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Addendum

It is pleasing that both referees commented very positively on my thesis, its coverage of the topic and
the consideration of the results that were obtained. 1 am grateful for their questions/constructive
criticisms and for their recommendations that the thesis be accepted for the degree of PhD without
further examination subject to inclusion of minor corrections and consideration of a number of points
that were noted. My thanks to . Arvanitakis and A. Pelosi for their help in preparing this addendum.

Yupynn Chintapakorn

Dept of Botany, Faculty of Science
Chulalongkorn University,
Bangkok, Thailand

28" Feb 2003.

In response to queries from the examiners, the following responses are made.

Query 1. Are standard error bars (eg Figs 3-4, 3-5, 3-18, 4-10) valid when the sample size is less
than 37

For reasons of practicality, it was not {easible to analyse multiple samples at many time points for the
relatively large number of root lines and plants that were generated in this study. In many
experiments, duplicate samples were analysed to obtain alkaloid levels and/or RNA for northern
analysis. In order to provide a measure of the variability in the data obtained, standard errors of the
mean were calculated and shown as error bars in figures as presented in this thesis. The validity of
this approach was affirmed by consultation with statistical experts at Monash University (Schools of
Biological Sciences and also Mathematics & Statistics) who advised that it is possible to generate a
standard error of the mean when the sample size is greater than one. It is acknowledged, however,
that larger sampics sizes are desirable, whenever this is practicable, in order to calculate more
accurate standara errors of the mean. Consultation with a statistical expert in the Department of
Mathematics at Chulalongkom University suggests that a sample size of five or greater would be
appropriate in such cases.

Query 2. Why is the fresh weight of root inoculum given as 0.8 g (puge 68) when growth curves
(eg Figs 3-4, 3-21 and 4-17) show lower fresh weights during the early stages of the growth phase?

These apparent differences relate to the ‘wet” fresh weight of root tissue that was used to inoculate
root culiures as opposed to the ‘blotted’ fresh weight of cultures that was recorded afier harvest and
vefore processing for alkaloids/RNA/enzyme analysis. For practical reasons it is not advisable to
blot transformed root tissues to remove all surrounding medium if they are then to be used as inocula.
This is because such procedures could lead to damage of root tissues, thus possibly compromising
their subsequent growth patterns. Such procedures also tend to greatly increase the chances of fungal
contamination of the cultures — even if sterile blotting paper is used.

Query 3. Do growth curves of roots in culture really show evidence of a lag phase as suggested on
pages 106 and 124 with reference to Figs 3-21 and 4-177

.This 1s a good point. Replotting data of these growth curvés on semi-log graph paper shows a linear

increase in (blotted) fresh weight during the first 12 days of growth. This suggests that the growth
rate is exponential during this period and then tapers off during the second half of the growth cycle.




approach appears to be very efficient in silencing endogenous genes (Wesley et al.,, 2001). The
development of these vectors is based upon recent breakthroughs in understanding RNA4, a process
by which double stranded RNA is both recognised and then degraded in eukaryotic cells. Though
many details remain to be elucidated, clearly this 1s a sophisticated post-transcriptional gene
silencing (PTGS) mechanism that 1s conserved in plants, animals and fungi. It appears to offer
protection against viral infection and possibly also against disruption of the genome by transposable
clements. RNAI may also play important roles in regulating expression of genes that are important
in development (Waterhouse ef al., 2001; Vance and Vaucheret, 2001; Hutvagner and Zamore,
2002). Several genes required for PTGS have been identified. Collectively the proteins encoded by
these genes recognise regions of double stranded (ds) RNA and break that RNA into short interfering
ds RNA molecules 21— 25 bases in length via the action of an enzyme of the RNA I family referred
to as ‘DICER’ {(Zamore et al., 2000). These short interfering RNA molecules then interact with
additional proteins to produce a mulitmeric RNase complex referred to as RNA Inierference
Specificity Complex (RISC). The DICER/RISC complex is used to target homologous RNA
molecules by Watson-Crick binding and ATP-dependent cleavage of the ds RNA molecules thus
formed prevents translation of the gene in question (Bernstein et al., 2001). RNAi may also lead to
methylation of cytosine bases in DNA of the genc in guestion, so reducing its capacity to be
transcribed and, at least in plants, may also mediate a systemic response (0 silence gene expression in
other parts of the piant (Waterhouse et al., 2001; Baulcombe, 2002; Mlotshwa et al., 2002).

RNAI is likely to be responsible for the reduction in endogenous transcript levels observed in this
study in transformed roots containing the 1.2 kb ADC and also the PA{T-antisense constructs.
Presumably in these cases, antisense transcripts were able to form double stranded RNA molecules
with the endogenous ADC/PMT transcripts and then trigger the RNAI response, The reason(s) why
the 460 bp antisense ADC transcript of N. rustica, though present at high levels, was not apparently
capable of reducing levels of endogenous ADC transcript in any of the transgenic N. tabacum root
lines remains unclear. It is possible that secondary structure constraints within the 4DC transcript
and/or its association with ribonucleoproteins (Branch, 1998) prevented sufficiently large regions of
double stranded RNA from forming with the 460 bp antisense ADC transcript to trigger the RNAi
response. This may be a topic that merits further investigation.

Additional References
Baulcombe, D. (2002). RNA silencing. Current Biology 12: R§2-R84.

Branch, A. D. (1998). A good antisense molecule is hard to find. Trends in Biochemical Science 23:
45-50.

Bernstein, E., Caudy, A. A., Hammond, S. M., and Hannon, G. J. (2001). Dicer and
DNAgse 11I-family nuclease executes the initiation step of RNAIL. Natire 409: 363-366.

Hutvagner, G. and Zamore, P. D. (2002). RNAI : Nature abhors a double strand. Current Opinion in
Genetics & Development i2: 225-232.

Mizrachi, N., Levy, S, and Goren, Z. (2000). Fatal pecisoning from Nicofiana glauca leaves:

1dentification of anabasine by gas-chromatography/mass spectrometry. Journal of Forensic Science

45: 736-741.

Mlotshwa, S., Voinnet, O., Mette, M. F., Matzke, M., Vaucheret, H., Ding, S. W, Priss, G., and
Vance, V. B. (2002). RNA silencing and the mobile silencing signal. Plant Cell 14: S289-S301.
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Querv4. Isit valid to suggest that fresh weights of tissues are highest at day 21 of the growth cycle
(page 106, 3d paragraph) when the S.E. bars of Fig. 3-22 do not suggest a statistical difference
between the neighbouring time points?

This is a valid query, particularly in the light of discussion noted above regarding sample sizes. A
more accurate description of the data would be to note that the weights of tissues were usually
highest between days 18 - 25 of the growth cycle.

Query 5. Why were alkaloid levels in the medium of the root cultures not measured?

Early work conducted by Hamill ef al., (1986) showed that a small proportion of alkaloids produced
by Nicotiana tabacum transformed roots were excreted/leached into the surrounding medium during
the early ~ mid stage of the growth cycle. In terms of calculating absolute levels of alkaloid
produced by such cultures, the levels of metabolites in the medium are therefore relevant. In the
current study however, the main questions being addressed related to the effects of ADC and PMT
gene aniisense manipulations upon the alkaloid profile of N. fabacim transformed roots. Every
experiment contaired several control lines and efforts were focussed upon detailed comparisous of
the alkaloid profile of antisense manipulated lines vs that of controls during the growth cycle to
determine the effects of each antisense manipulation. It was considered unlikely that the antisense
manipulations would in any way change the characteristics or dynamics of alkaloid excretion by such
roots. Preliminary analysis of the media of several antisense manipulated lines, compared to
controls, confirmed that this was indeed the case — very small amounts of alkaloid with the same
characteristics as in controls (ie mainly nicotine, some anatabine) were detectable in the media of
these lines.

Query 6. Can a MS spectrum of anatabine standard be included in appendix 37

As was noted in this thesis, relatively few publications exist in the scientific literature with anatabine
as the main focus of the study. A small sample of anatabine standard (gift from Dr Lippiello — p 85)
was analysed by GC-MS and the spectrum (Appendix 3-E-1) was found 1o be extremely similar to
that shown in Appendix 3-D. No reporis of an anatabine MS specirum were found in published
scientific literature, however a MS spectrum has recently been acquired from a commercial US
company (courtesy ol Dr Mike Zimmermann, Philip Morris RD and E Center, USA) and is shown in
Appendix 3-Eii. Together, these spectra confirm that the elevated peak in line V-26 with RT 15.7
min, as shewn in Appendix 3-D, is indeed anatabine. Recently, a commercial supply of pure
anatabine has become available via Toronto Research Chemicals Inc. and could be used to
corroborate the findings reported here if so desired. It 1s also noteworthy that MS snecira of nicotine
and anabasine were published by Mizrachi er ¢l. (2000) and these are also included zs Appendices 3-
F and 3-Gi , respectively. The small peak with RT of 14.9 mins on the GC chromuiograms presented
in Appendices 3-A and 3-B was confirmed to be anabasine by comparison of its MS spectrum
(Appendix 3-G-i1) with both the HP library database and also the spectrum shown in Appendix 3-G-i.

Query 7. Can a comment on RNAi be included in Chapter 5, with respect to data obtained in this
report, in addition to noting it in the fiuture dirvections (Chapter 5.2)?

Since the inception of this experimental program, approaches for down regulating expression of
specific genes via destabilisation of mRNA, have become more sophisticated than the
straightforward approach of expressing of antisense sequences as was used here (though the antisense
approach remains quiie an effective method in many situations). In particular, RNA interference
(RNA1) vectors have been designed to express sections of genes as double stranded (ds) RNA
molecules in transgenic plants such as the pHANNIBAL and pHELLSGATE vectors, and this
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Vance, V. and Vaucheret, H. (2001). RNA silencing in plants — defense and counterdefense. Science
292: 2277-2280.

Zamore, P. D., Tuschi, T., Sharp, P. A., and Bartel, D. P. (2000). RNA1 : doublestranded RNA
directs the cleavage of mRNA at 21-23 nucleotide intervals. Cefl 101: 23-33.

Minor corrections.

piv  line 34: Replace "his" with "this"
p2 line 10: "Lycopodium" and "Equisetum” should be italicised
p6 line 17: Replace "nucleic acid" with "nucleic acids".
p7 line 15: Replace "alkaloid" with "alkaloids".
p24 line 18: Should be "...with nicotine being the major alkaloid in roots in 50 out of 60 species”
p25 line7:  Substitute "N-methylpyrrolinium" for "N-Methylpyrrolinium".
line 22: Delete "in" and read ..."although cell suspension cultures...".

p26 subheading 1.4 should read "The route to the N-methylpyrrolinium ring".
p27 line 9: Italicise "vice versa®.

p43 line 9 Replace "cell culture” with " cell cultures”.

pd6 line 16:  "O-methyltransferases” for "O-methyliransferases”.

p48 line 5: "1,3-diaminopropane” for "1,3-Diaminopropane".

p49 heading 1.4.2.1.5 - "Molecular genetic” should be "Molecular genetics"

pS0 line28: Replace "cytogenic" with "cytogenctic”.
line 19:  Replace "introgressived" with "introgressive".
p55 line2:  Insert a space after "(NAD™)".
P59 line 31:  Replace "effect” with “affect”.
pol line 24:  Insert "that" and read "...studies have shown that both...".

po2 line 5: Delete "1s" and read "...makes it possible...".
pos line 4 Insert spaces to read "10 mM" and "1 mM".
p70 sulbheading 2.4.2: "Escherichia® for "Eschericia®.

p71 line 27:  Insert square brackets to read "...[Speed Vac SC100 (Savant)]...".
P79 line 10:  Substitute "Geiger" for "geiger".

p95 line 2: Replace "at" with "ol and read "...band of a smaller size...".
pl102 line 10:  Delete "were" and read "...reductions observed...".

p103 line 13:  Replace "transcript” with "transcripts”.

pl08line 17:  Insert "gene" to read "marker gene (/up).".

pl18 subheading 4.2.4: [talicise "N. sylvestris".
pl124line 5: Delete comma to read "As is clear from this data...".
line 7: Insert "be" to read "...likely to be due...".

p126 line 8: "Data is" should be "Data are"
pi291ine 14:  Replace "of" with "by" and read "observations by Sinclair.....".
p130iine 2: Insert "that” and read "...that the line...".
pi31line 1: Insert hybridisation 1o read "...Southern hybridisation...".
p135line 11:  Should read "...<25% of wild type...".
p136 line 8: Replace "alkaloid" with "alkaloids".
p1391ine 139:  Replace "studies” with "studied”.
p140line 9: Insert "hybridisation” and read "...northern hybridisation experiments...",
pl4lline 16:  Delete space and read "...80%...".
pl42line 13:  Replace "level” with "levels”.
line 22:  Delete "though" and read "...however, it 1s...".
p165Sline 36:  "O-methyltransterase” for "O-methylransierase”.
line 39:  "Practical” for "practical”.
Fig. 3-19: legend (line 8) Replace "sample” with "samples".
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Abstract

Nicotiana tabacum L. produces a number of pyridine alkaloids, with nicotine representing
approximatcly 80-85% and anatabine representing approximately 10-15% of the tolal alkaloid
fraction. This thesis describes experiments using an antisense approach to down-regulate the
expression of two key genes encoding enzymes involved in alkaloid biosynthesis in N. fabacum,
namely arginine decarboxylase (ADC) and putrescine N-methyitransferase (PMT).

In the first part of the study, transformed roots were generated containing a construct
possessing either a 460 bp fragment or a 1.2 kb fragment of Nicotiana ADC coding sequence
(full-length 2.8 kb} in an antisense orientation under control of the CaMV35S promoter.
Although antisense transcripts were detected representing the 460 bp fragment, no decrease in
endogenous ADC transcript levels were observed and no alterations in alkaloid content of
tissues were apparent. In contrast, the 1.2 kb fragment did reduce endogenous ADC transcript
levels in actively growing lines (by 70-80% in some cases) and also ADC activity (by 50-60%
in some cases). The latter lines possessed normal alkaloid profisies during the early-to-mid
stages of the growth cycle but were characterised by a slight reduction in nicotine content, with
some also possessing a slight increase in anatabine content, when analysed at the latter part of
the growth cycle. Plants regenerated from these root lines possessed alkaloid profiles that were
very similar to controls.

In the second part of the study, transformed root lines were generated containing a construct
possessing the full-length Nicotiana PMT coding sequence (1.4 kb) in an antisense orientation,
also under control of the CaM V358 promoter. Several lines contained markedly reduced PMT
activity compared to controls {10- 10 40-fold lower than controls at day 12 of the growth cycle)
with a concomitant reduction in nicotine content. No negative effects on growth were observed.
Interestingly, several antisense PMT root lines and also leaf tissues of regenerated plants
showed a substantial increase in anatabine content relative to controls. Northern blotting,
involving several transformed root lines, indicated that the antisense PMT manipulation had
little or no effect on the transcript levels of a number of geres encoding enzymes involved in
alkaloid metabolism, including quinolinic acid phosphoribosyltransterase (QPT). The latter
enzyme plays a key rele in regulating the synthesis of nicotinic acid which supplies the pyridine
ring necessary for both nicotine and anatabine synthesis. Thus, elevated anatabine evels appear
{o be a consequence of a relative oversupply of nicotinic acid in antisense PMT lines which, in
the absence of adequate levels of N-methylpyrrolinium (the ultimate product of PMT activity),
is used to synthesise anatabine directly. As is discussed, no species or varielies of Nicotiana
have been reported in the literature that typically produce high levels of anatabine in root
tissues, meaning that the antisense PMT transgenics produced in his study have no natural
counterpart.

Together, these ADC and PMT antisense experiments, involving transformed roots of N.
tabaenm, conlrtbute 1o a greater understanding of the in vivo factors that control pyridine
alkaloid metabolism in plants. A series of further experiments are identified, also employing
straiegies to down-regulate gene expression, which may further enhance our understanding of
this area of plant secondary metabolism.
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Chapter 1

Introduction

1.1 Alkaloids

Alkaloids are nitrogen-contaimng organic compounds and often display
physiological activity in animals (Kutchan, 1995; Roberts and Wink, 1998). They are
produced primarily in higher plants but also to a lesser extent in some lower organisms
and animals. About 10,000 compounds have been listed in the Dictionary of Alkaloids
(Southon and Buckingham, 1989). They exhibit a great variety of structures, resulting
from many different biosynthetic pathways and have a wide range of pharmacological

activities.

The term *“alkaloid” was coined in 1819 by the pharmacist W. Meissner and meant
simply, “alkali-like” (from the Arabic “al kalv” = soda, and the Greek “eidos™ =
appearance) (Pelletier, 1983; Bruneton, 1995). Today this alkaline character is no
longer regarded as being a necessary property of an alkaloid. For example colchicine,
piperine, amine oxides such as indicine N-oxide and quarternary salts such as laurifoline
chloride are all classed as alkaloids despite the.r lack of basicity (Pelletier, 1983). There
is, however, a fine line between describing a chemical as an alkaloid as opposed to other
natural nitrogen-containing metabolites. With this in mind, Pelletier (1983) suggested
defining alkaloids as cyclic organic compounds containing nifrogen in a negative

oxidation state, which are of limited distribution among living organisms.

1.1.1 Occurrence and distribution

Alkaloids are the most diverse group of secondary metabolites formed in living
organisms. As has been noted, the Dictionary of Alkaloids (Southon and Buckingham,
1989) contains information on about 10,000 alkaloids, whilst 12,000 structures of
alkaloids have been described (De Luca and St Pierre, 2000) and approximately 16,000
alkaloids have been listed in the data bank “NAPRALERT” (Verpoorte, 1998). Some
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alkaloids have a wide distribution in nature. Caffeine, lycorine and berberine occur in
the largest number of families, genera and specices, respectively (Wink, 1998b). The
major source of alkaloids is the Angiospermae (flowering plants) where about 20% of
all species surveyed are found to contain one or more of these compounds (Wink,
1998b). Families of higher plants known to be particularly rich in alkaloids include the
Apocynaceae, Asclepiadaceaec, Berberidaceae, Boraginaceae, Leguminosae,
Papaveraceae, Ranunculaceae, Rubiaceae, Rutaceae, Solanaceae, and Liliaceae (Wink,
1997). In contrast, species in the Labiatae and Rosaceae are almost devoid of alkaloids
(Tyler et «l., 1981). Alkaloids also occur in more primitive groups within the plant
kingdom, such as Lycopodium and Equisetum (Wink, 1997) as well as more rarely in

the gymnosperms (Tyler ef al., 1981).

The ability to produce alkaloids, however, is not restricted only to plants. In recent
years an increasing number and diverse arrays of alkaloids have been isolated from
other organisms including microorgamisms, fungi, marine and non-marine animals.
Interestingly, whereas higher plants are the richest and most important group of alkaloid
producers in the terrestrial environment, relatively few alkaloids have been found in
marine plants. The vast majority of marine alkaloids identified to date have been
i1solated from the numerous invertebrates that are sessile or slow moving such as
sponges, bryozoans and holothurians (Proksch and Ebel, 1998). These marine
invertebrates lack effective morphological defense mechanisms.  The frequent
occurrence, and in many cases high yields, of alkaloids formed in these marine
invertcbrates is considered to reflect the evolution of chemically mediated defense
mechanisms that protect these soft-bodied organisms {rom predators (Proksch and Ebel,
1998). A capacity for alkaleid synthesis in some non-marine animals has also been
reported, such as Salamanders (Salamandra spp.), ads (Melanophrynicus spp.), frogs
(Dendrobatidae), millipedes (Diplopoda), beetles (Coleoptera) and ants (Hymenoptera)
(Brackman et al., 1998).

Despite the large diversity of alkaloids in nature, the distribution of particular
alkaloids is often confined within taxonemic groups, since the alkaloid pattern of each
organism is defined by its genetics. Consequendy, alkaloids have provided many

valuable insights into the unraveling of taxonomic relationships (Waterman, 1998). In
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some instances, particular alkaloids have proved useful as chemical characters in
systematic taxonomy and phjrlogcny of plants. For example, benzylisoquinoline
alkaloids are typical of species in the Papaveraceae, Berberidaceae and Ranunculaceac
which seem to be phylogenetically related to one another (Wink, 1997). Colchicine and
hyoscyamine are normally confined to a number of genera within specific plant
families, the Liliaceae and Solanaccae, respectively (Tyler er al, 1981; Bruneton,
1995). Other alkaloids are characteristics of a group of species within one genus such
as thebaine in the genus Papaver, and some are more highly specific, such as morphine

in P. somniferum (Bruneton, 1995).

Interestingly, some specific alkaloids are synthesised by systematic units that are not
closely related. Examples here inciude ergot alkaloids which occur in some fungi
{Claviceps) but also in members of the Convolvulaceae. Also quinolizidine aikaloids
which are typically found in some species in Leguminosae, but have also been detected
in species of the Berberidaceae (Wink, 1997). This may be because the mechanism of
alkaloid biosynthesis involves a Schiff base plus Mannich condensation and is therefore
a rather conservalive process at the biosynthetic level (Waterman, 1998). Thus,
although there are many different classes of alkaloids evolutionary changes seem to
have occurred primarily through variation in the substrate utilized for alkaloid synthesis
rather than in the mechanism of alkaloid formation. Given this underlying degree of
conservation, genetic information encoding enzymes governing alkaloid synthesis is
likely to be conserved, and may be present, although silent, in many non-alkaloid-
producing specics (Waterman, 1998). Recent data from the Arabidopsis thaliana
genome sequencing program supports this view with the existence of homologues of
tropinone reductase detected on chromosome 2 (Lin et al., 1999). This enzyme plays an
important role in the biosynthesis of tropane alkaloids but these alkaloids have not been

reported to occur in Arabidopsis or other genera within the Brassicaceae.,

1.1.2 Roles

In contrast to the past when the likelihood of alkaloids having a particular purpose in

nature was questioned, prevailing views generally regard them to be part of an claborate
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sysiem of chemical defense.in plants (Wink, 1998b). The same seems to be true of
alkaloids found in other sources, such as veriebrates, invertebrates and marine
organisms. As has been noted, many alkaloids are physiologically active compounds
having a variety of toxic effects on microorganisms, insects and animals so it is not
surprising that they serve as defense compounds against microbes, virus, and herbivores
(Wink, 1998b). The bitter taste of many alkaloids may also be of importance as a
feeding deterrent (Wink, 1897). Nearly all structural types of alkaloids have also been
reported to exhibit allelopathic activities, being inhibitory to the growth of competitors
in the vicinity of plants that produce them (Hartmann, 1991; Lambers er al., 1998;
Lovett and Hoult, 1998; Wink, 1998b).

The location of alkaloids within plants is an important part of their role in conferring
chemical defense to the plant. For optimal protection, alkaloids may be stored
predominantly in tissues which are important for survival and reproduction, such as
actively growing tissues, photosynthetically active tissues, roots, stem bark, flowers
(especially seeds) and seedlings (Wink, 1997). For example. Aerts er al. (1991) studied
the distribution of alkaloids in different parts of six months-old saplings of Cinchona
ledgeriana.  They found that young, partially expanded leaflets, which are most

altractive to predators, had the highest alkaloid content of tissues sampled from the

v whole plant with levels being about five times higher than in older leaves. Many
alkaloids, such as berberine, cinchonine and gquinine, are located in root or stem bark
tissues which are likely to be strategically important sites for deterrence of intruders at
the f{irst opportunity (Wink, 1998b). In legume species, lupin alkaloids are
preferentially stored in the epidermal, subepidermal and hypodermal tissues of stems
and leaves (Wink, 1983a, b; Wink er al., 1984). The alkaloid barrier in these storage
tissues are thought to protect against small herbivores and pathogens that could

otherwise enter the plants via injury to the epidermis (Wink, 1998b).

