound (Table
4-8) putrescine to increase, or remain essentially unchanged, in both control and transformed
shoots. Titres of frec spermidine decreased in wild-type plants as expected after MGBG
treatment, however, they were also increased in transformanis (Table 4-6). Interestingly,
conjugated spermidine levels increased substantially in wild-type and moderately in
rolABC#] controls, however, the levels decreased markedly in transformant lines rolABCH#]
and rolABC#9 (Table 4-7). A further discrepancy between the control lines and transformant
lines was scen at the transcript level following exposure to 0-1mM MGBG. Relative
transcript abundance of SPDS (Figure 4-28D), ADC (Figure 4-29D), and SAMDC (Figure
4-:30D) increased in the wild-type and rolABC#1 control shoots, wherecas transcript levels

were diminished in the rolA BCH¥7 and rolABCH9 wransformant shoots.

Effects of DFMO application

Application of ImM and SmM DFMO induced ¢ i< at-to-moderat- in<reuses ©» free putrescine
levels of plants (Tabie 4-6), whilst having no obscrvable effect ¢it 34 tzaasesipt in all lines
(Figure 4-29D). Levels of frec spermidinc levels showed modera:c-to-! . ge incicases in both
DFMO-ureated control and DFMO-treated transforman lines (Table 4:-6). This correlated
with increased SPDS transcript levels in all lines, except for rolABCH7T at 1mM (Figure 4-28).
RolABC#9 shoots grown in the presence of 10mM DFMO exhibited a marked clevation in
levels of conjugated spermidine, whereas a decrease was observed in similarly-ureated wild-
type and rolABC#1 controls. Furthermore, the accumulation of SAMDC transcripts increased
in both DFMO-treated control lines, whereas in rolABC#7 and also rolABCH9 plants exposed
10 DFMO the levels of SAMDC transcript tended to decrease (Figure 4-30). A summary of

the Northern results are presented in Table 4-9.
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wild-type Ler:

Treatment | ADC signal [SPDS signal} SAMDC signal| Free put levell Free spd level
1mM CHA no change ++ ++ + —
0.1mM MGBG ++ ++ ++ ++ —
ImM DEMO no change ++ ++ ++ ++
SmM DFMO no change ++ ++ ++ ++
10mM DFMO - ++ no change + ++
ImM PUT - ++ no change ++ ++
10mM PUT - ++ no change A4+ -
1mM SPD - no change no change no change ++
3mM SPD ++ ++ ++ ++ +++
SmM SPD - no change ++ it +++
ImMP+1mMS ++ ++ ++ ++ ++
rolABC#1: e .
Treatment | ADC signal | SPDS signal| SAMDC signal| Free put level| Free spd level
ImM CHA ++ ++ ++ ++ -
0.1lmM MGBG ++ ++ ++ ++ ++
1mM DFMO no change ++ ++ not tested not tesled
10mM DFMO ++ ++ ++ ++ ++
ImM PUT ++ +4 o ++ ++
10mM PUT no change ++ 1o change ++ -
ImM SPD ++ ++ ++ ++ ++
3mM SPD ++ ++ no change ++ +++
SmM SPD ++ +4 +4 +4+ +++
rolABC#7: )
Treatment | ADC signal | SPDS signal| SAMDC signalj Frer put level) Free spd level
0.1mM MGBG - -- -- no change ++
1mM MGBG - - — 4 ++
IlmM DFMO - - -- -- ++
ImMMP+imMS - - -- ++ +++
rolABC#9:
Treatment | ADC signal | SPDS signali SAMDC signalj Free put level| Free spd [evel
1ImM CHA - ++ no change ++ ++
0.1mM MGBG decrease -- - -- ++
1mM MGBG no change ++ -- ++ ++
ImM DFMO no change ++ “- +4 ++
10mM DFMO | no change ++ no change ++ ++
1mM PUT - no change -- ++ ++
10mM PUT - ++ -- +++ +5
ImM SPD -- no change -- - ++
3mM SPD - - - ++ ++
5mM SPD no change ++ - +++ +++
ImMMP+1mMS$ - -- - ++ ++
Table 4.9: Summary of transcript accumulation and free polyamine titres

inhibitors.

following feeding with polyarmines or polyamine biosynthesis
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4:2:6 EFFECTS OF TRANSFORMATION ON AUXIN SENSITIVITY

Primary and lateral root growth

Primary root iength

Transformation with rol gencs alters the response, or production, of auxin in plant cells
(Michael and Spena, 1995), although the exact mechanisms involved have not been fully
elucidated. To further clarify the response of transformed seedlings (0 auxin, the effects of
ircaiment with Iow levels of the natural auxin IAA on the induction of lateral roots in
transformants were documenticd. The rolABCH#!1 line was used as a control in these
experiments and as a large number of viable sced were available from ro/ABC #7, this line
was used as rcpresentative of a line containing Ri T-DNA. Primary roots of the
untransformed wild-type control secdlings exhibited the well documented auxin-induced
reduction in length (Zeadan and Macleod, 1984; Lloret and Puglarin, 1992; Biondi er al.,
1997) (Figure 4-31A), with 10°M 1AA treatment causing a reduction in wild-type primary
root length from 45mm to 20mm, whilst 10*M IAA had no effect on the length of the wild-
typc primary root (Figurc 4-31A). As has been noted plants of rolABC#1 line had a
completely wild-type phenotype, thought likely to be because of a truncated T-DNA insert. It
was therefore somewhat unexpected to find a similar auxin response from both the rolABC#1
and ro/ABC#7 primary roots (Figure 4-31A). Untreated primary roots of both transgenic
lincs were markedly shorter than those of the wild-type controls, ranging between 10mm to
15mm. 10°M IAA had an inhibitory effect on the two rolABC lines, reducing the root length
by approximately Smm in both cases. 10"M IAA was not markedly inhibitory 1o root length

in cither line (Figure 4-31A).

Total number of root initials

When unitreaied, rolABC#7 seedlings showed an increased capacity to produce lateral roots,
with approximately 30% more root initials than controls (Figure 4-31B). This made it
difficult to determine if the transformed seedlings showed greater sensitivily to low levels of

auxin than controls with respect to lateral root primordia. It was observed, however, that

e s s s g




Chapter 4: Transformation 185

(A)
B
g
g
&
_E
g
-
=
%
K
(B)
&
8
3
X
E
3
3
Q
-
C)
g
%8
g g
gE
‘s E
& b=}
Z

Primary root length

2

F | —o—wtler

| ~-B8--rolABC#1
| - -@- - rolABC#7

5

30 ©

20 . » R i _____ 3
- s . -
10 - m.: -t 'E‘ ————— m _____ k- |
0 N 1 i i 1
10°M 10°'M 10°M oM
IAA Treatment
Total number of root initials
60 E
E | - -2 -~ rolABC#Y
50 f| - -#--rolABC#7
:Z 3 *-._. .I
35 é " A
s0 foo B2 \\?/?
25 £ |
20 F 1 1 1 1
10°M  10°™M 10°™M oM
IAA Treatment

No. of root initials/mm primary root

f | ——wt Ler
7 3 --m--roiABC#ll
6 E --¢--1olABC#7
5 o =

E !\---—- I
4k "n? '%“‘--@
3 E .. 3
- E \\‘ _-.'
LE T——
O E L i 1 {

10°M 10'M 10°M oM
IAA Treatment
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while there was some variance in the number of root initials produced by the untransformed
wild-type scedlings, especially at 10"M IAA, the rolABCH#7 seedlings consistently generated

the greatest number of root initials over all IAA treatments (10° to 10°M).

Standardisation of the total number of root initials per seedling, relative to the length of the
primary root, revealed that untransformed wild-type seedlings had markedly fewer root
initials per millimetre than both rol4 BC transformants, across the four IAA treatments (Figure
4.31C). All lines reached their maximum number of roots per millimetre fdllowing 10°M
IAA treatmicnt. As a consequence of the shortened length of the rol/ABC#1 primary roots—
possibly due to0 germination in the presence of kanamycin—the relative numbers of root

Initials per millimetre for all treatments in this line were as high as that for rolABC#7.

Adventitious root growth

Explants derived from flowering plants

To induce growth of adventitious roots from rosetic leaf explants of flowering plants, auxin
must be supplied, regardless of whether plants are wransformed with Ri T-DNA or not (Table
4-10). 10°M IAA was found 1o be optimal for induction of adventitious roots, with ro/ABC
transformants generally more sensitive than controls, with respect to the root-inducing effects
of auxin (Table 4-10). Approximately 10% of explants from wild-type control and rolABCH#1
lines possessed 20 or more roots on medium coniaining 10°M IAA, whereas in rolABCH3
and rolABCH#9 explants the frequency was between 20% to 30%. The frequency of rooting
in all lines decreased as the level of IAA was reduced 10 10°M, however, the two
transformant lines ro/ABC#3 and rolABCH9 again proved to be more sensitive 1o auxin than

controls at this low level.

Explants derived from vegetative plants

Explants originating from vegetative wild-type Ler plants could not be induced to produce
roots following IAA trcatment. Explants from vegetative rolABC transformants that showed

an altered shoot phenotype, however, demonstrated sensitivity to low concentrations of
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“Treament™ No. of roots per explant: .
. 0 1-5 6-10 11-20 207
MS Control
‘. - wi Ler (34) 1000 . . - .
- rolABCH1 (32) 1000 - - - -
- rolABCH#3 (32) 1000 - - - -
- rolABCH7 (32) 100-0 - - - -
- rolABCHO (32) 1000 - - - .
10°M 1AA
- wt Ler (32) 500 250 156 9.4 -
- rolABCH1 (32) 96-9 31 - - -
- rolABC#3 (32) 84-4 125 3.1 - .
- rolABCHT (32) 87-5 63 31 - 31
- rolABC#H9 (32) 87.5 12-5 - - -
10°M 1AA
- wt Ler (32) 9-4 34.4 156 281 12.5
- rolABC#1 (32) 219 46-9 94 12-5 94
- rolABC#3 (32) 43.8 15-7 6-3 12.5 21.9
- rolABCHT (32} 65-6 6-3 12.5 6-3 94
- rolABCH9 (24) 83 250 16:7 20-8 29.2
10°14 TAA
- wt Ler (32) 813 18-8 - - -
- rolABCH#1 (32) 90-6 9-4 - - -
- rolABCH3 (32) 656 28-2 31 - 31
- rolABCHT (32) 93.8 6-2 - - -
- rolABCH9 (30) 60-0 26-7 6-7 3.3 33

*The number of explants per treatment is shown in parentheses

Table 4.10: Adventitious rooting response (%) of rolABC-ransformed {lowering leaf
explants to IAA.

Transformed sced were germinated and grown on MSKS0 media at a density of approximately 50 seed per
plate. Wild-type Ler seeds were sensitive 10 kanamycin, so control experiments were established using Ler
seeds germinated and grown on MS media. At day 35 of growth, rosetie leaf explants were removed from
flowering plants using the procedure described in the Materials and Methods,
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exogenously applied auxin and were able to produce adventitious roots (Table 4-11). Both
rolABC lines #7 and #9 produced an optimal rooting response following 10°M IAA
rcatment, with 100% of explants from the ro/ABC#7 line and 92% of rolABCH9 explants
undergoing rooting. Furthermore, rolABCH9 explants were also able 1o root when 1AA

levels were reduced 10 107M and 10*M (Table 4-11).




Chapter 4: Transformation 169

“Treaument No. of roots per explant:
0 1-5 6-10 11-20 20"

: MS Control 3
- rolABCHT 1000 . — - - 1
- rolABCH9 100-0 . . ] )
j_-' 10°M IAA
- rolABCHT - 167 83 8-3 667
- rolABC#9 8.3 167 250 250 25.0
10M 1AA
; - rolABCHT 1000
- rolABCH#9 750 167 83 1
10°M 1AA

- rolABCHT 100-0 - - - -

- rolABC#9 833 83 83 . .
Table 4.11: Adventitious rooting response (%) of rolABC-transformed vegetative
leaf explants (o TAA. 3

Transformed seed were germinated and grown on MSK50 media at a density of approximately 50 sced :_
per plaie.  'Wild-type Ler sceds were sensitive 1o kanamycin, so control experiments were established {5_'-

using Ler seeds germinated and grown on MS media. At day 35 of growth, rosette leaf ¢xplants were
removed [rom yegetative plants using the procedure described in the Materials and Methods.
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4-3 DISCUSSION

Tobacco plants transformed with Ri T-DNA exhibit a hairy-root phenotype (Tepfer, 1984)
and reduced titres of polyamines (Martin-Tanguy et al., 1991), both of which can be
mimicked by treatment with the ODC inhibitor DFMO (Martin-Tanguy et al., 1990; Buriin et
al., 1991; Martin-Tanguy ef al., 1991; Tepfer er al., 1994). Together with the observation
that simultaneous application of putrescine reverted the stunted shoot phenotype caused by
DFMO treatment, led Martin-Tanguy et al. (1990) and Burtin et al. (1991) to hypothesise that

genes carried on the Ri T-DNA may act through interferce with polyamine production.

As polyamines are required for normal cell division and proliferation, it has been suggested
that in tobacco high DFMO results in cessation of cell division due to a depressive effect on
endogenous polyamine accumulation (Berlin and Forche, 1981). Such a phenomenon may
have therefore contributed 10 the stunted shoot phenotype observed when wild-type tobacco
planis were treated with DFMO or transformed with Ri T-DNA (Burtin ef al., 1991; Martin-
Tanguy et al., 1991; Tepler et al., 1994). Intercstingly however, and in contrast to this
suggestion, application of DFMO has been reporied to have stimulatory effects on other
growth processes, including stimulation of cell enlargement in tobacco (Berlin and Forche,
1981) and carrot cell suspensions (Mengoli et al., 1987), enhancement of polyamine content
and growth of wheat root cultures (Bharti and Rajam, 1995), promotion: of callus growth in
tobacco (Burtin et gl., 1989) and in sugarbeet (Bisbis er al., 2000), and stimulation of
axillary shoot production (Burtin ef al., 1991) and root growth in tobacco (Tepfer et al.,
1994). 1In the present study using Arabidopsis it was noted that treatment with DFMO
rcduced putrescine levels in wild-type plants, and also increased production of axillary
shoots and root growth, thus resembling the phenotype of T-DNA transformants. This
scemingly paradoxical observation that DFMO wreaiment reduces endogenous titres of
polyamines, which arc essential for cellular division and proliferation, yet also stimulates
various aspects of growth, might be explained by invoking a threshold model for polyamine

action whereby reduced polyamine levels are required for several growth processes to occur.
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Agreeing with the noted effects of DFMA and DFMO treatment of tobacco (Martin-Tanguy et
al., 1990) was the observation in the present study that simultaneous treatment of wild-type
Arabidopsis with 1mM of both DFMA and DFMO mimicked the transformed phenotype.
The application of 2mM DFMO alone was found to reduce the level of putrescine and result
in a similar, though less severe phenotype than treaiment with both DFMA and DFMO in
wild-type Arabidopsis plants. In this respect, the results are in agreement with analogous
trealments of tobacco reported by Burtin er al. (1991). It is noteworthy however, that no
coding regions homologous to ODC have been identified in Arabidopsis. This is consisient
with results of experiments involving the screening of diverse Arabidopsis cDNA libraries
with a Dafura ODC cDNA probe (including that noted in Chapter 3 of this study) which lead
Hanfrey et al. (2001) to conclude that Arabidopsis lacks ODC. Hence, the similar
phenotypes in Arabidopsis caused by treatment with DFMO alone, or treatment with both
inhibitors simultaneously, may therefore be coincidental and possibly due to general toxicity
caused by DFMO. From previously reported ODC enzyme assay results in Arabidopsis
using DFMO, it is possible that the inhibitor has a high affinity for a protein with some

structural similarity to ODC (Ferier ef al., 1998).

The Arabidopsis transformants containing Ri T-DNA, or ro/ABC genes alone, possessed
reduced titres of polyamines compared to controls, and exhibited hairy-root phenotypes
analogous to similarly-transformed plants including tobacco (Tepfer, 1984; Palazon et al.,
1998), kiwi (Rugini et al., 1991), woody nighishade [Sc . -num dulcamara L.] (McInnes et
al., 1991), snapdragon (Handa, 1992), Begonia (Kiyokawa et al., 1996), rose (van der
Salm et «.r., 1997), kangaroo apple [Solanum aviculare] (Jasik et al., 1997), and Afropa
belladonna (Bonhomme er al., 2000). Specific morphological features observed in the
Arabidopsis Ri T-DNA and rolABC transformants, have previously been reported for other
similarly-transformed plants. The production of axillary inflorescences for example, has
been noted following transformation in plants such as woody nightshade (Mclnnes er al.,
1991), Atropa belladonna (Kurioka et al., 1992), alfalfa (Frugis er al, 1995), tobacco
(Palazon er al., 1998), and rose (van der Salm er al., 1998). An incrcased production of

flowers has been noted in snapdragon (Handa, 1992) and Atropa belladonna (Kurioka et al.,
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1992) transformed with Ri T-DNA or rolC respectively. In addition, smaller size and
reduced fertility of flowers observed in Arabidopsis rolABC wransformants has also been
reported in T-DNA-transformed snapdragon (Handa, 1992), Atropa belladonna (Kurioka et
al., 1992), tomato (van Altvorst et al., 1992), tobacco (Sun ef al., 1991; Martin-Tanguy et
al., 1993}, lewuce (Curtis et al., 1996), Hyoscyamus muticus (Sevon et al., 1997), and
kangaroo apple (Jasik et al., 1997). Reduced fecundity of Ri T-DNA transformed plants has,
in some cases, been atiributed to the presence of stunted stamens (Sun et al., 1991, ngon et
al., 1997) both of which were also observed in the Arabidopsis Ri T-DNA and rolABC

transformants.

Characteristic of the hairy-root phenotype of Arabidopsis lines used in the present study, and
those of other species transformed with Ri T-DNA, is an intense stimulation in the production
of roots, which are capable of rapid, hormone-autonomous growth as axenic cullures
(Amselem and Tepfer, 1992; Handa, 1992, Mengoli et al., 1992; Hamill and Lidgeut, 1997,
Palazon er al., 1998). In addition, the present study suggests that polyamine levels per se
may facilitate growth of roots in Arabidopsis. This is based on observations that
transformed roots have low levels of endogenous polyamines and grow at a faster rate than
controls, and thal exogenous polyamines inhibit root growth (chapter 3 results). Such
results are in agreement with observations of an inverse relationship between polyamine
levels and rates of root growth in tobacco transformed with Ri T-DNA (Martin-Tanguy et al.,
1990). A corrclation between decreased polyamine titres and stimulated root growth is
supported by observations that T-DNA-transformed tobacco roots (Ben-Hayyim ef al., 1996)
cxhibited similar patierns of stimulated growth as excised wild-type tobacco roots trcated
with DFMO (Ben-Hayyim et al., 1994, Tepfer er al., 1994). Furthermore, roots from wild-
typc Arabidopsis used in the present study, exhibited both slow growth in liquid media
devoid of phytohormones and relatively high titres of endogenous putrescine., Increased
levels of putrescine have also been correlated with slow growth of roots in rolA tobacco
transformants (Altabella ez al., 1995) and non-transformed microcuitings of pear (Baraldi et
al., 1995), whilst putrescine treatment has been shown to siow growth of eggplant root

cultures (Sharma et al., 1997). Indeed, it has been proposed that titres of endogenous
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putrescine may be indicative of the rate of growth of plant tissues, as fluctuations caused by
the application of inhibitors arc reported to accompany changes in morphology (Burtin ef al.,
1989). Other studies of tobacco transformants however, report little or no difference in titres
of free and conjugated polyamines between N, T, and T' roots (Mengoli et al.. 1992), or

between rolABC-transformed and control root cultures {(Altabella ez al., 1995).

The rapid increase in mass characteristic of transformed roots cultured in vitro has been
shown 10 be due, at least in pari, 10 increased root branching (Handa, 1992; Mengohi ei al.,
1992; Akasaka et al., 1998; Bonhomme et al., 2000). Increased production of lateral roots
were noted in both the Ri T-DNA and rolABC transformants of Arabidopsis in the current
study, as well as in similarly-transformed tobacco plants (Martin-Tanguy e al., 1993; Ben-
Hayyim et al., 1994). As observed in the present study, and reported clsewhere (Ben-
Hayyim et al., 1996), with the exception of very young seedlings, the exact nature of the
altered lateral root number in transformed tissues is difficuit to assess due to the rapid and
complex proliferation of the higher order lateral roots. Notwithstanding a lack of an ODC
gene in Arabidopsis (Hanlrey et al., 2001), the present study showed that DFMO treatment
reduced putrescine levels in Arabidopsis whilst also increasing lateral root number, which
further strengihens the suggestion that decrcased polyaminc levels are stimulatory to
increased root growth. To examine this correlation further, additional experiments trcaling
transformed Arabidopsis root cultures with putrescine may determine if growth is slowed by
additdon of this amine, or with any of the higher order polyamines. If the growth kinetics of
the transformed lines arc maintained following such treatments, it may suggest that the rapid

growth of (ransformanis is not a consequence of reduced polyamine levels.