As many alkaloids can absorb UV radiation, Lambers ¢r a/. (1998) suggested ihat

another possible functional role of alkaloids may be in providing protection against UV J

induced cellular damage. To date, however, convincing evidence for such a role is

lacking. Indeed, Baldwin and Huh (1994) found that nicotine supplied exogenously to
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Datwra stramonium did not result in increased UV protection, even though nicotine has

a high molar extinction coefficient (2695 M ¢m™') at 262 nm.

1.1.3 Classification

There are many different systems of alkaloid classification, since these compounds
are greatly varied in their chemical structures and are also variable in botanical and
biochemical origin, as well as in their pharmacological activity. A convenient approach
to classification is to group them according to their biochemical origins, a concept
which has been used in the Dictionary of Alkaloids (Southon and Buckingham, 1989)

and inn a recent comprehensive treatise on alkaloids (Roberts and Wink, 1998).

The nitrogen atom in most alkaloids originates from an amino acid. | The carbon
skeleton of the particular anuno acid precursor, in general, is also largely retained intact
in the alkaloid structure, though the carboxylic acid carbon is ofien lost due to
decarboxylation. Thus most alkaloids can be classified according to their anmino acid
precursors. Relatively few amino acid precursors are actually involved in alkaloid
biosynthesis, the principal ones being, lysine, tyrosine, tryptophan, histidine, and the

non-protein amino acids omithine, nicotinic acid, and anthranilic acid.

The nitrogen atoms of a number of alkaloids, however, arc acquired via
transamination reactions in which only the nitrogen atom from the amino acid is
incorporated into the alkaloid structure. In such cases, the rest of the alkaloid molecule
may be derived from a non-zmino acid origin via acetate, shikimate or mevalonate

pathway(s).
Therefore it is possible to group alkaloids into:

A. Alkaloids derived from amino acids.

‘At present, the majority belong to this group and involve mainly:
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¢ those derived from omithine or arginine including the pyrrolizidine and tropane
alkaloids and the pyridine alkaloids nicotine and nornicotine, these latter two also
involving nicotinic acid.

e those derived from lysine including the piperidine, quinolizidine, and indolizidine
alka'oids and the pyridine alkaloid anabasine which also involves nicotinic acid.

e those derived from tyrosine including the tetrahydroisoquinoline, benzyltetrahydro-
isoquinoline, terpenoid tetrahydroisoquinoline and phenethylisoquinoline alkaloids.

o those derived from tryptophan including indole, PB-carboline, quinoline,
pyrroloindole and ergot alkaloids.

e (hose derived from histidine including imidazole alkaloids.

o those derived from nicotinic acid including pyridine alkaloids which also may
involve ornithine, arginine or lysine as noted above.

o those derived from anthranilic acid including quinazoline, quinoline and acridine

alkaloids.

B. Purine alkaloids:

The origins of alkaloids in this category are very closely linked with the purine
bases adenine and guanine which are fundamental components of nucleic acid. A well-

known example here is caffeine.

C. Alkaloids derived by amination reactions:

Alkaloids in this class are synthesized primarily from non-amino acid precursors
such as terpenoids, steroids and polyketides. The nitrogen atom is inserted into the
structure at a relatively late stage in biosynthesis, mostly through a transamination
reaction. Alkaloids classed as belonging to this group are increasing in number as more
insects and marine organisms are further investigated. Cousistent with their metabolic
origins, sub-divisions of alkaloids in this class are terpenoid alkaloids, steroidal

alkaloids, acetate-derived alkaloids and phenylalanine-derived alkaloids.
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1.1.4 Pharmacological activity

Many alkaloids have been used for hundreds of years as poisons. Before and during
the Middle Ages, several alkaloids, such as aconitine, atropine, colchicine, coniine and
strychnine were used for murder and executions (Wink, 1998a). Some zlkaloids that
interfere with the nervous system in muscles have played a significant role as arrow
poisons for hunting and warfare in ancient times (Neuwinger, 1998). Examples of
alkaloids constuituting these arrow poisons are aconiline, ajmaline, airopine,
physostigmine, reserpine, {oxiferine, and d-tubocurarine. Now, ironically, some of
these alkaloid poisons have provided mankind with effective medicines and have been
also applied as tools in biomedical research. Examples here are physostigmine for the
treatment of glaucoma and myasthenia gravis; d-tubocurarine as a muscle relaxant in
anesthesia; reserpine as an antihypertensive and psychotropic drug, and ajmaline for

cardiac rhythm disturbances (Neuwinger, 1998).

Due to their pharmacological activities and their effects on many systems in
humans, some plants containing alkaloid have had a long history of medicinal use. For
example, Atropa belladonna, Mandragona officinarum, and P. somniferum are
documented in 4000 year old Assyrian clay tablets {Wink, 1998a). During the first
decade of the 19" century, Serturner was the first investigator to purify an alkaloid,
using dried latex of the opium poppy to identify morphine (Kutchan, 1995; Roberts and
Wink, 1998). Numerous modern drugs used today still contain plant-derived alkaloids
or their analogues (Table 1-1) and a number of research programs currently underway

continue 1o search for new pharmacological active atkaloids from natural sources.
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Chapter 1: Introduction

Table 1-1 Utilization of alkaloids in modern medicine (summarized from datz

presented by Sclhimeller and Wink, .1998).

(Berberidaccae)

Croup Source Alkaloid Usage
Tropane alkaloid Duboisia myoporoides, Atropine, Anticholinergic,
D. leichhardtii, : antispasmodic, mydriatic,
: Hyoscyamine » \
Hyvoscyamus muticus, cycloplegic, as a premedicant
H. niger before general anesthesia
(Solanaceae) Hyoscine Antispasmodic, motion
(Scopolamine) | sickness, as a premedicant
before general anesthesia
Ervthroxylon coca Cocaine Local anesthetic
(Erythroxylaceae)
Piperidine aikalowd | Lobelia inflata Lobeline Bronchial asthma, chronic
. bronchitis, emphysema,
(Lobehaceae) . Py
discourage smoking
Quinolizidine Cytisus scoparius Sparicine Cardiac arrhythmias
alkaloi :
alkaloid (Leguminosae)
Tetrahydro- Cephaelis acuminata emetine Severe intestinal and hepatic
isoquinoli : amoebiasis, expectorant
1soat pollne (Rubiaceace) P
alkaloid
Peumus boldo Boldine Cholelithiasis, stomachic
L disorders, vomiting,
{Monimiaceae) L & .
constipation and dyspepsia
Tetrahydrobenzyl- | Chondodendron Tubocurarine | Muscle relaxant
isoquinoline tomentosum
alkaloi .
alkaloid (Menispermaceac)
Papaver somnifertum Codcine Cough suppressant, analgesic
{Papaveraceae) Narccine Cough suppressant
Morphine Strong analgesic
Berberis vulgaris Berberine Antiamoebic, eye nfections
(Berberidaceae)
Benzylisoquinoline | P. somniferum Papaverine Vasodilator
alkaloid
Benzyophenan- Sanguinaria canadensis Sanguinarine | Antiplague agent and
thridine- SXPeC
X . (Papaveraceae} expectorant
isequinoline
alkaloid
Phthalide- P. sommniferum Noscapine Cough suppressant
1soquinoline (Narcotine)
alkaloid : ) . . : :
Hydrustis cannadensis Hydrastine Gastromntestinal disorders

4 i
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Group

Source

Alkaloid

Usage

Phenethyl-
isoquinoline
alkaloid

Colchicum autumnale

(Liliaceae)

Colchicine

Acute goul

Indele alkaloid

Rauwolfia serpentina

{Apocynaceae)

Reserpine,

Rescinnamine

Antihypertension

R. serpentina,
R. vomitoria

{Apocynaceae)

Raubasine
{Ajmalicine)

Peripireral and cerebral
vascular disorder

R. vomitoria,
Catharanthus roseus

(Apocynaceae)

Ajmaline

Antiarrhythmia

R. vomitoria

Yoimbine

Aphrodisiac, urinary
mcontinence

Stiychnos nx-yomica

{Loganiaceac)

Strychnine

Optic nerve atrophy, cye
disorders

Vinca minor

{Apocynaccae)

Vincamine

Cerebral disorder

C. roseus

Vinblastine

Vincristine

Hodgkin’s disease and other
lymphomas

Quinoline alkaloid

Cinchona succiribra

{Rubiaceae)

Quinidine

Antiarrhythmia

Quinine

Malana, babesiosis, myotonic
disorders

Ergot alkaloid

Claviceps purpurea

(Clavicipitaceae)

Ergotamine

Migraine

C. paspali

(Clavicipitaceae)

Ergometrine

Postpartum or postabortal
hemorrhage

Pyrrolotadole
alkaloid

Physostigma venenosum

(Leguminosac)

Physostigmine
(Eserine)

Glaucoma

Imidazole alkaloid

Pilocarpus microphvilus,
P. jaborandi,

P. racemosus.

P. pennatifolius

(Rutaccae)

Pilocarpine

Glaucoma

Pyridine alkaloid

Nicotiana tabacum,
N rustica

(Solanaccac)

Nicoline

Used in gum and transdermal
patches as aids to stop
smoking
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Group Source Alkalowd Usage
Purine aikaloid Coffea arbica caffeine Neonatal apnea. atopic
(Rubiaceae) dermatitis
Paullinia cupaaa
(Sapindaceae)
Cola nitida, C. ac:uninata
(Sterculiaceac)
Theobroma cacae Theobromine | Antiasthma
{Sterculiaceae)
Terpenoid alkaioid | Aconitum napellus Aconitine Rheumatism, neuralgia
(Ranunculaceae)
Diterpenoid Taxus brevifolia Taxol Treatment of mamma and
alkaloid (Taxaceac) ovary carginomq and several
other malignancies
Phenylalanine Catha edulis ) Cathine Anorectic
derived alkaloid (Celastraceac)
Ephedra sinica, .Ep_l-l_ehcf;ie Nasal decongestant

E. shunnungiauia

(Ephdraceae)

Wink (1998c¢) has summarized modes of action of alkaloids, considering subcellular

targets and interactions with particular organs along with their effects on the physiology

of complete organisms.

Imyportant subcellular targets include DNA, RNA, and the

cnzymes involved in their synthesis. Other enzynies involved in protein biosynthesis, in

maintaining membrane integrity and ion channels, electron transport chains and signal

transduction pathways are also important largets. At the organ level, alkaloids may

atfect the function of ihwe brain, muscies, heart and the circulatory system, lungs,

Kidneys, liver, bones and the process controlled by these organs such as digestion,

diuresis, respiration, blood circulation, hormonal interactions and reproduction, or the

maintenance of homeostasis. Wink ef al. (1998) have discussed comparative in vitro

assays to clucidate the modes of action of about 70 different alkaloids, which represent

most structure types and most biochemical properties.
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1.2 Identification of genes and manipulation studies involving transgenic

plants tissues

1.2.1 Isolation of genes in alkaloid biosynthesis

Kutchan er al. (1988) were the first group to clone a gene encoding an enzyme
specific to an alkaloid biosynthelic pathway - strictosidine synthase (S8SS) from
Rauvolfia serpenting. SS8S catalyzes the stereospecific condensation of tryptamine and
seco-loganin to form 3o(S)-strictosidine, a key intermediate in indole alkaloid
biosynthesis. Since then, many genes involved in alkaloid metabolism have been
cloned (Table 1-2). Most cDNAs have been isolated by a strategy involving either
purification of enzyme protein, amino acid sequencing and screening libraries with
synthetic oligonucleotide probes or by immuno-screening an expression library with an
antibody (Sailo and Murakoshi, 1998). Differential screening of librarics prepared from
mutants or induced cells, and genctic complementation in other organisms, have also
been useful strategies to identify cDNAs without enzyme purification (Vetter ef al.,
1992; Noji er al., 1993, 1994; Hibi er af, 1994). The isolated genes were then

expressed as proteins in heterologous cells, gencrally £. cofi, to verify their identity.
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Table 1-2 Cloned genes involved in the biosynthesis of alkaloids in plants.

Type of

metabolite

Enzyme / gene

Species

Details on DNA recovered

Cloning strategy

Reference

ivono-
terpenoid
indole
alkaloid

Tryptophan decarboxylase
(TDC or TryDC)

Cuatharanthus roscus

cDNA

Antibody screening

De Lucaet ul., 1989

Genomic DNA

cDNA probe

Goddin ef al., 1994

Camptotheca acuminata

cDNA(TDCI)

Genomic DNA (TDC)

pariial genomic clonc used as

probe

c¢DNA probe

Lopez-Meyer and Nessler, 1997

3-Hydroxy-3-methylglutaryl  Catharanihus roseus ¢DNA PCR product used as probe Maldonado-Mendoza ef af., 1992
CoA reductase (HMGR)

Strictosidine synthase Rauwolfia serpentina cDNA Oligonucicotide probe Kutchan et al., 1988

(STR or SS8§

5 } R. serpenting Genomic DNA cDNA probe Bracher and Kutchan, [992

R. mannii

(STR} and the prometer)

C. roseus cDNA Oligonuclcotide probe McKnight et ¢f., 1990
{SSS) Antibody screening Pasquali ef uf., 1992
Genomic DNA cDNA probe Pasquali et af., 1999
{STRY and the promoter)
Strictosidine beta-D- C. roscus cDNA (3GD) PCR product used as probe Geerlings et al., 2000
glucosidase (SGD)
Polyneuridine aidehyde R. serpentina cDNA PCR product used as probe Dogru et al., 2000

esterase (PNAE)
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Type of Enzyme / gene Species Details on DNA recovered Cloning strategy Reference
metabolite
Tabersonine 16-hvdroxylase € roseus cONA PCR product used as probe Schroder et al., 1999
{TI16H)
Desacetoxyvindoline-4- C. rascus cDNAs PCR product used as probe Vazquez-Flota ef of., 1997
hydroxvliase (D4H) {cD4H-1, cD4H-2, cD4l1-3)
Genomic DNA (gD4/1-8) ¢DNA probe
Acetyl CoA:deacetyl- ( roseus Genomic DNA St-Picrre ef al., 1998
vindoline 4-0O-accyl-
transferase (DAT)
Isoquinnline  Tyrosine/3,4-dihydroxy- Papaver somniferum cDNA (T DCH PCR product used as probe Faechini and De Luca, 1994
afkaloid phenylalanine (dopamine)

decarboxylase

(TyDC/DODC)

cDNAs (¢TyvDC2, e TDC3)

Genomic DNAS
(g yDCI, gTvDCH)

Heterologous cDNA probe

cDNA probe

Genomic DNA (TvDC5)

PCR product used as probe

Maldonado-Mendora e ¢f., 1

990

S adeiosyl-L-methionine: Copiis japanica cDNA Otigonucleotide probe Morishige et al., 2000
neorcociaurine 0-O-meihyl-

transferase (6-OMT)

Coclaurine N- C. japonica cDNA RACE products cloned Choi et al., 2002
methyltransferase (CNMT)

Berbamurine synthase Berberis stolonifera cDNA Oligonucieotide probe Kraus and Kutchan, 1995

(CYPSOA ()
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Tvpe of Enzyme / gene Specics Petails on DNA recovered Cloning strategy Reference
metzbolite
{S}-N-methylcoclaurine 3= Eschscholtzia californica ¢DNA Oligonucleotide probe Pauli and Kutchan, 1998
hydroxylase (CYPS0BI
ydroxylase ( ) P. somniferum cDNA PCR product used as probe Huang and Kuichan, 2000
& adeniosyl-L-methionine: C. japonica cDNA Oligonucicotide probe Merishige ef al., 2000
3-hydroxy-N-methyl-
coclaurine 4°-0-methyl-
transferase (47-OMT)
Berberine bridge enzyme E. californica cDNA Oligonucleotide probe Dittrich and Kutchan, 1991
S)-reecuculine:oxygen , ;
((S)-reccu ye Genomic DNA ¢DNA probe Hauschild et af., 1998
xidoreductase, BBE
o ! ) (BBE£} and the promoter)
P. somniferum Genomic DNA Facchini et af., 1996
S adenosyl-L-methionine: C. japontca cDNA Oligonucleotide probe Takeshita ef al., 1993
scoulerine 9-O-methyl-
transferase (SMT)
Codeinone reductase P. somniferion cDNAS(CORL I, COR [ .2, PCR product used as probe Unterhinner et al., 1999
COR 1.3, COR 1.4}
Tropane Ornithine decarboxylase Darura stramoninum cDNA PCR product used as probe Michael er af.. 1996
alkaloid {(ODC)
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Tvpe of Enzyme / gene Species Details on DNA recovered Ciloning strategy Reference
metabolite
Putrescine N- Atropa belladonna cDNASs (AbPMTI, ABPMT2) cDNA probe Suzuki et al., 1999
methyltransferase (PMT
yltransferase (PMT) Hyoscyamus niger cDNA (HnPMT)
Tropinone reductase | D. stramominm cCNA Oligonucieotide probe Nakajima ef al., 1993a
{TRI) _ .
H. niger cDNA RACE products cloned Nakajima et af., 1999
Genomic DNA
Tropinone reductase [ D. stramonium cDNA Oligonucleotide probe Nakajima ef af., 19932
{TRI{) . . , .. '
I niger cDNA Oliganueleotide probe Nakajima et «l., 1993b
Hyescyamine 6f3- . niger cDNA Antibody screcning Matsuda et al., 1991
xyl .
hydroxytase (HGH) Genomic BNA cDNA probe Kanegae er af., 1994
Pyridine rnithinc decarbox ylase Nicotiana tabacum cDNA Differential screening Imanishi er af., 19982, b
alkaloid {ODC)

Genomic DNA (gNiODC-1)

cDNA probe

[manishi er af., 2000

Arginine decarboxylase N. tobacum cDNA Subtractive hybridization Wang ef af., 2000
(ADC) sereening
S-adenosylmethionine Lycopersicon esculenttimt cDNAS (SAMT) Differential screening Espartero ef af,, 1994

synthetase (AdoMet)

cDNAs (5402, SAM3)

cDNA probe

Quinolinic acid
phosphoribosyltiransferase
(QPT)

N 1abacum

N. rustica

cDNA (TQPT)

cDNA (ROPT)

PCR product used as probe

Sinclair er gl., 2000
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Type of

metabolite

Enzymw / gene

Species

Details on DNA recovered

Cloning strategy

Reference

.

Putrescine N-

methyltransferase (PMT)

N tabacum cDNA Differcntial screening Hibi et al., 1994

N rabacum cv Xanthi Genomic DNA cDNA probe Ricchers and Timko, 1999
(PMTla, PMT 2, PMT 3, PMT 4)

N. sylvestris Genomic DNA (NsPMTI, 2, 3) ¢DNA probe Hashimoto ef al., 1998a

N. attenvara

cDNA (NaFMTI, 2)

PCR product used as probe

Winz and Baldwin, 2001

Pyrrolizidine

alkaloid

Hemospermidine synthase
{HSS)

Senecio vulgaris

cDNA

PCR product used as probe

Kaiser, 1999

PCR product used as probe

Ober and Hartrmann, 1999

Acridone
alkaloid

w subunit {(exl and «2) of

anthranilate synthasec (AS)

Riuta graveolens

cDNAs (ASaf, ASa2)

A fragment of yeast ASer as probe

Bohlmann et af., 1995

Acridone svnthasel

R. graveolens

cDNA

Oligonucicotide probe

Junghanns e al., 1995

Acridone synthascil

R. graveolens

cDNA

a fragment of heterologous

chalcone synthase gene as probe

Lukacin ef ¢f., 1999

Ergot
alkaloid

4-(Gamma gamma-
dimethvlaltyl) trytophane
synthase (DMATS)

Claviceps fusiformis

cDNA {dmualt)

PCR product used as probe

Tsai et al., 1995

C. purpurca 1329

strain P1

Genomic DNA (cpd!)

cDNA from C. fusiformis used as

heterologous probe

Tudzynski et «f., 1999

Lysergyl peptide
synthctasel (LPS1)

C. purpurea 1029

strain P

Genomic DNA (cppsf)

Chromosome walking downstrcam
of cpd!

Tudzynski er af., 1999

Chanoclavine cyclase

C. purpurea 1029

strain P1

Genomic DNAs (Two putative

oxidase genes; cpox!, cpox2)

Chromosome walking upstream of
cpdl

Tudzynski et al., 1999

=
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Type of

metabolite

Enzyme / gene

Specics

Details on DNA recovered

Cloning strategy

Reference

Heterocyclic

amino acid

B-Pyrazolezlanine

Citrullus vulgaris

cDNA

Genetic complementation

Noji ef al., 1993, 1994

General or

unknown

Cytochrome P450

Catharanthus roseus

CDNA {Crosi, Cros2)

PCR, product used as probe

Vetter ¢t al., 1992

Meijer et al., 1993h

CDNA (Cros/t)

Genomic DNA (Cros3)

cDNA probe

cDNA probe

Mangold ef al., 1994

Cytochrome P450 reductase . somniferum cDNA PCR product used as probe Rosco et al., 1997
E. californica

NADPH:cytochrome P450 C .roseus cDNA Antibody screening Meijer er ul., 1993a

reductase Genomic DNA

Ser i Lrac i 9
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Chapter 1: Introduction 18

1.2.2 Expression of recombinant DNA encoding enzymes involved in alkaloid

biosynthesis in transgenic plants

The availability of cloned genes involved in alkaloid metabolism has allowed the
investigation and manipulation of the biosynthesis of plant alkaloids at the molecular
level. Altering the expression of these genes can be used to manipulate the metabolic
pathways in transgenic plants and in tissues cultured iz vitro. This can be performed in
the same species as the genes were derived {rom, or across wide phylogenetic distances.
Over-expression of only one gene encoding an enzyme in the nmuulti-step biosynthesis
pathway, however, does not usually result in a significant increase in the amount of end
product of the pathway. Sometimes it leads 1o only a marginal increase in the end
product, even though the activity of the encoded enzyme or its immediate metabolitc
has been increased (Hashimoto and Yamada, 1994). Table 1-3 lists examples of some
plant species which have been successfully transformed using genes from plants (either
the same or different species), microorganisms or ammals to modify the amount or

pattemn of alkaloid production {modified and updated from Saito and Murakoshi, 1998).

-
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Table 1-3 Exampies of manipulation of alkaloid biosynthesis by gene transfer. E‘
o
Enzyme (source) Haost Phenotype of transformaats Reference =
Terpenoid indole and guinoline %
alkaloids a
a
Tryptophan decarboxylase Nicotiana tabacum plants Increase in levels of the enzyme, tryptamine and tyramine without Songstad er al., 1990, 1991; §‘
(TDC) {CaM V35S promoter) significant effects on anthranilate synthase and chorismate mutase, | Poulsen ¢f ¢f., 1994,
(Cathara:thus roseus) the chorismate-utilizing enzymes which function as branch point Thomas ¢t al., 1995
enzymes in the shikimate pathway :
TDC was targeted to either the chloroplast, endoplasmic reticulum | Di Fiore ef af., 2002
or cytosol of transgenic plants. Targeting to the chloroplast resulted
in the highest level of tryptamine but also led to a iesion-mimic
phenotype in transgenics.
Brassica napus plants Redirecied tryptophban pools away from indole g-lucosinolale Chavadej et ol., 1994
{(CaM V35S promoter) production. Thus mature seeds accumulated tryptamine and
contained reduced level of indole glucosinotates to increase
palatability in animal feed.
Solanum tuberosum (potato) Accumdated tryptamine, the immediate product of the TDC Yao et af., 1995
plants (CaM V35S promoter) reaction. The redirection of tryptophan into tryptamine also resulted
in a dramatic decrease in the levels of tryptophaa, phenyi-alanine
an¢ phenylalanine-derived phenolic compound- as well as
polyphenolic compounds, such as lignin, in transpenic tubers
compared with nontransformed controls.
Peganum harmala suspension | Increased the levels of enzyme activity (up to 11-fold in the callus Berlin ef ., 1993
cell and root cultures and 20-fold in the cultured roots) and serotonin (hydroxylated
(CaM V35S promoter) tryptamine) (up to 10-fold) but the level of tryptamine was
unchanged.
Catharanthus roseus crown Increase in TDC protein level, TDC activity and tryptamine content | Goddign et af., 1995
gal calluses but no significant increase in indole alkaloid production.
(CaMv355 promoier)
v
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Enzyme (source) Host Phenotype of transfonnants Reference
Catharanthus roseus crown Decrease in levels of TDC activity Goddijn et al., 1995
gall calluses containing the
7DC antisense construct
(CaMV358S promoter)

Strictosidine synthase N. tabacum plants Targeting te vacueie to obtain high levels of the enzyme activity (3- | McKnight ef al., 1991

(C. roseus)

{CaMV358S promoter}

to 22-fold).

Tryp*ophan decarboxylase and
strictosidine synthase
(C. roseus)

M. tabacum cell culuures
(CaMV35S promoter)

Accumulated tryptamine and produced strictosidine upon feeding of
secologanin, In contrast to C. roseus, the tobacco cells excreted this
alkaloid. This demonstrated the functionality of the two transgene-
encoded enzymes in vivo.

Hallard et al., 1997

N. tabacum plants
{CaMV 35S promoter}

Being introduced with both genes on a single transforming plasmid,
33% of the transgenic plants expressed and accumulated the
transcripts of both transgenes.

Leech et al., 1998

C. roseus cell cultures
(CaMV 358 promoter)

Alkaloid accumulatioi: -y highly productive transgenic lines showed
considerable instability. High transgene-encoded tryptophan
decarboxylase activity was unnecessary for increased productivity.
In contrast, high strictosidine synthase activity appeared to be
necessary to sustain kigh rate of terpenoid indole alkaloid
biosynthesis

Canel et al., 1998

Cinchona officinulis
transformed root cultures
{CaMV 35S promoter)

High levels of the enzymes and quinidine accumulated in the root
cultures. After 1 year, however, tryptophan decarboxvlase and the
capacity to accumulate alkaloids had been completely lost.

Geerlings ¢t al., 1999

Isoquinoline alkaloid

A promoter fragment (-2060)
of tyrosine/3,4-dihydroxy-
phenylalanine decarboxylase
(TyDC5)

(Papaver somniferum)

N. tabacum plants
(TyDC5 promoter::GUS)

GUS activity transiently appeared in all parts of the seedling during
germination, but was limited to the roots in older plants.
Experiments suggest that TyDC5 expression is transcriptionally
regulated and the enzyme may play an important tole in alkaloid
biosynthesis in the roots and germinating seedlings of opium poppy.

Maldonado-Mendoza et al.,
1996
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Enzyme (source} Host Phenotype of transformants Reference
Scoulcane 9-O-methy- Eschscholtzia californica cell | Expression of Coptis SMT transcript, protein and activity in Sato et al., 2001
ltransferase (SMT) cultures transgenic cells, whereas none of them expressed in the wild type
(Coptis japonica) cells. Change of the metabolic flow of scoulerine to a new branch

for columbarmine resulted in a modified metabolite profile with
several novel metabolites not present in the wild type cells. On the
other hand, sanguinarine, a major alkaloid in the wild type cells, was
markedly decreased in transgenic cells.
Coptis japonica 156-1 cell An increase in SMT transcript (30-50%), activity (20%), and Sato er al,, 200}
cultures (high berberine berberine and columbamine (15%).
producers) (CaMV358
promoter with duplicated
enhancer)
Berberine bridge enzyme E. californica cell cultures The antisense constructs of B8E and CYP80B! were introduced Park et al., 2002

(BBE) and N-methylcoclaurine

I'-hydroxylase (CYPS0OB1)
(E. californica)

separately into the cell cultures. The transformed cell lines showed
reduced accumulation of benzophenanthridine alkaloids compared
with control cultures. The growth rate of the cultures was reduced.
The transformed cells contained Jarger cellular pools of several
amino acids.

Tropane alkaloids

Hyoscyamine 6f3-hydroxylase
{H6H) (Hyoscyamus niger)

A. belladonna plants,
trainsformed root cultures and
regenerated plants

(CaMV 358 promoter)

Elevated levels of enzyme activity and scopolamine in both plants
and root cultures, Leaves of the regenerated plants showed further-
enhanced conversion to scopolamine.

Yun et al., 1992; Hashimoto
et al., 1993

N. tabacum plants
(CaMV 35S promoter)

Hyoscyamine bioconversion. Upon feeding of I-hyoscyamine or its
6-hydroxy derivative, scopolamine could be detected in the leaves.

Yun et al., 1993
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Enzyme (source)

Host

Phenotype of transformants

Reference

Pyridine alkailoids

Omithine decarboxylase
(ODC) (Saccharomyces
cerevisiae)

N. rustica transformed root
cultures {CaM V35S promoter)

Enhanced ODC activity, and increase in nicotine accumulation up to

2- to 3-fold compared to controls (see also Table 1-6).

Hamill e al., 1990

Lysine decarboxyliase (LDC)
(Hafnia alvei)

N. glauca transformed root
cultures (CaMV33S promoter)

Increased LDC activity (10-fold) resulted in an accumulation of
cadaverine (10-fold) and anabasine (2-fold). The levels of nicotine
were {slightly) decreased whereas the levels of anatabine were
increased 4- to 6-fold.

Fecker ef al., 1992

uonsnponuy <1 12jdey)

N. tabacum plants (under rbcS
promoter from potato}

[ncreased cadaverine accumulation in the chloroplasts.

Herminghaus et al., 1991

N. tabacum transformed root
cultures (CaMV 35S promoter)

Increased the levels of LDC activity, cadaverine {14-fold) and
anabasine (3-fold).

Fecker ¢t al., 1993

N. tabacum transformed root
cultures (CaMV35S promoter
and fused to small subunit
rbcS transit peptide)

The enhanced effects resulting from this promoter on the levels of
enzyme activity, cadaverine and anabasine accumulation were
stronger than CaM V338 promioter alone. Over-production of
cadaverine also led to the formation of hydroxycinnamoyl-
cadaverine, new metabolite which have not yet been described as
natural constituents of tobacco.

Herminghaus ef al., 1996;
Berlin et al., 1998

Putrescine N-methyltransferase
{(PMT) (N. tabacunt)

A. belladonna plants and
transformed root cultures
{CaMV 358 promoter with
duplicated enhancer)

Unchanged alkaloid profiles in transgenic plants and root cultures,
despite an increase in PAMT transcript levels compared to the
conirols, {1.3- to 3.3-fold for transgenic plants and 5-fold for
transformed roots). The transgenic plants were phenotypically
normal.

Sato et al., 2001
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Enzyme (source)

Host

Phenotype of transformants

Reference

N. sylvestris plants
(CaMV 35S promoter with
duplicated enhancer)

-Transgenic plants with over-expression of PMT exhibited/possessed
an increase in nicotine (40%) and an accumulation of
methylputrescine in leaves, whereas, the spermidine and spermine
contents were decreased. The phenotypes of transgenic plants were
normal.

-The cosuppression line accumulated a very low level of nicotine
(2% of that of wild type) and increased amounts of putrescine and
spermidine. This suggests that the efficient inhibition of PMT
activity shifted the nitrogen flow from nicotine to polyamine
synthesis. The reduction of PMT activity in roots caused the
accumulation of polyamines in leaf. Several distinct phenotypes in
the TO and T1 generation were observed: a continuous spiral sheet
along the stem, branched inflorescent stems, fruits with a small seed
set from self-pollinated flowers.

Sato et al., 2001

N. sylvestris plants

The sequence was expressed in an anfisensense orientation in V.
svivestris. The leaf material of the transformed plants was fed to
Manduca sexta larvae. Larvae consumed more leaf arca and gained
more mass on the foliage of plants with low PMT expression and
low nicotine levels as compared to plants with high PMT expression
and high nicotine levels and wild type plants.

Voelckel ef al., 2001

Pyrrolizidine alkaloid

Homospermidins synthase
(HSS) (Rhodopszudomonas
viridis)

N. tabacum plants
(CaM V35S promoter)

Free spermidine content in transgenic plants was sigaificantly
decreased while the pool of conjugated spermidine was not affected.
A range of abnormal phenotypes such as dwarfness and swunted
growth was also observed.

Kaiseret al., 2002
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Nicotine Anabasine

| H

Nornicctine Anatabine

A
Fig. -1 Chemical structures of four principal alkaloid, nicotine, :
nornicotine, anbasine snd anatabine, in Nicotiana species.
;
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Chapter 1: Introduction 29

1.3 Nicotiana alkaloids

The presence of pyridine alkaloids is a characteristic of Nicotiana species (Dawson,
1962) with the most widely and abundantly distributed members of tire group being
nicotine, nornicotine, anabasine and anatabine (Fig. 1-1). Saitoh er al. (1985)
determined the quantity of these four alkaloids in leaves and roots of 60 Nicotiana
species representing the 3 subgenera and 12 sections within the genus. In a subsequent
study, Sisson and Severson (1990) reported the alkaloid content and composition in
greenhouse-grown and also field-grown plants of 66 Nicotiana species representing
atmost all of the recognized Nicotiana species at that time. Nicotine and nornicotine
were detected in all Nicoriana species analysed by Saitoh er al. (1985) and Sisson and
Severson (1990) whereas some species cither did not produce anabasine and/or
anatabine, or had trace levels of these alkaloids. These studies, taken together with
previous investigations, showed that wild Nicoriana species predominantly contain a
single alkaloid type, mostly either nicotine or nornicotine, with anabasine being a major
constituent of the alkaloid fraction in a limited number of species (¢.g. N. glauca and N.
debneyvi). The distribution between predominantly nicotine producers and
predominantly normicotine producers n leaf tissues is approximately equal {Sisson and
Severson, 1990). However, the sitvation in rool tissues appears to be different {rom that
in leaf tissues with nicotine being as the major alkaloid in roots of 50 out of 60 species
analysed (Saitoh er al., 1985). Differing from other reports in which anatabine was
never found to be the predominant alkaloid, Saitoh ef al. (1985) also reported anatabine
to be the predominant alkaloid in leaves of N. otopiiora though overall levels of alkaloid

were extremely low compared to most other species in the genus.

While one alkaloid was found to be predominant within a given species, ofien a
sccond alkaloid accounted for a significant portion of the remainder of the alkaloid
fraction (Sisson and Severson, 1990). The most {requent combinations of primary and
sccondary alkaloids detected were nicotine-nornicotine followed closely by nomicotine-
nicotine (Sisson and Severson, 1990). Nicotine-anabasine and nicotine-anatabine were
other combinations that also occurred commonly (Saitoh et «l., 1985; Sisson and

Severson, 1990). Anabasine and anatabine did not occur together in a predominant
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Chapter 1: Introduction 25

combination in any of the species studied (Saitoh et al., 1985; Sisson and Severson,

1990).

A diagram of the biosynthetic paihwayv leading to the synthesis of the four most
common Nicotiana alkaloids, and the main enzymes involved is illustrated in Fig. 1-2.
The synthesis of nicotine, the structure of which contains a pyrrolidine ring as well as a
pyridine ring, occurs in the roots of Nicotiana through the condensation of two
metabolites obtlained from separate areas of primary metabolism. N-Methylpyrrolinium
is derived either from the amino acid omithine or from arginine via putrescine, an
important component of polyamine metabolism. The second metabolite, nicotinic acid,
is provided by the pyridine nucleotide cycle (Leeie, 1983). Key enzymes involved in
the synthesis of these precursors are putrescine methyltransferase (PMT) and quinolinic
acid phosphoribosyltransferase (QPT), respectively (Wagner et al., 1986¢) (details in

sectton 1.4 and 1.5).

Nornicotine is the irreversible demethylation product of nicotine (Leete, 1979). The
site of demethylation of nicotine has been found mosily to be the leaves (Waller and
Nowacki, 1978). Experiments involving Nicotiana rustica lacking roots showed that
approximately 40% o.f nicoting that was laken up and translocated to shoots was
demethylated to produce nornicotine (Griffith and Griffith, 1964). Consistent with
these observations, Saito ef al. (1989) showed that shooty teratoma tissues of M.
tabacum were unable to synthesise nicotine or nomicotine due 1o the absence of roots,
but were able to efficiently biotransform exogenously supplied nicotine to nornicotine.
Separate studies showed that although in cell suspension cultures of N. plumbaginifolia
lacked detectable tobacco alkaloids, they retained an ability to demethylate exogenous
supplied nicotine to nornicotine (Manceau et ¢f., 1989). Light appeared to ¢nhance this
catalytic activity of the cells suggesting that this particular metabolic step may be bound
to photodependent systems (Manceau ef ah, 1989). The enzyme catalyzing nicotine N-
demethylation was partially characterized subsequently in a microsomal preparation
from N. ofophora (Chelvarajan ef al., 1993). More recent studies involving celi-free
preparations from suspension cultures of N. tabacum provided some tentative evidence
for the involvement of cytochrome P-450 in the N-demethylation of nicotine to form

nornicotine (Hao and Yeoman, 1996, 1998). The study also supported the view that
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nicotline N-demethylation is likely to be an enzymatically oxidative demethylation rather

than a transmethylation {Hao and Ycoman, 1998).

Anabasine is derived from the condensation of piperideine and dihydronicotinic acid
(Fig. 1-2). Its structure comprises a pyridine ring, as in nicoline and nornicotine, and a
piperidine unit which arises from lysine, via a piperidinium cation (Dawson, 1962;
Leete, 1983; Luckner, 1990). Several studies indicate that low levels of lysine
decarboxylase are primarily responsible for thc very low levels of anabasine that are
found in Nicotiana hesperis, N. rustica and N. tabacum (Wallon and Bclshaw, 1988;

Walton et al., 1988; Fecker er al., 1993).

Anatabine, ltke anabasine, also contains a pyridine ring and a piperideine unit.
However, there is strong evidence that both rings in anatabine are derived {from nicotinic
acid units (Leete and Slattery, 19706; Leete, 1979). Biosynthesis of anatabine is thought
o proceed via the conversion of nicotinic acid to 3.6-dihydronicotinic acid. This is
decarboxylated to produce 3,6-dihydropyridine which then dimerizes with nicotinic acid
lo produce an intermediate which is converted to anatabine by dehydrogenation (Fig.1-
2) (Leete and Slattery, 19706; Leete, 1979). Despite the similarity of their structures,
there is apparently no interconversion of anatabine and anabasine in tobacco (Leete,
1979). Tt is not yet clear whether the same enzyme/enzyme complex that condenses N-
methylpyrrolinium and nicotinic acid to produce nicoting, is also involved in the
synthesis of anabasine and /or anatabine. Previous work of Walton and Belshaw (1988)
and more recent work of Sinclair and Hamill (2002) suggest that this may indeed be the

case, at least for anabasine.

1.4 The route to the N-Methylpyrrolidine ring

Experiments with radioactive labeled precursors have enabled the unraveling of
many complex biogenic pathways. * Studies conducted since the early 1970s have
provided insight into enzymes associated with alkaloid formation, with cell culture

techniques also playing an important role in the elucidation of the enzymes involved.
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Since the late 1980s, some of the genes encoding enzymes involved in alkaloid

metabolism have been isolated and characterized at the molecular k: +el.

1.4.1 The route to putrescine used for alkaloid biosynthesis

In higher plants it has been shown that putrescine is formed by two independent
routes (Fig. 1-3). One is by the direct decarboxylation of ornithine, which is under the
influence of ornithine decarboxylase (ODC, EC 4.1.1.17). The second route is from
arginine via agmatine and N-carbamoylputrescine, following decarboxylation with
arginine decarboxylase (ADC, EC 4.1.1.19) (Lecte, 1979, 1983). In cell cultures of N,
tabacum, ADC was found not to be inhibited by a 100-fold excess of ornithine and vice
versa, demonstrating that the enzymes, ADC and ODC, were notl competing for th?
same substrate (Berlin, 1981). In some cell types arginine and ornithine are
interconvertable, with arginine being produced from omithine via the urea cycle, whilst
arginine can be hydrolyzed by arginase to form1 omithine (Fig. 1-3) (Beriin, 1981). In
tobacco plants the formation of omithine from arginine appears to be neghgible,
whercas a small fraction of omithine niight be converted into arginine (Yoshida, 19¢7].
There was little interconversion of the two amino acids, omithine and arginine. n

tobacco cell cultures over the course of a 5-day incubation (Berlin, 1981).

1.4.1.1 Inhibition of ODC and ADC activities in plant tissues

The most effective inhibitors of ODC and ADC are the irreversible nhibitors, o-
difluoromethylorithine (DFMO) and difluoromethylarginine (DFMA), respectively
{Berlin, 1981; Flores er al., 1989). They zie highly specific and effective in plant ceills
in vivo and in vitro (Flores et al., 1989) and each has the saric basic mechamsm of
action as an inhibitor of enzyme activity. Upon decarboxylation a highly reactive,
unstable nucicophile is formed which enables the lialogen atom of the reaction product
to bina covalently to a cysteine residue at the active site of the enzyms. thereby

irreversibly inactivating it (Flores er al., 1989; Robins et al., 1994).
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In most cases, DI'MO and DFMA do not seem to be further metabolised by plaat
cells (Flores er al., 1989), except in tissues possessing high arginase activity (Slocum ef
al., 1988). In such tissues, DFMA is partially metabolised to urea and DFMO, thereby
indirectly inhibiting ODC. For example, Slocum and Galston (1985a) observed a
significant inhibition of ODC activity in tobacco ovary tissues treated with DFMA in
vivo. They also demonstrated that bovine and tobacco arginases hydrolyse DFMA in
virro, using an assay based on the production of urea and DFMO (Slocum and Galston,
1985b). Accumuiation of DFMO resulting from arginase-mediated hydrolysis of
DFMA has been shown in tobacco ovary tissues in vivo and, in vitro with purified
bovine argimase using radio-actively labeled substrate, [3,4—3 HIDFMA (Slocum: er al.,
1988). In contrast to animal systems, DFMO treatment did not reduce the puirescine
pool in tobacco cell cultures. suggesting that the cells compensated by increasing the

synthesis of putrescine from arginmne (Berlin, 1981).

Activity of both decarboxylases in plants may also be inhibited by the products of
decarboxylation; ODC by putrescinc and ADC by agmatine (Berlin, 1981). In general,
ADC appears to be more sensitive to feedback inhibition than ODC. Experiments
involving tobacco cell cultures showed that rather high concentraticns of putrescine
were necessary to cause an inhibition of ODC activity (Berlin, 1981). However, there
have been some contradictory stucics concemed with the inhibitory effects of these
amines. Robins e al., (1991¢) demonstrated that feeding either agmatine or putrescine
at 1 mM repressed the activity of ADC in D. stramonium transformed root cultures, In
contrast, the level of ODC activity was not affected by feeding 2 mM putrescine, but
was decreased by the 2 mM agmatine treatment. Hiatt er af. (1986) demonstrated that
ADC activity n tobacco cell cultures was rapidly diminished by cxogenously added
putrescing, agmatine, spermidine or spermine. In contrast, ODC activity was less
affected by putrescine and agmatine (50% reduction in activity) and was unaffected by
the presence of spermidine and spermine. Similarly, activity of the purified ADC from
soybean hypocotyls was inhibited by 70% in the presence of 0.5 mM agmatine or
putrescine (Nam et al., 1997a). In a study of the role of putrescine metabolic pathways
in the differentiation of maize meristematic calius the activities of both ADC and ODC

were [ound to be considerabiy lower in tissues fed with exogenous putrescine compared
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{o non putrescine treated controls (Bemet ef al., 1998). A study involving grapevine
cell suspension cultures also showed that the addition of 5 mM putrescine caused a 4-
fold decrease in ADC activi‘ty. (Primikirios and Roubelakis-Angelakis, 1999). Together,
these resulis appear to indicate that product feedback inhibition is greater for ADC than
for ODC. However, in other studies, an apparent lack of ADC inhibition by agmatine,
except at very high concentrations, has been interpreted as suggesting that feedback
inhibition of this enzyme might not be significant under physiological conditions
(Slocum, 1991).

1.4.1.2 Ornithine and arginine in alkaloid biosynthesis

The relative importance of omithine and arginine in providing putrescine for
alkaloid biosynthesis is not clear. Several studies have suggested that both sources may
be utilised. For example, it has been demonstrated, via the use of radic labeled
precursors, that arginine and the intermediates, agmatine and N-carbamoyiputrescine,
were effective precursors of micotine when applied to excised tobacco root tissues.
However, it was noted that ornithine was also an efficient precursor when fed to tissues
under the same conditions (Yoshida and Mitake, 1966; Yoshida, 1969). Sumilarly, the
relative contribution of these precursor amino acids to the biosynthesis of tropane
alkaloid(s), another putrescine-derived alkaloid, is also not conclusive. Hashimoto ef al.
(1989b) observed that in Hyoscvamus albus root cultures, the tropine moiety of tropane
alkaloids was biosynthesized from both ornithine and arginine via putrescine. They
found that exogenously applied L-[2,3-’H]arginine was converted to diamines
(putrescine and N-methylputrescine) much morc efficiently than was DL-[5-
Clornithine; however, the incorporation of labeled arginine into alkaloids was only
marginaily higher than that of ornithine. Polassium deficiency is known to lead to
increased putrescine content of several plant species (Evans and Malmberg, 1989,
Flores, 1991). Khan and Harborme (1991) found that in Atropa acuminata plants grown
on medium deficient in potassium, the levelé of putrescine and tropane alkaloid, as well
as the activities of both ODC and ADC were increased compared to controls. These
results raise the possibility that in potassium-deficient plants of 4. acuminata, ODC and

ADC may both be responsible for the increase in tropane alkaloid level via putrescine.
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A number of studies have suggested that the ODC route is an important source of
puirescine used for alkaloid synthesis. For example, Mizusaki ef al. (1973) observed an
excellent correlation between the accumulation of nicotine and the increase in ODC
activity in the roots of decapitaied tobacco. However, as ADC activity was not reported
in this study, it is difficult to conclude whether ADC activity also was elevated by
decapitated treatment. A more recent study involving the induction of nicotine
biosynthesis in tobacco cell cultures treated with mJA found that the level of ODC
transcript was rapidly increased, whereas the level of ADC transcript was not affected
(Imamisht et al,, 1998b). It is important to note, however, that ADC is known to be
subject to post-translational and/or post-transcriptional control in plants (Malmberg ef
al., 1992; Raslogi et al., 1993). Thus, the possibility of an increase in ADC activily
without a concomitant increase in transcription can not be ruled out in the experiment
reported by Imanishi ef al. (1998b). In addition to nicotine biosynthesis in Nicoriana,
tropane alkaloid production also incorporated [U-""CJomithine mere efficiently than [U-
H(larginine in aseptic roots of intact planis and in homogenous suspension cultured

cells of A. belladonna (Nyman, 1994).