Transformation with T-DNA, or treatment with DFMO, has been reporied to reduce levels of
conjugated polyamines and cause delays in flowering of tobacco (Martin-Tanguy et al., 1990
and 1991), consistent with the suggestion that observed increases in conjugated polyamines
during floral transition are causally associatcd with this developmental change (Martin-
Tanguy et al., 1990). In addition, increases or decreases in levels of free and conjugated

polyamines, according to the conditions of growih, have been suggested to play a role in the




Chapter 4; Transformation 174

flowering process of Arabidopsis (Applewhite et al., 2000; Tassoni ef al., 2000). In the
present work it was interesting 10 find very high titres of conjugates in shoots of transformed
Arabidopsis T segregants. Such plants had abnormally compacied, vegetative shoots and
underwent senescence in vitro without flowering. This may have been due 1o a diminished
capacity 1o regulate conjugate accumuiation in shoot tissue following transformation with Ri
T-DNA or rol gencs. An altemative suggestion, as proposed by Scaramagli et al. (19994),

is (hat a high level of conjugates may be an indicator of stress in Arabidopsis plants.

The role(s) of conjugated polyamines during plant development iremain unclear. The
persistence of high cellular levels of conjugates, following a decline in free polyamines
during growth led some researchers to suggest that conjugates do not acl as storage fonns of
polyamines (Burtin ef al., 1991). In contrast, other groups have indicated that an important
role of conjugates is to act as polyamine reservoirs (Robins et al., 1991). A reiated
suggestion is that formation of conjugates provides a mechanism of reducing high
intracelluiar levels of {rec polyamines (Protacio and Flores, 1992; Scaramagli ef al., 1999C)
possibly acting as carriers of free polyamines 1o the y-aminobutyric acid (GABA) degradation
pathway (Bemet e al., 1998). In transgenic tobacco expressing the oat ADC gene, Burtin
and Michael (1997) found that high titres of agmatine were not conjugated or converted into
polyamines, and suggested the possibility that sequestration to the vacuole may occur in
preference to conjugation of agmatine in this species. In the present work, polyamine-
feeding cxperiments 1o control and rolABC-transformed plants stimulated large increases in
levels of both free and conjugated polyamines in Arabidopsis, suggesting that conjugation

may be an active metabolic route for dealing with high titres of endogenous polyamines.

Working with tobacco, Burtin ¢t al. (1989) suggested that high titres of putrescine conjugates
in [oliar explants and roots may inhibit cell proliferation and suppress bud {ormation. In the
present study, levels of puirescine conjugates measured in wild-type shoots treated with
10mM putrescine were dramatically elevated compared to controls, and were comparable to
those found in the abnormal shoots of the T segregants grown on MS media without any

supplements. Whilst shoots from the lauter plants exhibited indeterminate vegetative growth,
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however, wild-type plants treated with 10mM putrescine were phenotypically normal,
indicating that higl: leveis of conjugated polyamines per se cannot be responsible for causing

the alterations in shoot phanotype observed in abnormal T segregants.

In the present study. wzaimens of Arabidopsis with L {0 or a combination of DFMO and
DFMA, and also transformation with Ri T-DNA, both led to reductions in putrescine Hires
and comparable alizeaticns in shoot and root morphology, which were also noted in tobacco
(Burtin et al., 1991). The phenotypic effects induced by DFMO in tobacco were reversed
however, by concurrent application of putrescine (Martin-Tanguy et al., 1991). In
Arabidopsis, however, the phenotype induced by DFMC was not amcliorated with
simultancous putrescine application (present study; Hanfrey et al., 2001). Moreover, in the
present study, treatment of ro/ABC transformants with puirescine or spermidine did not
normalisc their phenotypc, even #tough HPLC analysis indicated that polyamines were taken
up from the media. In addition, the altered phenotype of tobacco plants transformed with
rolA under the contz! of the 35S promoter, was not attenuated by application of [ree
polyamines yXun ef al., 1991; Martin-Tanguy et al., 1996). These observations suggest that
decreased polyamine levels as a result of transformation with Ri T-DNA are a consequence,
rather than the causation, of an aliecred phenotype. Thus the present study is in agreement
with reports in the literaturc (Mengoli ef al., 1992; Altabella et al., 1995) that there is no
direct relationship beiween polyamine levels and expression of genes on the TL-DNA

(Mengali @i al., 1992).

In the current work, wild-type Arabidopsis plants weated with high levels of putrescine
showed a preference o conjugate excess {ree putrescine, rather than increase production of
spermidine in vivo. Intercstingly, putrescine treatment increased levels of SPDS mRNA
transcripts in wild-type and ro/ABC#9 shoots. Following such increases in transcript levels
however, titres of spermidine in control shoots did not increase, possibly suggesting that
post-transcriptional control of SPDS enzyme activity occurs in wild-type plants. In support
of this il is noteworthy that studies utilising animal cell found that increases in SPDS mRNA

accumulation were nol associated with alterations in SPDS enzyme activity or levels of SPDS
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protein (Halmekyto et al., 1991; Halmekyio er al., 1993; Kauppinen, 1995). Another
posstbility for the lack of conversion of putrescine to spermidine in control shoots follewing
putrescine treatment, may be that high levels of putrescine in controls undergo preferential
degradation via the diamine oxidase pathway, as also reported in putrescine-fed pea seedlings

(Wisniewski and Brewin, 2000).

Several studics aimed at disrupting polyamine metabolism in plant tissues via the
overexpression of polyamine biosynthctic genes, have produced varying results.
Transformation with heterologous O/3C (Hamill er al., 1990; Descenzo and Minocha, 1993;
Bastola and Minocha, 1995), ADC (Masgrau et al., 1997), or SAMDC (Noh and Minocha,
1994) genes have been reported to produce modest, if any, increases in levels of polyamines.
As previously noted, elevated levels of agmatine in tobacco tissues (Burtin and Michael,
1997), putrescine in rice tissues (2assie ef al., 2000A), or spermidine in Arabidopsis tissues
(Tassoni ef «l., 2000), do nct neccasarily lead to downstream increases in levels of other
polyamines in vivo. In the current work, however, although rol/ABCH#9 transformants treated
with putrescine did produce elevated levels of putrescine conjugates, increased production of
frec and conjugated spermidine was also observed. This may suggest that transformation
with rol genes has the capacity to alter the controlling mechanisms regulating flux through the
polyamine biosynthetic pathway in Arabidopsis. Inhibition of diamine oxidase activity may
be one possible mechanism in these transformants which may lead to high putrescine titres
(Scaramagls f al., 1999A) and a subsequent stimulation of polyamine flux through the

pathway, thereby increasing spermidine content (Bassie et al., 2000B).

It kas been reported that transcriptional regulation of endogenous polyaminc biosynthetic
genes is important in modulating polyamine titres in plants (Pérez-Amador et al., 1995;
Soyka and Heyer, 1999). At the time the experiments were conducted in this study, an ODC
gene had not been isolated from Arabidopsis, but was thought likely to exist based on
published results {from ODC enzyme assays (Watson er al., 1998; Feirer et al., 1998; Tassoni
et al, 2000). In the absence of an authentic Arabidopsis ODC probe, Northern

hybridisations were performed using an 800bp sequence from the §° region of the N.
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tabacum ODC ¢cDNA sequence [Genbank Accesion number Y10472]. Under high stringency
conditions, a relatively weak transcript of approximately S00bp was detected in roots of
Arabidopsis using this ODC probe. No transcripts were ever detected in Arabidopsis shoots,
however, cven under conditions of low stringency. Following the recent publication
proposing that Arabidopsis lacks ODC (Hanfrey et al., 2001), the identity of the root-specific
transcript using the tobacco ODC probe remains unclear. It is possible that the probe may
have identified an Arabidopsis sequence with some homology to the tobacco ODC gene, with
one candidate being lysine decarboxylase and further work to explore this possibility is

warranied.

SPDS transcript levels have been reporied to be sensitive to spermidine levels in Arabidopsis
(Tassoni et al., 2000). In the present siudy, however, little if any alteration in SPDS
message was observed following spermidine treatment in control and transformed lings, even
though endogenous spermidinc titres were increased in both. This suggests that in this case,
SPDS mRNA 1s not subject 1o feedback inhibition, in contrast {0 observations reported by
Tassoni et al. (2000). In wild-type Arabidopsis, SAMDC expression is thought io be
regulaied by in vive spermidine concentrations (Tassoni et al., 2000). Since spermidine
tires have been reported to parallel SAMDC activity in tobacco, it has been suggested that the
biosynthetic activity of this enzyme is important in controlling the accumulation of
spermidine (Scaramagli et al., 1999C). A lack of ODC in Arabidopsis (Hanfrey et al., 2001)
may suggest an even more important role for SAMDC in regulating polyamines in this
species. In the present study, Ri T-DNA- and ro/ABC-transformed Arabidopsis hairy-root
cultures exhibited similar transcript levels of SAMDC as wild-type controls, whereas titres of
frec spermidine were diminished relative to controls. This suggests that post-transcriptional
mechanisms may be contributing to the regulation of spermidine pools in transformed

Arabidopsis lines.

Spermidine treatment of wild-type and rolABC-transformed Arabidopsis plants increased
cndogenous putrescine titres in shoots, confirming the presence of a pathway converting

spermidine to putrescine in plants (Del Duca et al., 1995; Tassoni et al., 2000). Liitle effect
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on ADC transcript levels were noted following such treatment however, corroborating the
results of Tassuni ef al. (2000). Similarly, the present study found that treatments of
Arabidopsis with other polyamines or inhibitors made only a slight difference to transcript
levels of ADC with little impact on shoot phenotype. Further studies could assess effects on
ADC activity, as previous rcports have indicated post-transcriptional regulation to be

important with respect 10 ADC regulation (Malmberg et al., 1992; Malmberg et al., 1994).

The presence of Ri T-DNA in plant cels has been linked to alterations in hormone perception
and/or metabolism (Michael and Spena, 1995; Nilsson and Olsson, 1997) The rol genes in
particular have the capacity to aller the sensitivity or perception of plant cells to endogenous
auxin (Maurel et al., 1991), which has been proposed to be involved in the generation of the
hairy-root phenotype (Biondi er al., 1997). In the current study, a typical Arabidopsis
rolABC 1transformant line (rolABC#7) cxhibited increased production of lateral roots
compared to wild-type controls and ro/ABC#1 lacking part or all of the rol gene T-DNA in
response to Jow levels of auxin treatment. In general agreement, increased rates of lateral
root formation in rolABC-transformed roses (van der Salm et al., 1997) and H. muticus hairy
roots (Biondi et al., 1997) compared to controls, were observed in response to application of
low concentrations of auxin. Arabidopsis rolABC wransformants generated in the curent
study also exhibited an increased capacity to form adventitious roots from leaf explants when
incubated under conditions of low or zefo external auxin concentrations, compared to
untransformed controls. This phenomenon has been reported in a varety of other plants
wansformed with T-DNA including woody nightshade (McInnes ef al., 1991), tomato (van
Altvorst et al., 1992), lettuce (Curtis et al., 1996), kangaroo apple (Jasik et al., 1997), ‘and
rosc (van der Salm er al., 1997), suggesting increased auxin sensitivity of Ri T-DNA

transformants.

Further strengthening the correlation between aliered auxin metabolism and the Ri T-DNA
transformed phenotype are studies of cellular anatomy of transformed tissues. The cellular
organisation of adventitious roots from transformed apple shoots were found to resemble

those of non-transgenic tissues treated with high levels of auxin (Sutter and Luza, 1993).
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Transformed apple roots had large, parenchymatous cortical cells which the authors
suggesied were due to increased levels and/or increased sensitivity of tissues to auxin.
Expression of rolA and rolC have been identified in vascular bundles and companion cells of
phloem strands respectively in tobacco transformants, and expression of these genes are
proposed to inhibit the clongation and differentiation of parenchyma and pith cells (Guivarc’h
et al., 1996A and Guivarc’h, 1996B). In the present study, alterations in structure and
organisation of vasculature were found in Arabidopsis rolABC transformanis following
cross-sectional analyses of inflorescence axes. In addition, the degree of cellular alieration in
cach line was corrclated with the number of T-DNA integration events; rolABCH3 for
cxample, possessed two T-DNA inserts, correlating with the most severe cellular alterations.
Line rolABC#] on the other hand appeared (o have a truncated insert, and was phenotypically
normal. It has been noted that insertion of multiple copies, or truncation of T-DNA inserts,

often follow transformation (Hamill et al., 1987; Visser et al., 1996; Karimi et al., 1999).

Cross-sections of rolABC inflorescences produced in the present study appeared similar 1o
published reports of wild-type planis treated with an auxin transport inhibitor, or possessing
a mutation in the AtPINI locus {(Gilweiler et al., 1998). APINI is proposed to have a role in
polar auxin transport, particularly supporting the c{flux of auxin from cells, and has been
localised to the basal side of auxin-transport-competent cells within root and shoot vascular
tissuc (Gilweiler et al., 1998). A related gene, ArPIN2, has 64% identity to AtPINI at the
protein level and is primarily expressed in root tips (Miiller et al., 1998). The AtPIN2 protein
is proposed to influence root gravilrdpism by acting as a transmembrane component of the
auxin efflux carrier complex (Miiller ez al., 1998). It is possible that transformation and
expression of rolABC genes and possibly others, from the A. rhizogenes T-DNA, may
somehow perturb the expression of Arabidopsis genes involved in hormone metabolism such
as AfPINI and AtPIN2. Reduced {unction of AtPINI in the rolABC wransformants may lead io
diminished auxin transport from source tissue including shoot tips and young leaves, and
may partly contribute to the stunted transformed shoot phenotype. Altered auxin transport in
tirn may then lead 1o enhanced xylem proliferation at sites of high auxin concentrations

(Gilwetler er al., 1998) as was scen in the stem cross-sections of the Arabidopsis rolABC
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transformants. Furthermore, impairment of ArPIN2 expression or function may alter the
normal auxin-regulated gravitropic responsc of roots, thus contributing to the plagiotropic
root phenotype seen in the 9402 and rolABC transformants. Expression of T-DNA genes
may also perturb other hormonal activities in transformed Arabidopsis plants, such a: those
of gibberellin (Ben-Hayyim et al., 1996) and cytokinin (van der Salm et al., 1998), thus
contributing to the overall hairy-root phenotype. Such hypotheses require careful further
cxperimentation 10 lest them adequately, perhaps using a range of Arabidopsis mutants

impaired in on¢ or more genes involved in hormoene metabolism.

The degree of stimulation of root growth following A. rhizogenes transformation may be
linked 1o the specific activiies of the rol, and other, gene promoters. Transformants
containing the full-length T-DNA exhibited a strong hairy-root phenotype due to the
combincd expression of the rof genes on the TL-DNA and the auxin biosynthesis genes (gux)
cncoded on the TR-DNA (Amsclem and Tepfer, 1992; Moyano et al., 1999). 1t is therefore
possible that the additional expression of other Ri TL-DNA genes or TR-DNA genes in the
Arabidopsis 9402 transformants accounts for their stronger hairy-root phenotype compared
to that of the rolABC lines. It should be noted, however, that the presence of the TR-DNA in
these 9402 transformants was ot confirmed by Southern blot analysis in this study, but was

undertaken previously in this laboratory.

In conclusion, this study demonstrated that the transformed phenotype induced in
Arabidopsis by the Ri T-DNA from Agr;obacrei'ium rhizogenes is correlated with an alteration
in polyamine metabolism. This may not, however, be caused by reduced polyamine levels
per se, since the application of exogenous polyamines does not ameliorate the phenotype and
the expression of polyamine biosynthetic genes is not significantly altered in transformants,
The increased sensitivity of leaf explants to auxin and the altered vascular tissue pattern in
inflorescence axes of transformants, suggests that the ransformed phenotype may be due to
perturbations in the sensitivity and/or perception of endogenous hormones. This, in turn,

may affect growth and development and as a result, lead to in vivo alterations of polyamine

levels.




CHAPTER &:

ISOLATION AND CHARACTERISATION OF
ARABIDOPSIS MUTANTS EXHIBITING
TOLERANCE TO POLYAMINE BIOSYNTHESIS

INHIBITORS

51 INTRODUCTION

STUDIES OF POLYAMINE METABCLISM perturbation in planis by chemical agents have focussed
on the drugs DFMA, DFMO, MGBG, and CHA that block key biosynthetic enzymes, ADC,
ODC, SPDS, and SAMDC respectively (Figure 5-1). By searching for variants or mutants
with elevated tolerance to normally toxic levels of inhibitor, usc of these inhibitors may

provide insights into regulalory mechanisms controlling polyamine biosynthesis and

metabolism.
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Figure 5:1: Structures of the three major polyamines in plants, their precursor

compounds, and some of the key biosynthetic inhibitors.

5:1-1_ODC MUTANTS

Reduced ODC Activity

The enzymes ODC and SAMDC are generally regarded as being the main rate-limiting
enzymes in polyamine biosynthesis. Initial studies with Chinese Hamster Ovz:y (CHO) cells
focussed on ODC, and the recovery of lines with mutations in ODC regulation. Steglich and
Scheffler (1982) reported the generation of a CHO cell line auxotrophic for putrescine, that
possessed only residual ODC activity. The mutant line was isolated by a method of suicide
selection using *H-ornithine treatment after EMS mutagenesis, in which cells failing to
incorporate the labelled compound into putrescine escaped the negative effects of radiation
and were cultured for further studies. The authors speculated that the primary defect in the

mutant was likely to affect the activity of ODC, possibly due to either a mutation in the
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structural ODC gene, or rom one or more mutation(s) affecting other peptides that modify
ODC activity, Later, Pohjanpelto et al. (1985) provided the first report of higher eukaryotic
cells lacking measurable ODC activity, which therefore could not transform omithine into
putrescine. Here, 39 CHO cell lines were isolated and tested for putrescine auxotrophy and
two were found to grow in the presence of putrescine but not in the presence of ornithine.
Cells exhibited a retarded growth phenotype in normal medium, and a complete cessation of
growth in the absence of exogenous polyamines in an otherwise optimal medium. The cell
lines contained proteins that were immunoreactive to ODC antibodies, and had similar
amounts of ODC mRNA as the parental cell line, suggesting that the mutation may have

affected the catalytic capacity of the ODC protein.

In studies of ODC variants in piants, Malmberg et al. (1985) described a mutant line of
tobacco (Dfir7) with extremely low ODC activily, that was regeneratcd from cell lines
resistant 10 DFMO. Dfr! plants exhibited a dwar{ phenotype and never flowered. A
revertant (Re]) was recovered, from MGBG-resistant tissue derived from Dfr/, which had
wild-type levels of ODC but reduced SAMDC activity. The shoot phenotype of Rtl was
cssentially normal with respect to colour and size, bat flowers were both male and femate
sterile, and showed a slight abnormality in anther development. The authors suggested that
ODC, along with other metabolically important genes, may be floral-specific in expression
and also may be required for {lowering. In a subsequent study scarching for Arabidopsis
scedlings with aitered in vive ADC activity, Watson ef al. (1998) also isolated a line which
was reported to have very low ODC activity. Analysis of offspring from this line, however,
failed to give reproducible segregation of the low activity, and thus was not pursued for

further study.

Increased QDC Activity

MConlogue and Coffino (1983A) also used DFMO resistance to identify another class of
ODC mutant. A mouse ccll line (S49), with clevated tolerance to 0-1mM DFMO, was
isolated and found t0 possess an approximately 10-fold increase in ODC activity. Using

immunoprecipitation to detcct the ODC polypeptide, followed by two-dimensional gel
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analysis of [*SImethionine pulse-labelled cell extracts, it was shown that increased enzymic
activity in the tolerant cell linc was associated ivilh elevated rates of ODC synthesis. The
increased rate of ODC synthesis was found to exceed that of any other single protein within
the cell line (McConlogue and Coffino, 1983B). Further screening revealed four clones,
derived from the original vanant cell line, that contained between 2 to 16 times morc ODC
mRNA than the parent cells. Elevated ODC activities were not due to amplification of the
ODC gene in these four clones. Rather, the rates of synthesis of the ODC polypeptide per
ODC mRNA molecule in the variant cells was found to be higher than that of wild-type cells
(McConlogue er al., 1986). It was thought post-transcriptional regulation of the ODC gene
therefore, had made an important contribution (o the DFMO-resistant phenotype of these
variant mouse cells. Similarly, a class of phenotypic variants from a PC12 rat cell line
resistant 10 1mM’' DFMO, had wild-type levels of ODC mRNA without ODC gene
amplificaiion, yet elevated levels of ODC activity, also suggesting increased capacity to

translate ODC mRNA (Marschall and Feinstein, 1995).