On the other hand, several studies have suggested that ADC rather than ODC might
provide the principal source of the putrescine which is incorporated into alkaloids. For
example, Tiburcio et al. (1985) observed that changes in ADC activity, but not ODC,
corresponded to increased alkaloid levels in tobacco callus grown on media optimal for
alkaloid biosynthesis. In addition, they also found that L-{U-""Clarginine was more
efficiently incorporated into nicotine than was L-[U-"*Clomithine.  Furthermore,
imhibition of ADC activity by both DFMA and D-arginine was more effective than
inhibitton of ODC by DFMO, in inhibiting alkaloid formation in tobacco callus
(Tiburcio and Gaiston, 1986, Tiburcio et al., 1987). Together these observations
convinced these researchers that arginine 1s the preferred origin of putrescine-derived
tobacco alkaloids. A study by Feth er ¢/. (1986) also claimed support for this postulate.
These researchers showed that there was no change in the ornithine content of tobacco
callus cultures after the induction of nicotine production by transfer to a medium with
altered hormonal composition. Therefore, the orithine level in the calli is not directly

linked to fluxes of metabolites in the direction of nicotine. Another study from the same
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Jlaboratory showed that the steady state level of the omithine pool did not reveal any
correlation with the nicotine-producing capacity of tobacco plants. Furthermore, the
ornithine pools in tomato Toots and tobacco roots were at similar levels, despite the lack
of nicotine synthesis capacity in tomato (Feth and Wagner 1989). However, it is
important to note that these studies did not determine the levels of either ADIC activity
or the arginine pool in the tissues under examination, making it impossible to judge the

relative importance of ADC in the synthesis of nicotine in these tissues.

Evidence from plant species belonging to other genera has also suggested that
arginine supplies most of the putrescine that is consumed in alkaloid biosynthesis. For
example, hyoscyamine production, together with free and conjugated putrescine, were
substantially inhibited by feeding transformed roots of D. stramonium_with DFMA,
whereas only minimal reduction in levels of these metabolites was observed by feeding
with DFMO (Walton et al., 1990; Robins et al., 1991b). Thcse observations led the
researchers involved 1o conclude that the arginine — putrescine route is more important
than the omithine — putrescine route, in providing putrescine for tropane alkaloid
production (Walton e al., 1990; Robins et al., 1991b). 1t should be noted, however,
that feeding DFMA also decreased ODC activity in these experiments, since DFMA can
be converted to DFMO by arginase (Slocum ef al., 1988). Thus, the severe decrease in
alkaloid biosynthesis in response to DFMA feeding may not have been solely due to
mhibition of ADC activity. In addition, it was noted that in DFMO-fed D. srramonium
roots, the level of ADC activity was increased which may have compensated for the loss
of ODC activity due to the inhibitor. This in turn may have prevented a significant
depletion of amine metabolites and alkaloid poois in DFMO-fed roots. Another point is
that the levels of spermidine and spermine in these studies (Walton et ., 1990; Robins
et al., 1991b) were maintained constant regardless of which irhibitor was present.
Thus, it indicated that putrescine was probably metabolised to those compounds

preferentially, irrespective of its original source.

Similar DFMO/DFMA feeding experiments involving Heliotropium angiospermum
and H. indicum shoots as well as Senecio vulgaris root cultures have been interpreted as
providing strong evidence that L-arginine is the main or sole source of puirescine for

pyrrolizidine alkaloid formation in these species (Birecka et al., 1987; Hartmann et al.,
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1988). However, a subsequent study involving 8. riddellii, S. longilobus along with
Crotalaria retusa, indicated that endogenous omithine is the main precursor of
putrescine converted into the aminocalcohol moiety of pyrrolizidine alkaloid. In these
experiments DFMA treatment of the shoots of these plants exposed to C-labeled CO;
had no effect on *C incorporation into the alkaloid necine, whereas DFMO treatment

reduced '*C incorporation into necine significantly (Birecka er al., 1988).

1t should be noted that the biosynthesis of putrescine from arginine, involves not
only ADC activity, but also the co-ordinated activity of agmatine iminohydrolase and
N-carbamoylputrescine amidohydrolase. Burtin and Michael (1997) examined the
effects of over-expressing the oat ADC ¢cDNA in tobacco planis. Despite a_markedly
elevated ADC activity (6- to 16-fold), and elevated agmatine levels (16-fold increase) in
the second-generation offspring of the transgenic plants, no effect on nicotine,
putrescine, spermidine or spermine levels as well as the polyamine conjugate pool could
be detected 1n transgenics compared (o controls. Thus, the capacity of elevated ADC
alone to influence polyamine and alkaloid biosynthesis appears to be limited (Burtin and

Michael, 1997).

Pinol ef al. (1987) suggested that in tobacco plant tissues the relative contribuiion of
ADC and ODC 1o the biosynthesis of putrescine, and consequently of nicotine, 1s

dependent upon the type of tissue and growth process conditioned by the medium.

If putrescine produced by either the ODC or the ADC route is preferentially utilised
either for growth or for alkaloid biosynthesis, the question arises as to how both pools
of putrescine are distinguished in vivo. One mechanism may be by ensuring that the key
biosynthetic enzymes are localised in separate subcellular compartments. An immuno-
histochemical study of oat ADC showed that this enzyme was present in the thylakoids
of the chioroplasts and was not found in root sections of oat seedlings (Borrell er al.,
1995). It is not yet clear whether ADC i§ localised in the plastid of roots of alkaloid
producing species in which its activity has been measured, e.g. in cultured roots of H.
albus (Hashimoto ef al., 1989a), D. stramonium transformed roots {Walton ez af., 1990,

Robins et al., 1991a, 1991b, 1991¢; Michael ¢r al., 1996) and Nicotiana transformed
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roots (Hamill et al., 1990, and this study Chapter 3). In contrast to the localisation of *ﬁ
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ADC in plastids, ODC activity has been detected in the vacuole, nucleus and cytoplasm
(Galston er al., 1997). Thus, 1t is possible that these two biosynthetic pathways leading
to putrescine formation might be physically separated within plant cells (Kumar ¢f al.,
1997; Walden ef al;, 1997). Interestingly, analysis of the deduced proieins from M.
tabacum ODC and ADC ¢cDNAs (Table 1-5), using the PSORT program (Prediction Of

Protein Localisation Sites, version 6.4, hilp://psorthibb.ac.ip: 8800; Nakai and Kanechisa,

1992) suggests that ADC may be targeted to the chloroplast whereas ODC is likely to

be cytosolic, or possibly ER-membrane targeted in tobacco (Table 1-4).

Table i-4 Predicted subcellular localisation of deduced proteins using PSORT
(NC = not computed).

1 N. tabacum ODC Certainty N. tabacum ADC Certainty

ER (membrane) 55% ER (membrane) . NC
ER (lumen) 10% ER (lumen) NC
Peroxisome 13% Peroxisome 33%
Chloroplast (stroma) NC Chloroplast (stroma) 85%

Chloroplast (thylakoid) NC Chloroplast (thylakoid) 46%¢

Mitochondria NC Mitochondria NC

1.4.1.3 Molecular biology of ODC and ADC

In animal systems, ODC is regulated at a number of different levels of gene
expression; including transcription, mRNA stability and degradation, translation and
enzyme stability and degradation (Hayashi and Murakami, 1995). Moreover, ils activity
is regulated in a complex manner by a specific antizyme protein (reviewed in Hayashi
and Murakami, 1995). In mammalian cells and yeast, the presence of polyamines exerts
a strong negative feedback regulation upon ODC, which involves changes in rates of the
synthesis as We!l as the degradation of the enzyme (Hayashi and Murakami, 1995; Toth
and Coffino, 1999; Wallstrom and Persson, 1999). In contrast, increasing the

exogenous supply of polyamines did not suppress ODC activity in tobacco cell cultures
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(Hiatt er al., 19806), raising the possibility that feedback conirol of ODC activity by
polyamines may not be as important a control step in plants as it is in animal systems.
This may, at least in part, be duc to the capacity of plant tissues to sequester excess
polyamines in the form of phenolic conjugates (reviewed in Martin-Tanguy, 1985,
1997).

ODC has been extensively studied at the molecular level in mammalian systems, as
the synthesis of putrescine 1n such cells is solely through the decarboxylation of
omithine (Flores and Galston, 1982; Leete, 1983; Tiburcio er al,, 1997). In plants,
however, the molecular regulation of ODC has been less well characterized (Kumar et
al., 1997; Tiburcio ef al., 1997). Sequence analysis of the first plant ODC ¢cDNA to be
cloned from D. stramonium, revealed that the encoded protein does not possess an
equivalent C-terminal amino acid extension which is known to be involved in the rapid
tumover of mammalian ODC (Michael ef al., 1996). No evidence for a specific ODC
anlizyme protein has been found in plants, unlike the situation in animal cells.
Interestingly, a recent report by Hanfrey er al. (2001) suggests that plants may not be
reliant upon possession of a functional ODC enzyme. In their study, Hanfrey et al.
{2001) report a lack of an intact or degraded ODC sequences, as well as the absence of
ODC expressed sequence tags in the Arabidopsis genome, making Arabidopsis the only

plant characterised to date that lacks ODC activity.

[n comparison to plant ODC, the molecular arnd biochemical regulation of plant
ADC has been more thoroughly investigated. Evidence suggests that ADC activity
scems likely to be regulated at multiple levels by different stimuhi (Malmberg ef al.,
1998). A cDNA for oat ADC was cloned by Bell and Malmberg (1990). Further studies
showed that oat ADC is synthesized as a proenzyme, which is cleaved to produce the
active enzyme (Malmbeig er al., 1992; Malmberg and Cellino, 1994). This post-
translational processing is inhibited by addition of spermine (Borrell ef al., 1996). Nam
et al. (1997a) demonstrated that the activity of purified ADC from soybean is very
sensitive to agmatine and putrescine whereas application of 0.5 mM spermidine or

spermine inhibited ADC activity by only 10-20% (see also section 1.4.1.1).
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Several studies have shown correlations in transcript levels and enzyme activity in
different types of tissue or in different developmental stages of plants (reviewed by
Malmberg et al., 1998). In sovbean for example, an increase in ADC activity after acid
treaiment was preceded by a corresponding increase in ADC transcript lcvels (Nam et
al., 1997b). Furthermore, ADC activity in different soybean tissues was found to be
correlated with transcript tevels (Nam et al., 1997b). On the other hand, some studies
have shown that changes in transcript and protein levels cannot account for the
vbservable changes in enzyme activity (Malmberg ef al., 1998). Rastogi ef al. (1993)
reported a lack of correlation between ADC activity and transcript levels in the fruit of
ripening tomato. This suggests that ADC may be subject to translational and/or post-
translational regulation during the process of fruit ripening in tomato. Similar
conclusions have been drawn from studies involving pea (Perez-Amador er al., 1995)
and Arabidopsis (Watson and Malmberg, 1996). A similar study in ¥itis minifera found
that fevels and/or activity of ADC is post-translationally regulated (Primikirios and
Roubelakis-Angelakis, 2001). Changes in ADC activity during early fruit development
in pea (Perez-Amador et /., 1995) or due 1o potassium deficiency stress in Arabidopsis
(Watson and Malmberg, 1996) did not appear {o correlate with transcript or protein
abundance. In contrast to the situation of oat ADC (Malmberg and Cellino, 1994,
Malmberg ef al., 1992), however, evidence of ADC regulation by post-translational
proteolysis of a precursor protein could not be detected in Arabidopsis (Watson and
Malmberg, 1996). Thus, a variety of mechanisms may be involved in regulating ADC
in different plant species and tissues, in response to a range of stimuli (Tiburcio er al.,
1997).

Many of the plant decarboxylase genes involved in polyamine biosynthesis are
developmentally regulated (Kumar er al., 1997). For example, the Datura ODC gene
{Michael et al., 1996) and the potato SAMNC gene (Taylor e al., 1992; Mad Arif er al.,
1994) all appear 1o be expressed preferentially in rapidly growing tissues (Kumar ef al.,
1997). These resuits are consistent with reports that ODC appears to be associated with
actively dividing cells in meristematic and reproductive tissues. ADC has been reported

to be the primary enzyme for putrescine synthesis in non-dividing elongating cells and
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in cells exposed to various stress conditions (Slocum et al., 1984; Evans and Malmberg,
1989; Tiburcio ef al., 1997, Walden er al., 1997).

In recent years, DNA sequences encoding ODC and ADC have been cloned from

various plants as listed in Table 1-5. |

Table 1-5 Cloned sequences encoding plant ODC and ADC

Enzyme Source of plant species Reference
encoded
OoDC Datura (Darura stramonium, cDNA) Michael ef al., 1996
Tobacco (Nicotiana tabacum, cDNA and genomic DNA)  Imanishi ¢f al., 1998a, b, 2000;
Wang et al., 2000 .
Tomato (Lycopersicon esculentum, cDNA) Alabadi and Carbonell, 1998 f
ADC Oat (Avena sativa, cDNA) Bell and Malmberg, 1990 ) KJ
Tomato (L. esculentum, cDNA) Rastogi ef al., 1993 §
Pea (Pisum sativim, cDNA) Perez-Amador ef al., 1995
Soybean (Glycine max. cDNA) Nam ¢t al., 1996
Arabidopsis thaliana (two cDNAs) Watson and Malmberg, 1996; é
Watson ¢f al., 1997
Tobacco (N tabacum, cDNA) Wang et al., 2000 '
Grapevine (Fitis vinifera, cDNA) Primikirios and Roubelakis- E
' Angelakis, 1999 !
Caration (Dianthus caryophylius, genomic DNA) Chang et al., 2000
}
Each clone encodes a protein containing a conserved putative substrate-binding site s

found in all reported eukaryotic ADCs or ODCs (Walden er al., 1997). Furthermore,
they also have residues similar to those described as functional binding sites for
pyridoxal 5’-phosphate and DFMO, suggesting a similar catalytic mechanism of
cukaryote ADCs and ODCs (Tiburcio ef al., 1997, Walden er al., 1997). The structure ;

and the cvolution of both decarboxylases have been reviewed by Malmberg et al.

.

(1998). ADC in plants is typically encoded by a single or low copy nuclear gene, which
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appears to lack introns (Galloway et al., 1998). Two copies of the 4ADC genes, ADC/

and 4DC2, are found in Arabidopsis (Watson et al., 1997) and in all other members of
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the Brassicaceae so far examined except the basal genus Aethionema (Galloway et al.,
1998). Comparison of ADC gene sequence between different species within the
Brassicaceae has also been used to determine phylogenetic relzdonships (Galloway et
al., 1998). Ruiz et al. (2000) have identified five different molecular forms of oat ADC

and have shown that all of them are immunoreactive and have enzymatic activity.

Mutants deficient in ADC activity have been 1solated from A. thaliana by Watson et
al. (1998). Genetic analysis of these mutants indicated that the alleles feill into two
complementation groups named spel and spe2. These mutants exhibited 20% to 50%
of wild type ADC activity. The most striking phenotypes of the individual spe mutants
were i1 root development, where decreased ADC activity was correlated with increased
lateral root branching and root growth (Watson er al., 1998). Soyka and Heyer (1999)
have isolated an A. thaligna mutant line carrying an incertion of the EN-/ transposable
element at the ADC?2 locus which caused a knockout of the gene. ADC activity in this
mutant is reduced by 44% relative to wild type without obvious changes to phenotype or
developmental processes. In this case, ADC2 seems to play a predominant role in the
osmoltic stress response, since unlike the wild type, no induction of ADC expression or

activity by the osmotite sorbitol could be observed in the homozygous mutant.

Experiments involving altered ODC and ADC expression in (ransgenic plants, or
cell and tissue cultures, have also been attempted to provide further insights into
function or regulation. A summary of these activities and the main conclusion obtained

is presenied in Tabie 1-06.
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Table 1-6 Manipulanions of ODC and ADC 1n plants and cultures

Species of plant and celi
types used for study

Procedure

Matn effect

Reference

Induction of ODC

Nicotiana rustica
transformed root cultures

Over-expressed yeast ODC
{(CaMV35S promoter)

Aitered ODC activity profile with an increase up to 3-fold at day 10 of
growth cycle (peak ODC activity in control tissues) and persistence of
ODC activity thoughout growth cycle such that ODC activity of transgenic

tissues were 30-fold greater than that of controls at day 26 of growth cycle.

Nicotine levels of transgenic tissues increased up to 2-3 fold relaiive to
controls. Some changes in putrescine content but no alteration in
spermine/spermidine content of transgenic tissues.

Hamill et af., 1990

uondnponu( ;| Jadey)

N. rabacum cv. Xanthi
whole plants and generated
calius

Over-expressed mouse ODC
(either thuncate or full-length}
(CaMV35S promoter)

Increased putrescine accumuiation in both leaves (2- to 3-fold) and callus
cells (4- to 12-fold). Effects on alkaloids metabolism not assessed.

DeScenzo and Minocha,
1993

Daucus careta cell cultures
(carrot)

Over-expression of 3°-
truncated sequence of mouse
ODC (CaMV35S promoter)

Increased putrescine levels which comrelated with the induction of a high
degree of somatic embryogenesis under in vitro conditions. The induction
in putrescine production via the ODC pathway has no compensatory
effects on the ADC pathway since labeled arginine fed to both transgenic
and nontransgenic cells were decarboxylated and converted into labeled
putrescine at sirnilar rates. In addition, higher rates of putrescine
aroduction in the transgenic cells are accompanied by higher rates of
putrescine conversion into spermidine and spermine as well as catabolism
putrescine.

Bastola and Minocha,
1995; Andersen ef af.,
1998

Oryza sativa whole plants

Over-expressed human ODC
{with either CaM V35S or
seed-specific promoters)

Significant alterations in titres of putrescine, spermidine and spermine, in
seeds, leaves, and roots.

Lepri et al., 2001
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Species of piant and cell
types used for study

Procedure

Main effect

Relerence

Induction of ADC

N. rabacum cv.
Wisconsin38 whole plants

Over-expressed oat ADC
(Inducible promoter, the Tet-
Tepressor system)

Increased the levels of ADC transcript and activity, together with
putrescine and spermidine contents {mainly conjugated forms), following
Tet induction. Stunted growth with altered phenotype, characterized by
short interniodes, thin stems and leaves, leaf chlorosis and necrosis, and
reduced root growth. Effects on alkaloids metabolism not assessad.

Masgrau et al., 1997

N. rabacum cv. Xanthi
whole plants

-

Over-expressed cat ADC
(CaMV35S promoter)

Increased ADC activity (10- to 20-fold) and agmatine level (20- to 65-
fold). No increase in the levels of the polyamines, putrescine, spermidine
or spermine, was observed. No diversion of polyamine metabolism into
hydroxycinnamic acid-polyamine conjugate pool or into the tobacco
alkaloid nicotine was detecied.

Burtin and Michae!,
1997

O. sativa callus and whole
plants

Gver-expressed oat 4DC
(CaM V35S promoter)

Increased putrescine levels in transgenic callus and regenerated plants (up
to 4-fold). The ability/capacity of the callus to regenerate plants or to
differentiate were inhibited.

Capell et af., 1998

O. sativa callus and whole
plants

Over-expressed oat ADC
(maize ubiquitin 1 promoter)

Significantly increased the levels of ADC transcript and activity, together
with polyamine contents in transgenic callus but were not maintained in
vegetative tissue. Only one in 16 independent transgenic lines showed
very significant increases in putrescine preferentiaily in seeds (up to 10

times compared to controls).

Noury et al., 2000

0. sativa whole plants

Over-expressed oat ADC
{with an ABA-inducible
promoter)

Stress-induced up-regulation of ADC activity and accumulation of
polyamines in plants.

Roy and Wu, 2001

Cajanus cajar cell lines

Over-expressed oat ADC

Increased titres of putrescine in all lines analysed, whereas spermidine and
spermine levels were increased in only some of the lines.

Sivamani er al., 2001
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Species of plant and cell Procedure Main effect Reference g
types used for study B2
-4

Down-regulation of ADC -
=

Oryza sativa callus and Expressed oat ADC in an Exhibited up to 95% and 80% reduction in ADC and ODC activitics, Capell et af., 2000 g
plants antisense orientation respectively, in cell lines. These reflected in a marked decrease in the s
(CaMV 358 promoter) levels of putrescine {(up to a 30-fold reduction) and spermidine (up to a 28- §'

fold reduction), but not spermine. In contrast, the vegetative tissue of
transgenic plants did not show a reduction in polyamines levels. However,
seeds derived from three out of five plant lines analysed possessed
significant reductions in putrescine levels (up to 5-fold reduction).
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SAM = S-adenosylmethionine

PMT = putrescine methyltransferase

MPO = methylputrescine oxidase

NS = nicotine synthase (not characterised to date)
* = Spontancous reaction

Fig. 1-4 Biosynthetic pathway of nicotine from putrescine and
nicotinic acid.
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1.4.2 The route from putrescine to N-methylpyrrolininm salt

Putrescine is probably found in all living cells (Galston and Kaur-Sawhney, 1995)
and 1s metabolised to conjugated forms or to the cell function-regulating polyamines,
spermidine and spermine (Slocum ef al., 1984; Tiburcio ef al., 1997). As has been
noted, in some plants, however, putrescine is also metabolised to alkaloids such as
nicoting {pyrrolidine - aikaloid), nyoscyamine (tropanc alkaloid) and serecionin
(pyrrolizidine alkaloid). Turburcio ef al. (1985) have suggested that bound putrescine,
particularly in the perchloric acid (PCA)-soluble fraction, may act as a pool for
pyrrolidine alkaloid formation in tobacco callus when grown on optimal media for
alkaloid biosynthesis. The demonstration that both putrescine conjugates and
pyrrolidine alkaloid (nicotine plus noricoting) titers were effectively reduced by
polyamine inhibitors has supported this view {Turburcio ef af., 1987). Similarly, a
significant decrease in the content of PCA-soluble putrescine conjugates that may
supply free putrescine for tropane alkaloid formation was observed at the onsel of active
alkaloid biosynthesis in H. albus root cultures (Hashimoto ef a/., 1989a). Robins et al.
(1991c) also suggested that putrescine conjugates may act as a poo! of putrescine for
tropane alkaloid biosynthesis in transformed root cultures of D. stramonium. A more
recent study of the utilization and accumulation of N labeled metabolites in D.
stramonium transformed root cultures, using l"’N“nuclear—mag,nclic-rcs-:mance, also
found that putrescine could be stored as putrescine conjugates prior 1o its utilization in
other pathways (Ford er /., 1998). In addition, the lack of stimulation of hyoscyamine
production in D. stramonium transformed root cultures by exogenously supplied
putrescine indicates that subsequent reactions may be saturated and/or rate-limiting in

alkaloid biosynthesis (Walton et «!., 1990).

Putrescine N-methyltransferase (PMT, EC 2.1.1.53) is the first enzyme spectfic to
the pathway of nicotine and tropane alkaloid biosynthesis and directs the flow of
nifrogen away f{rom polyamine biosynthesis to alkaloid biosynthests (Fig.1-4).
Evidence for this is apparent {rom the reverse relationship that i1s observed between the
contents of putrescine and tropane alkaloids caused by the inhibition of PMT. Both H.

albus and D. stramonium rool cultures treated with N-butylamine, a PMT inhibitor,
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resulted in a decrease in the combined total content of alkaloids plus methylputrescine
together with an approximately equal degree of increase in the combined total contents

of putrescine plus polyamines (Hibi ef al., 1992).

PMT catalyses the formation of N-methylputrescine, an intermediate in the pathway
of nicotine and tropane alkaloid biosynthesis, by transferring a methyl group from §-
adenosy!l-L-methionine (SAM) to an amino group of putrescine (Mizusaki et al., 1971;
Leete. 1979, 1983; Kuichan, 1998) (further details relating to PMT are in section
1.4.2.1).

In the next step, N-methylputrescine is oxidatively deaminate¢ to 4-methyl-
aminobutanoi by N-methylputrescine oxidase (MPO) (Mizusaki et al, 1972). This
compound undergoes spontancous ring closure to form the N-methylpyrrolinjum cation
(Fig. 1-4) (Leete, 1979). MPO has been isolated and characterised from N. tabacum and
has been demonstrated to catalyze the oxidative deamination of the primary amino
group of N-methylputrescine (Mizusaki et al., 1972; Davies et al, 1989). In N.
tabacr:m, MPO activity was found only m the roots (Mizusaki e al., 1973) which is
consistent with the site of nicoline biosynthesis (Waller and Nowacki, 1978).
Moreover, the level of MPQ activily was increased by prior decapitation (topping) of
tobacco plants (in comjunction with ODC and PMT activities) and the enzyme level
reached a maximum 24 hours after decapitation (Mizusaki ef al., 1973). Cadaverine is
also oxidized to piperideine, an important intermediate in the synthesis of the alkaloid
anabasine (Fig. 1-2), by MPO whereas other primary amines, such as histamine,

tyramine and hexylamine, are not suitable substrates for the enzyme (Leete, 1983).

The N-methylpyrrolinium cation is a reactive compound which couples with
nicotinic acid to form nicotine (Leete, 1983). Nicotine synthase, the enzyme
responsible for producing nicotine from N-methylpyrrolinium cation and nicotinic acid,
has been reporied in cell-free extracts from roots of Nicotiana glhitinosa and N. tabacum
and from seedlings of N. tabacum, though il has not been characlerized in any detail
(Friesen and Leete, 1990). Other laboratories have reported difficulties in measuring

nicotine synthase in cell free extracts of Nicotiana (Hashimoto and Yamada, 1994).
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1.4.2.1 Enzymatic and molecular genetics of PMT

1.4.2.1.1 Enzyme properties

PMT was first reported in N. tabacum roots, where it was noted that the catalytic
reaction of PMT has no requirement for other cofactors (Mizusaki et al., 1971).
Subsequently, the enzyme has been purified and characterized from root cultures of H.
albus and D. stramonium (Hibi er al., 1992; Walton ef al., 1994). PMT activity was
found in Nicotiana cell suspension cultures that produced nicotine but was absent in cell
lines that did not produce nicotine (Ohta and Yatazawa, 1980). The enzymology of
PMT has been extensively studied in cell culture and roots of tropane and pyrrolidine

alkaloid producing species, the main studies involving PMT being summarized in Table
t-7 and Table 1-8.

Table 1-7 Summaries of the PMT purification and properties from N. tabacum var.

Bright Yellow, (Mizusaki er al., 1971) H. albus (Hibi er al.,, 1992) and D.
stramonium (Walton et al., 1994)

PMT properties Plant species
N. tabactun var. H. alhus D. stramonium
Bright Yellow roots root cultures transformed root cultures
Purification (fold) 30 13 697
Final vield (%) 26.8 22 3.0
Final specific activity (pkat/mg 854 385 7386
prolein}
molecular weight (kDa) 60 62 40
Optimum pH in Tris buffer 8-9 9 8-9
K. for putrescine (mM) 0.4 0.277 0.31
K for SAM (mM) 0.11 0.203 0.1
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Table 1-8 PMT activities assay conducting from various sources

Plant Tissue PMT activity Reference
‘ {pkat/mg protein) (Analytical procedure)
Nicotiana tabacum Root 24 Mizusaki et al., 1973
var. Bright Yellow Leaf 0 (Radioactive product assay)
Callus 0
(Decapitated Plant) Root 36.7 Mizusaki er al., 1973
Leaf 0 (Radioactive product assay)
N. tabactm var, Samsun Root 14 Feth er al., 1985 (HPLC)
22.5 Wagner et al., 1986c (HPLC)
35 Feth and Wagner, 1989 (HPLC)
" Cultured root 10 Wagner et al.. 1986¢ (HPLC)
Callus 0.55 Wagner ¢f al., 1986c (HPLC)
Suspensi~n culture 0.05 Wagner ¢1 al., 1986¢ (HPLC)
N. rabacum |
cv. Bursa Root 18.6 Wagner et al., 1986¢ (HPLC)
{nicotine-rich)
cv. Bursanica Root 2.8 Wagner et al., 1986¢c (HPLC)
(nicotine-poor)
N. glutinosa Root 18.3 Feth and Wagner, 1989 (HPLC)
N debneyi Root 28 Feth and Wagner, 1989 (HPLC)
Atropa belladonna Root 358 Mizusaki et al., 1973
{Radioactive product assay)
Datura stramonium Root 7.8 Mizusaki ef ¢l., 1973
{Radioactive product assay)
2.7 Feth eral., 1985 (HPLC)
28 Wagner ¢r al., 1986c (HPLC)
Cultured root 9 Feth et al., 1985 (HHPLC)
3.8 Wagner ef al., 1986¢ (HPLC)
Transformed root 10.6 Walton ¢t al., 1994
(Radioactive product assay)
Hyoscyamus albus Cultured root 29 Hibi er al., 1992 (HPLC)
Lycopersicon esculentum Root 0 Mizusaki et al., 1973
(Tomato) (Radioactive product assay)
Not detectable Feth and Wagner, 1989;
Wagner ¢f al., 1986¢ (HPLC)
Barley Seediing 0 Mizusaki ef al., 1973

{Radioactive product assay)

NB PMT activities in tissue and cell cultures of various species studied by Hashimoto ef af. (1989a) have
not been included in this table since they were reported in pkat/g fresh weight.
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In an additional study, Hibi er al. (1992) have determined PMT activity in root
cultures of 17 species representing six tropane alkaloid producing genera from the
Solanaceae. (Atropa, Datura, Duboisia, Hvoscyamus, Physalis and Physochiaina) and
one tropane alkaloid producing species from the Convolvulaceae (Calystegia sepium).
They found that PMT activity varied substantially among species (ranging from 0.03 to
1.3 pkat/mg dry weight). Despite this variation, a correlation between PMT activity and
total alkaloid content was found in the cultured roots that cuntained hyoscyamine-type
alkaloids. The correlation coefficient was 0.745 (n =12, P < 0.01) (Hibi et al., 1992).

1.4.2.1.2 Distribution of PMT among plant organs

In Hvoscyamus niger, Datura innoxia, A. belladonna, and N. tabacum, PMT activity
is strictly localized in the root (Mizusaki er al., 1971; Hibi et al., 1992). This is
consistent with the fact that nicotine and tropane alkaloids are synthesized in the roots
of these species (Waller and Nowacki, 1978). No PMT activity was detected in the leaf,
stem, flower or cultured cells of those tropane alkaloid-producing plants (Hibi er al.,
1992). Simularly, in N. svlvestris PMT transcript was detected in rooi tissue but not in
flower, leaf or stem tissue (Shoji er al., 2000a). In addition, activity in the branch roots
was higher than the main ones consistent with localisation primarily in the metabolically

dynamic region of the root tip (Hibi ef al., 1992).

1.4.2.1.3 Inhibition of PMT activity

Mizusaki er al. (1973) found that the administration of 0.05 mM nicotine to tobacco
roots partially prevented the increase in PMT, MPO and ODC activities that would
nommally be promoted by decapitation. Application of nicotine at a 5 mM concentration
completely prevented a rise in these enzyme activities in decapitated plants. However,
PMT activity in cell free exiracts was not affected by the addition of nicotine.
Therefore, the researchers concluded that the capacity to increase PMT activity in vivo

following decapitation is sensitive to nicoline levels of tissues.
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Varieus antines have been tested for inhibitory effects on PMT in vitro (Hibi et al.,
1992; Waiton er al., 1994). In both investigations, the monoamines: cycloheximine,
exo-2-aminonorbornane and n-butylamnie exhibited strongest inhibition. Kinetic
analysis indicated that these monoamines are competitive inhibitors of PMT with
respect to putrescine (Hibi ef al., 1992). Interestingly, the inhibition by cadaverine (a
diamine intermediate precursor of anabasine) was moderately effective and was
approximately competitive with respect to putrescine (Walton ef al., 1994). N-
methylputrescine also showed inhibition approximately competitive with respect to
putrescine though it is not a substrate for the methylation (Walton er al., 1994). N-
carbamoylputrescine (the immediate precursor of putrescine from agmatine) and
agmatine (the metabolc precursor of N-carbamoylputrescine and the decarboxylation
product of arginine) have no appreciable inhibitory effect on PMT activity in in vitro
assays (Robins ef al., 1991¢c; Walton et al., 1994). Unlike many methyltransferases,
sulfhydry! reagents such as p-chloromercuribenzenesulfonic acid, N-ethylmaleimide and
iodoacetamide, inhibited PMT activity in H. albus root cultures only at rélatively high
concentrations (Hibi er al., 1992). This is not likely to be because O-methyltransferases
require Mg for maximum activity, whilst no such requirement for Mg®", or inhibition

by EDTA was observed for H. albus PMT (Hibi et al., 1992).

Exogenously applied s-butylamine, a strong PMT inhibitor, did not severely
suppress the growth of H. albus cultured roots, although some growth inhibition was
apparent at elevated concentrations (more than 6 mM) of the inhibitor (Hibi e al.,
1992). At all tested concentrations of #-butylamine, (1-10 mM) the content of
tropinone, tropine, pseudotropine and hyoscyamine in the cultures was decreased
whereas the content of 6p-hydroxy-hyoscyamine and scopolamine remained relatively
constant relative to untreated controls (Hibi er al., 1992). These changes suggest that
most of the intermediates leading to tropane alkaloid biosynthesis exist in metabolically
aclive pools and that the synthesis of the two hyoscyamine-derivatives, 6p-hydroxy-

hyoscyamine and scopolamine, is not controlled primarily by the size of the cellular

hyoscyamine pool.
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Treatment of H. albus root cultures with n-butylamine also caused a large increase
in both free and conjugated putrescine, 5-fold in the free pool and 2-fold in the
conjugated pool (Hibi ef al., 1992). The patterns of the increase in putrescine were
mirror images of the decrease in total alkaloids of the root cultures with the magnitude
of the increase 1n total putrescine pools being large enough to account for the decrease
in the total alkaloid pools. As expected, addition of n-butylamine, the inhibitor of PMT,
lead to a drastic decrease in the N-methylputrescine content of tissues. After the same
treatment, in both free and conjugated fractions, the spermine content slightly increased,
whereas the spermidine content slightly decreased. This may indicate that n-butylamine
also inhibited spermidine synthase (Hibi ef al, 1992). There was evidence for the
inhibition of spermidine synthase and the stimulation of spermine synthase in
protoplasts from Chinese cabbage leaves treated with cyclohexylamine (Greenberg and
Cohen, 1985). 1t has been suggested that cyclohexylamine causes an increase in
decarboxylated SAM, which is then utilized for the conversion of spermidine to
spermine. a-Butylamine may have the same function as cyclohexylamin:e due to the

sinilarity of their structures (Hibi et al., 1992).

-

Unlike H. albus cultured roots, the growth of D. stramonium root cultures was
partially inhibited by n-butylamine feeding (13% at ! mM) (Hibt ef al, 1992).
Therefore, the eftect of the inhibitor on alkaloid production in D. stramonium root
cultures was studied only at low concentrations (0.5 and 1 mM). Treatment with 1 mM
n-butylamine resulted in a clear reduction of the combined total content of alkaloids
plus N-methylputrescine as well as an increase in the combined total content of
putrescine plus spermidine and spermine. This reverse relationship between polyamine
and tropane alkaloid levels, plus N-methylputrescine levels, was essentially the same as
that observed in H. albus root cultures, although of a lower magnitude (Hibi ef al,,
1992). These studies also provide further evidence that PMT is the first enzyme

[unctiening specific to tropane alkaloid biosynthesis in H. albus and D. stramonium root

cultures.
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1.4.2.1.4 Substrate specificity

PMT enzymes from root cultures of H. albus and D. stramonitm have been reported
to be active against some putrescine derivatives, particularly 1,4-diaminobutane and
1,4-diaminocyclohexane (Hibi er al., 1992; Walton ef al., 1924). The highest activity
was, however, obtained with putrescine itself. In contrast, 1,3-Diaminopropane, 1,5-
diaminopentane (Cadaverine) and 1,6-diaminopentane were virtually inactive as
substrétes (Hibi er al., 1992; Walton et al., 1994). The essential requirements for
appreciable substrate activity were found to be the presence of at least two amino
groups in a {rans conformation, separated by four carbon atoms. According to Walton
et al. (1994), the requirements for subsirate activity are appreciably more stringent than
for inhibitory activity. For example, cadaverine as well as its chain-methylated
dertvatives and monoamine counterpart, amylamine, are active inhibitors, but are not

substrates for PMT.

Hibi et al. (1992) proposed a model for the active site of PMT comprised of three
subsiles, one {o accommodate the hydrocarbon unit in the substrate and the others for
binding the ammo groups. One of the amino group binding subsites has a negative
charge, whereas the other one where the methylation takes place has a positive charge.
This positive charge may be provided by bound SAM, the methyl group donor. This
model wouid explain why the monoamines are good competitive inhibitors of
putrescine, but poor substrates since their sole amino group would be placed at the
negatively charged subsite, leaving the catalytic subsite empty. The model is also
consistent with the higher affinity of the enzyme for monoamine inhibitors than for the
diamines since the positive charge at the catalytic subsite would dispel the incoming
amino group of the substrate. Furthermore, the model is consistent with the relatively
high pH optimum for PMT, since it may help to reduce the positive charge and also to
deprotonate the amino groups of the diamines (Hibi ef al.. 1992). Interestingly, the
model of the active site of H. albus PMT is also very similar to the model reporied for
spermidine synthase (SPDS) (Hibi e al., 1992). SPDS catalyzes the transfer of an
anuinopropyl moiety from decarboxylated S-adenosylmethionine to putrescine (Slocum

ef al., 1984; Tiburcio et al., 1997). Morcuver, the inhibitory effects of various
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monoamines on H. albus PMT are remarkably similar to their inhibitory effects on

SPDS (Hibi ef al., 1992).

1.4.2.1.5 Molecular genetic of PMT

A cDNMNA for PMT was first isolated by differential screening between the cultured
roots of high and low alkaloid varieties of N. tabacum, Burley 21 and LA Burley 21
respectively (Hibi ef al., 1994). These near-isogenic lines differ in two non-linked loci,
A and B, which control nicotine biosynthesis in iobacco (Legg er al., 1969; Legg and
Collins, 1971). These loci have been referred to as N/C/! and NIC2 by Hibi er al.
(1994). Using the tobacco PMT cDNA as a probe, PMT cDNAs have also been isplated
from A. belladonna and H. niger (Suzuki et al., 1999). Genomic clones of PMT also
have been isolated from N. sylvestris (Hashimoto er «!., 19983), N. iabacum (Riechers
and Timko, 1999) and A. belladonna (Suzuki ef al., 1999). Recently, a PMT cDNA was

cloned also from N. atfenuata (Winz and Baldwin, 2001).

Deduced amino acid identity between N. tabacum PMT and SPDSs from N.
svivestris, H. niger and A. thaliana ranges between 64-68%. This level of conservation
is higher than that between mammalian SPDSs and plant SPDSs (47-59% identity)
(Hashimoto et al., 1998b). Despite the similarity in amino acid sequence, N. tabacuni
PMT showed no SPDS activity when it was expressed in spermidine synthase-deficient
Escherichia coli (Hibi et al., 1994). The proposed phylogenetic tree from these data
suggests that PMT probably evolved from plant SPDS after plant and animal SPDSs
diverged (Hashimoto er al., 1998b). This evolution of PMT may have opened up the
possibility of alkaloid biosynthesis pathways, which may have been exiended by
evolutionary mechanisms to enable the synthesis of more Eomplex alkaloids in some
ptant genera (Hashimoto and Yamada, 1994). In addition, the wide distribution of
nicotine (Leete, 1983) and many tropane alkaloids in several 1axonomically unrelated
genera, albeit at very low levels in most cases (Romeike, 1978) suggests that the
cvolution of functional PMT from spermidine synthase may have occurred

independently in somé genera (Hashimoto and Yamada, 1994).
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In addition to the portion that is homologous to spermidine synthase, the deduced
protein from the N. tabacum PMT gene possess an N-terminal extension that is not
present in spermidine synthase (Hibi er al., 1994). This portion is highly hydrophilic
and contams putative glycosylation signals along with tandem repeats of an eleven
amino acid element in the first exon (Hibt er al., 1994; Hashimoto er al., 1998a). All
five PMT nuclear genes in N. tabacum have this repeat array with the number of repeats
varying from 2 io 8 (Hashimoto et al., 1998a; Riechers and Timko, 1999). PMT genes
in N. sylvestris, N. tomentosiformis and N. attenuata also have varying numbers of this
tandem array in their first exon (Hashimoto er al., 1998a; Winz and Baldwin, 2001).
This repeat array in Nicotiana PMT is not necessary for enzymalic activity, since a
truncated tobacco PMT in which this repeat array was entirely removed still retained
full enzymatic activity when expressed in E. coli (Hashimoto e al., 1998a). In fact,
these tandem repeats are absent in H. niger and A. belladonna PMTs, even though these

genes encode fully functional enzymes (Hashimoto e al., 1998a; Suzuki et al., 1999).

Analysis of PCR fragments amplified from the genome of N. rabacum and its two |

probable progenitors, N. sylvestris and N. tomentosiformis, indicates that tandem repeats
were added to the ancestral PMT gene, and that the tandem repetition has contracted

and expanded during evolution of the Nicotiana genus (Hashimoto ef al., 1998a).

Genomic DNA blot analysis suggested that PMT genes exist as small gene families
in N. tabacum, N. sylvestris, N. attenuata, A. belladonna and H. niger (Hashimoto et al.,
1998a; Winz and Baldwin, 2001). Three genes are present in the genome of N
svivestris whereas five are present in N. tabacum and ali are expressed (Hashimoto er
al., 1998a; Riechers and Timke, 1999). Sequence analysis has revealed that three
members of the N. rabacum PMT gene {amily were most similar to the three PMT genes
present in N. sylvestris (Hashimoto e al., 1998a; Riechers and Timko, 1999). The two
vemaining N. tabacuum PMT genes were similar to PMT genes present as single copies in
N. tomentosiformis and N. otophora (Riechers and Timko, 1999). These results support
the hypothesis, derived initially from a molecular cytogenic study, which suggested that
one haploid set of the N. fabacum genome may have originated from ancestral M.
svivestris and the other genome set may derive from an introgpressived hybrid between

N. tomentosiformis and N. otophora (Kenton et al., 1993). All five PMT genes in N.
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.!ahacum are highly homologous except for the number of tandem repeats encoded at the
N-terminus (Riechers and Timko, 1999). The location of the seven introns within the
PMT genes is identical and appears to be conserved among PMT genes from different
Nicotiana species (Riech.ers and Timko, 1999). Vury little vanation in the nucleotide

sequences at the exon-intron splice junctions in the various PMT genes in N. tabacum

was reported (Riechers and Timko, 1999).

1.4.2.1.6 Role of PMT enzyme in alkaloid biosynthesis

As has been noted, PMT is the first committed enzyme in the biosynthesis pathway
of nicotine and tropane alkaloids and diverts putrescine from polyamine metabolism to
alkaloid synthesis (Hashimoto er al., 1989a, b; Kutchan, 1995, 1998). Studies have

consistenily provided evidence that PMT plays a key role in controiling the synthesis of

nicotine and tropane alkaloids.

Initial studies by Mizusaki et al. (1973) as well as Saunders and Bush (1979)
demonstrated that PMT activity in tobacco root increased and reached a peak 24 hours
after the decapitation of the shoot. The increase in PMT activity is followed by a
marked rise in nicotine content of wounded plants during subsequent days. A low
atkaloid variety of N. tabacum, unable to increase nicotine levels substantially following
decapitation, also did not show an elevation in PMT aclivity following decapitation
(Saunders and Bushk, 1979). Later Hibi er al. (1994) found the induction of PMT

transcript in the roots of the decapitated wild type tobacco, but not the low alkaloid

variety.

Experiments undertaken in the mid-late 80’s in the laboratory of Wagner involved
direct comparisons between PMT activity in the roots of different tobacco cultivars, in
different organs of tobacco, together with i dedifferentiated and differentiated tobacco
cultures and in the roots of different plant species. Together, these experiments
provided evidence that PMT plays a key role in the regulation of nicotine production
(Wagner et al., 1986c¢; Feth and Wagner, 1989).
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Further evidence for PMT having a key role in alkaloid production comes from
studies of enzyme activity in N. rabacum callus, along with N. rustica and D.
stramonium transformed root cultures which were treated with plant growth regulators
(Feth ef al., 1986; Rhodes et al., 1989; Robins ef al., 1991a). For example, in nicotine-
stimulating medium, PMT activity in tobacco callus was strongly increased compared to
that observed in callus grown under non-nicotine-stimulating conditions (Feth et al.,
1986). Similarly, hormonal treatment of N. rustica and D. stranionium transformed root
cultures leads to a very rapid reduction in PMT activity which correlates with a
cessation of nicotine and hyoscyamine bosynthesis, respectively (Rhodes et al., 1989,
Robins ef al., 1991a). Continued growth of transformed roots of D. stramonium in
hormone enriched medium produced a cell suspension which had very low levels of
PMT activity and alkaleid synthesizing capacity. Upon removal of exogenous
hormones, root tissues were able to regenerate which was accompanied by an increase
in PMT activity and a capacity to synthesize high level of tropane alkaloids (Robins et
al., 1991a). These finding(s) are compatible with the hypothesis that the overall ability
to biosynthesize either nicotine or hyoscyamine is dependent upon the presence of PMT
activity, (since PMT is more sensitive 1o factors that stimulate or repress nicotine
synthesis than other enzymes in the pathway (see also section 1.0)) and the synthesis

and inactivation of PMT are rapidly and tightly regulated.