In a further study of cellular DFMO resistance, four mouse and two human tumour cell lines
cxhibiting resistance were characterised in terms of their polyamine biosynthetic enzyme
activities and endogenous cellular polyamine titres (Hirvonen er al., 1989). Of the six lines
studied, four possesscd an amplification of the ODC gene which resulted in overproduction
of ODC cnzyme, and conscquently provided tolerance to DFMO. Five of the lines exhibited
elevated SAMDC aclivity, resulting in an enhanced decarboxylation of SAM, suggested by
the authors to be closely associated with the overproduction of ODC in the DFMO-resistant
tumour <ell lines. Enhanced activities of the two rate-limiting enzymes were suggested (o be
important in the maintenance of normal polyamine pools within the cells (Hirvonen et al.,
1989). |

Tome et al. (1994) studied the regulation of ODC activity in variant rat hepatoma cells
resistant to 10mM DFMO. Untreated control cells exhibited a faster growth rate than variant
cells grown ecither in the presence or absence of 10mM DFMO. Polyamine content was
correlated with growth rates, as control cells displayed higher endogenous titres of free

polyamines than variant cells treated with 10mM DFMO. Upon removal of the inhibitor,

O LR LR 0

R R, C AR e i i B e e e oS
i e

o




Chapter 5: Mutants 185

putrescine levels within variant cells were markedly elevated and remained high for several
days until the end of the growth period, causing a decrease in cellular viability. Levels of
spermidine and spermine were similar 10 those of the wild-type cells. Elevated putrescine
and reduced viability was corrclated with an increase in ODC activity and found to be due to
alliterated ODC regulation, with the half-life of the enzyme being approximately three hours
in the variants, comparcd to 23 minutes in conirol cells. Reduced capacity to down regulate
ODC therefore appears 10 cause production and accumulation of toxic levels of putrescine,
within mammalian cells cultured in vitro (Tome et al., 1994). In a similar study of a
Leishmania donovani promastigote line resistant to 10mM DFMO, ODC levels were up to
7-5-foldgreater than controls. Putrescine concentration increased approximately 30-fold to
rcach levels eight times higher than that found normally in wild-type ¢ci:3, when the selective
pressure from DFMO was removed (Coons ef al., 1990). Spermidine levels however, were
comparable , however, between the sensitive and resistant lines, whereas spermine is not

found in Leishmania , and was, therefore not monitored (Coons er al., 19¢™

5-1-2 ADC MUTANTS

Reduced ADC Activity

Watson et al. (1998) developed a novel screening method to isolate mutant Arabidopsis
scedlings with altered ADC activity, by testing for the ability to decarboxylate '*C-arginine in
vivo. From 15,000 EMS-mutageniscd M2 scedlings, seven independent mutasy, with
altered in vitro ADC aclivily were isolated and categorised into two complementation groups,
designated as spe! and spe2. Plants from both groups demonstrated reduced ADC act vis-,
ranging from approximately 20% to 50% of that of wild-type planis, whilst the level of ¢
double mutant was slightly lower than either mutant alone. Interestingly, no plants with
enzyme activity lower than 20% of the wild-type levels were recovered. The major effects
on phenotype of reduced ADC activity were manifested in an altered root morphology, witk
the single mutants showing an increase in lateral root iritiation and growth, and the double

mutant having a highly kinked and morc compact root system. Titres of soluble polyamines
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{frec and conjugaled) were essentially the same in all lines studied, except for the roots of the
double mutant, which showed an approximately 5G% reduction. From these results, the
presence of at least two ADC genes in Arabidopsis is inferred, and it is suggested that ADC
activily and polyamine levels are panicularly important for the function and development of

the root system in Arabidopsis.

Increased ADC Aciivity

In a study of pclyamine content of four Petunia hybrida lines isolaied during a search for
mutants altered in either (loral pigmentation or morphology, Gerats et al. (1988)
characterised a mutant line. previously designated .. f (gberrant feaves and flowers), showing
it to have a two- to threc-fold increase in putrescine and over a three-fold increase in ADC
activity late in development. This line, thought likely to have originated from the insertion of
a transposable clement into the gene, exhibited abnormal flower development.  Analysis of
F1 and backcross progeny from crosses betereen high and low putrescine strains ol Petunia

suggested that a low putrescine crntent and low ADC activity was a dominant frait.

5:1:3 SAMDC MUTANTS

Resistance To MGBG And Analogues

MGBG, a competilive inhibitor of the enzyme SAMDC, has been used 10 generale other types
of mutants of the polyamine pathway. Analogues of MGBG possessing novel structures
whiist maintaining the potency of the parent compound, are continually being developed for
uce in antileukacmic studics (Tekwant ef al., 1992; Regenass et al., 1994). MGBG has been
widely used due to 1ts commercial availability, however the specificity of the mode of
inhibition has come unde;i question. It has been suggested that the toxicity of MGBG may
involve actions thet are indzpendent of those on SAMDC and polyamine biosynthesis, such
as antinniochendral effects in mammalian cells (Pegz and McCann, 1982; Jinne and
Alhonen-Hongisto, 1989; Cheng et al., 1990) or effects RNA synthesis in plants (Allamura
et al., 1991).
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in plants, MGBG has been shown to perturb in vitro growth and development, whilst also
allering endogenous polyamine titres. For example, mung bean stem cuuings (Jarvis et al.,
1983) carrot cell cultures (Minocha et af., 1990), embryonic cultures of Picea abies
(Santanen and Simola, 1992), pea seeds (Villancuva and Huang, 1993), potato tubers (Féray
et al., 1994) detached soybean leaves (Turano et al., 1997), tobacco thin cell layers
(Altamura et al., 1991; Scaramagli et al., 1999B), and whitc spruce cultures {Kong et al.,
1998) all show alterations in polyamine titres in response 10 MGBG treatment. In some
cases, the negative effc - on growth have been shown to be reversible by the addition of
spermidine (Altamura er al., 1993; Berta et al., 1997), implying that the major loxic effect is
due to polyamine perturbation. This must be interpreted with caution however, since MGBG
and spermidinc may sharc an active transport system (Antognoni et al., 1993) resulting in
competition for uptake between both compounds. The exogenous applicaton of spermidine

therefore may not necessarily involve a direct reversal of the MGBG inhibition (Pegg, 1983).

Altered SAMDC structure

Several studics however, have successfully used MGBG to isolate mutant or variant plant
lines with increcased resistance, due to its strong depressive effects on polyamine
biosynthesis. Malmberg and MIndoo (1983) reporied the isolation of UV-mutagenised
tobacco cell lines resistant to 10mM MGBG, that upon regeneration, gave rise to plants
producing abnormal flowers. One line displayed anthers instead of ovules, whilst another
mutant produced male sterile plants. Resistant cell lines derived from the mutant plants were
found to exhibit reduced putrescine-to-spermidine ratios whan compared to the wild-type
controls. Abrnormal flower development however, was not observed in plants regencrated
{rom wild-type callus or {rom plants originating from non-resistant UV-ireated cells plated on
MGBG (Malmberg and MIndoo, 1983). Subse,uently, Malmberg and Rosc (1987) found
that SAMDC enzyme activity in two of the mutant lines, unlike in wild-type, was not
inhibited in vitro by MGBG, suggesting the presence of a mutation in the coding sequence of
the SAMDC gene which may have resulted in resistance to MGBG and an altered floral

phenotype.
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Increased SAMDC activity

Fritze er al. (1995) similarly isolated cells derived from tobacco protoplasts that were
resistant 10 SmM MGBG. Upon regeneration cight resistant lines were isolated which
following selfing exhibited abnormal growth of shoots, branches, and leaves, and had
modifications in {lower development. After sclfing, the altered phenotypes of some were
lost in subsequent generations, whereas in others it was heritable and ranged in severity.
Two lines with severe phenotypic changes were characterised for SAMDC activity and
polyamine levels. One line had an increase in both free and conjugated putrescine and
spermidine titres with a concomitant increasc in SAMDC activity, whereas the other line
showed an increase in SAMDC activity but no increase in polyamine levels. Further
characterisation of the resistant lines is underway, in order to assess the modifications in

polyamine metabolism.

SAMDC gene amplification

In swdies using animal tissue, Regenass ef al. (1994) derived a CHO cell line resistant to
toxic levels of an MGBG analogue, CGP 48664. This compound displays high specificity
and polency for SAMDC, reduced antimitochondrial activity, and does not utilisc the
polyamine transport system. Analysis showed that the resistant cell line had a 1000-fold
increased resistance to the inhibitor, suggested to be the result of the overexpression of
SAMDC mRNA as a result of gene amplification. To date it is unclear whether this inhibitor

is available for plant rescarch.

Polvamine uptake

A study of the malignant phenotype of an adenovirus type 2-transformed rat celt line revealed
mutants resistant to MGBG following EMS mutagenesis (Rodrigues er al., 1987). Four
MGBG-resistant cell lines were isolated which also showed a reversion of the transformed
tumour-inducing phenotype, although the relationship between beth phenotypes was
unclear. The activitics of SAMDC in the presence of a low level of MGBG were found to be

similarly induced between control and variant revertant lines, ruling out the possibility that
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the resistance was due 10 increased SAMDC activity, or resistance of SAMDC to the
inhibitor. From feeding experiments using [“C]-MGBG it was found that the varianis
cxhibited slower rates of drug uptake than the sensitive parental cells, and this was suggested
to be the basis of the resistant phenotype (Porter and Sufrin, 1986). Similarly, Heaton and
Flintoff (1988) reported the isolation of CHO cell kines resistant to MGBG based on a reduced
capacity for the inwracellular accumulation of MGBG. Resistance behaved as a genetically
recessive trait, and furthermore, complementation tests of the mutant lines resulted in a
restoration of a wild-type MGBG-sensitive phenotype in the hybrids, implying that more than

one locus 1s involved in controlling uptake o the inhibitor.

3-1-4 PUTRESCINE MUTANTS

Davis et al. (1990) reported the isolation of a Neurospora crassu mutant with the ability to
concentrate putrescine from the growth medium. Sclection was imposed on spe-/ mulants
which lacks ODC and requires puitescine on medium containing (-05mM putrescine, which
normaily i5 oo low to support growth. A single colony wis isolated with an absolute
requirement for polyamines, however, growth wa, severely inhibited by SmM putrescine—a
level which had almost nc effect the spe-/ mutant strain. The new mutation was
subsequently designated as pur-! (gitrescine yptake). The polyamine transport system of
N. crassa can take up putrescire, spermidine, and spermine effectively, however, the system
can be inhibited by the addition of Ca™ 10 the growth medium. The puu-1 mutants exhibited
a loss in sensitivity to Ca®™, and thus wcre. able 10 concentrate putrescine from the media, 4
process suggested by the suthors to iavolve the existence of a cell-swrface protein that
normally blocks polyamine uptake when bourd 10 Ca®* (Davis et al., 1990).  The mutant
was further characterised and found 1o also concenirate spermidine from the medium {Davis
and Ristow, 1991). Two other non-alielic N. crassa mutants were isolated that accumulated
putrescine; spe-2 which contained a mutation in SAMDC {Pitkin and Davis, 1990), and spe-3
which most likely contained a muwation in SPDS (Davis and Ristow, 1991). The large
accumulation of putrescine in sp3 and puu-I mutants was shown to be due to sequestration

in the vacuole (Davis and Ristow, 1951).
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5-1-5 SPERMIDINE AND SPERMINE MUTANTS

Deletion-Insertion Mutants

A multation in the Saccharomyces cerevisiae SPE2 gene enceding SAMDC was generated
through the deletion of an 833bp fragment beginning with the ATG initiation codon
representing  approximately two-third of the gene (Balasundarum et al., 1991). The
disruption of the SAMDC gene resulted in cells with no detectable SAMDC activity that lacked
spermidine and spermine, and which also possessed morphological abnormalities. The
complete dependence on exogenous spermidine and spermine for growth, and the structural
abnormalitics were only observed when the cullures were grown aerobically. Under
anacrobic conditions the mutant grew and appeared as wild-type cells under similar
conditions, however, SAMDC activity was not observed and spermidine and spermine were
still absent, suggesting that thc polyaminc-depleted mutants were more sensitive to oxygen
damage than wild-type celis. Further characterisation revealed that the mutant lacked the
ability 10 vse glycerol (GLY') as the sole carbon source when grown acrobically on
polyamine-free media, whereas this function was present when the media was supplemented
with spermidine (Balasundarum et al. 1993). From crosses with SPE2*GLY” strains, it was
observed that the GLY" phenotype was the result of an additional recessive mitochondrtal
mutation. Acrobically-grown mutant cells cxhibiied a permanent Joss of mitochondrial
function, suggesting that polyamines act in part, by preventing oxidative damage

(Balasundarum et al. 1993).

Since polyamines have been implicated in a number of cellular roles, including protein
synthesis, the SPE2 mutant of §. cerevisiae has also been used to study the roles of
spermidine in the control of translational fidelity (Balasundaram et al., 1994). To this ¢nd,
Balasundaram et al. (1994) uscd an in vivo assay in which changes in B-galactosidase
activity are dependent upon a -{ or +1 ribosomal frameshift signal induced by the presence
of thc L-A RMA virus of yeast or the Tylyeast retrotransposable element (Belcourt and

Farabaugh, 1990; Dinman ez a/., 1991). It was noted that spermidine depletion was found 1o
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increase the efficiency of the +1 frameshift but not the -1 frameshift, and 10 decrease the
frequency of Tyl transposition (Balasundaram er al., 1994). The latter was not due to an
inability for cellular growth, rathe: it suggested that the increased capacity for frameshift
generation altered the ratio of fusion protein production, which in turn interfered with the
assembly of virus particles. Rom and Kahana (1994) also demonstrated the importance of
polyamines in inducing f{rameshifts, using a mammalian cellular gene encoding ODC
antizyme which is the protcin that moderates the rate of ODC degradation. Here, spermidine
was found 1o induce expression of ODC antizyme by enabling the ribosomes to shift from
onc rcading frame to another. Low concentrations of polyamines are inferred to prematurely
stop translation of antizyme mRNA, whereas at higher concentrations, the +1 {rameshift is
induced to generate a functional antizyme protein, thereby mediating rapid feedback

inhibition 10 maintain relatively constant polyamine levels.

Resistance To Spermine

In plant studies, 14 mutants of Arabidopsis were identified on the basts of their capacity for
germination in the presence of a normally toxic level of spermine (Mirza and Igbal, 1997).
Possessing similar developmental abnormalitics to the independent MGBG-resistant tobacco
mutants studicd by Malmberg and co-workers in the 1980s, and by Fritze ef al. (1995), these
spermine-resistant Arabidopsis plants exhibited floral abnormalities including larger {lowers,
altered floral organ numbers, and malformed siliques. The spermine resistance in two lines
was {urther characterised and attributed 1o single recessive nuclear mutations which were
aliclic. The mutation did not affect responses o puirescine and spermidine, as mutants and
wild-type controls were cqually sensitive 10 increasing concentrations of these polyamines
(Mirza and Igbal, 1997). Intercstingly, both mutant lines exhibited a slower germination rate
than wild-type controls in the presence of spermine, negating the possibility that resistance

was due 1o {aster germination of the mutant seeds.

.
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5-1-6_AIMS OF THIS STUDY

In order to further analyse the regulaiory mechanisms that are involved in polyamine
biosynthesis and metabolism in Arabidopsis, the preseni study sought 1o isolatc plants
containing mutations in the polyamine pathway. The strategy involved the identification of
putative mutants on the basis of growth in the presence of normally toxic levels of
polyamines, polyamine precursors, or polyamine inhibitors. If so identified, the resistant
planis were (0 be further characterised morphologically and at the biochernical level by
measurements of total endogenous polyamine titres. Studies at the molecular level would
also be undertaken via Northern analyses using cloned gene fragments of available

polyaminc biosynthetic genes.
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5-2 RESULTS

5-2:1_DEVELOPMENT CF A SCREENING METHODOLOGY

Greenhouse trials

One of the simplest ways to identify variant or mutant planis within a population is 10 grow
the plants under greenhouse conditions. To assess the capacity for the identification of
polyamine mutants in Arab..Jopsis thaliana plants grown in compost, a tnai using wild-type
sceds of the Landsberg erecta ecotype was performed. Following germinatior. in soil soaked
with nutrient solution, scedlings were regularly sprayed with nutrient solution containing the
SPDS inhibitor, CHA, whilst control plarts were sprayed with nutrient solution only. This
inhibitor is rcadily available commercially and had previously been shown to be to inhibitory

to in vitro plant growth whilst also perturbing polyamine levels in vivo (see Chapter 3).

Topical spraying of the inhibitor onto seedlings was choscen over direct wetting of the soil, as
it was thought that this approach would minimisc possible problems of inhibitor breakdown
in the soil. It was anticipated that putative mutants would be reaaily identified on the basis of
height, since sensitive plants were expected to be reduced in staturc. Afier scveral weeks of
regular spraying with the inhibitor at levels up to 10mM, however, there was little distinction
in height between the contro! and the inhibitor-treated plants.  The fact that under in vitro
growth conditions, CHA was inhibitory at levels of approximately 5mM, yet in soil 10mM
was found to have litde effect on growth, may be atisibutable to the degradation of the

inhibitor under the different growth environment, and thus, higher leveis of CHA were not

trialed.

in vitro trials

Bascd on the above obscrvations, it was decided that the screening of plants grown in vitro

in the presence of polyamings or polyamine inhibitors, may be a more cffective, albeit a more

'E.E'__:-,.. [p—
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laborious method for screening for mutants, Previous resuits from Chapter 3 showed that
both polyamines and their inhibitors could be effectively taken up from the growth media,

altering the in vivo levels of polyamines, and causing phenotypic changes.

As has been noted, ODC and SAMDC are two rate-limiting enzymes in the polyamine
biosynthetic pathway in animal cells. In Arabidopsis in particular, ADC may also be a key
enzyme in putrescine biosynthesis. To determine suitable screening azents for larger mutant
hunts, dose-response experiments were inttially performed using the polyamine precursors
arginine and ornithine, the diamine putrescine, the SAMDC inhibitor MGBG, and the SPDS
inhibitor CHA. Figure 5-2 shows wild-type plants grown on MS media containing these
additives at a range of concentrations; from (-1mM to 20mM. Although all concentrations
were tested for MGBG, only the 5SmM plate is shown, as this was the level found to be toxic
to the carly stages of growth. Similarly, CHA was also inhibilory at SmM. Arginine and
putrescine were slightly inhibitory at 20mM bui were not considered toxic, whereas 10mM

omithine inhibited the ratc of growth. A summary of the set of primary muiant screens is

listed in Table 5-1.

Mutagen Seiection Selection No. of M2 seed
Agent level used screened
EMS CHA SmM 15,000
EMS Pui 20mM 20,000
EMS MGBG SmM 30,000
GAMMA Om 10mM 30,000

Table S$-1: Primary screens for polyamine mutants.

A method for easily visvalising putative resistant mutants was investigated in which the Petri
dishes were oricntated vertically so that roots of seedlings could grow down along the
surface of the media. It was anticipated that this method would allow the rapid identification
of resistant plants from sensitive ones, based on primary root length in the presence of

normally toxic levels of the growth regulator. Similar methods have been reported
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Figure 5.2: In vitro growth trials to determine the appropriate levels of
growth regulators to allow a mutant screen.

Wild-type Ler seeds were germinatcd and grown on varying levels
of arginine, omithine, putrescine, and MGBG. Arginine and
putrescine did not effectively cause inhibition of growth except at
a concentration of 20mM. Lower concentrations of ornithine
(10mM), CHA (S5mM) (not shown), and MGBG (SmM) were
sufficiently toxic to allow a further screen to be contemplated.

Figure 5.3: Vertical growth of wild-type Ler seedlings
on MS media supplemented with 2mM MGBG.

Plates were orientated vertically to allow the

roots to grow along the surface of the media.

It is evident however, that this method provided
much variara in root growth, hence precluding
further use.




Chapter 5: Mutants 196

previously for the recovery or several Arabidopsis mutants possessing altered phytohormone
metabolism (Estelle and Somerville, 1987; Bell and Maher, 1990; Su and Howell, 1992;
Simmons et al., 1995). From preliminary experiments, however, when wild-type seedlings
were grown in this manner on media supplemented with 2mM MGBG which is normally
inhibitory, a uniform inhibvition of root growth was not observed (Figure 5-3). Thus, this
method of screening was not deemed stringent enough to select mutants reproducibly. When
the plates were aligned horizontally, allowing the roots to grow into the media and come into
direct contact with the selective agent, 2mM MGBG was inhibitory to growth. This
climinated the problem of variation in root growth and was therefore used in subsequent in

vitro mutant screening cxperiments.

5:2.2 PRIMARY ORNITHINE SCREEN

Screening for mutant plants resistant to 10mM omithine was performed using 30,000
gamma-irradiatcd M2 Landsberg erecta seed germinated and grown on horizontally-
oricntated plates. Putative resistant muiants were selected on the basis of possessing green
lcaves, and were transferred alter 32 days of growth to MS medium supplemented with a
shightly lower level of ornithine {(7-5mM). This was aimed at reducing the toxic effects of
ornithire, thus allowing further growth and seed set, whilst still maintaining selective
pressurc. A comparison of phenotypes of weawed wild-type control and muiagenised
scedlings is presented in Figure 5-4. Most wild-type control plants exhibited sensitivity and
displayed necrotic lesions or chlorosis of the lcaves on plates containing 10mM ornithine, A
higher proportion of the mutagenised individuals werc more tolerant to omithine than wild-
type plants, and exhibited a larger stature and also grecner leaves than controls. Several
putative ornithine-resistant mutants also showed strong root growth in the presence of
7-5mM ornithine relative to controls, but only in seven cascs underwent flowering and set
sced. Progeny sced were re-screened on media containing higher levels of omithine and

results are presented in Tables 5-2, 5.3, and 5-4 below,
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Figure 5.4: Growth of wild-type Ler and mutagenised Ler seedlings
on MS media supplemented with 7.5mM ornithine.

The primary mutant screen was performed on MS media
supplemented with 10mM ornithine. After 32 days of growth,
selected individuals from each seed batch were transferred to the
lower level of omithine (7.5mM). This was in order to maintain
selective pressure whilst still allowing growth to progress to flowering
without being detrimental to seed set. G90 and G95 represent seed
batchs derived from exposure to 90krads and 95krads of gamma

radiation respectively. Individual pools of seed were designated
Le2-1, Le2-2, Le2-3, etc.
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% non- % % "% % %

Line germinated  cotyledon  2-leaf 4-lcaf 6-leal 8-leaf 2

wiler - 160 40-0 440 - . \

wt Ler (ORN) 100-0 - - - - -
Gamma-2 100-0 - - - - -
Gamma-6 100-0 - - - - -
Gamma-8 80-3 125 72 - - -
Gamma-12 100-0 - - - - .

“*Pre-treated’ wt Ler seed obtained from non-mutagenised parent plants grown in the presence of 8mM Orn,

Table 5-2: Re-screcning of M3 seed on 8mM ornithine.

% non- % % % %o % :

Line germinated  cotyledon  2-leal 4-leaf 6-leafl 8-lcaf

Wi Ler B 462 46-2 A - - 1

wi Ler (ORN") 96-2 38 - - - - '

Gamma-2 100-0 - - - - - !
Gamma-6 100-0 - - - - -
Gamma-7 100-0 - - - - -

Gamma-8 88-0 12.0 - - - -

Gamma-10 100-0 - - - - - 5

Gamma-11 100-0 - - - - -

Gamma-12 100-0 - - - - -

"‘Pre-treated” wi Ler sced obtained from non-mutagenised parent plants grown in the presence of 10mM Orn, i

Table 5-3: Rc-screening of M3 sced on 10mM ornithine.

% nhon- % % % % % 3
Line germinated  cotyledon  2-leaf 4-leafl 6-leaf 8-leaf 3
Wiler - 231 635 338 38 38
wt Ler (ORN) 100-0 - - - - - s
Gamma-2 100-0 - - - - -
Gamma-6 100-0 - - - - -
Gamma-8 81.5 18.5 - - - -
Gamma-10 100-0 - - - - -
Gamma-11 100-0 - - - - -
Gamma-12 100-0 - - - - -

“‘Pre-treaied’ wi Ler seed obtaincd from non-mutagenised parent plants grown in the presence of 12mM Orn.

Table 5-4: Re-screcning of M3 seed on 12mM ornithine.
M3 secds were collected from putative 10mM Orn-resistant plants and re-screened on media containing 8mM,

10mM, or 12mM Orn. Wild-type Ler sceds were used as controls, and a further control of ‘pre-reated’ wild-
type sceds was used in order to determine if previous exposure 10 Orn contributed to the resistant phenotype

Subsequent characterisation of the putative ornithine-resistant variants, however, was

prevented due 10 poor germination of the M3 seed, and inability of those that did germinate

to grow beyond the cotyledon or 2-leaf stage.
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5-2-3 PRIMARY MGBG SCREEN

Isolation of MGBG-resistant plants

M2 seeds from mutagenised L. erecta were collected from approximately 1,200 M1 plants
that were pooled into 60 groups of 20 plants cach. 30,000 M2 seed from a total of 12 M1
pools, were used in the first primary screen on MS medium contaming SmM MGBG.
Pulative MGBG-resistant variants were identified on the basis of increased shoot growth, and
resistance was characicrised by (he presence of large, green cotyledons and formation of true
lcaves. MGBUG-sensitivily on the other hand, was defined by the presence of small, necrotic
and chlorosed cotyledons and no true leaves. Following identification, putative mutants
were grouped into two categorics, designated as type (i) and type (ii). Type (i) plants
cxhibited a strong resistant phenotype and were distinctly healthier than treated wild-type
control seedlings on all other Petri dishes. Seedlings of type (ii) exhibited a weaker
resistance phenotype, but typically, were healthier and larger than other seedlings within the

same dish.

The results of the first primary screen arc presented in Table 5-5. Only three pwative type (i)
mutants were found, all derived from EMS M2 sced pool #2, raising the possibility that they
were siblings. Thus each plant was isolated and labelled as sub-lines 2(i)a, 2(i)b, and 2(i)c.
All three type (i) pwtative variants flowered in vitre and set seed, moderate levels which
were collected and stored separately for subsequent characterisation. In addition, 12 putative
mutants of type (i1} phenotype were isolated from six other M2 seed pools (Table 5-5). All
thesc plants flowered in vitro, however, those from pools #1, #3, and #10 did not produce

sced, whilst those from pools #6, #9, and #11 produced very low amounts of viable seed.

Phenotype of MGBG-resistant plants

Following the primary in vitro screen on SmM, all putative mutants were removed from the
selective media after 14 days of growth and transferred to soil [or self-pollination and seed

set (Figure 5-5, panels B to G). Occasionally, severely stunted wild-type plants survived the

i
l
i
!
1'-.
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in vitro screcning, and were transferred 1o soil along with the putative resistant variants
(Figure 5-5, panel A). No phenotypic differences were observed at this stage between
treated wild-types and putative MGBG resistant plants. The phenotypes of all treated plants
were consistent with the effects of MGBG treatment, with all individuals displayed an overall
stunted and bushier shoot morphology, with individual inflorescences also appearing
rclatively spindly (Figure 5-5, panels A to G). The {lowers possessed normal organ number
and positioning, however, several siliques from putative mutant plants were small and

withered, and lacked sced.

Table 5:5: Primary in vitro sclection on MS media + SmM MGBG

15 putative mutants werc isolated from the first primary screen of 30,000 M2 seeds on MGBG. The 30,000
M2 sced were screened in 12 separate batches of approximately 2,500 sced.  Approximately 400 seed were
sown per plate (12cm x 12cm). Three individuals (rom M2 seed pool #2 had a strong resistance phenotype
[Type (i)], and the remaining 12 displayed a weaker phenotype [Type (ii)]. Putative mutants representing
Tour of the 12 familics screcned exhibited fertility.

M2 seed pool  No. of putative mutants isolated: Fertility i
Type (i) Type (ii) (in vitro) ;

#1 ; i sterile )
#2 3 - set seed
#3 - 3 sterile
#a : : :
#5 - - - i
#6 - 2 set seed
#7 . - -
#8 - - - 1
#9 - 2 set seed
#10 - 1 sterile
#11 - 3 sct seed
#12 : . -
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Figure 5.5: Putative MGBGR mutants after transfer to soil.

Approximately 30,000 EMS-mutagentsed M2 generation seed and wild-
type Landsberg erecta controls were sown in vitro on solid MS media
supplemented with SmM MGBG. After 14 days of selection, putative
resistant seedlings {rom the EMS population were transferred to soil for
seed set. {n order to rescue plants from the wild-type population after

the selection, several of these were also transferred to soil, with the aim

of using thetr progeny as subsequent controls when determining the
heritability of the resistant phenotype. All treated plants exhibited an
overall morphology characteristic of MGBG application; a stunted shoot
with several axillary inflorescences. The bar in each panel represents lcm.

A. Untreated non-mutagenised wt control, B. Non-mutagenised wt
control treated with 5mM MGBG. C. EMS 2(i)a, D. EMS 2(i)b
E. EMS 2(i)c, F. EMS 6(ii}, G. EMS 9(ii), H. EMS 11(ii).




Chapter 5: Mutants 202

5-2-4 HERITABILITY OF THE MGBG-RESISTANT PHENOTYPE

in vitro growth

Following self-fertilisation after growth in soil, seeds were collected from the putative
mutant plants and re-screened on MS media containing SmM MGBG 1o test for the heritability
of the resisiant trait (Figure 5-6). Although no resistant wild-type plants similar 1o class (i)
or (ii) variants were observed from the original screen, the largest surviving individuals for
wild-type were removed {rom the selective media and transferred to soil. Seed collecied
from such ‘MGBG-pre-treated’” wild-type plants were 10 be used in subsequent hentability
studies 1o provide evidence that the resistant phenotype of the mutants was not merely due 10
cxposure to the inhibitor in preceeding generations. Such ‘pre-trcated’ wild-type seedlings
always displayed sensitivity to MGBG at the cotyledon stage (Figure 5-6, panel B),
indicating that several generations of exposure to MGBG conferred no benefit in establishing
a resistant phenotype. The heritability of the resistant trait was observed in the progeny of
the type (i) putative mutants, which showed several seedlings with elevaied tolerance to the
inhibitor. Several seedlings from the mutant lines were bigger ihan wild-type seedlings, and
only the biggest, most developed variants were selected from EMS 2(i) lines for further
analysis. Inspection of a resistant seedling (Figure 5-6) revealr<. the developmental stage 10
be 6- 1o &-leaves after 26 days cxposure, which was the same as the untreated wild-type
plants (Figure 5-6, pancl A), although the fdnﬁer were much smaller in stature. In ‘contrast,
sensitive seedlings were severely chlorosed and remained at the cotyledon or 2-leaf stage

(Figure 5-6, pancl F)

After 14 days exposure 10 SmM MGBG, seedlings were transferred to inhibitor-free media
and allowed to grow for a further seven weeks in vitro. Figure 5-7 shows a comparison of
the resistant progeny plants from more than one putative mutant with the sole surviving
scnsitive wild-type plant germinated on MGBG. Progeny from lines 2(i)a, 2(i)b, and 2(t)c
clearly exhibited the inheritance of the resistant phenotype (panels A, B, and C respectively)

as they were markedly larger than the control individual and produced several flowers and
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Figure 5.6: Inheritance of the MGBGR® phenotype after self-fertilisation.

Seedlings were germinated and grown on MS media supplemented
with SmM MGBG as appropriate (Day 26 of growth shown).

Some examples of resistant seedlings are indicated with arrows,
A. Wild-type Ler on unsupplemented MS control media

B. Wild-type Ler; third generation after exposure to MGBG

C. EMS 2(i)a

D. EMS 2(i)b

E. EMS 2(i)c

F. Magnified view of a resistant seedling compared to surrounding
sensitive seedlings.
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wild-ty pe

Figure 8.7: Comparison of in vitro growth of progeny plants
from putative MGBG® mutants and wild-type
controls following initial treatment with SmM MGBG.

Plants were grown on media containing MGBG for 14 days
before transfer to inhibitor-free media. Week 9 of growth
shown.

A. EMS 2(i)a vs. wild-type
B. EMS 2(i)b vs. wild-type
C. EMS 2(i)c vs. wild-type
D. EMS 11(ii) vs. wild-type
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siliques. From linc 11(ii) only one individual was produced that inittally appeared to be
resistant to MGBG. Afier furiher growth, however, the phenotype of this plant showed it 10
be severely stunted (panel D), and it was subsequently found to be sterile, and no further
analysis was undertaken. A similar situation was ob:zerved for lines 6(ii) and 9(ii), and

details are not presentied here.

Soil Growth

After scleclion in virro on 7mM MGBG for 21 days, putative mutanis and surviving wild-
type seedlings were transferred 1o soil for further growth. Representative individuals are
presented in Figure 5-8.  Soil-grown wild-type plants demonstrated a stunted shoot
phenotype characteristic of MGBG wucatment (pancl A) which ranged in height from
approximaicly 4cm to 10cm as expected for wild-types under these conditions. The putative
mutant lincs (panels C, D, and E from the M3, M4, and M5 generations respectively)
however, were again consistently and markedly larger than the wild-type individuals, and at
[lowering, were typically 20cm and 25cm in height irom soil. In terms of floral
morphology. no changes in the organ number or organ position, were evident in any
mutants, whalst the flowers of line 2{i)a were distinctly larger than those of the wild-type
(Figure 5-8, pancl B). The uniform resistant phenotypes of the putative mutant plants
compare » 10 the sensitive wild-types following growth either in vitro or in soil, confirms the

inheritance of the MGBG-resistant trait.

$-2-5 INBREEDING OF THE MGBG-RESISTANT PUTATIVE MUTANTS

After (he M2 MGBG-resistant mutants were selfed, secds were subjected to a screecn on
medium containing SmM MGBG (shown in Figure 5-6). Unexpectedly however, the
frequency of the resistant phenotype was low in the M3 generation for all lines, although still
obscrvable. In an aticmpt therefore 10 increase the heritability of the resistant trait, the
progeny sceds following scif-fertilisation were continually selected on MGBG for scveral

generations, Table 5-6 presents the resistant percentages when the putative mutant lines
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Figure 5.8: Growth of line 2(i) putative mutants in soil following
in vitro selection on media containing 7mM MGBG for
21 days.

Resistant plants are larger in stature than the sensitive wild-type
control, and the flowers from the 2(i)a plant are also larger than
controls. A centimetre scale is included to guage inflorescence

height

A. Wild-type Ler (~4cm in height from soil)

B. Magnified view comparing flower sizes from the wild-
type Ler (arrows only) and the 2(i)a mutant (asterisks)

C. MGBG* 2(i)a (~25cm in height from soil)

D. MGBGR 2(i)b (~20cm in height from soil)

E. MGBGR 2(i)c (~20cm in height from soil)
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were germinated on media containing SmM MGBG and 7mM MGBG and scoied at day 25 of

growth.
[ MGBG Line and Generation Screened
Level wt Ler | 2(1)a 2(1)b 2(i)c
5mM 0 [217] 10% (M3) {405) 1-5% (M3) [196) 27% (M3)(186]
0 {223] 49% M4)1127] 13% (M4)[276] 38% (M5)[116)
¢ 172] 18%® (M5) {17
7mM 0 [109] 53% (M4)[138] | 42%° (M5)[12) 74% (M5) [125]

Table 5-6: Re-screcning putative mutants on 5SmM MGBG and 7mM MGBG over several
generalions (% resistance shown, number of germinating seeds are indicated
in square brackets).

The resistance frequency of the 2(i) lines was found to increase under the continual selective

pressure.  On SmM MGBG, line 2(i)a showed 49% resistance at the M4 gencration, 2{(i)b

had 18% resistance (though reduced germination) at the M5 gencration, and 2(i)c dispiayed

38% rcsistance also at thc M5 generation. On 7mM MGBG, the resistance {requency

increased; 2(1)a was 53% by M4, whilst 2(1)b showed 42% by M4, and 2(i)c was 74% by

M4 (Table 5-7). The latier observation was somewhat uncxpected and may have been

associated with precipitation of some of the MGBG, observed in 7mM plates, and previously

reported (0 be duc to interaction with salts (Fritze er al., 1995)

To cnsure that falsc positive resistant phenotypes were not scored on media in which MGBG
may have precipitated, sceds were sown on both full-strength and reduced-strength MS
media containing 7mM MGBG (Table 5-7). Plants reaching the cotyledon stage of growth
were scored as resistant, and were only observed on the full-sirength MS media. No
resistant plants were secn on the hall-strength or quarter-strength MS plates, suggesting that
the reduced nutricnt supply may adverscly affect the growth of the already compromised and

siressed putative mutants. The fact that 6% of wild-type were scored as ‘resistant’ on full
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strength medium whereas zero resisiancc was obscrved at SmM does suggest precipitation of

MGBG at 7mM effectively reduces the concentration in the medium to levels below that

produced by SmM.
Line 1x MS ', x MS 1, x MS
wt Ler 6% 0% 0%
MGBG* 2(i)a- 51% 0% 0%
MGBG"® 2(i)a-2 58% 0% 0%
MGBG" 2(i)a-3 27% 0% 0%

Table 5-7: Re-screening putative mutants on reduced-strength MS
mecdium supplemented with 7mM MGBG.

Percentages shown represent the proportion of plants at the cotyledon stage of
growth, Putative mutant sced screened were from the fourth generation
following continual sclection on MGBG followed by sclf-(ertilisation,  Wild-
type sced were able Lo germinate on unsupplemented 1/2 x MS and 1/4 x MS
media.

$:2.6 CHARACTERISATION OF THE MUTANT PHENOTYPE

I DETAILED /N VITRO GERMINATION STUDY

Sceds were collected scparately irom 12 plants (designated hereafter as sub-lines 1 to 12),
{from cach of the two lincs showing the highest frequency of MGBG tolerance, 2(i)a and
2(i)c, on media containing MGBG (Tablc 5-6). A detailed study of the germination and
growth of the scedlings from cach sub-line was performed on MS media containing MGBG
atlevels of 2mM, 3mM, and 4mM, in order to asceriain whether the resistant phenotype was
more clearly apparent on the lower levels of inhibitor. Scecdlings were asscssed for
sensilivity 1o MGBG in the following categories: non-germinating; radicle only; hypocotyl
only: radicle and uncxpanded cotyledon; root and unexpanded cotyledon; uncxpanded
cotyledon only; and chlorotic cotyledon only. Several resistant categories were also devised;
green uncxpanded cotyledon; one green cotyledon; two green cotyledons; 2-green leaf; 4-
green leaf; 6-green Ieaf; and 8-green leal. The 2mM MGBG characterisation results arc

presented as pic graphs in Figures 59 and 5.10.  Similar charactcrisation was also
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LINE 2(i)a grown on media containing 2mM MGBG

wt Ler

2(i)a.6

7.
3% L.9%

Ungerminated
Radicle only _
Unexpanded cotyledon + radicle
Unexpanded cotyledon + root
Cotyledon (sensitive)

Cotyledon (resistant)

2 leaf (resistant)
4 leaf (resistant)
6 leaf (resistant)
8 leaf (resistant)

15.3%

ERORE0O80E

Figure 5.9: Detailed resistance study of line 2(i)a individuals grown on MS
media supplemented with 2mM MGBG. Day 8 of growth.

The percentage of plants reaching various developmental stages are shown.
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LINE 2(i)c grown on media containing 2mM MGB

2(i)c.2

143%

19.6%

19.6%

] Ungerminated
Radicle only
Unexpanded cotyledon + radicle
Unexpanded cotyledon + root
Cotyledon (sensitive)

Cotyledon (resistant}

2 leaf (resistant)

4 |leaf (resistant)

6 leaf (resistant)

8 leaf (resistant)

OmOm&Etd

18.0% 6.0%

Figure 5.10: Detailed resistance study of line 2(i)c individuals grown on MS
media supplemenied with 2mM MGBG. Day 18 of growth.

The percentage of plants reaching various developmental stages are shown,
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performed on seedlings germinated in the presence of 3mM MGBG and 4mM MGBG with

similar trends evident, and are presented in Appendices 10to 13.

Germination in the presence of 2mi MGBG

Though some sensitive seedlings were observed in each sub-line, the overall observation
from the 2mM data presented in Figures 5-9 and 5-10 is that individual sub-lines of 2(i)a
display greater MGBG tolerance than that of the wild-type controls. Less than 2% of wild-
ype seedlings were classed as 6-leaf stage or greater, whilst most sublines (excluding line
2(1)a.9) produced substantial numbers of offspring at 6-leal or more (ranging {rom 12% in
2(i)a.4 to 65% in 2(1)a.5) (Figure 5.9). The MGBG tolerance for the individuals {rom line
2(i)c was not as high, with sub-line 2(i)c-9 exhibiting no greater tolerance than the wild-
types, however all other 2(i)c sub-lines showed an increase ranging from 27% for line

2(1)c-8, 10 55% for line 2(i)c-7 (Figure 5-10).

Germination in the presence of 7mM MGBG

When the level of MGBG was increased to 7mM in re-screening experiments, the timing of
assessmenl of the phenotype was found to be an important factor determining the accuracy of
scoring. At day 8 after germination, the putative mutant sub-lines clearly exhibited
precocious germination and displayed a high degree of resistance compared to wild-type.
Whereas, by day 18, the distinction between the wild-type and putative mutant seedlings was
Icss clear (Figure 5-11). At day 18 however, (he wild-type secdlings were smaller in size
and frequenlly were at delayed stages of growth compared to the putaive mutants.
Variability in the resistance {requencies however, was still observed within the sub-lines,
even though they were all originally derived from the same individual. Overall, the average
resistance percentage for line 2(i)a was near 80%, again higher than that observed for line
2()c which was just over 50%. The day 8 resistance frequencies for the putative mutant
sub-lincs in the presence of 7mM MGBG are presented in Table 5:8. As was noted

previously, the variability of the MGBG-resistant response on 7mM may be attributable in

Nt e L e SR} L T A e U i L L 4 e B TR e e D L hm T 4ttt N H
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Day 8 Day 18

MGBG

R

Figure 5.11: Re-screening inbred putative mutants from line 2(i)a on MS media
containing 7mM MGBG.
The precocious germination of the mutants is evident at day 8. All sub-

lines from 2(i)a and 2(i)c were tested, and representative plates are shown
compared to wt Ler.
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part, to the presence of a slight precipitate within the media. For this reason, seeds were not

subscquently screcned on MGBG levels greater than SmM.

Sub-Tine Resistance Sub-linc Resistance
Frequency Frequency
2Wa1 67% 2()c-1 - 91%
2(i)a-2 58% 2(i)c-2 6%
2(1)a-3 63% 2(@)c-3 43%
2(1)a-4 58% 2(1)c-4 67%
2(iJa-5 100% 2(3i)c-5 42%
326 93% 266 6% |
2(1)a-7 81% 2(i)c7 63%
2(i)a-8 7% 2(i)c-8 31%
2(1)a-9 81% 2(i)c9 24%
2Ma-10 7% 2(De- 10 80%
 2(Da average: 78-5% ﬁ2-(’1)c average: 50:9%

Table 5-8: Resistance {requencies for the 2(i)a and 2(i)c sub-lines following germination

on mcdia containing 7mM MGBG (Day 8 of growth). Wild-type seeds showed no tolerance
to MGBG at this age.