Northern and in situ analyses, using the PMT coding sequence as a probe, have
shown that the predominant site of PMT transcript accumulation is in root tissues of
tobacco and A. belladonna (Hibi et al., 1994; Suzuki et al., 1999). This is consistent
with previous studies showing these tissues to be the primary site of nicotine and
tropane alkaloid biosynthesis (Waller and Nowacki, 1978; Wink and Roberts, 1998).
Decapitation (topping) of wild type tobacco plants leads to a marked rise in PMT
transcript abundance in rootis within 24 hours (Hibi er a/,, 1994). Moreover, the
accumulation of PMT transcript is much lower in the roots of low-alkaloid mutant
tobacco than in those of wild type, which correlates witly the nicotine production
capacity of these plants (Hibi er al., 1994). These observations are consistent with
carlier studies into the wound inducibility of PMT activity in roots of the wiid type and

tow alkaloid mutant (Saunders and Bush, 1979). Detatled studies from the laboratory of
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* Baldwin have shown that nicotine is stimulated in roots of N. svivestris by damage to

aerial tissues and that jasmonates are a key component of the signaling mechanism
between damaged leaves and roots (Baldwin er al., 1994, 1997, Zhang and Baldwin,
1997). Exogenous application of mJA induces PMT expression 111 tobacco cell cultures
and the intact root tissue as well as in N. svivestris hairy root culiure along with
inducing nicotine production in these tissues (Imanishi er al., 1998b; Shoji er al.,
2000a). Interestingly, mJA treatment did not up-regulate the PMT transcript level in 4.
belladonna roots (Suzuki er al, 1999). Hislochemical analysts of transgenic A.
belladonna expressing B-glucuronidase (GUS) fused to the 46PMT promoter showed
that GUS was expressed specifically in root pericycle cells and is not up-regulated by
mlA treatment (Suzuki ef al., 1999). A similar experiment conducted in N. sylvestris
revealed that the NsPMT promoter enabled GUS expression in cortex, endodermis and

xylem of root tissues (Shoji er al., 2000a).

PMT is thought to be regulated directly, or indirectly by separate genes that were
identified initially by Legg ef al. (1969), Legg and Collins (1971) and subsequently
designated N/IC! and NIC2 by Hibi et al. (1994). Both the enzyme activity of PMT and
transcript levels of PMT were reduced by mutation in either of the two mutations with
the lowest level of PMT transcript and enzyme being found in the double mutant

nici/mic2 (Saunders and Bush, 1979; Hibi et al., 1994).

Auxin is thought to play an important role in the regulation of PMT gene expression.
Decapitation of tobacco, which may cause a reduced auxin supply from the aerial parts
to the roots, not only increased PMT activily as previously mentioned but also rapidly
induced PMT transcripts in the root (Hibi er al., 1994). Application of auxin to the
scvered apex after decapitation prevented the rise in PMT transcript levels in root
tissues (Hibi ef al., 1994). Expression of PMT in cultured tobazco roots was also down-
regulated by the exogenous supply of auxin (Hibi ef al., 1994). This is consistent with
previous studies showing a rapid decrease in PMT activity in transformed roots of N,

rustica {ollowing treatment with auxin (Rhodes er al., 1989).

It is also possible that PMT may be subject to feed-forward regulation. Elevated

levels of PMT activity were observed in transformed roots of N. rustica over-expressing
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the yeast ODC gene which produced elevated levels of putrescine in these tissues
(Hamill er a/., 1990). In D. stramonium transformed roots treated with DFMA and, to a
lesser extent DFMOQ, PMT activity was diminished in a concentration-dependent
manner (Robins er al., 1991b). The diminished PMT activity might be due to an
extreme reduction in agmatine content which is caused by DFMA-treatment. When
roots were treated with S mM DFMA, the addition of 2 mM to 3 mM agmatine caused a
substantial stimulation of PMT activity, restoring the levels normaily present in the
absence of DFMA (Robins er a/., 1991b). More detailed studies are necessary to

determine whether these alteration in PMT activity are due to change in PMT transcript

levels.

Alteration of the calcium levels in culture medium also affects the expression of
PMT. Without affecting the growth of D. stramonium transformed roots, decreasing
calcium ion-concenirations from the normal level of 1.0 mM to (.25 mM in BS5 liquid
medium significantly decreased PMT transcript levels and the enzyme activity. This

resuited in markedly reduced tropane alkaloid levels in these tissues (Pinol et al., 1999).

1.5 The route to the pyridine ring

The precursor of the pyridine ring in Nicotiana alkaloids is nicotinic acid which is
synthesized as part of the pyridine nucleotide cycle (Dawson, 1962; Mann and Byerrum,
1974; Leete, 1983; Wagner et al., 1986a, 1986b). In plants, the biosynthetic pathway
for the formation of nicotinic acid, which is involved in primary metabolism as well as
alkaloid biosynthesis, differs from the route established in animals and microorganisms
(Luckner, 1990). The primary precursor of nicotinic acid in animals is {ryptophan
(Leete, 1983; Luckner, 1990). In plants the primary precursors of nicotinic acid
formation are considered to be aspartic acid and 3-phospho-D-glyceraldehyde or closely
related metabolites. These are condensed and then undergo a series of reactions to form

quinolinic acid, a key intermediate in nicotinic acid biosynthesis (Luckner, 1990).

tn the nicotinic acid biosynthetic pathway in N. tabacum root (Fig. 1-5), quinolinic

actd is converted to nicotinic acid mononucleotide (NaMN) before entering the pyridine
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Fig. 1-5 The pyridine nucleotide cycle in Nicotiana (adapted from
Wagner et al., 1986¢)
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nucleotide cycle, the recycling pathway of nicotinanude adenine dinucleotide
(NAD"Y(Wagner and Wagner, 1985; Wagner er al., 1986a, 1986¢c; Lucker, 1990;
Sharma et al., 1998). NAD" is an essential cofactor of many hydrogen-transferring
oxidoreductases in all organisms (Wink, 1997). Quinolinic acid phosphoribosyl-
transferase (QPT, EC 2.4.2.19) 1s the enzyme that catalyzes this conversion by transfer
of a phosphonbosyl group from 5-phosphoribosyl-1-diphosphate to quinolinic acid,
forming NaMN. From this point, NaMN can be directed to nicotinic acid via two routes
(Wagner ef al., 1986a, 1986b, 1986¢c). On the one hand, it may be converted either
direcily to nicotinic acid via the catalytic reaction of NaMN glycohydrolase (NaMN-
GHase). Alternately, it may also be converted via NAD' as a component of the

pyridine nucleotide cycle (Wagner ef al., 1986a, 1986¢; Lucker, 1990).

The pyridine nucleotide cycle has been studied and several enzymes in the cycle
have been characterized in different tobacco tissues and tomato roots by Wagner and co-
workers (Wagner and Wagner, 1985; Wagner ef al., 1986a). Despite the existence of
several possible different versions of the pyridine hucleotide cycle in nature, their data
favoured the existence of the so-called pyridine-nucleotide cycle V1 which includes six

component members (Fig. 1-5) (Wagner et al., 1986a).

In the formation of NAD", NaMN-adenyltransferase (NaMN-Atase) converts NaMN
into nicotinic acid adenine dinucleotide (NaAD) which then is converted into NAD" by
NAD synthetase (Wagner and Wagner, 1985). NAD" is then amidated into
nicolinamide mononucleotide (NMN) which is cleaved to nicotinamide. The enzymes
in these two steps are NAD pyrophosphatase (NAD-PPase) and NMN glycohydrolase
(NMN-GHase), respectively. It is also possible that NAD" is directly converted into
nicotinamide, although this enzymatic activity has not yet been determined in tobacco
(Wagner er al., 1986a). Deamidation of nicotinamide by nicotinamidase leads to
nicotinic acid which is then transformed via NaMN and NaAD back into NAD (Wagner
el al., 1986a). Thus, the pyridine nucleotide system has two possible routes leading to
nicotinic acid. One enzymatic route takes advantage of the fact that NAD" is rather
rapidly turned over in living cells. The second route is a direct one using one enzymatic

step which transforms NaMN to nicotinic acid (Fig. 1-5).
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There is considerable evidence that together with PMT, QPT (the enzyme feeding
the pyridine nucleotide cycle) is also of key importance in nicotine synthesis. For
example, the activity of N. tabacum QPT is much greater in the roots where nicotine is
produced, than in the leaves (Saunders and Bush, 1979). In addition, as for PMT, the
level of QPT activity was observed to increase in root tissues after the decapitation of
shoots and in callus cultures grown in nicotine-induction medium, at 3- and 5-fold,
respectively (Saunders and Bush, 1979; Wagner ef al.,, 1986b). The levels of QPT
activity in four Burley2l tobacco genotypes with different nicotine-producing
capacities: high (AABB), high intermediate (AAbb), low intermediate (aaBB) and low
(aabb) nicotine Ievels, have been reported (Saunders and Bush, 1979). These genotypes
were nearly isogenic except for the loci which controls nicotine production (A = NIC/
and B = NIC2, section 1.4.2.1.6). It was observed that QPT activity in roots of these
varicties correlated with genotype. QPT activity in the low genotype was very low
compared to activity found in the high genotype. In addition, QPT activity in this low
alkaloid genotype was not induced significantly following decapitation, whereas activity
in the high alkatoid variety was increased 3-fold. Thus, a ceiling on QPT activity in the
low-nicotine-producing genotype may limit nicotine synthesis (Saunders and Bush,
1979). Moreover, comparison of enzymec activitics in tobacco tissues with different
capacities of nicotine synthesis showed that QPT activity was strictly correlated with

nicoline content (Mann and Byerrum, 1974; Wagner and Wagner, 1985).

Work reported by Wagner er al. (1986¢) also demonstrated that the pathway
providing nicotinic acid for nicotine production is predominantly regulated by QPT.
The activities of the enzymes in the route from quinolinic acid to nicotinic acid, together
with nicotine content, were determined in a variety of tobacco tissues. It was observed
that all samples with high nicotine contents also showed high levels of QPT activity
whilst tissues with low or zero capacity to synthesise nicotine posscssed low QPT
activity. Recent identification of cDNA sequences representing Nicotiana QPT will
[acilitate further experimentation to determine the link between transcript abundance

and enzyme activity in nicotine synthesis (Sinclair ez a/., 2000).

Regulation of other enzymes in the pyridine nucleotide cycle, particularly NaMN-
glycohydrolase and alsd NaMN-ATase, NAD-PPase, NMN-GHase and NaMN-GHase,
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are likely 1o play a role in regulating the supply of nicotinic acid for nicotine synthesis
(Wagner er al., 1986b).

Nicotinic acid also serves as a precursor for anatabine and anabasine synthesis in
tobacce (Leete, 1983). Thus, it is likely that the biosynthesis of these Nicotfiana
alkaloids might compele for the common intermediate, nicotinic actd. Feeding nicotinic
acid to N. rustica transformed roots enhanced the levels of both nicotine and anatabine,
with a markedly greater proportion of anatabine being produced (Robins ef al., 1987).
In contrast, feeding cadaverine to transformed root cultures of N. rustica led to an
increase in anabasine levels at the expense of nicotine (Walton ef al., 1988). Recent
work by Sinclair and Hamill (2002) has shown that QPT/PMT transcript levels in
wounded leaves of N. glanca seem (o follow paltems expected for anabasine

biosynthesis.

.6 Co-ordinated relation of the enzymes from both branches of

S

metabolism involved in nicotine biosynthesis

As has been described, the nicotine biosynthesis pathway is bifurcated and is closely
connected with primary metabolism (Wagner ef al., 1986b). The routes from omithine/
arginine, on the one {:and, and from quinolinic acid and the enzymes in the pyndine
nucleotide cycle on the other hand :nust be regulated co-ordinately in order to ensure
nicotine levels can be increased in response to environmental stress. As vyet, the
mechanisms controlling this co-ordinated regulation are poorly understood, though
progress is being made toward this goal. Both routes of the pathway are strictly
regulated and obvicusly tuned to ecach other. For the route leading to N-
methylpyrrolinium, it is the activity of PMT which is very stringently controlled,
whereas with the pyridine nucleotide cycle it is the anaplerotic enzyme, QPT. In both
roules, however, additional enzyme activities (such as MPQO, and NaMN-
adenyltransferase) appear to be co-regulated, although in a less stringent way (Wagner
and Wagner, 1985; Wagner ef al.,, 1986b). Changes in the levels of these enzymes
mvolved in nicotine biosynthesis following the alteration of nicotine production

capacity have been investigated as presented below.
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The work of Mizusaki ef al. (1973) and Saunders and Bush (1979) showed that
nicotine synthesis as well as activity levels of the enzymes ODC, PMT, MPO and QPT
were co-ordinately increased in roots following 24-48 hours after the decapitation of
tobacco shoots. ODC, PMT and MPO activities all reached their peaks within 24 hours
after the decapitation, whilst QPT activity peaked somewhat later at 40 hours. Nicotine
levels continued to rise in plaﬁts 7-10 days after wounding and it was suggested that the
decline in enzyme activities may be due, in part, to repression of enzyme synthesis by
the accumulated nicotine. Simultaneous changes in the activities of these enzymes
suggest that they may be under the control of a common regulatory system, which is

specificaily concerned with nicotine biosynthesis.

Comparison of PMT, MPO and QPT activities in four tobacco genotypes, that are
near isogenic but differing at A (NIC1) and B (NIC2) loci, suggested thar aii three
enzymes are co-ordinately regulated by one or both loci in a complex association
(Saunders and Bush, 1979). The recessive allele at either locus affected levels of all
three enzymes in roots. The data of Saunders and Bush, (1979), together with the data
of Legg and Collins (1971) indicated that effects of both regulatory loci ate additive and
cumulative upon nicotine levels and associated enzymes, PMT, MPO and QPT.
Saunders and Bush (1979) suggested that such regulation could be direct with either or
both loci serving as regulatory loct or, alternatively, indirect regulation involving
metabolic products of other enzymes coded for by the A (NICI) or B (NIC2) loci.
These authors alse studied QPT acuivity in leaves of these four genotypes. Whilst QPT
levels were low compared 1o roots of wild type, there was no significant difference in
activity between genolypes, suggesting that neither the A (NIC/) nor B (NIC2) loct is

operative iu the leaves.

"hanges in the levels of enzyme activities involved from both areas of metabolism
icading 0 nicotine biosynthesis have also been studied in tobacco callus (Feth ez al.,
1986; Wagner et al., 1986b). The induction of nicotine production in tobacco calius by
a reduction of the auxin concentraticn stimulated the activities of PMT, MPO and QPT
rather early in the growth cycle. The strong stimulation of these enzyme activities
indicates that induction of nicotine synthesis is correlated 1o the increased activities of

these control enzymes. However, in contrast to the situation in decapitated tobacco,
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ODC activities were very similar in such callus under nicotine-stimulating and non-
stimulating conditions. Another difference from studies involved in plants was that the
peak of QPT activity in the callus was slightly in advance of those of PMT and MPQ,
rather than lagging behind, as in roots of decapitated tobacco. The fact that the enzyme
activities declined during the later stages of growth may be due to tumover and

degradation of the enzymes together with reduced rates of enzyme synthesis.

Rhodes et al. (1989) and Robins er al. (1991a) have also studied the relationship of
the enzyme activities in transformed roots of N. rustica and D. stramonium transferred
to NK medium where the alkaloid production in both species ceased promptly. In this
medium, in contrast to BS medium lacking phytohormones, the PMT and MPQO
aclivities were dramaticaily reduced, while the activities of ODC and ADC were much

less reduced.

The induction of genes encoding enzymes invelved in nicotine synthesis by the
application of mJA has been studied in tobacco cell cuitures. Imanishi er al. (1998b)
have reported that mJA sequentially induces expression of a series of genes involved in
nicotine biosynthesis by muliiple regulatory mechanisms. Togetherhwilh a marked
increase in PMT activity and transcript levels (as mentioned in section 1.4), mJA also
induced the accumulation of SAMS, ODC and QPT transcript levels in tobacco cell
cultures. These mJA-inducible accumulated mRNAs were significantly repressed by
auxin (with the exception of QP7, which was not mentioned). Unlike the mJA-
induction of the ODC mRNA, which occtired in the presence of cycloheximide, mJA-
induction of SAMS, PMT and QPT mRNAs were blocked by cycloheximide. This
indicates that de novo synthesis of functional protein(s), possibly one or more
transcription factor/protein(s), might be required after mJA treatment to up-regulate
expression of SAMS, PMT and QPT. As expression of ODC occurred in the presence
of cycloheximide, mJA-induced accumulation of ODC mRNA might be mediated via
the activation of pre-existing protein(s). Another difference between the regulation of
these genes is that the level of ODC mRNA declined after 1 to 4 hours following mJA
treatment, while the transcript levels of SAMS and PMT continued to increase. In
addition, mJA treatment also led 1o an increase in the level of N-methylputrescine along

with a slow increase in putrescine level. In contrast, mJA treatment did not effect the
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levels of spermidine, spermine, nor ADC and SAMDC transcripts. Thus, mJA seems to
induce expression of genes encoding enzymes involved in nicotine biosynthesis
selectively, while genes involved in the synthesis of higher polyamines from putrescine
are unaffected. A subsequent study found that when transformed roots of N. svhvestris
were treated with natural ethylene precursor, the capacity of PMT and ODC genes to be
induced by jasmonate was completely suppressed (Shoji er al, 2000b). This
suppressive effect was abolished when ethylene perception was blocked by feeding
silver cations. These results, together with additional immunoblot studies suggested
that the jasmonate signal in nicotine biosynthesis is antagonized by the ethylene signal

{Shoji ef al., 2000b). Similar results were also recently observed m N. attenuata plants
(Winz and Baldwin, 2001).

Taken together, information presented in this section and section 1.5, suggests that a
complex association exists, involving the co-ordinated regulation of enzymes noled

above, by one or more regulatory genes, probably encoding transcription facto:(s).

1.7 Aims of this study

1.7.1 Down-regulation of ADC by antisense methodology

As mentioned in section 1.4.1.2 questions remain regarding the contribution of ADC
to the biosynthesis of putrescine, which is required for alkaloid formation. C'onclusions
from previous studies have been based largely upon correlations between enzyme
aclivity and alkaloid production or following treatrent with the tireversible biochemical
inhibitors of ODC and ADC, namely DFMO and DFMA respectively. The lavier, whilst
useful, may have variable effects upon metabolism and show different levels of stability
w plant cells (Kumar et al., 1997) leading to varied results in different plant systems. In
addition, feeding of these inhibitors at mM concentrations is also detrimental to the
growth of transformed root cultures, such as D. stramonium (Walton er al., 1990).
Moieover, application” of these inhibitors to living plant tissucs may not be strictly
inhibitory to the target enzymes, especially DFMA which can be converted to DFMO

by arginase (Slocum er al., 1988). Arginase activity was found to be low in tobacco
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callus tissues (Tiburcio and Galston, 1986) but was high in transformed root tissues of
both D. stramonium and A. belladonna (Walton et al., 199C). Interestingly, whilst the
inclusion of DFMA 1n culture media was more effective than equivalent concentrations
of DFMO, DFMA at 10 mM reduced growth relative 1o untreated control tissues by
more than 50%, whereas DFMO at 10 mM reduced growth by only about 25% (Walton
et al., 1990). The data of Robins ef al. (1991b) also shows that whilst 1-10 mM DFMA
is more effective than equivalent conzentrations of DFMO at reducing putrescine and N-
methylputrescine levels of D. stramonium transformied roots, it also significantly
reduced ODC as well as ADC activity of roots compared to untreated controls.
Paradoxical effects of these inhibitors cn polyamine levels also have been reported in
Hevea brasiliensis (El Hadrami and D’Auzac, 1992). Thus, biochemical inhibitor

exper-ments are sometimes difficult to interpret.

In the current project, experiments described in chapter 3 were undertaken with the
intention of dewn-regulating ADC activity using antisense methodology to study effects
upon alkaloid levels of V. tabacum transformed root cultures. Down-regulation of ADC
specifically was considered a useful way of determining whether a correlation exists
between reduced ADC activity and reduced alkaloid content of tobacco transformed
roots as is suggested by the various studies noted above which have involved thie use of
DFMA in callus tissues of N. tabacum (Tiburcio and Galston, 1986; Tiburcio et al.,
1987), in addition to root cultures of other species including H. angiospermum and H.

indicum (Birecka et al., 1987), 8. vulgaris (Hartman et ai., 1988) and D. stramonium

{Walton et al., 1990; Robins ¢f al., 1991b).

1.7.2  Down-regulation of PMT by antisense methodology

As has been noted, previous studies have shown both PMT and QPT levels are
elevated in wild type N. fabaciom relative to the low alkaloid variety carrying a mutation
in both regulatory genes Nicl and Nic2 (Saunders and Bush, 1979; Wagner ef al.,
1986¢). Recent resulls in this laboratory have demonstrated that the expression of PMT
together with QPT in roots of wild type N. tabacum and also N. sylvestris are up-

regulated 12-24 hours afler wounding of aerial tissues. In conirast, the expression of

N ]
i
4




Chapter 1: Introduction* 62

both genes m a low-alkaloid-producing variety tobacco, LAFC53 are low relative to the

closely related high alkaloid-producing line NC95 and are not up-regulated by
wounding (Sinclair et al., 2000).

The isolation of a cDNA encoding PMT (Hibt er al., 1994) in conjunction with
antisense methodology, makes it 1s possible to study the effects of specificaily
diminishing expression of PMT in transgenic plant tissues containing wild type versions
of NIC1 and NIC2 genes. This would be distinct from the in vivo situation involving the
fow alkaloid variety of tobacco where PMT and QPT are both down-regulated by the
nic!/nic2 mutations (Saunder and Bush, 1979; Wagner ef al., 1986¢). It would aiso be
expected to differ from the situation of tobacco callus growing in media with altered

auxin concentrations where PMT and QPT activities both are affected (Fetch et al,,
1986, Wagner ¢z al., 1986b).

Previous experiments showed that transformed roots of N. rustica were sensitive to
the addition of low level of nicotinic acid to the medium, with growth being totally
inhibited by 2.5 mM nicotinic acid (Robins ef al., 1987). Moreover, rools treated in this

manner were observed 10 contain high levels of anatabine, normally a minor alkaloid in

N, rustica and N. tabacum.

Experiments described herein seck (o address the question as to whether down-
regulation of PMT activity would be possible, using an antisense approach, due to the
possible build up of nicotinic acid in vivo to levels which would prove toxic to growth.
If lines strongly down-regulated for PMT were capable of being recovered, it would be
of interest to assess the exient to which their alkaloid content was altered by the
manipuiaion.  Additionally, it would be of inlerest to assess whether expression of

other genes in this area of metabolism wvas affected by the manipulation.
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Chapter 2

Materials and Methods

2.1 Solutions, reagents, and media

2.1.1 General solutions

All solutions, reagents, and media were made using high quality Milli-Q water
unless otherwise stated and were made according to the protocol of Hamill and Lidgett
(1997).

+ Agarose gels for separation of DNA and RNA by electrophoresis. 0.8% (w/v) to
1% (w/v) agarose gel powder dissolved in 1 X TBE buffer containing 3 pl EtBr stock
solution per 100 m} of molten agarose.

- Ammonium acetate. A [0 M stock was made and sterilised by filtration.

« Chloroform/IAA. 24 parts chloroform with 1 part isoamyl alcohol.

« Cell tysis buffer. 0.2 M NaOH, 10% (w/v) SDS.

» Denaturer. 0.5 M NaOH, 1.5 M NaCl. pH adjusted until over 12.

« 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 (bovine serum albumin)
fraction V.

+ EtBr stock solution. A 1% (w/v) stock was made and stored in the dark at 4°C.

+ Extraction buffer for plant genomic DNA. 0.1 M Na,EDTA, 0.1 M sodium
dicthylithiocarbonate in 3 X SSC (pH = 8).