From the variability of the in vifro screening results, it was clearly not possible (o determine
il tolerance (0 MGBG was inherited as a straightforward Mendelian trait, even after scveral
rounds of in-breeding and- sclection. To gain funther information pertaining 10 the génclic
mcchanism(s) involved in the MGBG® phenotype noted above, putative mutant sub-lines
2(i)a and 2(i)c (from gencrations M4 and M5 respectively) were used as the female recipients
in crosses to wild-type plants (reciprocal crosses were also carried out, but failed to yield any
sced due to poor pollen production). Although few F1 seed were produced (rom the
crosses, they were germinated and were grown to maturity in a greenhouse, and selfed.

Ratios of sensitive-to-resistant F2 seedlings aficr germination on medium containing MGBG

wcere then noted (Table 5-9).
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— FEMALE TREATMENT __
PARENT 2ZmMMGBG |~ 3mM MGBG 4mM MGBG 5mM MGBG
wiler ' 25:2% (n=38) 6°: 0% (n=33) 6°: 0% (a=30) | 4°:0% (n=39)

2(i)a 155 : 14% (@=68) | 34°:6" (n=69) | 28%:8%* (n=60)| 27°:0F (n=63)
2(i)c 23%:20% (n=57) | 45% : 16® ** (n=65)] 53°:0% (0=58) | 52°:0% (n=61)

TABLE 5-9: Sensitive-lo-resistant ratios of F2 progeny seedlings from crosses of wild-
type to the 2(i) putative MG G-resistant mutanis.

" Many wild-type seeds did not germinate in media containing MGBG, unlike M$ medium without MGBG
where germination frequency was > 85% (data not shown). Seeds were germinated on solid MS media
supplemented with different levels of MGRG, and scored at day 18 of growth. Germinalion was classified as
the appearance of the radicle, and resistance to MGBG was classified as the appearance of green cotyledons.
The numbers (n) of seeds sown per (reatment are designated in parentheses.  Chi-squared tests were performed
on the observed results, testing for the hypothesis that there is a single gene controlling resistance to MGBG,

segregaling in a 3:1 ratio of scnsitive to resistant in the F2 generation. * 0-50<p<0-70 and ** 0-80<p<0-90
at a significance level of 0-001 shown in bold type

The above results indicate that a mutation in a single nuclear gene is responsible for MGBG
tolerance in lines 2(i)a and 2(i)c, but that the level of MGBG uscd to sclect scedlings is
important to cnable the tolerant phenotype to be scored accurately. No resistant F2 seedlings
from the cross with line 2(i)a werc observed on media containing 5mM MGBG, and in the
case of line 2(i)c, none were obscrved when the MGBG levels were at 4mM or greater. Chi-
squared analyses testing the hypothesis that one gene controls resistance to MGBG were
perlormed, using the observed numbers at 4mM MGBG for the 2(i)a seeds, and at 3mM
MGBG for the 2(i)c sceds, as these were the highest levels of inhibitor that allowed
identification of resistant individuals. The observed ratios of sensitive 1o resistant scedlings
comesponded to the expected 3:1 segregation pattern expected in the F2 generation if the

resistant phenotype was controlled by a single recessive allele,

5-2:7 SUMMARY: HERITABILITY AND MGBG TOLERANCE RESULTS

Arabidopsis mutants with the ability to grow in the presence of SmM MGBG were identificd

and classified into two groups; three type (i) individuals that exhibited a strong resistant
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phenotype, and twelve type (ii) individuals with a weaker phenotype. Only the type (i)
plants displayed heritability of the trait but only limited information on the genetics of the
tolerant phenotype was obtained. Much more time than originally anticipated had 10 be
devoted 1o the development of a reliable method of in vitro selection of the mutants as it was
difficult 10 achieve consistent results, even following several rounds of in-breeding which
improved the frequency of resistance. Several studies were necessary (o determine the
appropriate levels of MGBG required, and the duration of MGBG treatment, that would allow
rapid identification of mutant scedlings. In the putative Arabidopsis mutants, it is likely that
pleiotropic in vivo cffects of MGBG contributed to the confusing results of the screening
experiments, thus making the identification of mutants a difficult task. Following in vitro
germination in the presence of MGBG, and transfer either 1o inhibitor-free media or into soil,
thc putative resistant mutants consistently displaycd a more robust, tolerant phenotype,
compared to similarly wcaied wild-type plants. To understand the genetic basis of the
resistant phenotype, wild-type Ler was crossed to the putative muiants and the germination
phenotypes of the F2 seed in the presence of MGBG were noted. Chi-squared statistical tests
suggested that the observed results conform to the 3:1 sensitive-to-resistant segregation
pattern expected if one gene with two alleles was involved in the MGBG-resistant phenotype.
Chi-square analysis was only indicative of a one-gene model at a particular concentration of
MGBG, however, indicating that the concentration of MGBG uscd to identify mutanis is of

critical importance.

5-2-8 CHARACTERISATION OF THE MUTANT PHENOTYPE

i HPLC QUANTIFICATION OF POLYAMINE LEVELS

Free Polyamines

Polyamines were extracted from shoots of MGBG-treated and untreated plants, and
quantificd via HPLC as described in the Materials and Methods. The phenotypes of the wild-
type and both lines of mutant plants afier 35 days of in vitro growth on OmM, 0-5mM, and

2mM MGBG arc presented in Figures 512 and 5-13 (note: the same number of seeds were
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Y

0.5mM MGBG

MGBGR 2(i)a.5

MS control 0.5mM MGBG 2mM MGBG

Figure 5.12: Wild-type and MGBGR 2(i)a plants grown either in the
presence or absence of MGBG.

Shoot tissue from these treatments were used for all
subsequent RNA and polyamine analyses.
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MS control 0.5mM MGBG

MGBGR® 2(i)c.8

MS control 0.5mM MGBG

MGBGR 2(i)c.10

MGBG

> g
MS control 0.5mM }

MGBGR 2(i)c.11

MS control 0.5mM MGBG 2mM MGBG

Figure 5.13: Wild-type and MGBGR 2(i)c plants grown either in the
presence or absence of MGBG.

Shoot tissue from these treatments were used for all
subsequent RNA and polyamine analyses.
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L

sown on each plate). No [lowcring was cvident amongst any plants grown on media
containing 2mM MGBG, apd in the casc of wild-types, flowering was also delayed on
0-5mM MGBG (hough plants were healthy (Figure 5:13). Some of the 2(i)a mutants were
able to {flower in the presenee of 0-5mM MGBG (Figure 5-12), however, the 2(i)c mutants
did not flower (Figure 5.13). Northern blot analyses of the biosynthetic genes and HPLC
quantification and of the epdOgenous polyamine levels were performed on pools of non-
flowering plants from cach of these treauments to determine wheths r any differences existed
between wild-type and muwnts. The levels of free putrescine, spermidine, and spermine
within the wild-type and piytant plants are presented as histograms in Figure 5-14, following

the various treatments.

The endogenous levels of free polyamines when plants were grown in the absence of MGBG
arc shown in Figurc 5-14A. Spermidine was found to be the most prominent polyamine
within shoots, followed by puurescine, and then spermine. The most striking observation
was that all the MGBG-~¢sistant mutants lines analysed displayed a higher level of free
spermidine, compared to the wild-type control.  The level of spermidine within the pool of
wild-type plants was approsimately 130pg/g fresh weight, whilst the levels within the
mutants ranged {rom 175ug/8 fresh weight o 260ug/g fresh weight.  The levels of
putrcscine showed some varation across the mutant lines, however, there was no marked
deviation from that of the wild-type controls where levels were ~70pg/g.  The level of
spermine within the wild-typeS was approximately 40pg/g fresh Wcight, whilst that of the

mutants ranged from 40-85ng/ & fresh weight.

When grown under the 1ow Selective conditions of 0-5mM MGBG, levels of putrescine
increased relative o untreated Controls in all sub-lines, except for mutant 2(i)a-6, which was
slightly lower than its unyreaied control (Figure 5-14B). It should be noted however, that
this sub-line had a high basal level of putrescine before any MGBG trcatment.  All mutant
sub-lines also displayed a degrease in endogenous levels of free spermidine when compared

lo their untreated controls, IniCrestingly however, the amount of spermidine within the wild-
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Figure §.14: Free polyaminc titres (ug/g {.wL.) in shoot tissue of selected

putative MGBG® mutants folowingin vitro growth. ;
A. Unsupplemented MS media (0mM MGBG), i
B. MS with 0.5mM MGBG
C. MS with 2mM MGRG
Each column on the histograms represents an extraction from a
pool of treated shoot tissue (7 is between 10 - 20 individual shoots). :
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types remained similar (o untrecated controls. Spermidine levels within wild-types were
slightly lower than thosc of the 2(i)a mutants, and somewhat higher thar those of the 2(i)c
mutants. No diflerence in the amount of spermine was observed between the untieated and
treated wild-type plants. The mutant 2(i)a sub-lines showed a decrease in spermine levels
(rom their untreated controls, whereas the levels of two of the three 2(i)c lines were higher
than controls. The treated wild-types had an sperminc level of approximately 45ug/g fresh
weight, whilst the mutants ranged from 45-90pg/g fresh weight.  Under these conditions,

differences in polyamine titres between wild-types and mutants were not marked.

Trcaument with 2mM MGBG resulted in a large increase in putrescine levels in wild-type
sccdlings, approximatcly six times greater than that of untreated controls (Figure 5-14C).
Strong increases (between five 1o six {old) were also obscrved in the putrescine levels of
some mutant sub-lines (2(i)c-8 and 2(i)c- 10) whereas others had a smaller increase of 2-fold
(2()a-5). Wild-type plants cxhibited an increase in the amount of spermidine, compared (o
unircated and 0-5mM MGBG-ircated controls. Spermidine levels, however, within 2(pa
mutanis were similar to thosc observed in MGBG-free media. The 2(i)c mutants analysed
shiowed a strong increase in spermidine levels Lo greater than double that of their unreated
controls. The level of spermine was also increascd by approximately 2-fold in wild-type
compared 10 the zero or low MGBG treatments.  All mutant lines, showed this similar

increasc in spermine levels, except 2(iYa-5, which displayed no difference between 0-5mM

and 2mM MGBG trcatments.

Ratios of free putrescine-to-spermidine

The ratios of free putrescine-to-spermidine in the treated wild-types and MGBG® mutants are
graphically presented in Figure 5-15 (A and B). The [ree putrescine-to-spermidine ratio for
all lincs was gencrally found to increase as the selection levels of MGBG increased up 1o
2mM. Ne difference in the frec putrescine-to-spermidine ratio between the wild-type
controls and the mutants were apparent at OmM or 0-5mM MGBG. A clear distinction

however, was evident at the higher level of 2mM MGBG, when all MGBG-resistant mutant
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Figure 5.15: PUT-10-SPD ratios of wt Ler shoots and MGBGR putative
mutant lines 2(i)a and 2(i)c after growth on MS mcdia with
or without polyamines.

A. wt vs, 2(i)a - frce PUT and SPD
B. wt vs. 2(i)c - frce PUT and SPD
C. wt vs, 2(i)a - conjugated PUT and SPD
D. wi vs. 2(i)c - conjugated PUT and SPD
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lincs displayed a lower {ree putrescine-to-spermidine ratio than that of wild-type controls.
The high ratio observed in wild-iype lines was mainly atuributable to a large relatve

accumulation of putrescine in shoot tussues.

Conjugated Polyamines

Compared 1o levels of free polyamines, the amounts of all three conjugated, or bound-
soluble, amines were reduced in the controls and also mutants. Spermidine remained the
highest polyamine detected in this fraction, whilst spermine levels in all sub-lines were not
detectable. Levels of conjugated polyamines within wild-type and mutant shoots grown in
the absence of MGBG are prescnted in Figure 5-16A. The level of putrescine in wild-type
was approximately Spug/g fresh weight, whercas most of the mutant sub-lines had elevated
levels, ranging from 35-45ug/g fresh weight (the exception was sub-line 2(1)a-5, whose
putrescine levels were below the deteciable limits). There was some variation in the

spermidine levels across all sub-lines, but no clear patiern was evident (Figure 5-16A).

When selection was imposed with the low concentration (0-5mM) of MGBG, a clear change
in the levels of bound-soluble putrescine was observed in wild-types, but not in mutant sub-
linecs (Figure 5-16B). Putrcscine levels rosc dramatically, more than 50-fold, 10 over
100ug/g fresh weight, whilst levels in mutants remained within the range of 25-10-50pg/g
fresh weight—similar 1o levels observed when MGBG was absent.  Conjugated putrescine
levels also incrcased within mutant sub-line 2(i)a-5 (undeteciable at OmM MGBG), and
remained within the range of the other mutant sub-lines, Levels of bound-soluble
spermidine increased by over 50% in wild-type shoots, whilst they were variable in all
mutant sub-lines, ranging from 10-to-120pug/g fresh weight. In line 2(i)a-6, the spermidine
levels were the same as that of the treated wild-types, whilst levels of the other mutants were

lower. Again, bound-soluble spermine was undetectable in all lines.

Upon treatment with 2mM MGBG, amounts of conjugated putrescine and spermidine were

scen 1o increase in all mutant sub-lines (Figure 5-16C), whilst spermine was not detectable in
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Figure §.16: Conjugated (bound-soluble) polyamine titres (ug/g f.wt.) in

shoot tissue of selected putative MGBGR mutants following
in vitro growth,
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any of the mutants. The mosi striking difference in polyamine titres however, was cbserved
between mutants and controls following this treatment, as no bound-soluble polyamines of
any sort were detectable in wild-type shoots (note that wild-type plants showed very poor
growth at 2mM MGBG). Putrescine and spermidine levels within mutants were markedly
highcr than those seen for the OmM or 0-5mM MGBG treatments. Putrescine and spermidine

levels of mutant 2(i)a lines were lower than those of 2(i)c lines.

Ratios of conjugated putrescine-to-spermidine

In all mutant sub-lincs, cxcept 2(3)a-6, growth on 0-5mM MGBG caused an increasc in the
putrescine-1o-spermidine  ratios (Figures 5-15C & 5-15D). At 2ZmM MGBG, the wild-types
had no detectable putrescine or spermidineand therefore did not have a ratio, compared (o the

mutants, which ranged {rom 0-56 to 1-14.

Bound Polyamines

Of the three cellular forms of polyamines, the bound-insoluble class was the least prevalent
within shoots of both mutant and wild-type plants. When grown in the absence of MGBG,
putrescine was undetectable in all mutant sub-lines. It was however, detectable in wild-type
controls (Figure 5-17A). Spermidine was present in all sub-lines in low amounts, except for
2(1)c-8 and 2(i)c-11, whose levels were relatively high (approximately 20ug/g fresh weight
and 15pg/g fresh weight, respectively). The amount of bound-insoluble spermine was too

low for detcction in plants grown in all conditions.

Levels of bound-insoluble polyamincs after treatment with 0-5SmM MGBG are presented in
Figure 5-17B. No trends were evident, but levels of putrescine increased in three of the
mutant sub-lincs, and wild-type control, following this treatment. The amount of spermidine

increased in two of the 2(i)a sub-lines (5 and 8), but decreased in the previously high 2(i)c-8

and 2(i)c- 10 sub-lines.
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Figure 5.17: Bound (bound-insoluble) polyziuine titres (ug/g €. wt.) in
shoot tissue of selecied putative MGBGR mutants following
in vitro growth.

A. Unsupplemented MS media (OmM MGBG)
B. MS with 0.5mM MGBG
C. MS with 2mM MGBG

Each column on the histograms represents an extraction from a
pool of treated shoot tissue (n is between 10 - 20 individual shoots).
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Another difference between the wild-type controls and the mutant sub-lines became evident
after selection on 2mM MGBG. Titres of bound-insoluble spermidine were distincily higher
within mutants, compared to wild-type controls whose titres were barely detectable (Figure
5:-17C). At this level of MGBG, the amount of putrescine decreased in the wild-types and
increased in the remaining mutant sub-lines. Bound-insoluble putrescine was not detectable

in mutant sub-lines 2(1)a-5 and 2(i)a-8, regardless of the reatment.

5-2-9 SUMMARY: POLYAMINE TITRE RESULTS

Following growth in the presence or absence of MGBG, quantification of endogenous
polyamine titres within the shoots of wild-typc or MGBG-resistant putative mutants revealed
scveral major differences between the two groups.  When not exposed to MGBG, the
putative mutants posscssed a higher basal level of free spermidine than wild-type controls.
Furthermore, growth on media containing 2mM MGBG resulted in a marked increase in the
levels of conjugated putrescine and spermidine within the putative mutants, whereas these
polyamines were not delectable in the sh-ots of wild-types. This level of MGBG also
resulted in the putative mutants exhibiting higher titres of bound spermidine than similarly-

treated wild-type controls.

5-2-10 CHARACTERISATION OF THE MUTANT PHENOTYPE:

Il NORTHERN ANALY SES

Preliminary studies

To oblain an initial molccular characterisation of the putative mutant lines, Northern analyses
were performed using fragments of the SAMDC, ADC, and SPDS genes (rom Arabidopsis
thaliana and ODC [rom Nicotiana tabacum as probes. SAMDC and ODC are two rate-limiting
cnzymes in the polyaminc biosynthesis pathway and were thought likely to represent
important points controls, regulating polyamine titres within the putative MGBG-resistant

mutants (experiments were undertaken before results of Hanfrey et al., 2001 were
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published). It was thought possible that regulation of these important genes could be altered
in the putative mutants, thus conferring resistance to the effects of MGBG. As ADC offers
an altemate route t0 ODC-mediated putrescine biosynthesis, information regarding the
ranscriptional regulation of this gene was also sought to provide valuable insight into
undcrstanding the celationship between the two arms of the biosynthetic pathway lcading to
putrescine production, especially under conditions of metabolic stress. The use of an SPDS
gene probe in conjunction with a SAMDC probe, was thought likely to contribule information
relating to the direct effects of MGBG on the regulation of spermidine production in

Arabidopsis.

A prcliminary cxperiment showed that SAMDC transcript was increased in Arabidopsis
shoots foliowing growth on media containing MGBG (Figure 5-18). In this experiment,
iolal RNA was 1solaied from the shoots of non-flowering wild-type plants grown on MS
media containing 7mM MGBG, and also from {lowering and non-flowering untreated wild-
types as controls. The physiological siate of the tissue made little, if any, difference 1o the
induction of the gene, as both the flowering and non-flowering controls contained similarl,
quitc low lcvels, of transcript. A more intense signal was observed in the 7mM MGBG-
trcated sample, even though it contained less total RNA than in the controls (based on
cthidium bromide-staining), showing that SAMDC cxpression was clearly increased by

trcatment with the inhibitor..

SAMDC expression in mutant lines

Total RNA was extracted from pools of plants from both sets of mutant lines and wild-type

controls grown on 7mM MGBG, which allzwed some growth of wild-type controls. The

progeny individuals derived from line 2(i)a and those derived from line 2(i)c (as
phenotypically characterised in Section 5-2-6). Comparative levels of SAMDC transcript
(Figure 5-23B) in the shoots were determined after the growth of the plants on media
containing 7mM MGBG, which was previously found to induce transcript levels of the gene

(Figurc 5-18 above). The SAMDC signal intensity from cach sample was standardised
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Figure 5.18: Induction of SAMDC transcript accumulation in wild-type
tissue following MGBG treatment.
RNA was extracted from shoot tissue of flowering (F) and
vegetative (V) wild-type Ler plants which were grown in the
presence or absence of 7mM MGBG.
A. Ethidium bromide-stained gel
B. Filter probed with an Arabidopsis cDNA fragment of SAMDC

MGBGR 2(i)a MGBGR 2(i)c

wt2 34567891012 456781011

B.
W 0 OF 2 9 e e ol e B 0D~ G - 1.8kb

wt234567891012456 781011
CI -
glwgggp_w~gt:~a~:ag~gg - 1.6kb
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Figure 5.19: Preliminary SAMDC Northern blot from putative mutants and
wild-type shoots when grown in the presence of 7mM MGBG.
A. EthBr-stained gel  B. SAMDC probe  C. UBIQUITIN probe
D. Standardised signal intensity of SAMDC relative to that of UBIQ
The strongest signal is designated a value of I.
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relative 1o its UBIQUITIN signal (Figure 5-19D). All mutant samples exhibited SAMDC
ranscripts at either the same level as, or increased from, that of the treated wild-type control.
A difference is apparent in the levels of the SAMDC wanscript between the sub-lines 2(i)a and
2(i)c: the former being similar to the levels of the controls, and the latter all higher than the

controls.

Detailed gene expression study after growth on MGBG

A more detailed study of transcript levels of polyamine biosynthetic genes was performed on
sclected mutant lines. For this analysis, howcver, lower levels of the inhibitor (0-5mM and
2mM) were chosen in order 1o determine if the SAMDC trasncript in the mutants was a true
reflection of the mutant phenotype and not mercly a stress-induced response caused by high
levels of MGBG. To determine if the mutants possessed constitulively higher or lower
SAMDC expression, mutant and wild-type tissuc were also analysed following growth in the

absence of MGBG.

Sub-lincs 5, 6, and 8 were selected from line 2(i)a for further analysis, as they exhibited the
greatest level of tolerance 10 2mM MGBG (from Figure 5-9). The SAMDC expression study
(Figure 5-19D) revealed quile interesting results for these lines, as it was found that the
transcript levels of individuals 2(i)a-5 and 2(i)a-6 were the same as that of the control, whilst
2(1)a-8 was incrcased by approximately 50%—rclative to UBIQUITIN in each sample.
From line 2(i)c, sub-lines 8, 10, and 11 were sclected for further analysis since they too
cxhibited high resistance to 2mM MGBG (from Figure 5-10) and also had approximately

50% higher SAMDC cxpression than controls (Figure 5-19D).

SAMDC

The autoradiographs after probing filters with Arabidopsis SAMDC DNA [ragments are
presented in Figures 5-20 and 5-21 (for mutant lines 2(i)a and 2(i)c respectively). The
relative amount of RNA loaded on the geis was standardised through the use of a UBIQUITIN

DNA probe (Figures 5-20 and 5-21, pancls C). The standardised signal intensities, relative
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Figure 5.20: Northern blot analyses of wild-type and MGBGR 2(i)a shoots grown
in the presence of either OmM MGBG, 0.5mM MGBG, or 2mM MGBG.

The EchBr-stained gels are presented (A.), as are the autoradiographs after probing with
fragments of the specific polyamine biosynthesis genes (B.), and the UBIQ gene from
Arabidopsis. (C.) (Samples for each line are loaded from left to right on the gel; OmM,
0.5mM, and 2mM MGBG). The signal intensities for each gene have been quantified
relative to whose of UBIQ, and are presented as histograms (D.). A tobacco ODC probe
was used, resulting in non-specific binding to the ribosomal RNA bands (not presented).
Each {ane represents an extraction performed from a pool of shoot tissue.




Chapter 5: Mutanis 231

witLer 2(i)c8 2(i)c.10 2(i)c.11

0mM MGBG
0.5mM MGBG
2mM MGBG

] )

wtler 23)c.8 2(i)c.10 2i)c 11

- 1.8kb g
: 2
;

o

wtler 28 260)c.10 2]

o . 0 [ . | .. o ’
m Lok wiler  2()c8 20)cl0 2(e.l]

i ADC

B OmM MGBG
KB 0.5mM MGBG
M 2oM MGBG

O iLer 20008 20)c10 26 tl

wt Ler

28 A0 Aie.)]

2(e SPDS 0mM MGBG
_ 0.5mM MGBG

|
8 2mM MGBG

wt Ler 2(i)c.8 2(|)c 10 2(i)c.11

Figure 5.21: Northern blot analyses of wild-type and MGBGR 2(i)c shoots grown
= in the presence of either 9mM MGBG, 0.5mM MGBG, or 2mM MGBG.
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The EthBr-stained gels are presented (A.), as are the autoradiographs after probing with
fragments of the specific polyamine biosynthesis genes (B.), and the UBIQ gene from
Arabidopsis. (C.) (Samples for each line are loaded from left to right on the gel; 0mM,

0.5mM, and 2mM MGBG). The signal intensities for each gene have been quantified
relative to those of UBJQ, and are presented as histograms (D.). A tobacco ODC probe
was used, resulting in non-specific binding to the ribosomal RNA bands (not presented).
Each lane represents an extraction performed from a pool of shoot tissue.
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to the amounts of {otal RNA loaded, are presented as histograms in Figures 5:20 and 5-21 (D

panels).

2(i)a mutants showed a different patern of expression than the wild-types under the three
growth conditions. When untreated, the three 2(i)a mutant sub-lines had slightly lower
levels of SAMDC cxpression than the wild-type controls. After treatment with Q-SmM
MGBG, the expression levels in all three mutants pools decreased marginally {from that of
their own untreated controis, whereas the expression of the wild-types increased by over
25%. Treatment with 2mM MGBG saw the levels of SAMDC transcript reach their peaks in
all three mutants pools, howcver, they again remained markedly lower than the levels
observed in the 2mM-ucated wild-types. Such wild-lypcs showed a strong induction of
over 150% (rom its untreated control levels (Figure 5-20). The pools of shoots from the
three 2(i)c sub-lincs when grown in the absence of MGBG displayed cssentially similar
SAMDC transcript levels as untreated wild-types. When grown on 0-5mM MGBG, the
cxpression of SAMDC within mutants remained at similar levels, however, expression within
the wild-type pool was found to increase by over 25%. Transcript levels in wild-types and
mutant sub-line 2(i)c-8 incrcased following treatment with 2mM MGBG, whilst lines

2(1)c-10 and 2(t)c- 11 also increased but 10 a lesser extent (Figure 5-21).

ADC

The autoradiographs following hybridisation of the filters with a fragment of the Arabidopsis
ADC gene arc presented in Figures 5-20 and 5:21 (for mutant lines 2(ija and 2(i)c
respectively). The relative levels of ADC transcript accumulation in the wild-type and 2(i)a

and 2(i)c mutant lines were found to be very low.

The 2(i)a mutanis exhibited the same expression patiern as wild-types, however, mRNA
levels were reduced for all treaiments, especially untreated line 2(i)a-5 which was less than
half that of the controls. Growth on media containing 0-5SmM MGBG resulied in a reduction

in expression of ADC in wild-type, 2(i)a-6, and 2(i)a-8 lincs, and a slight increase in line
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2(a-5. On 2mM MGBG, ADC cxpression in contro}l and mutant sub-lines 2(i)a-6 and
2(1)a-8 returncd 10 the levels seen for their own untreated controls. Mutant line 2(1)a-5 was
an exception, as it had a lower control (ranscript level to begin with, and thus showed a
rclative increase (Figure 5-20). Within 2(i)c mutant sub-lines, relative expression of ADC
was markedly lower than controls across all treatments (Figure 5-21). Growth on media
containing (- 5mM MGBG reduced transcript accumulation in wild-types by approximately
25%. In mutant sub-lines, alterations were negligible at this level of inhibitor. When the
level of MGBG was increased o 2mM, an increase in ADC transcript was seen. The
transcripis within the wild-types returned 10 almost control levels, whereas that of the

mutants was slightly increased (Figure 5-21).

SPDS

The autoradiographs following hybridisation of the filters with a [ragment of the Arabidopsis
SPDS gene are presented in Figures 520 and 5-21 (for mutant lines 2(i)a and 2(i)c
respectively).  The reladve levels of the SPDS wanscript within the 2(i)a and 2(i)c mutant

lincs arc presented as histograms within those figures respectively.

When grown in the absence of MGBG, the relative level of SPDS expression was reduced in
2(1)a mutant lincs compared to the wild-types (Figure 5:20). Exposure to 0.5mM MGBG
caused only slight variations in gene cxpression in both wild-type control and mutant sub-
lincs, however, the relative levels remained lower in the mutants.  When the amount of
MGBG was increased to 2mM, expression of SPDS rcached its peak in both wild-types and
2(i)a mutants, with the wild-type again exhibiting the largest increase. From Figure 521, it
can bc seen that cxpression of SPDS within the three untreated 2(i)c mutants was
approximately the same as that of untreated wild-type controls. Growth in the presence of
(-5mM MGBG brought about minor alicrations in the transcript levels. Slight decreases
were observed in sub-lines 2(i)c-8 and 2(i)c: 10, and slight increases in SPDS expression for
the wild-type control and sub-line 2(i)c-11. Again, 2mM MGBG had the effect of increasing

the levels of the SPDS transcript in the wild-typce controls and all 2(i)c mutant lines. In this
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case, the levels of the mutants were the same as that of the wild-types, except for line 2(i)c-8

which exhibited the highest expression.

OTHER PROBES

Northem filters were also probed with {fragments of the tobacco and Datura ODC genes, as
this sequence had not been reported from Arabidopsis at the time these experiments were
undertaken, Similarly, a tobacco fragment of the SAM synthase gene was also used. These
probes proved unsuccessful in generating transcript signals from the wild-type and MGBG-
resistant mutant shoot RNA samples, even at low stringency washes. Only non-specific

binding to the ribosomal bands were evident, and are not presented here.

Summary: Northern blot resuits

The primary target of MGBG action in the perturbation of polyamine biosynthesis is
inhtbition of SAMDC activity. A prelitinary experiment demonstrated that SAMDC gene
cxpression was markedly induced in wild-type L. erecta following ircatment with a high
level of MGBG. Further analysis of selected mutant sub-lincs possessing tolerance o MGBG
found that relative levels of SAMDC mRNA were lower in 2(i)a sub-lines compared to wild-
types, and also in 2(i)c sub-lines, following all trcatments with MGBG. A similar patiern
was observed for the accumulation of SPDS (ranscripts in all lines. A converse situation was
the case for ADC genc cxpression, as relative levels of transcript were lower for 2(i)c sub-
lines than wild-type or the 2(i)a sub-line . Treatment with 2mM MGBG induced the highest

level of gene expression in all cases, except for ADC in the wild-type and 2(i)a sub-lines.
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5-3 DISCUSSION

In summary, this study has isolated two lines of mutant Arabidopsis planis that were
resistant to the polyamine biosynthesis inhibitor MGBG. These lines were characterised
morphologically on the basis of resistance (o different levels of the inhibitor, and
measurements were also made of the endogenous titres of free, conjugated, and bound
polyamines in mutant and wild-type lines. Transcription of polyamine biosynthetic genes
was also characterised in thesc lincs relative to controls. Of the two mutant lines, one was
found to exhibit a stronger resistance phenotype than the other. The altered phenotypes of
thc MGBG-resistant mutants correlated with higher titres of free, conjugaied, and bound
spermidine compared 1o sensitive wild-type controls. Thus it is presumed that titres of
polyamines within plants are important {actors in conferring resistance to either MGBG

specifically, or o the general metabolic stresses induced within tho plant by MGBG.

Screening methodology

In this study, an initial scarch for Arabidopsis plants mutated in polyamine metabolism
explored the possibility of screening plants in soil to detect mutants tolerant to polyamine
inhibitors, or polyamines themselves. The technigue of spraying inhibitor directly onto soil-
grown plants has been shown 1o be effective for studying polyamine transport in responsc (0
DFMO treatment in leaves ol wild mustard (Havelange ef al., 1996). In the present work a
similar method with the inhibitor CHA was uscd, however, concentrations previously shown
to be toxic 0 in virro growth, did not exhibit comparable toxicity when applied to plants
grown under grecnhousc conditions. Although CHA is rapidly absorbed by excised
cotyledons of Pinus radiata (Biondi er al., 1986), under greenhouse conditions several
rcasons may contribute to the lack of inhibition, including variation in uptake from leaves

and roots, breakdown of CHA by cither microbes or environmental conditions, or different

physiological responses ol the plants. As a result of this variability, an in vifre approach

was thought 10 be a more guaranteed way of avoiding the sclection of false posttives. ‘
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Primary omithine screen

Plants possessing mutations in the activity or regulation of two rate-limiting enzymes, ODC
and SAMDC, were initally sought in order to further undersiand the roles of these key
enzymes during growth and development of Arabidopsis. Putative mutants tolerant to
10mM omnithine were isolated, however, heritability of the trait was not determined due to
lack of sced set. Future studies here may be instructive if, for example, plants could be
transferred to soil after stringent selection, and possibly manually crossed to wild-type
plants. As analysis was not undertaken, the rcasons for ornithine toxicity and tolerance
remains speculative. The isolation of Arabidopsis mutants with low ODC activity, however,
has been reported, although the trait was not found to segregate reproducibly (Watson et al.,
1998). Subscquently however, it has been reported that Arabidopsis lacks ODC (Hanfrey et
al., 2001). With that in mind therefore, the tolerance of plants to high levels of omithine
nolcd in this present study, is not thought to be related to polyamine biosynthesis, but may
instead result from factors such as altered uptake, transport, or comparimenialisation of
ornithine, or possibly alicred conversion to arginine via the urea cycle, which could perturb

polyaminc metabolism.

Primary MGBG screen

Although MGBG has been reporied to have toxic effecis on plant growth other than
depressing polyamine biosynthesis (Jinne and Alhonen-Hongisto, 1989; Cheng er al.,
1990), the main rcason for treating plants with MGBG has been to study effects on
polyamine metabolism {Malmberg and McIndoo 1983, Malmberg a_nd Rose, 1987; Minocha
et al., 1990; Villancuva and Huang, 1993; Fritze et al., 1995; Scaramagli et al. 1999A ,
Scaramagli er al. 1999B). In the present study, seedlings of L.erecta were screened initially
on vertically-oriented Petri dishes containing MS media supplemented with SmM MGBG, a
Ievel determined to be toxic in preliminary irials. This approach has proven to be a reliable
screening technique for the identification of Arabidopsis mutants resistant to toxic levels of
phytohormones such as auxin (Estellc and Somerville, 1987), cytokinin (Su and Howell,

1992), and combined resistance to auxin, cthylene, and ABA (Wilson er al., 1990). This
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method has also been used to isolate Arabidopsis muiants with abnormal gravitropic
responses (Bell and Maher, 1990; Simmons et al., 1995). In the present work however, the
growth of largc numbers of scedlings on vertical plates supplemented with MGBG was
found 10 be very variable, making it impossible to select resistant mutants with any degree of
confidence. This may be a reflection of the plasticity of the plant to perturbations in
polyamine levels, compared to its more rigorous requirement for an endogenous hormonal

balance.

M2 seeds were collecied from 1,200 M1 plants, and from that population, approximately .
30,000 sceds representing 240 M1 underwent the first primary screcn on horizonially-
oriented plates containing MGBG. These amounts arc within the range used by other
workers 10 isolatec Arabidopsis mutants (Koornneef et al., 1984; Bell and Maher, 1990;
Wilson et al., 1990; Walson er al., 1998). A study by Mirza and Igbal (1997) reported a
similar screening strategy (o identify spermine-resistant mutants of Arabidopsis, in which
300 EMS M2 seed were placed on each plaie of medium containing 0-35mM spermine. The
present study to deiect MGBG-resistant plants also screened approximaiely 300 seed per
plate, spaced at approximatcly 1-10-2mm, to ensure that localised depletion of the inhibitor
did not occur. This was morc laborious than screens for hormone mutants, which can be
performed with up to 5,000 EMS-muiagenised M2 sceds per plate of medium containing

5uM of the auxin 2,4-D (Esicllc and Somerville, 1987).

Control wild-type Arabidopsis scedlings occasionally recovered trom the inhibition caused
by cxposure 10 SmM MGBG if removed from the inhibitor at an carly stage of growth.
When transferred to soil, both the putative tolerant mutants and surviving wild-type controls
displayed abnormal shoot dcvelopment, analogous with MGBG-resistant primary
ransformants of tobacco (Fritze er al., 1995), although the putative mutants were healthier
than controls. The small and fceble shoot stature observed in the MGBG-treated Arabidopsis
plants may be associaicd with a perturbation in the polyamine biosynthetic pathway. Cell

wall thinning by MGBG has been reported in tobacco thin cell layers, which was reversible
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by spermidine application (Altamura et ai., 1993; Berta et al.,, 1997), and may also have

contributed to the feeble and stunted phenotype of the putative mutants.

Heritability of the MGBG-tolerant phenotype

The heritability o1 the MGBG-tolcrant {rait in the mutants was ¢vident in each ling of mutant
class (i) which displayed a strong tolerant phenotype, contrasting with wild-type controls
consisiently exhibiting sensitivity to MGBG. To ensure that exposure to the inhibitor in the
preceding gencration was not the reason for tolerance 10 MGBG in putative muiant lines, an
inbred wild-type line that was germinated and grown in the presence of inhibitor and allowed F
lo recover, was used as a source of control seeds. This ‘pre-trealed’ control line was found
fo be sensitive 1o continued growth on the inhibitor in cach generation, and was unable to set
seed by the fourth generation of self-feriilisation. When putative MGBG-tolerant mutants
were re-screened following scveral generations of continual selection and self-fertilisation,
heritability of the trait was cvident, however, the degree of tolerance was not uniform.
Whilst overall tolerance [rcquencies increased in cach generation, variable numbers of
offspring did show sensitivity to MGBG. In studies of MGBG-resistant CHO cell lines,
Heaton and Flintoff (1988) suggesied that differcni genctic loci are involved in determining
resistance to MGBG, and that more than one locus may be involved in uptake of the inhibitor

in these cells.

Detailed genctic analysis of MGBG-tolerant Arabidopsis lines proved difficult however, since
crosses of putalive mutants to wild-type plants resulted in a very poor seed set, and could
only be performed in one crossing direction. This phenomenon of reduced fecundity was
also observed by Fritze er al. (1995) when crossing MGBG-resistant tobacco plants with
wild-type. In the prescnt study, chi-squared analyses of F2 seedlings, grown on appropriate
levels of MGBG, from crosses of MGBG-tolerant Arabidopsis and wild-type plants
suggested that the observed numbers of resistant-versus-sensitive offspring corresponded to

the scgregation patiern expected if resistance 10 MGBG was due to a single recessive
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muiation. A similar inheritance pattern was also observed in an Arabidopsis mutant resistant

10 high levels of spermine (Mirza and Igbal, 1997).

The suggestion that resistance to MGBG in Arabidopsis mutants is controlled primarily by a
single recessive gene is, at first sight, difficult to reconcile with earlier results, where several
gencrations of inbreeding increased the resistance frequency but did not produce plants with
100% tolerance. The posstbility cxists that the resistant phenotype of the mutants exhibited
variable expressivity or penctrance, as reported for an MGBG-resistant tobacco line studied
by Malmberg and Rose (1987). The possibility of pleiotrophic effects of MGBG in the
mutant lines cannot be ruled out, such as antimitochondrial cffects of the inhibitor (Janne and
Alhonen-Hongisto, 1989; Cheng et al., 1990) or other non-specific roles, such as ncgative
cffecis on plant RNA synthesis (Altamura et «f., 1991). Understanding the inheritance
patterns involved in the mutant Arsiidopsis plants may be dependent upon unravelling the

{ull spectrum of MGBG cffects in plants, which are yet to be resolved.

Aliernatively, the inheritance of the MGBG-resistant trait may in fact follow a simple
Mcndelian paticrn, however, the clear scgregation ratios may have been clouded by the
inherent variability of the in vitro screcning methods used. More work than originally
anticipated was required in progeny test experiments 10 ensure that the resistant phenotype
was readily identifiable, Since MGBG has a tendency to precipitate in plant tissue culture
(Malmberg and Mclndoo, 1984), high levels could not be used in re-screening expcdfnents.
In an atempt to climinate this possibility, the strength of the MS media was decreased to
avoid precipitate formation, whilst still allowing the use of high levels of MGBG. The
growth of both sensitive and resistant seedlings however, was also abolished on reduced-
sirength media.  Reducing the level of MGBG removed the formation of a precipitate,
however, proved ditlicult 1o clearly separate . .sisiant and sensitive phenotypes of seedlings,
especially ihosc dertved from crosses 10 wild-type, as also noted in tobacco (Malmberg and

Rose 1987; Fritze et al., 1995).
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Phenotype of the resistant plants

In the absence of MGBG, phenotypes of wild-type sensitive plants and MGBG-tolerant
mulants were indistinguishable, analogous 1o the Arabidopsis ckrl cytokinin-resisiant
mutant, which exhibited normal development in the absence of cytokinin (Su and Howell,
1992). The Arabidopsis MGBG-tolerant mutant lines however, consistently demonstrated a
greater ability to recover from exposure 10 MGBG when removed from the inhibitor either to
unsupplemented MS media in vitro, or into soil, than the sensitive wild-type plants. This
finding is similar to that reported by Fritze ef al. (1995) in tcbacco regeneranis, whereby
differences in morphology between MGBG-resistant lines and wild-types only became
apparent following growth in soil afier initial exposure in vitro. Alter in vitro exposure 10
MGBG and transfer 10 soil, Arabidopsis plants from line 2(1)a possessed larger flowers than
those of Iine 2(i)c and the treated wild-type controls. The observation of altered floral
morphology in these mutants is gencrally consistent with, although not as severe as, those of
other Arabidopsis polyaminc mutants (Mirza and Igbal, 1997) and tobacco polyamine

mutants (Malmberg and Mclndoo, 1983; Malmberg and MclIndoo, 1984; Fritze er al., 1995).

Polyamine titres

Measurc nents of endogenous polyamine titres were undertaken to characierise the mutant
lines and comparc with wild-type controls, following growth in the presence or absence of
> inbibitoi. Free polyamincs were the predominant {raciion of the polyamine pool in the
Landsberg erecta ccotype of Arabidopsis used in this study, as also rcported for the
C.siambia ecotype (Tassoni er al., 2000) and for Petunia hybrida plants (Gerats et al., 1988).
Sperrene was the least abundant free polyamine in Arabidopsis shoots, in agreement with
mcasuremen:s by Tassoni ef al. (2000), and in studics of tobacco thin cell layers by Altamura
et al. (1991,.in other specics, conjugaled polyamines arc the predominant form of
polyamips, as noted in tobacco (Slocum and Galston, 1985; Tiburcio e al., 1987; Burtin et
al., 1990), Chrysanthemum (Aribaud and Martin-Tanguy, 1994B), saffron (Jirage et al..