« Formaldehyde denaturing agarose gel for separation of RNA by electrophoresis.
1.5% (w/v) agarose, 5% (v/v) formaldehyde, 1 X MOPS buffer and 0.67 mg/L ethidium
bromide.

» Gel loading dye. A 6X stock was made; 0.25% bromophenol blue, 0.25% xylene
cyanol FF, 15% ficoll type 400.




T

Chapter 2: Materials and Metheds 64

. Luria Bertani broth (LB). 1% (w/v) tryptone, 0.5% (w/v) yeast extract, and 1%
(w/v) Nall. pH adjusted to 7.5 with 1 M NaOH betore autoclaving. (For solid media,
1.5% (w/v) agar was added to the liquid media before autoclaving.)

« MOPS RNA buffer. A 5X stock was made; 1 M 3-(N-morpholino) propanesulfonic
acid (MOPS), 0.25 M sodium acetate, 0.05 M EDTA.

« Neutraliser. 1 M Tris-HCI, 1.5 M NaCl. pH adjusted to § with concentrated HCI.

. Phenol/chloroform. Equal volumes of phenol and chloroform/IAA solutions were
combined.

- Phenol for DNA parification. 500 g of high quality phenol crystals were melted and
washed in 500 m] TE and stirred for 15 min. The supematant was discarded and the
extraction repeated until the pH of the supernatant was 7.5-8.0.

» Phenol for RNA purification. As above, except that TE of pH 4.5 was used to
extract and store the phenol.

. Plasmid isolation buffer. 50 mM glucose, 25 mM Tris HCI (pH 8.0) and 10 mM
Na,EDTA (pH 8.0).

. Potassium acetate. A 3 M solution was made and the pH adjusted to 4.8 with glacial

acetic acid before autociaving. The resulting solution is 3 M with respect to K and5M
with respect to acetate.

« RNase A. A 10 mg/ml stock was made in 10 mM Tris HCl (pH 7.5) and 15 mM
NaCl. The solution was boiled for 15 minutes and cooled to room temperature before
storage at -20°C.

+ Saimon/herring sperm DNA (100 ml). A 5 mg/ml stock of saimon or herring testes
DNA was made. The solution was passed through a fine gauge needle (23G) several
times to shear the DNA and was stored at -20°C.

+ Sodium acetate. A 3 M solution was made and the pH adjusted to 6.0 with glacial
acetic acid before autoclaving.

« Sodium phoesphate buffer. A 1 M stock was made and the pH adjusted to 7.0 wiih
orthophosphoric acid.

+88C. A 20X stock was made. 3 M NaCl and 3 M sodium citrate (or sodium acetate).
The pH was adjusted to 7.0.with 10 M NaOH before autoclaving.
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«SSPE. A 20X stock was made. 175.3 g NaCl and 31.2 g NaH,PQ,.H,0 was dissolved
in 800 ml H,0. The pH was adjusted to 7.7 with NaOH before the addition of 40 ml of
0.5 M Na,EDTA (pH = 8.0) and then autoclaved.

. TE. 10mM Tnis, ImM EDTA. pH adjusted to 7.5 before autoclaving,

« TLES buffer for RNA extraction from plant tissue. 100 mM Tris HCI (pH = 8),
100 mM LiCl, 10 mM EDTA (pH = 8), 1% (w/v) SDS.

« Tris-Borate buffer (TBE). A 10X stock was made. 0.09 M Tris-Borate, 0.002 M
EDTA. pH should be 8.3 with adjustment.

. Tryptone Yeast broth (TY). 0.5% (w/v) tryptone, 0.3% (w/v) yeast extract. pH
adjusted to 7.0 with 1 M NaOH before autoclaving. (For solid media, 1.5% (w/v) agar
was added to the liquid media before autoclaving.)

. Transformation and storage buffer (TSB). LB broth (pH = 6.1) with 10% (w/v)
PEG [MW = 60001, 10 mM MgCl,, 10 mM Mg,SO, and 5% (v/v) DMSO which was
added prior to resuspension.

» X-Gluc solution. A 20 mM stock was prepared in N,N-dimethylformamide in 100
mM sodium phosphate buffer (pH = 7) contaiming 0.1% (v/v) Triton X-100, 10 mM
EDTA, and 1 mM each of potassium ferri-and ferrocyanides.

« Yeast mannitol broth (YMB). 0.05% (w/v) K,HPO,, 0.2% (w/v) MgS50,.7H,0,
0.1% (w/v) NaCl, 0.4% yeast extract and 1% (w/v) mannitol. pH adjusted to 7.0 with 1
M NaGOH before autoclaving. (For solid media, 1.5% (w/v) agar was added to the liquid

media before autoclaving.)

2.1.2 Tissue culture media, iormenes, and antibietic solutions

« Ampicillin. (As ampictilin sodium) A 25 mg/ml stock solution was made in Mifli-Q
water and filter-stertlised with a 0.2 pm sterile disposable filter before storage at —20°C
in 1 ml aliquots. Ampicillin was added to media to give a final concentration of 50
pg/ml for plasmid selection in E. coli or 250 pg/ml — 500 pg/ml for root cultures.

« BS medium (Gamborg ef al., 1968). 0.3875% (w/v) BS plant medium powder (ICN-
Biomedical), 3% (w/v) sucrose, pH = 5.8-6.0 after autoclaving. 0.27% (w/v) Phytagel

(Sigma) was added to prepare solid BS medium.
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+ BAP. A 1 mg/ml stock solution was made in 1 N NaOH and filter-sterilised with a 0.2
um sterile disposable fiiter.

.IAA. A 1 mg/ml stock solution was made in ethanol and filter-sterilised with a 0.2 um
sterile disposable filter.

« Kanamycin. {As kanamycin monosulfate) A 25 mg/ml stock solution was made in
Milli-Q water and filter-sterilised with a 0.2 pm sterile disposable filter before storage at
-20°C in 1 ml aliquots. Kanamycin was added to media to give a final concentration of
50 pg/ml for plasmid selection in bacteria or 30 pg/ml for selection of transformed root
cultures containing binary vector T-DNA.

« MS medium (Murashige and Skoog, 1962). 0.471% (w/v) MS plant medium
powder (ICN-Biomedical), 3% (w/v) sucrose, pH = 5.8-6.0 after autoclaving. 0.27%
(w/v) Phytagel (Sigma) was added to make solid medium.

« MSRI solid medium. 0.471% (w/v) MS plant medium powder (ICN-Biomedical),
3% (w/vj sucrose, 0.27% (w/v) Phytagel (Sigma}, pH = 5.8-6.0 after autoclaving. 1AA
and BAP stock solutions werc added to medium after autoclaving to give a final

concentration of 2 mg/L and 1 mg/L respectively.

2.2 Plant material and greenhouse growth conditions

Seeds of N. tabacum var. NC95 (a high alkaloid variety) and LAFCS53 (a low
alkalotd variety isogenic with NC95 apart for genes regulating alkaloid biosynthesis)
were obtained from Assoc. Prof. Verne Sisson, NC State University, USA. Seeds of V.
svlvestris were obtained from a commercial seed company (Fothergills, UK). Wild type
and transgenic plants were grown in a greenhouse under a regime of 25°C with a 16
hour photoperiod {150 pmol m™ sh. Al plants were potted in a soil mixture
comprising two parts seed raising mixture (Debco) and one part perlite. 100 g of slow

release complete fertiliser (Osmocote) was added per 6 L. of soil mix.




Chapter 2: Materials and Methods 67

2.3 In vitro growth conditions

2.3.1 Initiation and establishment of transformed root cultures

Agrobacterium rhizogenes LBA9402, or A. rhizogenes containing the appropriate
binary vector construct were isolated from a single colony grown on solid YMB
medium and inoculated into 10 m! YMB broth. The bacteria culture was incubated at
28°C for 48 hours prior to use. Young, healthy, and fully expand leaves were excised
from 8-12 week old N. tabacum plants (pre-flowering) and surface sterilised by
immersion in 10% (v/v) Domestos, a commercial bleach, for 20-30 minutes. The leaves
were then thoroughly rinsed three times in sterile water. Leaf sections were cut to
approximately 6 cm in length and 4 cm to 5 cm in width, with the leaf midrib remaining
mtact. Transformed root cultures were initiated by inoculating the midrib and lateral
veins with a hypodermic needle containing the A. rhizogenes culture. Infected leaf

sections were then placed petiole-first into a jar containing B5 solid medium.

Roots appeared from the wound sites afier three to four week incubation in a culture
room with 16 hours artificial illumination per day and a constant temperature of
approximately 20°C. When roots reached approximately 10 mm in length, tissues
bearing emergent roots were excised and placed in a 60-ml glass jar containing 20 ml of
B5 liquid medium supplemented with 500 upg/ml ampicillin.  Afier three days
incubation on a rotary shaker in a culture room, roots were transferred to fresh media
containing 500 pg/ml ampicillin. To ensure that transformed lines possessed a binary
vector construct with the neomycin resistance gene, the culture media was also
supplemented with kanamycin at 30 pg/ml. Atler ten days of growth, an individual root

line was established from a single root tip taken from each cluster of emergent roots.

2.3.2 Maintenance of root cultures

Transformed root cultures were grown in 250 ml polypropylene pots containing 50
ml of B5 media supplemented with 500 ng/ml ampiciliin. For root cultures transformed

wilh binary vector, kananmycin at the final concentration of 30 pg/ml was also added to
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the media. Root cultures were routinely subcultured at three-to-four weekly intervals by
iransfer of approximately 0.5 g root tissue into fresh media. Cultures were maintained

in the dark on a rotary shaker (80 rpm) at 21x2°C.

2.3.3 Growth analysis and harvesting of root cultures

Experimental samples were set up using 0.8 g of root tissue taken from the most
active growing part of 17 day-old healthy root cultures and inoculated into 50 m! fresh
BS medium. At each time point, root tissuzs were harvested, blotted on absorbent paper
towel with gentle pressure to remove surface liquid, weighed, and then wrapped in
aluminium foil. Samples were immediately snap frozen in liguid nitrogen and stored at

-70°C for subsequent analysis.

2.3.4 Regeneration of plants from root cultures

A cluster of root tips, approximately 1 cm in length, was placr 1 onto MSRI medium
and incubated in a culture room with a 16 hour photoperiod and a constant temperature
of 21+2°C. After four-to-six wecks shoots appeared from the callused tissue. The base
of each new plantlet was tnmmed to remove excess callus tissue before iransfer to solid
MS media. Shoot cultures were incubated in the culiure room under the conditions
described above. Afler two-to-three weeks, root growth was observed at the base of

plantlets.

2.4 Molecular analysis

2.4.1 Large scale isolation of plasmid DNA

The method used to obtain high quality plasmid DNA (from E. coli) was modified
from that of Sambrook et al (1989). A loopful of bacterial culture was inoculated into
500 ml LB broth containing the appropriate antibiotic(s) and incubated overnight. Cells

were pelleted by centrifugation at 6,000 rpm for 30 minutes at 4°C in a Sorvall GSA
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rotor and then resuspended in a few drops of the supernatant by vortexing. 10 mli of
plasmid exiraction buffer containing 50 mg of lysozyme was added to the suspension.
The sample was chilled on ice for 5 minutes, after which 20 ml of freshly prepared cell
lysis buffer was added. The solution was then gently mixed by inversion and returned
to chill on ice for a further ten minutes before the addition of 15 ml of ice-cold 5 M
potassium acetate (pH = 4.8). The sample was mixed by inversion and centrifuged at
9,000 rpm at 4°C for 30 minutes in a Sorvall SS-34 rotor to remove cellular DNA and
bacterial debris. The supernatant was filtered through nylon mesh and approximately
0.6 volumes of isopropanol was added. The solution was mixed and allowed to stand
for 15 minutes before being centrifuged at 8,000 rpm for 30 minutes. The DNA pellet
was washed with 70% ethanol and briefly dried in a vacuum desiccator. The combined
DNA pellets were dissolved in 8 ml of TE and the pH was adjusted to & with 2 M Tris

HCl. The volume was then made up o 10 ml with TE.

Purification of plasmid DNA on a caesium chloride gradient was performed by the
addition of 10 g caesium chloride and 1.1 mi of 10 mg/ml ethidium bromide. The
solution was transferred to an opaque Beckmann quick-seal tube and centrifuged at
40,000 rpm for 64 hours at 18°C in an ultracentrifuge, model L8-80M, using a 80Ti
rotor. Under UV exposure, the lower band representing closed-circular plasmid DNA,
was removed using a sterile needle and syringe. Ethidium bromide was removed by
several extractions with an equal volume of water-saturated batanol. DNA was
precipitated by the addition of two volumes of sterile water, 1/10 the volume of 3 M
sodium acetate (pH = 6) and two volumes of 95% ethanol. The DNA was pelleted in a
Corex tube by spinning at 10,000 rpm at 4°C in a Sorvall SS-34 rotar for 30 minutes,
before being dissolved in 0.5 ml TE. The solution was transferred to a 1.5 ml capacity
microcentrifuge tube and 50 pl of 3 M sodium acetate and 1 m! ice-cold ethancl were
added, and the tube placed in liquid nitrogen for ten minutes. The DNA was pelleted by
centrifugation at 10,000g for ten minutes. The pellet then was washed with ice-cold
70% ethanol, dried in a vacuum centrifuge (Speed Vac SCI100 [Savant]), and
resuspended in 200 ul of TE.
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2.4.2 Plasmid DNA miniprep procedure from Eschericia coli

The method used is based on that described by Chowdhury {1921). 750 ul of a
mixture of phenol: chloroform:iscamylalcohol (25:24:1) was added to a microcentrifuge
tube containing 750 pl of an overnight bactenial culture. The sample was mixed by
vortexing at maximum speed for one minute and spun at 14,000 rpm for five minutes.
Leaving the interphase undisturbed, the upper aqueous phase (approximately 650 pl)
was transferred to a new microcentrifuge tube containing 750 ul of isopropanol. The
sample was mixed wril by inversion and then centrifuged at 14,000 rpm for five
minutes. The resulting pellet was washed twice with ice-cold 70% ethanol, dried in a
vacuum centrifuge (Speed Vac SC100, Savant) and resuspended in 50 pl -100 pl of
TER buffer (TE with 20 mg/mi RNase).

24.3 Extraction and isolation of genomic DNA from plant tissues

Approximately 5 g of plant tissue was ground to fine powder under liquid nitrogen
using a mortar and pestle. The frozen powder was transferred into a 50 ml Oakridge
tube containing 10 ml extraction buffer and 2 ml 18% SDS which was preheated to
05°C. The mixture was homogenised by vortexing for 30 seconds before the addition of
10 ml phenol-chloroform. The cellular debris was pelleted by centrifugation in a
Sorvall 8S-34 rotor at 10,000 rpm for 15 minutes at 4°C. The supernatant was
transferred to a clean tube and two volumes of ethanol was added and the tube
incubated at 4°C ovemight. Crude DNA was recovered from the solution by
centrifugation in a Sorvall SS-34 rotor at 10,000 rpm for 20 minutes at 4°C. The DNA
peilet was dissolved in 9 ml TE and then 9 g caesium chloride (CsCl;) and 500 pl EtBr
stock solution were added before the solution was transferred into an opaque Beckman
quickseal centrifuge tube. The tube was sealed and centrifuged in an ultracentrifuge
{model L8-80M) using an 80Ti rotor at 40,000 rpm for 64 hours at 18°C. A fluorescent
band of DNA was visualised under long wave UV light, and removed with an 18 or 19G
needle. To remove the EtBr from the DNA solution, 6-8 m} of water-saturated butano)
was added to the solution vigorously mixed. The resulting butanol layer was removed

with 2 Pasteur pipette. The butanol extraction was repeated until the DNA solution was
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colourless, and then the solution was made up to a volume of 5 ml with sierile water.
The solution was transferred to a 30 ml glass Corex tube and 0.5 ml of 3 M sodium
acetate (pH = 6) and 11 ml ethanol were added, and the solution allowed to cool at -20°
C for at least I hour. After this time, the solution was centrifuged in a Sorvall §S-34
rotor at 10,000 rpm for 20 minutes at 4°C. The DNA pellet was dissolved in 0.5 ml
sterile water and transferred to a microcentrifuge tube. 50 ul of 3 M sodium acetate (pH
= 6) and 1 ml ethanol were added and the solution incubated at -20°C overnight. DNA
was recovered by centrifugation at 14,000 rpm for 30 minutes. The pellet was then

carefully rinsed with 70% ethanol and allowed to dry before being dissolved in 100 ul
TE.

2.4.4 Extraction of total RNA from plant tissues

This method is based on that of Verwoerd ef al. (1989). 0.5 g of plant tissue was

ground to a fine powder using a mortar and pestle under liquid nitrogen. Whilst frozen,

the powder was transferred to an Oakridge tube containing 750 ! TLES and 750 pl
phenol (pH = 8.0) which was preheated to 70°C. The sample was immediately vortexed
for 30 seconds to homogenise the solution. 750 pt of chloroform:isoamylalcohol (24:1)
was added and the sample was again vortexed. The mixture was then divided tnto two =
microcentrifuge tubes and centrifuged at 14,000 rpm for five minutes. The supernatant i
was then transferred to new microcentrifuge tubes before the addiiion of an equal }
volume of 4 M lithium chloride. After mixing, samples were incubated at 4°C %
overnight to allow the precipitation of RNA. Following incubaticn, the RNA was
pelleted by centrifugation at 14,000 rpm for 30 minutes and resuspended in 250 pl of
sterile Milli-Q water. 25 ul of sodium acetate (pH = 6.0) and 500 ul of ethanol was then
added and the RNA was precipitated, either at -70°C for one hour, or at -20°C
overmight. Again, the RNA pellet was collected by centrifugation at 14,000 rpm in a
microfuge for 20 minutes. The resulting peliets were washed with 70% ethanol, :
pa_rtially dried either at room temperature or in a vacuum centrifuge (Speed Vac SC100 _ ;
(Savant)) and then resuspended in 50 yl of sterile Milli-Q water, 5 ul of the RNA i
solutiont was taken for UV spectrophotometry (see section 2.4.5). The RNA was then -

. -itated by the addition of sodium acetate and ethanol, as described above, and
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resuspended in sterile Milli-Q water to achieve a final concentration in the range of 4-5

pg/ul. RNA samples were stored at -70°C until required.

2.4.5 Quantification of nucleic acids

DNA and RNA samples were quantified using a Perkin-Elmer Lamda 1 UV/VIS
spectrophotometer. A S pl aliquot of the nucleic acid solution was made up to 1 ml with
Milli-Q water and the absorbance was measured at a wavelength of 260 nm. A reading
of 1.0 corresponds to 50 pg/ml for double-stranded DNA or 40 pg/ml for RNA
(Sambrook er al., 1989). Readings were also taken at wavelengths of 230 nm and 280
nm in order to check the quality of the preparation. DNA of sufficient quality exhibited
approximately equal réadings at wavelengths of 230 nm and 260 nm, and had a ratio of

readings at 260 nm to 280 nm of approximately 1.8 to 1.

2.4.6 Restriction enzyme digestion

Approximately 1-10 pg of DNA was digested with restriction endonucleases
purchased from either Toyobo or Promega under conditions recommended by the
respective manufacturers. Digestion of plasmid DNA was performed in a total volumc
of 30-50 pl with the presence of required restriction enzyme(s) at 1-1.5 unit per ug of
DNA, as well as the appropriatc enzyme buffer. Typically, for the restriction of
genomic DNA, 3-5 units of restriction enzyme(s) was added per ug of genomic DNA in
combination with spermidine (Sigma) at a level of 1 mM. BSA (Promega) at a final
concentration of 1% (w/v) was also added to the reaction. The mixture was incubated at
37°C for three hours for plasmid DNA or overnight for genomic DNA. The digestion

was stopped by the addition of one-sixth the volume of 6X gel-loading dye.

2.4.7 Gel electrophoresis

DNA fragments were separated by electrophoresis on 2 horizontal agarose gel.
Electrophoresis was performed with TBE buffer in a Pharmacia gel tank, using a current

ranging from 25 mA to 50 mA for 1 to 16 hours depending on the purpose of
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separation. 250 ng of A DNA digested with Bs/EIl (generating fragment in the siz2
range of 700 bp to 14 kb) or dx174 DNA digested with Haelll (generating fragments in
the size range of 600 bp to 1.35 kb) were used during electrophoresis for determining

sizes of linearised DNA fragments. Uncut A DNA at different known concentrations

was used for estimating DNA quantity.

RNA samples were denatured prior to electrophoresis as described by Sambrook er
al. (1989). 20 pg of total RNA was mixed with 50% (v/v) deionised formamide, 15%
(v/v) formaldehyde and 0.5 X MOPS buffer and incubated at 65°C for 15 minutes prior
{o chilling on ice. After 2 pl of loading buffer was added, the sample was subjected to
electrophoresis on a formaldehyde denaturing gel with 1 X MOPS buffer.
Electrophoresis was performed in a Pharmacia gel tank using a current of 25 mA and

run overnight, allowing the dye front to migratc approximately 8 cm to 10 cm from the

wells,

Gels were examined on an UV ftransilluminator and photographed with a Polaroid
LP-4 camera using Polaroid 667 positive film, or using a camera control unit (UVP) and

a Mitsubishi videospacecopy processor with a thermal printer.

2.4.8 Isolation of DNA fragmentis from agarose gels

DNA bands were excised from electrophoretic gels whilst under UV
transillumination using a sterile blace. As much gel was removed from the excised
band, and the DNA fragment purified either by phenol-freeze extraction or using a
BRESAspin Gel Extraction Kit (Bresatec) as directed by the manufacturer. For phenol-
freeze extractions, gel fragments were thoroughly crushed in a microcentrifuge tube
before the addition of 0.5 ml phenol. The tube was vortexed and left either at -70°C for
30 minutes or at -20°C overnight. Afier centrifugation at 14,000 rpm for 30 minutes,
the upper aqueous layer was transferred to a fresh microcentrifuge tube. 200 pl of TE
buffer was added to the remaining bottom layer and the mixture vortexed and
centrifuged at 14,000 rpm for 15 minutes. The upper layer was removed and combined

with the previous upper layer. An equal volume of chloroform:isoamylalcohol (24:1)
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(v/v) was added to the tube, and the sample briefly vortexed and centrifuged at 14,000
pm for ten minutes. The top layer was removed carefully to a new tube and the DNA
was recovered from the aqueous phase by the addition of 1/10™ the volume of sodium
acetate and two volumes of ethanol. The sample was mixed and allowed to stand at
room temperature for 30 minutes before incubation at either -70°C for 30 minutes or at -
20°C overnight. The DNA was then pelleted by centrifugation at 14,000 rpm for 30
minutes. The resulting pellet was washed with 70% ethanol, dned and resuspended in
10 pl of sterile Milli-Q water. DNA concentration and purity was checked by

electrophoresié of a 1 ul aliquot of the sample on a minigel.
2.49 Polymerase chain reaction (PCR)

2.4.9.1 DNA amplification

All PCR amplifications used a Promega Taq DNA Polymerase Kit (Promega)
containing 25 mM magnesium dichloride, 10 X Taq DNA reaction buffer (500 mM
potassium chloride, 100 mM tris-HCl (pH 9), 1% Triton X-100) and Tag DNA
polymerase (5 units/pl}. In addition, ANTPs (from 2 mM stock of dATP, dTTP, dCTP,
dGTP [Promega]) were added to a final concentration of 200 pM. Each PCR
amplification was carried out in a 50 ui reaction volume which was overlaid with
approximately 100 pl of light mineral oil {Selby Scientific) to prevent evaporation. A
Hybaid HB-TR1 Thermal Reactor set at tube control temperature was used for all
amplifications. Amplification of DNA by PCR was performed using repeated cycles to
denature the DNA,, anneal the primers, and finally to extend the primers. At the end of
the last cycle in all amplifications, a further 10 minutes extension step was included
before the reaction was allowed to cool to ambient room temperature. Routinely, 10 pl
to 20 p! of each amplified sample was subjected to electrophoresis to identify positive
amplification products, and then the gel blotted and probed if required. When
necessary, PCR products were re-amplified by diluting a sm.all aliquot (typically
1/100th) of the amplified mixture directly intc new PCR buffers containing the same

primers and constitucnts.
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2.4.9.2 Colony boil PCR

Colony boil PCR amplifications were performed to test for the presence of
recombined plasmids in cells from a bacterial colony. A sterile toothpick was touched
to a single colony and dipped into 10 pl of sterile Milli-Q water in a 0.5 ml
microcentrifuge tube. The tube was incubated at 99°C for five minutes in a preheated
Hybaid HB-TR1 Thermal Reactor before the temperature was reduced to 92°C. 40 ul
of PCR mix (final concentration of 1 X Tag DNA polymerase buffer, 200 uM each
dNTP, 1.5 mM magnesium dichloride, 1 ng of both forward and reverse primers, and
0.5 units of Taqg DNA polymerase) was added to the tube. The mix was pulse-
centrifuged to collect condensation and the tube retumed to the cycling machine at
92°C. Approximately 100 pl of light mineral oil (Selby Scientific) was immediately
added and the tube subjected to a thermocycling regime of 95°C for one minute for the
denaturation of DNA, 55°C for two minutes for the annealing of primers, and 75°C for
two minutes for the extension of the primer. In total, 30 such cycles were used,
including a final extension step as described above. 20 pl of the amplified mix was then

electrophoresed on an agarose gel and subsequently blotted and probed to identify

positive transformants.