1994), and Dv2tura root cultures (Michael et al., 1994).
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Free polyamines

Ir the present study, the MGBG-tolerant Arabidopsis mutants exhibited higher titres of free,
conjugated, and bound spermidine than wild-type controls when plants were grown cither in
the absence, or on low levels, of the inhibitor. Analogous high tires of spermidine in
tobacco cell lines resistant to MGBG is suggested (o offer in vivo protection by out-
competing the inhibitor (Malmberg and Rose, 1987), duc to the similar structures of
spermidine and MGBG (Pcgg and McCann, 1982). Free spermidine may also have a role in
protccling against the general stress induced by MGBG, as it is known that spermidine offers
protection to Arabfdopsis (Kurcpa et al., 1998), and rice (Kao, 1997) against toxicity to the
herbicide paraquat, whilst in viro experiments have reporied that frec polyamines are

effective scavengers of free radicals (Drolet ef al., 1986).

Increased levels of putrescine in both wild-type and mulant Arabidopsis plants ueated with
MGBG, may be cxpected if spermidine and spermine synthesis was reduced due to inhibition
of SAMDC by MGBG. The MGBG-induced decrcase in free spermidine levels with a
concomitant increase in free putrescine levels observed in this study, has also been reported
in mung bean stem cattings (Jarvis et al., 1983), barley seedlings (Lin, 1985), carrot cells
(Minocha er al., 1991B), pca secds (Villancuva and Huang, 1993), detached soybean leaves
(Turano ef al., 1997), and white spruce suspension cultures (Kong ef al., 1998) This rise
may also be a result of the inter-conversion of spermidine to putrescine, obscrved in plant
tissues including tobacco thin cell layers (Al.umura et al,, 1991), Helianthus tuberosus

chloroplasts (Dei Duca et al., 1995), and Arabidopsis (Tassoni et al., 2000).

Conjugated polyamines

High levels of conjugated polyamincs in the Arabidopsis mulants may also be a response 1o
the stress induced by MGBG. as previously noted in tobacco thin cell layers (Scaramagli et
al., 1999A), or a general response (o stress, as found in Arabidopsis (Campos et al., 1991).
Their high levels may even act as a signal to arrest further vegetative growth (Scaramagli et

al., 1999A), although resistant plants in the present work remained in the vegetative state and
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did not undergo flowering when grown on high levels of MGBG. When grown in the
presence of 2mM MGBG, high titres of conjugated polyamines in mutants and their complete
lack in wild-type plants, arc interesting observations. One reason for this discrepancy may be
that conjugated polyamines themselves have an important biological function, which in this
case may be to amclioratc the inhibitory effccis of MGBG. Therefore, the mutation in the
tolerant lines may impart a normal capacity 1o make polyaminc conjugates, whercas the
capacity of the sensitive wild-types to do so is reduced by MGBG treatment.  Conjugated
polyamincs arc implicated in having diverse, biologically active functions including roles in
the suppression of cell proliferation and bud formation in tobacco leal explants (Burtin et al.,
1989), the auxin-induced root formation in tobacco thin cell layers (Burtin er al., 1990), the
flowering of saffron corms (Jirage et al., 1994), and as carriers of excess polyamines for
oxidisation via the GABA pathway in maize callus (Bemet er al., 1998). Conjugated
polyamincs may also have roles as plant growth regulators themselves, or through
synergistic relationships with other plant growth regulators (Martin-Tanguy et al., 1988).
Alternatively, it is possible that MGBG causes major perturbations in the polvamine
biosynthesis pathway, and that onc compensatory response in the sensitive wild-types is 10
induce an active converston between the conjugated and free polyamine forms leading to the
climination of conjugated polyaminc titres. This phenomenon was originally suggested by
Slocum and Galston (1985) in tobacco plants, though it was later challenged (Martin-Tanguy
et al., 1988; Burtin er af., 1989). Intcrconversion between conjugated and bound
polyamines in Arabidopsis plants however, cannot be discounted at this stage, as it is known
that the accumulation of frec and conjugated polyamines is species-specific, and may also

depend upon the conditions of growth (Kakkar and Rai, 1993).

Bound polyamines

The rise in bound spermidine titres observed in the MGBG-tolerant mutants followed the
overall increascs in tiires of {rec and conjugated spermidine, which was also seen in 1obacco
ovary tissues (Stocum and Galston, 1985). It has been suggested that an incrcase in the

bound polyaminc fraction in later development is related to the binding of polyamines with
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macromolecules such as DNA, RNA, and proteins during the difierentiation process (Bernet
et al., 1998). The lack of conjugated and bound spermine as found in this Arabidopsis
study, correlates with similar findings in a range of Arabidopsis (Tassoni et al., 2000) and
tobacco (Allamura et al., 1991; Burtin and Michael 1997) tissue, suggesting that in these two
specics at least, spermine may not be as responsive as putrescine and spermidine to changes

in growth processes.

Ratio of putrescine-to-spermidine

The ratio ol putrescine-to-spermidine within plant tissues has been frequently used as an
important biological indicator in studies probing the roles of polyarines during growth.
Thesc include MGBG-resistant tobacco lines (Malmberg and Mclndoo, 1983; Malmberg and
Rose, 1987), MGBG-treated tobacco thin cell layers (Scaramaglt ef al., 1999A), Perunia
plants with aliered loral morphologies (Gerats et al., 1988), SPDS inhibition in chick pea
seeds (Gallardo ef al., 1994), effects of pruning on hazelnut trees (Rey et al., 1994), nitmate
studics of Poa grasses (Van Arendonk ez al., 1998), salt stress in tomato (Santa-Cruz e al.,
1998), and interactions between putrescine and auxin in maize meristematic callus (Bernet ef
al., 1998). Furthermore, Gerats et al. (1988} found that although there was variability in the
polyamine titres ner gram of Ieaf and floral tissue in Pefunia, the ratio of putrescine-to-
spermidine was always constant, The Iow putrescine-to-spermidine ratio noted after
treatment with 2mM MGBG for the Arabidopsis MGBG-tolerant mutants, and the high ratio
{or the wild-types, is consistent with the observation obtained by Malmberg and Mclndoo

(1983) with their MGBG-resistant tobacco plants.

Northern blot analyses

Measuremenis of cndogenous polyamine titres arc important in characterising the metabolic
cifects of MGBG resistance, however, it is also of interest 10 gain an understanding of the
molecular basis for that resistance. Previous reports of the action of MGBG on plant tissues
have focussed on the rcsulﬁng altcrations of polyamine titres (Aliamura et al., 1991; Féray et

al., 1994; Kong et al., 1998; Scaramagli et al., 1999A), alterations in the levels or activities
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of polyamine biosynthesis enzymes (Hiatt et al., 1986; Minocha ef al., 1991A), or both
parameters (Malmberg and Rose, 1987; Minocha er al,, 1991B; Villaneuva and Huang,
1993; Fritze ef al., 1995; Watson et al., 1998). Some workers have only discussed the
cyiological effects of MGBG (Altamura et al., 1953; Berta et al., 1997). In addition, SAMDC
transcripts were shown (0 accumulaie in tobacco thin layers when treated with 0-5SmM
MGBG (Scaramagli er al., 1999B), and also in wheat seedlings under salinity stress,
possibly as a conscquence of an overaccumulation of decarboxylated SAM (Li and Chen,
2000G). In Arabidopsis plants grown in vitro, treatment with 0-5SmM spermidine resulted in a
decrease in the transcription of SAMDC, whereas the expression of SPDS remained

viiaffecied (Tassoni er al. 2000).

Levels of SAMDC franscript

A preliminary Northern blot using RNA {rom wild-type Arabidopsis shoots demonstrated
marked differences in SAMDC transcript levele in flowering and non-tlowering plants
following MGBG-ureatment. Characterisation of the putative mutants by Northicin blots and
mcasurements of polvaminc titres, were performed on non-flowering plants, as it has been
reported that changes in poivamine levels are corrclated with flowering (Kaur-Sawhney et
al., 1988; Caffaro and Vicente, 1994, Jivage er al., 1994). Wild-type Arabidopsis plants
grown on media containing MGBG showed incressed SAMDC (ranscript levels relative to
untreated controls. Together with reports that the inhibitor has specific effects on polyamine
titres in carrot cell cultures (Minocha ez al., 1990), and also that it possesses the ability 1o
ishibit SAMDC enzyme activity in pea sceds (Villancuva and Huang, 1993), this result
suggests that whasever other non-specific cftects MGBG may have on plant growth, it is

undoubtedly a modulator of polyamine biosyuthesis.

Further characterisation of the MIGBG-tolerant 2(i)a and 2(i)c lines revcaled phenotypic
differcnce in sub-lincs of beth classes. although they were hoth originally derived {rom the
same sued peol.  Unweated 2(i)a sub-liaes possessed lower overail levels of SAMDC

transcript than thosc of the 2(i)c lines, whilst also displaying a higher overall tolerance 10
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MGBG. Differences between possible siblings were also observed by Malmberg and
McIndoo (1984) in which two dramatically different floral morphologies were reported for
scparate MGBG-resistant tobacco regencrant lines originating from the same mutagenised cell
culture. In that report, and the present work, iiw2 possibility remains however, that the
siblings may havc originated from different mutational cvents. Future experiments should
cross the lines with each oiher 10 determine if the mutations are allelic. The differences in
SAMDC transcript levels for the two Arabidopsis mutant lines analysed in detail were
confirmed when Northern analyses were performed using plants grown on lower levels of

MGBG.

Increased transcription of SAMDC may be asscciated with an elevated capacity to produce
decarboxylated SAM, which in turns acts as an aminopropyl donor for the production of
spermidine and spermine.  High titres of free spermidine measured in untreated mutants
however, was not attributablc 10 an increase in SAMDC (ranscript level, as mRNA levels in
mulants were the same as, or lower, than those of wild-types. The low level of selection
imiposed by 0-5mM MGBG was sufficient (o stimulate an increase in SAMDC transcript levels
in sensitive wild-type shoots, whereas in muiant lines it was barely altered. Similarly,
reatment of wild-type tobacco thin cell layers with MGBG increased SAMDC mRNA levels
(Scaramagli ef al., 1999B). Although SAMDC transcript levels were unchanged, the free
spcrmidine pool in all Arabidopsis mutants decreased in response to 0-5mM MGBG-
treatment. This may be a funcdon of the high basal level of spermidine in mutant tissue,
which overcomes the inhibition of spermidine synthesis caused by MGBG. Furthermore,
high Icvels of spermidine may result in reduced transcription of the SAMDC gene as recently
reporied in Arabidopsis (Tassoni et al., 2000). Thus, essentially control levels of transcripts

arc maintained in the MGBG-1.i2rant mutants in responsc to low levels of MGBG.

Levels of ADC franscript

MGBG is known {0 decrease the activity of ADC in tobacco (Hiatt et al., 1986) and carrot cell

cultures (Minocha et al., 1991B), however, not when added directly to the ADC enzyme mix




Chapter 5: Mutants 246

uself in vitro (Minocha et al., 1991 B). In the present study, examining the effects of MGBG
on transcript levels of the ADC gene showed similar patterns of transcript accumulation for
the wild-type and mutant plants. Low ADC transcript levels in Arabidopsis shoots frﬁm all
lines, regardless of treatment, are in accordance with recent results obtained by Tassoni e al.
(2000) in Arabidopsis where very low levels of ADC transcript were reporied in plants
before and after spermidine ireatment. Similarly, Soyka and Heyer (1999) could barley
detect ADC expression in Arabidopsis stem tissue, although they did find expression in
leaves. Furthermore, low ADC aclivity measured in Arabidopsis (Watson et al., 1998)
compared with other specics, may be a reflection of the low ADC mRNA levels in this
species. Alihough Arabidopsis is known to have more than one ADC gene (Galloway er al.,
1998; Watson er al., 1998; Soyka and Heyer, 1999) only one band of 1-2kb was observed
in the RNA blots in this study, corresponding with the ADC? band of the same size observed
by Soyka and Heyer (1999). Overexpression of an oat ADC gene in tobacco had limited
cffects in influencing polyamine biosynthesis (Burtin and Michael, 1997), and suggests ihat
major diflerences may not be expected at 1hel ADC transcript level between MGBG-tolerant
Arabidopsis mutants and wild-iype controls due 10 strict regulation of this gene.
Furthermore, the strict control of ADC expression in the present study of Arabidopsis is
cxpected, due to the importance of ADC as the only step to putrescine production in this plant

which lacks ODC (Hanfrcy et al., 2001).

Levels of SPDS transcript

The SPDS gene was found 10 be easier o detect than ADC in Northern blots in both wild-
type and mutant shoots. The higher basal level of {ree spermidine in unircated mutant lincs
was not attributablc to increased SPDS transcript levels, as mutants had essentially the same
levels as wild-type controls. 2ZmM MGBG trcatment induced the largest accumulation of
SPDS transcripts in all lines, as may be expecled il MGBG acted by inhibiting SAMDC,
thereby decreasing pools of free spermidine and spermine. Under such conditions,
rcductions in spermidine and spermine production by MGBG may be minimised in vivo by

upregulation of the SPDS gence, thus ensuring that SPDE is not a limiting factor in the
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syrthesis of spermidine from putrescine, Conversely, the down-regulation of SPDS
cxpression may be a less sensitive mechanism than that described above, and is only
activated when spcrmidine levels reach cytoloxic proportions, as feeding spermidine 1o
Arabidopsis plants was not found to affect the expression of SPDS (Tassoni et al. 2000). An
upper threshold may exist for endogenous spermidine levels within plant cells, based on the
{inding that atiempts to produce transgenic potato plants constitutively cxpressing the
SAMDC gene were unsuccessful, and only an inducible promoter expressing the gene
resulied in viable plants (Kumar ef al., 1996). Furthermore, plant cells possess mechanisms
io combat rising cndogenous levels of spermidine, by conversting it to putrescine via the
action of spermidine/spermine V'-acetyliransferase (SSAT) (Del Duca et al., 1995; Tassoni ef
al., 2000). From the present study it appears that a high level of putrescine in vivo is not

1oxic 10 Arabidopsis.

Bases for tolerance to MGBG

The observatons of alicred polyamine accumulation in MGBG-tolerant lines of Arabidopsis
arc interesting, although it remains to be determined whether they are the causal factors of
tolerance to MGEG or simply a responsc 10 it. Due o the low level of SAMDC transcripts in
mutants, on¢ explanation for the basis of resistance that can be probably be excluded, is
over-cxpression of SAMDC mRNA resulting from either genc amplification or increased
cxpression due, for example, to an alieration in promoter structure. This has previously
been reporied for mammalian cells 1000-fold more resistant than controls, to a potent MGBG
analogue, TGP 48664 (Rcgenass ef al., 1994) or resistant 10 DFMO (Hirvonen et al., 1989).
Several possibilities may cxplain the observed resistance 10 MGBG in the Arabidopsis
mutants. Firstly, since all mutant sub-lines analysed displayed a higher accumulation of
frce, conjugated, and bound spermidine that appeared not 10 be due 10 increased transcript
levels of either SAMDC or $PDS, it may be that mutants have an alteration in the regulatory
mechanisms governing spermidine biosynthesis or metabolism. The altered regulation of
spermidine production is also manifested in mutanis as a lower ratio of putrescine-to-

spermidine than wild-type conirols. Another possibility is that the mutation has altered the
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SAMDC enzyme itself, thereby reducing its sensitivity to MGBG, allowing mutants 10 grow
in the presence of the inhibitor. The observations of clevated free spermidine in mutants
grown on medium Jacking MGBG, and also reduced {ree puirescine in mutanis grown on
2mM MGBG, both relative to wild-type conirols, would be compatible with this possibility.
A mutation in the SAMDC gene was also proposed as the basis for resistance in two MGBG-
resistant lines of tobacco (Malmberg and Rosc, 1987). Furthermore, it has been suggested
that there is a degree of transcriptional regulation of SAMDC in Arabidopsis (Tassoni et al.,
2000) and also in wheat scedlings following drought stress (Li and Chen, 2000). Muitants
isolated in the present study exhibiting low transcript abundance in the presence of MGBG,
may be useful for correlating gene expression, polyamine levels, and enzyme activities with
growth processes. It may be possible that the mutant Arabidopsis plants have an alteration in
the cellular capacity for polyamine and MGBG uptake since they both may share the same
fransport system, which was reported for a mammalian cell line exhibiting resistance (o
MGBG (Rodrigues ef al., 1987). Although this is unlikely since the growth of mutants on
MGBG resulted in perturbations of the endogenous titres of polyamincs and also interfered
with the accumulation of SAMDC transcripts, it cannot be excluded however, as these

alterations may be non-specilic, secondary effects of MGBG.




CHAPTER 6:

CONCLUSIONS AND FUTURE DIRECTIONS

THIS STUDY PRESENTS AN examination of the involvement of polyamines during scveral aspects
of Arabidopsis growth and development. At the onset of this work, few studies existed
reporting the roles of polyamines in Arabidopsis, or the regulation of their biosynthesis, thus

it was aimed to provide insights about such processcs using this plant as a model.

The first approach used in this study was 10 document the effects of perturbing polyamine
biosynthesis on morphology, polyamine levels, and regulation of the key polyamine
biosynthetic genes in wild-type Arabidopsis by creating excesses or depletions of in vivo
polyamine titres. Treatment of plants with the polyamines putrescine, spermidine, or
sperming, or their biosynthetic inhibitors DFMA, DFMO, CHA, or MGBG perturbed
polyamine titres, correlating with morphological alicrations such as reduced plani heigh,
altered root growth, and delayed flowering. Further examination of the effects of weatments
on root growth found that clongation of the primary root was cither stimulated or inhibited

by cxogenous polyamincs or inhibitors, respectively. On the other hand, the overall
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numbers of lateral roots produced were unaffected by the three polyamines or the inhibitors
CHA or MGBG. Treatment with DFMOQ, however, caused a minor stimulation of lateral root
production when applicd at high levels. Interestingly however, treatment with inhibitors
appcared to simulate the process of lateral root induction, such that primordia appeared
rapidly after treatment, compared to unireated controls which were somewhat delayed.
Furthermore, the normal stimulation of lateral and adventitious roots noted with auxin
reatment wes reduced when polyamines were added simultancously with auxin. These
results agrce with the view that polvamines have key roles during root development and
suggests that although specific treatments have varied cffects, the specific levels of
polyamines may b important factors in maintaining normal development. Alterations that
increase or decreasc such optinial levels may therefore result in perturbations of growth. The
mechanisms responsible for root primordia stimulation by inhibitor treatments warrani
further examination. A recent study of lateral root development in Arabidopsis suggests the
existence of signals which trigger quicscent G2 phase pericycle cells to re-enter the cell cycle
and undergo de nove differentiation into lateral root meristems (Beeckman ef al., 2001). Itis
possibile that a reduction in polyaminc levels induced by the inhibitors, acts as such a trigger
for cclls destined for lateral root meristem formation, hence, resulting in the proliferation of
fateral root primordia carlier than untreated control seedlings. The results of the present
study arc in general agreement with the notion that reductions in polyamine levels facilitate
increased root growth, as suggested by [indings of Watson et al. (1998) that Arabidopsis

mutants possessing low ADC activity exhibited increased levels of lateral root branching.

Of course there are certain limitations of the application of polyamines or inhibitors to plants
in order to study effects of polyamine metabolism on growth and development.  Swdies
using cxogenously applicd polyamines or inhibitors yield only correlative relationships
between polyamines and prowil, and are therefore somewhat limited in their scope.
Importantly, inhibitors may alsy have cffects in vivo oder than depleting polyamine levels
(Janne and Alhonen-Hongisto, 1989; Cheng et al., 1990), and hence, the results should be

interpreted with caution.  Furthermore, inhibitors added exogenously cannot target the
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required cell types or developmental cvents to impair specific growth processes, and results
only reflect perturbations at the level of the whole tissv2 or plant. The application of
inhibitors is also reliant on functional uptake and transport processes, which change
according 1o the polyamine status of the tissues (Byers and Pegg, 1990), thus varable

efficactes may result following inhibitor trcatments.

A second aspect of the present study involved testing the hypothesis that the hairy-rool
phenotype, noted in tobacco plants transformed with the Ri T-DNA of A. rhizogenes, 18
caused by reduced polyamine titres in transformants (Martin-Tanguy et al., 1530). As
expression of the rol genes from the T-DNA markedly aliers the responses of transformed
plant cells to auxin (Maurcl ef al. 1991), speculation exists in the litcrature that the reduced
polyamincs levcels observed in Ri T-DNA transformants arc merely secondary consequences
of altered hormonal status (Michael and Spena, 1995). In the present study, Arabidopsis
transformants containing the Ri T-DNA werc used to verify the hypothesis in a species other
than tobacco. In addition, Arabidopsis transformants containing only the ro/ABC genes were
generated, and (ound 1o also exhibit a similar, though less severe, phenotype as the Ri T-
DNA plants. In agrecment with the observations of Martin-Tanguy er al. (1990) working
with lobacco, wild-type Arabidopsis plants treated with the inhibitors DFMA and DFMO
cxhibited morphological zltcrations rescmbling the hairy-root phenotype.  Furthermore,
polyamine titres werc also reduced in tissues of DFMO-fed wild-type plants, and also Ri T-
DNA and rolABC translormanis. Polyamine levels in transformanis weze inversely related to

the degree of phenotypic change in such plants.

Intcrestingly however, expression of the polyamune biosynthetic genes were unaffected in Ri
T-DNA- and rofABC-transformed tissucs, and cnzymec assays are therefore required to
determine if any alierations in activity exist relative to controls, which may indicate post-
transcriptional regulation of these genes to be operational. That the phenotypes of rol4BC
transformants were not amelioraicd or cxacerbated llowing growth in the presence of

polyamines or inhibitors, suggcests that reduced tities of polyamines are not causal to the
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hairy-root phenotype. In addition, rolABC plants exhibited stimulated root growth in
response (0 low levels of JAA and also possessed altered internal structures analogous o
published observations on auxin mutants, suggesting increased auxin sensitivity in these
lincs. Thus, alicrations in phyiohormone metabolism may indeed be the cause of perturbed
growth observed in transformants and reduced polyamine levels detected in such plants may
therefore be an indirect consequence of the hormone-induced disruptions in growth. To
further characlerise the ro/ABC transformants generated in this study, complementation tests
using a group of auxin mutants displaying similar auxin-scnsitive phenotypes may prove

useful in understanding the basis of the aliered hormone metabolism in such plants.

One aspect of this work which also deserves particular consideration in the light of a recent

report that Arabidopsis lacks ODC (Hanfrey et al., 2001), is the observation that treatment of
these plants with DFMO depleted putrescine titres and induced phenotypic changes analagous
to similarly-treated tobacco plants (Martin-Tanguy er al., 1990). Similar obscrvations were
also reported by Hanfrey et al. (2001) who noled that simultaneous treatment with putrescine
did not alter the inhibitory cffects of DFMO. It may be that DFMO inhibits another enzyme
important in the growth of Arabidopsis, which in trn affects growth and development and

polyamine metabolism. The identity of such an cnzyme(s) remains speculative at this time.

The third approach used in this study attempted 10 recover novel Arabidopsis mutants with
altered polyamine metabolism, in order to contribute information regarding this process in
plants. An initial method to screen for mutants was based on the identification of soil-grown
plants possessing increased tolerance to high levels of the polyamine inhibitor CHA, when
applicd topically. Plants treated in such a method however, were relatvely unaffected, and
thus an in vitro screening strategy was thought to provide a more accurate inhibition of
growth. In an attempt to recover mutants possessing altered regulation of either the two rate-
limiting enzymes in polyamine biosynthesis, ODC and SAMDC, respective screcning
stratcgies were based on resistance to high levels of omnithine, or the SAMDC inhibitor,

MGBG. Scveral individuals resistant to 1OmM ornithine were isolated, howecver,
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characterisation was precluded due to sterility of these plants. In hindsight, screening for
such mutants in Arabidopsis may not lecad to polyamine alterations, due to the rcporied
absence of ODC in that plant (Hanfrey et al.,, 2001). Characterisation of such mutants
however, may reveal whether Arabidopsis has a capacity for ornithine uptake similar o other
plants which have ODC. Several lines with clevaled tolerance to SmM MGBG were also
reccovered, and two were further characterised based on inheritance of the tolerant phenotype.
Polyamine assays of the variants {found that the basis for tolerance to MGBG may be due to
elevated basal levels of frec spermidine, which was not attributable to increased levels of
SPDS transcript and/or reduced putrescine in the presence of MGBG. Furthermore, in
responsc 10 MGBG treatment, levels of conjugated and bound spermidine increased in the
variant lincs, whereas levels in wild-type controls were undetectable or low. Of the two
MGBG-tolerant lines characterised, one exhibited a stronger resistant phenotype, correlating

with lower levels of SAMDC transcript when grown in the presence of MGBG.

The resulis of the mutant screening experiments provide useful information on which to base
futurc studies. Although MGBG has been widely used in the literature for perturbing
polyamine biosynthesis in a range of plants (Altamura er al., 1991; Minocha ef al., 1991B;
Santanen and Simola, 1992; Altamura et al., 1993; Villancuva and Huang, 1993; Berta et al.,
1997; Kong et al., 1998; Turano er al., 1997; Scaramagli et al., 1999A; Scaramagli et al.,
19998, Tassoni et al., 2000) and for the identification of MGBG-resistant mutants in tobacco
(Malmberg and Mclndoo, 1983; Malmberg and Mclndoo, 1984; Malmberg and Rose, 1987;
Fritze et al., 1995), MGBG is proposcd 1o have cffects other than depressing polyamine
biosynthesis in plants (Allamura ef al.,, 1991; Féray et al., 1994) possibly including
antimitochondrial activity as noted in animal cclls (Jinne and Alhonen-Hongisto, 1989;
Cheng et al., 1990). Therefore, the somewhat variable penetrance of MGBG tolerance in
offspring of Arabidopsis resistant mutants may be attributable to the combined inhibition of
polyaminc biosynthesis and mitochondial function. Thus, due to the possibility of non-
speeific clfects, the continued use of MGBG in polyaminc studies may be limited.

Furthermore, the inability to readily identify variant plants when grown in the absence of the




Chapter 6: Conclusions 254

inhibitor, limits future studics determining the basis, or the biological roles, of clevaied titres
of frec spermidine noted in untreated variants. Such variants however, may be useful in
studying the biological roles of frce spermidine or conjugated polyamines in general,
especially as indicators of stress, as suggested in studies of Arabidopsis (Campos et al.,

1991; Kurepa et al., 1998) and tobacco plants (Scaramagli et al., 1999B).

The methods presented herc for the recovery of plants with mutations in polyamine
biosynthcsis may be useful for similar screening strategics in the future. The development
and availability of more specific polyaminc biosynthesis inhibitors such as CGP 48664, a
potent MGBG analogue (Regenass ef al., 1994) may allow additional in vitro- or greenhouse-
based screcning methods in the future.  Although more laborious, screening for mutants in

vitro as described here provides a more sensitive method to detect variations in plant growth,
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APPENDICES

1 AGACTTGTTGTTCGCTTTCCTGATGTTCTGAAGAATCGTCTTGAATGTCT

LR R L R i i T

690 CCGCTTATTGTTCGTTTCCCTGATGTTCTGAAGAATCGTCTTGAGTGTCT

51  TCAATCAGCGTTTGATTACGCGATTCAGAGTCAAGGATATGATTCTCATT

VLR DL LR EREETEE L PR R LT

740 TCAATCCGCGTTTGATTACGCGATTCAGAGTCAAGGATATGATTCTCATT

101 ACCAAGGTGTGTATCCTGTGAAATGTAATCAAGATCGGTTTATTATCGAA ?

JEVDLLLELEE VLR R LD R TR LT 11

790 ACCAAGGTGTGTATCCTGTGAAATGTAATCAAGATCGGTTTATCATCGAA

151 GATATTGTGGAATTCGGATCCGGTTTTCGATTCGGTTTAGAAGCTGGTTC

LELLLLLL LV L L T

840 GATATTGTCGAATTCGGATCCGGTTTTCGATTCGGTTTAGAAGCTGGTTC

201 CAAGTCTGAGATTCTTCTTGCTATGAGTTGTTTGTGTAAAGGTAATCCTG

CELE LLLEL LT R LR T LT EL T

890 CAAGCCTGAGATTCTTCTTGCTATGAGTTGTTTGTGTAAAGGTAATCCTG

251 AAGCTTTTCTTGTGTGTAATGGCCTCAAAGACTCTIGAGTATATCTCATTG

LUV LR EEEE LR L P L] ]

940 AAGCTTTTCTTGTGTGTAATGGTTTTAAAGACTCTGAGTATATCTCATTG

301 GCTTTGTTTGGGAGGAAAC

990 GCTTTGTTTGGGAGGAAAC

Appendijx_1: DNA sequence alignment comparing the PCR product amplified from
Arabidopsis using ADC primers (upper), with that of the published sequence
for ADC from Arabidopsis (lower) [Accession number: ATUS52851].

Sequencing of the PCR product was performed at both the 5 and 3’ ends. The sequences of
both products were aligned with that of the published sequence, and the high level of identity
confirmed the isolation of a fragment of the Arabidopsis ADC gene. The 5 sequence
alignment is presented above. The forward oligonucleotide primer is indicated in red.
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1 TCAACTTAATCGTTTCTCTCAAATTTAGGGTTTTCTCTTTTCTCGAAAGT

LUCVRLELLEEL DR AR R TR L P T

1 TCAACTTAATCGTTTCTCTCAAATTTAGGGTTTTCTCTTTTCTCGAAAGT

51 CTTGCGGTTTTCTGAATCATCTCTATCTGGTGAGTCTCTTTTTTGAATTG

PEDARCLOERR LR LR EE LS LR LR EE LR T

51 CTTGCGGTTTTCTGAATCATCTCTATCTGGTGAGTCTCTTTTTTGAATTG

101 TAGATCTGCGTTTTCTCTCTGTAGATCTGITCCGTCGITGAGGATAATGT

LICLLECEEDLL DRI L L L LR

101 TAGATCTGCGTTTTCTCTCTGTAGATCTGTTCCGTCGTTGAGGATAATGT

151 TTTTTAATCGGTGAATTCTGGGTTTTTCTCAGGTTTGAGGGTTTCGTTTG

LEEREETLLLLRER R LR N LR R

151 TTTTTAATCGGTGAATTCTGGGTTTTTTTCAGGTTTGAGGGTTTCGTTTG

201 ATATCTGGAGAAAGGGGTTTCTGGAAACAAGGAGTTCATAATTCGCGATC

VRV LR ER L L

201 AGATCTGGAGAAAGGGGTTTCTGGAAACAAGGAGTTCATAATTCGCGATC

251 TTGATCTATCGATCTTCATTTATATATGTAAGTATCTCTCACGATTGACG

LEVEVULLEL LD LE LT LT 3

251 TTGATCTATCGATCTTCATTTATATATGTAAGTATCTCTCACGATTGACG

301 TCGTTCTTCGATTGATTCATTAGCCTAGCTAGGTTAGATAGACATCGTTC

PLLLLELDLEL R ERELA LTI LR e i gl

301 TCTTTCTTCGATTGATTCATTAGCCTAGCTAGGTTAGATAGACATCGTTC

351 TTATCGTCCTAGGTTTTGGTATAAGAGATTGATATTCGCATGCATGGTTA

CELELTLLUEA LA P LR L L L T LT T

351 TTATCGTCCTAGGTTTTGGTATAAGAGATTGATATTCGCATGCATGGTTA

401 GGTTGACTTA

401 GGTTGACTTA

STTN rT SR T me

Appendix 2: DNA sequence alignment comparing the PCR product amplified from
Arabidopsis using SAMDC primers (upper), with that of the published
sequence for SAMDC from Arabidopsis (lower) [Accession number: YO7765).

Sequencing of the PCR product was performed at both the 5* and 3’ ends. Both sequencing
products were aligned with the published sequence, and found to be identical, confirming the
isolation of the Arabidopsis SAMDC gene. The 5 sequence alignment is presented above.
The forward oligonucleotide primer indicated in red.
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1 GAAABACCCT AGTTCCTCCT CTCTCTCATT TCTCGGAGAT ATTCACCAGA
51 GCAATAACCA TGGACGCTAA AGAAMACCTCT GCCACCGATT TGAAAAGACC
101 GAGAGAAGAG GATGATAACG GCGGCGCNCT ACCATGGAGA CGGAGAACGG
151 AGATCAGAAA AAGGAACCTG CTTGTTTCTC CACTGTTATT CCTGGGTGGT
201 TCTCTGAAAT NAGTCCTATG TGGCCAGGAG AGGCACACTC ATTGAAGGGT
251 TGAGAAAGTT TTGTTTCAAG GGGAATCAGA TTTATCANGG ATGTTATTGT
301 TTTCCAGTCT TGCAACATAT NGAARAAAGTT TTTGGGTTTT GGGATGGGNG
351 TAAT

B et et T Pt rr Tatie B STy (i fPToege o oy A e e b — ALV 21 -

Appendix 3: DNA sequence of Arabidopsis EST clone 8916T7
[Accession number: T20920].

The Arabidopsis database was searched using the key word of ‘spermidine’, and this clone :
was identified. It has limited amino acid similarity (24%) with speE, the human spermidine -
synthase gene [Accession number: P19623]

[T20920] SPDS EST Arabidopsis EMSPMWPGEAHSLK

[D28506] A411 tobacco EFSALWPGEAFSLK 104
[P19623] SPD§ human ETCSLWPGQALSLQ 36
[L19311] SPDS mouse ETCSLWPGQALSLQ 36

Appendix 4: Partial amino acid sequence comparison of Arabidopsis EST clone 8916T7
with a putative SPDS sequence from tobacco and the SPDS sequences from
human and mouse. The GenBank accession numbers are listed on the left-
hand side, and the conserved amino acid residues across the four species are
indicated in red.

The Arabidopsis EST sequence witk homology to SPDS was translated in all six open
reading frames. Frame 2 exhibited the highest level of similarity (54%) with the putative
SPDS sequence from tobacco, and part of it is presented above. In order to amplify part of
the SPDS gene from Arabidopsis using PCR, a forward oligonucleotide primer was designed
based on the Arabidopsis EST amino acid residues MWPGEAH.




101

23

151

73

201

123

251

173
295

223
345

273
324

323
441
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AGAATGGTGC

CTCTCATTTC

CTCAACGGCT

AAACCTCTGC

TGGCACTTTC

GGCGCGCTAC

AGAACGGGAC

TGTTTCTCCA

AGCTCCGACT

GCCAGGAGAG

GCCAGGTGAA

GAATCAGATT

ADRGTCTGATT

AAAAAGTTTT

Il 1]

GAAGGTTCTG

...........

CATTCCCATG

TCGGAGATAT

ACCAGAATGG

CACCGATTTG

GAACATCGGA

CATGGAGACG

AATCAGCCAT

CTGTTATTCC

CTATTAARGCC

GCACACTCAT

SISEIL

GCATTCTCAC

TATCAGGGAT

. - ACCAAGAT

TGGGTTTTGG

ACTTTGGATG

ARCGGCCACC

TCACCAGAGC

CACTTCCAAA

AAAAGACCGA

ACGGCCACCA

GAGAACGGAG

GACAATGG. ..

TGGGTGGTTC

TGGCTGGTTT

TGAAGGGTTG

L L]

TTAA.GGTTG

GTTATTGTTT

111

GTCATGCTCT

??TGGGGGTA

GAGCAATTCA

AAAACCCTAG

|11

AAAATGGCAC

AATAACCATG

CACCAAAACG

GAGAAGAGGA.

I

GAATGGGACA

ATCAGAARRA

TCTGAAATGA

TCAGAGTTTA

AGADAGTTTT

AGAAGTTACT

TCCAGTCTTG

| Ml

TTGAGTC .AG

ACATACAGAG

TTCCTCCTCT

TTCTGRACAC

GACGCTAAAG

GGCACCAGAA

TGATAACGGC

TCCGAACARAC

GGAACCTGCT

GCTACTGGGA

GTCCTATGTG

GCGCATTATG

GTTTCAAGGG

ATTCCAGGGG

CAACATATGG

LT 1H]

CAACTTATGG

.........

AATGGTGGAT
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Appendix 5: DNA sequence alignment comparing the Arabidopsis EST for SPDS (upper)
with the putative tobacco SPDS A411 (lower). The forward oligonucleotide
primer (SPDSF1) used in the PCR amplification is indicated in blue.

New PCR primers for subsequent amplifications were synthesised and are indicated in red;
the upper red sequence is the forward primer SPDSF2:1 and the lower red sequence is
the reverse primer SPDSR2-1.
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Appendix_6: Schematic representation of the Rapid Amplification of
cDNA Ends (RACE) of the SPDS gene from Arabidopsis.

Following the synthesis of first and second strand cDNA, AP2 adaptors (yellow
boxes) were ligated to the ends of cDNA fragments. Both adaptor-specific
(AP2F and AP2R) and gene-specific (SPDSF2.1 and SPDSR2.1) primers were
used, the latter pair based on an Arabidopsis EST fragment. 3’ RACE was

performed using the AP2R and SPDSF2.1 primers while 5° RACE utilised the

AP2F and SPDSR2.1 primers.
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1 CCACGCGTCC GTGGTTCTCT GAGATTAGTC CTATGTGGCC AGGAGAAGCA

1 cesesneene « GTGGTTCTCT GAAATTAGTC CTATGTGGCC AGGAGAGGCA

51 CATTCTCTCA AGG.TAGAGA AGATTCTATT CCAAGGGAAA TCAGATTACC
I

R e AR Ay

41 CACTCATTGA AGGGTTGAGA AAGTTTTGTT TCAAGGGGARA TCAGATTTAT

100 ..AGGATGTT ATTGTTTTCC AGTCTGC

91 CANGGATGTT ATTGTTTTCC AGTCTTG

Appendix 7:DNA sequence alignment showing the overlapping regions of Arabidopsis

SPDS (upper) [Accession number: ABO06693] with the Arabidopsis
SPDS EST (lower) [Accession number: T20920].

By the end of the study, a parhal coding sequence for the Arabidopsis SPDS gene became
available in the database [Accession number: ABQ06693], In order to confirm that the
original PCR amplifications were performed on bona fide regions of the Arabidopsis SPDS
sequence, the position of two of the oligonucleotide primers used in the PCR amplifications
are highlighted on the Arabidopsis EST sequence above; the SPDSF1 primer is in blue, and
the SPDSR2:1 primeris in red. [It should be noted that these two primers were never used in
combination with each other, and are included here in order to present their location within
the published SPDS sequence.]
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M. japorica LDC - Reverse s« :ace

N. tabacum ODC M. japonica 1LDC
“FColi LDC - Forward sequence 41% 61%
L. colf LIC - Reverse sequence 37% 35%
M. japonica LDC - Forward sequence 40% -
37% -

A

Anpesdix. 8: A comparison of DNA sequence homology between the ornithine
decarboxylasc gene (ODC) from Nicotiona tabacum, and the lysine
decarboxylase gescs (LDC) from both Escherichia coli and Moritella japonica.

[GenBank accession numbers: N. tabacum ODC = Y10474
E. coli LDC = BSCADDNA; M. japenica LDC = AB041735]

Arabidopsis clone number E.coli LDC

M. japonicus LDC

il

1 - Forward sequence
1 - Reverse sequence
2 - Forward sequence

2 - Reverse scquence

3 - Forward sequence
3 - Reverse sequence
4 - Forward scquence
4 - Reverse sequence

36%
37%
35%
34%
36%
36%
36%
34%

35%
35%
34%
32%
35%
34%
35%
35%

Appendix 9: A comparison of DNA sequence homology between the potential positive
clones isolaled from screening an Arabidopsis root library using a tobacco
ODC gene fragment, with genes coding for lysine decarboxylase (I.DC) from
both Escherichia coli and Moritella japonica.
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LINE 2(i)a srown on media containing 3mM MGB

wt Ler

2(1)a.b

3.6% 1.8%
10.7

333%

48.2%

2(a.11

Ungerminaled
Radicle only
Hypocotyl {sensitive)

Cotyledons {sensitive)
Unexpanded cotyledon (resistant)
1 cotyledon (resistant)

2 cot}dedons {resistant}

2 leal (resistant)

4 ieaf (resistant)

CIMBLOBORIAS

Appendix 10: Detailed resistance study of line 2(i)a individuals grown on
MS media supplemented with3mM MGBG. Day 18 of growth.
The percentage of plants reaching various developmental stages are shown.
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LINE 2(i)c grown on media containing 3ImM MGBG

wi Ler 2(i)c.1 2(i)e.2

Ungerminated

Radicle onl

Hypocotyl éensitive)

Cotyladons (sensitive) .
Unexpanded cotyledon (resistant)
1 cotyledon {resistant)

2 cotytedons {resistant)

2le resisiant}

4 leaf (resistant

ONBOB0OGDER

Appendix 11: Detailed resistance study of line 2(i)c individuals grown on
MS media supplemented with 3mM MGBG. Day 18 of growth,
The percentage of plants reaching various developmental stages are shown.




2(i)a.2

3% 53%

33.9%

S 4
P4
LI L1,

55.6%

2(a.11

Ungerminated
IIil{adicle t?nniy

ypoco
Cotyledons
Unexpanded cotyledon
(resistant)
1 cotyledon (resistant)
2 oot%rledons (resistant)
2 leaf (resistant)

BONEIES
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Appendix 12: Detailed resistance study of line 2(i)a individuals grown on
MS media supplemented with 4mM MGBG. Day 18 of growth.
The percentage of plants reaching various developmental stages are shown.




LINE 2(i)c erown on media containing 4mM MGBG
2()e.2

18% j2s5%

£50555%

17.5%

303%

44.2%

26)e.7 2(i)e.8 2()e9

1.7%

8% 2(i)c.11
:.:';-: > 3 ::_-... ‘16. l%
a4.9% E  Ungerminated
39,2% Radicle only
' ) 12.5% 4  Hypocotyl
K O Cotyledons
/5‘)‘,’ 19.4% Unexpanded cotyledon
b (resistant)
(LLLLLELLS O 1 cotyledon (resistant)
LLLLLRLS = g co eelo_n?a ( rtemstant)
"g‘ﬁ';‘; . eaf (resistant)

Appendix 13: Detailed resistance study of line 2(i)c individuals grown on
MS media supplemented with 4mM MGBG. Day 18 of growth.
The percentage of plants reaching various developmental stages are shown.