2.4.10 Ligation of DNA

Ligation of insert DNA into vector DNA was carried out according to instructions of
the vector manufacturer (Promega). Briefly, 100 ng — 200 ng of linearised vector and
sert DNA were mixed in a 0.5 ml microcentrifuge tube. The insert-to-vector ratios
used, In molar amounts, were 1:1, 1:3, and 3:1, while control reactions used either
vector or insert DNA only. Sterile Milli-Q water was added to the tube to made up ihe
volume to 7.5 pl. The sample was warmed to 45°C for five minutes before chilling on
ice. After this time BSA (at {inal concentration of 50 ng/ul), 1 ul of T4 DNA ligase 10
X buffer (300 mM tris-HC1 pH 7.8, 100 mM MgCly, 100 mM DTT and 10 mM ATP)
and 1 weiss unit T4 ligase (Fr.:nega) were added with sterile Milli-Q water to make a
final volume of 10 pl. The ligation reaction was incubated at 15°C for four hours and

then at 4°C overnight. After heat inactivation at 70°C for ten minutes, the ligation
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product was used to transform E. coli. For direct cloning of PCR products, a pGEM-T
vector kit (Promega) was used and ligation was carried out according to the instruction

of the manufacturer.
2.4.11 Bacterial transformation

2.4.11.1 Transformation of E. coli

Transformation of E. coli was performed as described by Chung and Miller (1988)
using strain DH5a. 50 ul of an overnight culture of DH5a was inoculated into 100 ml
of LB broth and grown to early log phase (ODgop = 0.3 to 0.6) which required

approximately three hours on a shaking incubator at 37°C. Cells were pelleted by

centrifugation in a microcentrifuge at 3,000 rpm for five minutes at 4°C and .

resuspended in 1/10" the original volume of ice-cold transformation and storage buffer
(TSB). The suspended cells were then left on ice for approximately 30 minutes.
Transformation was carried out by the addition of DNA, ranging from 100 pg to 50 ng
of DNA, or 5 ul of the ligation mix, to a 10C pl aliquot of competent cells in a pre-
chilled test tube. The cells were then returned to ice for approximately 30-45 minutes.
After addition of 0.9 ml of TSB, contaming filter-sterilised glucose to a final
concentration of 20 mM, the cells were grown on a shaker at 37°C for one hour to allow
expression of aniibiotic resistance gene. Aliquots of 20-100 pl of the transformed celt
mix were then spread onto LB plates supplemented with antibiotics. When blue-white
selection was employed, LB plates were also supplemented with 0.5 mM IPTG and 40
ug/ml X-gal. Bacterial colonies that were white in colour represented cells possessing
recombinant plasmids, whereas blue colonies significd cells transformed with plasmids
lacking insert DNA. Putative positive colonies were analysed for the presence of
recombinant plasmids following transfer to growth plates for subsequent colony

blotting, or following growth in broth for isolation of plasmid DNA or for colony boil

.PCR amplification.
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2.4.11.2 Transformation of A. rhizogenes via friparental mating

A single colony of the recipient A. rhizogenes wild type strain LBA9402 was
inoculated and grown in antibiotic-free YMB broth at 28°C for approximately 48 hours.
After 24 hours, a single colony of donor E. coli containing a correct construct of the
binary vector, and a single colony of E. coli helper strain containing pRK2013 were
separately inoculated into LB broths, with appropriate antibiotic, and grown overnight
at 37°C. 100 pl of each of the E. coli cultures and 200 pl of the recipient strain were
mixed and centrifuged at 6,000 rpm for 30 seconds. Cells were then resuspended in 50
ul of antibiotic-free LB broth and spread onto an LB:YMB (1:1) plate. Such a
triparental mating plate was incubated at 28°C for approximately 48 hours. One loopful
of bacteria was streaked onto a YMB plate containing 100 mg/L rifampicin and the
appropriate antibiotic to select the plasmid, and then incubated at 28°C for
approximately 72 hours. Single colonies were selected and re-streaked. This step was
then repeated using solid YMB supplemented with the appropriate antibiotic to select
the plasmid. The presence and integrity of the desired vector in the transformed A.

rhizogenes culture was tested prior to use for plant transformations.
2.4.12 Southern blot analysis

2.4.12.1 Colony blotting

The method used was based on the protocol supplied by the Amersham company.
Single putative positive colonies were patched onto two identical plates of solid medium
containing the appropriate antibiotic and incubated overnight. A Hybond-N'
(Amersham) membrane was cut to size and placed on the agar surface of one plate.
After one minute, the membrane was carefully lifted from the plate and placed with the
bacterial colonies facing upwards, onto two sheets of blotting paper soaked in
. denaturing solution for seven minutes. The membrane was then neutralised twice for
three minutes each on two sheets of blotting paper soaked in neutralising buffer.

Finally, the membrane was rinsed in 2 X SSC and air-dried with the colony-side up.
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2.4.12.2 DNA biotting

Following electrophoresis, the agarose gel was depurinated in 0.25 M hydrochloric
acid for 20 minutes with gentle agitation. The gel was then briefly rinsed twice in
distiiled water and soaked in denaturing solution for 40 minutes with gentle shaking.
After a brief rinse in distilled water, the gel was neutralised for 30 minutes with gentle
agitation in neutralising buffer. A capillary blot was prepared as described in Sambrook
et al (1989). A wick was made from two sheets of blotting paper saturated with blotting
buffer consisting of 20 X SSC and iaid flat on a perspex plate with each end of the wick
immersed in blotting buffer. The gel was then placed upside down on the wick. A
sheet of Hybond-N* (Amersham) membrane was cut to the appropriate size and placed
on the gel, ensuring thﬁt the top of the membrane was aligned with the wells of the gel.
Two sheets of blotting paper saturated with blotting buffer were layered over the
membrane. Air bubbles were removed by gently rolling a glass pipette over the surface
of each layer. A stack of dry paper towel was placed on the top and pressed down with
a light weight, approximately 700 g. DNA transfer was allowed to proceed for 16-40

hours.

2.4.12.3 Alkalire fixation of DNA to nylon membrane

Blotled membranes were placed DNA-side up on two sheets of blotting paper
soaked in 0.4 M sodium hydroxide for 15 minutes. Membranes were subsequently
rinsed in 2 X SSC with gentle agitation for approximately one minute, after which they
were either directly used in the DNA:DNA hybridisation or allowed to air dry prior to

storage at room temperature.

2.4.12.4 Preparation of radiolabelled probes

Radiolabelied double-strand DNA probes were prepared by random primer
extension in the presence of *’P-dATP using a Gigaprime DNA Labelling Kit (Bresatec)
according to the manufacturer’s instruction. Approximately 100-200 ng of double-

strand DNA was denatured in a screw-capped tube in a volume of 6 pl by boiling for
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five-to-ten minutes, followed by chilling on ice. The tube was then briefly pulse-
centrifuged to bring down the condensation before addition of 6 ul decanucleotide
solution, 6 ul nucleotide buffer cocktail, 5 pl 2P_ATP (Bresatec) and 1 pl Klenow DNA
polymerase. The mixture was incubated at 37°C for at least 15 minutes. The
radiolabelled DNA fragments were then separated from the unincorporated nucleotides
by passage through sephadex G-50 (medium grade, Amersham Pharmacia Biotech AB)
equilibrated with TE buffer and packed in a short Pasteur pipette used as a column.
After labelling, the reaction mix was ¢luted from the column with TE buffer and the
eluent was collected as a series of &-drop fractions, the radioactivity of which were

monitored with a geiger counter.

2.4.12.5 Synthesis of single-strand DNA probe by asymmetric PCR

This method was basea on that of Taylor (1991). Unlabelled double-strand DNA
fragments were firstly synthesised as described in section 2.4.9.1. A single-strand DNA
probe was produced by taking a cmall aliquot (1 pl) of the PCR product without
purification and repeating the temperature cyciing process using one primer only. This
process dilutes the other primer to approximaiely less than one-fiftieth of the normal
level, which is quickly used up as the amplification reaction progresses, producing a
relatively small amount of double-stranded DNA together with single-strand DNA. In
the repeated PCR, a dNTP stock solution was used lacking dATP. Immediately before
the reactions were allowed to proceed, **P-dATP was added (o each amplification
reaction. The radiolabelled single-stranded DNA fragments in the PCR product were

separated from the unincorporated nucleotides as described above.

2.4.12.6 Prehybridisation and hybridisation

Membranes were treated with prehybridisation solution in a volume of 16-50 m!
depending on their size. The hybridisation solution consisted of 5 X SSC, 5 X
Denhardt’s solution, 0.5% (w/v) SDS and 200 pg/ml salmon sperm DNA or herring

sperm DNA which had been denatured by boiling for ten minutes and then chilled on
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ice. The incubation was carried out at 65°C in either a shaking water bath or a rotating

hybridisation oven for at least three hours prior to addition of probe.

Labelled probe was denatured at 100°C for 10 minutes and chilled on ice before
addition to the prehybridisation mix. The hybridisation was carried out overnight at
65°C. To remo- e non-specifically bound probe after hybrnidisation, membranes were
subjected to a high stringency wash (0.1 X SSC, 0.5% w/v SDS) at 65°C for 15
minutes. Additional washes were performed if background signals gave ingh geiger
counter readings. Moist membranes were sealed in plastic before exposure to Fuji X-
ray film with an intensifying screen at -70°C. The duration of exposure varied
according to the strength of signal. Autoradiographs were developed using an Agfa

Gevaert Gavanamic-60 X-ray machine.

2.4.13 Northern blet anaiysis

Following electrophoresis, formaldehyde-agarose gels were rinsed twice with 10 X
SSC for 20 minuies. The blotting procedure was essentially the same as described
above for Southern biotting; except that 10 X SSC was used as the blotting buffer.
Capillary transfer of RNA was allowed to proceed over 24 hours. For fixation of RNA,
the blotted Hybond N* membranes were placed RNA-side up for five minutes onto two
sheets of Whatmann chromatography paper soaked in 0.05 M sodium hydroxide and
then briefly rinsed in 2 X SSC. Prehybridisation and hybridisation were performed
using Expresshyb solution according to the manufacturer’s instructions (Clontech
Laboratory Inc.). Membranes were placed in pre-heated hybridisation tubes containing
5 mi of Expresshyb solution and incubated in a rotary hybridisation oven at 65°C for 30
minutes. Fadioactively-labelled probes were prepared as described for Southern blot
analysis. For hybridisation, the prehybridising solution was discarded and 3 ml of pre-
heated fresh Expresshyb solution, containing the denatured probe, was added to the
hybridisation tube and incubated for a further one-to-two hours at 65°C. Membranes
weie washed four times at room temperature with a low stringency wash solution (2 X
$3C, 0.05% wiv SDS), with each wash lasting for eight-lo-ten minutes. If required,

membranes were then washed once or twice witlh a high stringency wash solution (0.1 X
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SSC, 0.1% w/v SDS), for 20 minutes each at 65°C. To prevent drying, moist
membranes were mounted on Whatmann chromatography paper dampened with 2 X
SSC and sealed in plastic film before exposure for up to one week at -70°C using Fuiji

X-ray film with an intensifying screen. Autoradiographs were developed as described

above.

To standardise the amount of total RNA fractionated on each lane, membranes were
exposed to a phosphor screen (Dynamic, Kodak) for 16-72 hours as required. Signal
intensities were quantified with either a Fujix bio-imaging analyser (BAS1000, Mac
BAS software) or Storm Phosphor-Fluorlmager (Image Quant software). To further
standardise signals, membranes were stripped as described above and reprobed with a
radiolabelled secquence of the ‘housekeeping’ gene ubiquitin from Antirrhinum majus.
(The sequence was kindly supplied in plasmid pJAM293 by Dr. Cathie Martin, John
Innes Institute, Norwich, U.K.) Again, signal intensities were quantified using a
phosphorimager, and standardised by calculating the ratios of mRNA signals from the
band of interest to those of the ubiquitin signal. The lowest relative ratio was assigned a

value of ], and other samples on the same membrane adjusted accordingly.

2.4.14 Membrane stripping

Probes were removed from membranes by gentle agitation in freshly boiled 0.5%
(w/v) SDS and the solution allowed to cool to room temperature. Complete removal of
the radioactive bound probe was assessed by autoradiography. Membranes were stored

dry or further hybridised immediately with a freshly prepared radiolabelled probe.

2.4.15 DNA Sequencing

Sequencing of double-stranded DNA was performed using an AB1 PRISM Dye
Terminator Cycle Sequencing Ready Reaction Kit (Perkin Elmer) according to the
manufacturer’s instructions. Approximately 1 pg of purified DNA and 3.2 pmol of
primers were mixed with 9.5 pl of reaction premix containing A,T,G, and C dideoxy

terminators, DNA polymerase buffer, and Ampli Taq DNA polymerase in a 0.5 ml
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microcentrifuge tube. Final reaction volumes were adjusted to 20 pl with sterile Milli-Q
water and overlaid with 40 pl of light mineral oil. Amplification/sequencing cycles
were carried out in a Corbett Research FTS-1 Thermocycling machine preheated to
66°C. A standard amplification/sequencing regime consisted of 25 cycles of
denaturation at 96°C for 30 seconds (90 seconds for the first cycle), annealing at 50°C
for 15 seconds, and primer extension at 60°C for four minutes. Reaction products were
then purified by phenol-chloroform extractions. The reaction mixes were transferred to
a fresh tube and 80 pl of sterile Milli-Q water was added to each tube. Extractions were
performed twice by addition of 100 ul of phenol:water:chloroform (68:18:14), followed
by vortexing and centrifugation at 14,000 rpm for 5 minutes. 15 pl of 2 M sodium
acetate (pH = 4.5) and 300 ul of ethano! were added before the tube was incubated on
ice for 15 minutes. DNA was pelleted by centrifugation at 14,000 rpm for 15 minutes.
Pellets were washed with 70% ethanol and vacuum dried. DNA sequence
determination was undertaken using an ABI 373A Automated Sequencer by the
Microbiology Department at Monash University, Clayton. Sequence data obtained were

analysed using the ABI SeqEd program and the Australian National Genomic

Information Service (hitp://www.angis.org.aw/).

2.5 Biochemical analysis

2.5.1 Histochemical localisation of -glucuronidase (GUS) activity

Plant tissue was covered with 100-200 pl of X-Gluc solution in a microcentrifuge
tube which was incubated at 37°C overnight. The tissue was then soaked in 95%

ethanol to remove chlorophyll if necessary. GUS-expressing cells were visualised by

blue staining under a low powered dissecting microscope.
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2.5.2 Enzyme assay

2.5.2.1 ADC and ODC

Extraction and assay procedures were based on those described by Robins et al.
(1990). Tissues were harvested, weighed, immediately frozen in liquid nitrogen and
stored at -70°C until required for enzyme activity determinations. Both ADC and ODC
activities were determined simultaneously using the same extract. Approximately 0.5 g
of frozen tissue was ground with 100 mg/g insoluble polyvinylpyrrolidone (PVP) under
liquid nitrogen using a chilled mortar and pestle. The fine powder was immediately
added 10 3 volumes of buffer A containing 100 mM tris-HCI (pH = 8), 20 mM EDTA
(ptl = 8), 10 mM dithiothreitol (DTT), and 2 mM pyridoxal phosphate. After vortexing,
the sample was centrifuged at 15,000 g for 20 minutes at 4°C to remove iusoluble
debris. The supernatant was transferred to a clean centrifuge tube and volumes were
adjusted to 3.5 ml with buffer A. To remove low molecular-weight contaminants, a
prepacked PD-10 desalting column (Pharmacia) equilibrated in one-tenth-strength
buffer A was used according to the manufacturer’s instructions. Soluble proteins were
eluted from the column using one-tenth-strength buffer A and were then used for ADC
and ODC enzyme assays as well as protein quantification. Protein concentrations were
determined by the protein-dye binding method using Bradford reagent (Biorad)

according to the manufacturer’s instructions (Bradford, 1976). Bovine serum albumin

(BSA) (Promega) was used as a standard.

Activity of ADC was determined by measuring the amount of "*CO, released from
L-(U-"C)-arginine (Amersham; specific activity 12,7 GBg/mol) diluted with non-
radioactive L-arginine-HCI (Sigma) to produce a 2.5 mM stock with a specific activity
103 MBa/mmol. The incubation mixture used contained 200 pl of enzyme extract and
50 ul of arginine stock in a de-capped microcentrifuge tube within a 20 ml scintillation
vial containing 100 pl of 20% (w/v) KOH. Vials were sealed with subaseals before
incubation at 37°C in a shaking water bath. At designated time points, reactions were
terminated by the injection of 200 pl of 5% (v/v) perchloric acid into the

microcentrifuge tubes. Vials were incubated at 37°C for a further 50 minutes. Tubes
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were removed and their outsides were rinsed into the vials with 0.9 ml of sterile water.
After addition of 9 ml of scintiflant (Ready Value, Beckman) vials were shaken until the

solution was clear, indicating a homogenous mixture. The radioactivity of the sample

was then determined using a scintillation counter.

Activities of ODC were determined as described above for ADC, except that [1-
"C)-L-ornithine {Armersham, specific activity 2.18 GBg/mmol) was used. The labelled
omithine was diiuted with non-radioactive L-omithine-HC] (Sigma) resuiting in a 10

mM stock with specitic activity of 22 MBg/mmol.

2.5.2.2 PMT

Extraction and assay procedures were modified from the methods of Robins ez al.
(1990) and Walton et al. (1994). Tissues were harvested, weighed into samples of
approximately 2.5 g, and immediately frozen in liquid nitrogen before storage at -70°C
until required for énzyme activity determinations. Frozen root tissue was ground to a
fine powder under liquid nitrogen using a mortar and pestle. The frozen power was
transferred into a screw-topped centrifuge tube and three times the volume of extracticn
buffer (20 mM Tris base, 12.5% (w/v) glucose, 10 mM 2-mercaptoethanol, 2 mM
Na;EDTA, pH = 7.8) was added. The tube was briefly vortexed to homogenise the
mixture, followed by centrifugation at 14000 rpm for 5 minutes. The supernatant was
removed to a new tube and the centrifugation repeated. 100 pl of supernatant was
mixed with 100 p) of incubation mixture containing 20 pl of 20 mM putrescine, 20 ul of
25 mM 2-mercaptoethanol, 40 pl of 1 M KPi buffer (pH = 8), 2 ul of 10 mM S-
adenosyl-L-[**CH3] methionine (specific activity 18 MBag/mmol), and 18 pl water. The
reaction mixiures were incubated at 30°C for 30 minutes. Control reaction mixtures
lacking putrescine were included. Reactions were terminated by addition of 100 pl of
10% (w/v) NaOH saturated with NaCl. The product, N-methylputrescine, was extracted
o 1 ml of toluene:isoamylalcohol (3:2) (v/v) by thorcugh mixing and brief

centrifugation. 0.8 ml of the organic phase was taken and the radioactivity determined
by liquid scintillation counting.
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2.5.3 Alkaloid analysis

235.3.1 Alkaloid extraction

Extraction of alkaloids was performed essentially as described by Saunders and
Blume (1981). Approximately 250 mg of plant tissue was homogenised in extraction
buffer (40% (v/v) methanol, 0.1% (v/v) 1 M HCI) at a proportion of 10 mi of buffer per
g fresh weight of plant tissue, using a Kinematica AG Polytron PT1200 homoginiser
(Selby). The homogenate was centrifuged at 2,500 rpm for 3 minutes. Fine particles
were removed by filtration of the supernatant through a 0.45 pm Sartorius RC filter and
stored at -20°C until the determination of alkaloid level by HPLC (high-performance
liquid chromatography).

2.5.3.2 Alkaloid determination

Following extraction, alkaloids were separated on a Bondapak C18 reverse phase
column (3.9 mm x 300 mm, particle size 10 pm) using a HPLC integrated system
comprising of a Waters 600E (pump/HPLC unit) and a Waters 717plus Autosampler.
The system was operated at room temperature with a helium-sparged (20 ml/min)
mobile phase of 50% (v/v) methano! and 0.2% (v/v) phosphoric acid buffered to a pH of
7.25 with triethylamine. 20 pl of sample was eluted with an isocratic flow rate of 1
ml/min. The mobile phase was filtered through a 0.45 pun Sartorious filter (RC45) prior
to use. Alkalotds were detected with a Waters tunable 486 absorbance detector set at
260 nm. Comparisons were made with authentic standards of nicotine, nornicotine,
anabasine (all from Sigma) and anatabine (a gift from Dr. Patrick M. Lippiello and Dr
Elisa Lovette, Pharmacology Laboratory Research & Development, R.J. Reynolds
Tobacco Company, USA). Samples of plant extract were also ‘spiked’ with standards
to confirm alkaloid peak identifications on the chromatogram. In most cases,
nornicotine and anabasine levels were very low and were not quantified. Amounts of
nicotine and anatabine present in samples were determined from standard graphs

constructed using known amounts of authentic standards of nicotine and anatabine.
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Chapter 3

Effects of Down-regulating ADC in N. fabacum

3.1 Using 460 bp fragment of N. rustica ADC coding sequence

3.1.1 Binary vector construction and transformation of bacteria

To produce transformed root tissues of N. tabacum with down-regulated ADC, it
was necessary to first generate Agrobacterium rhizogenes carrying a binary vector
containing Nicotiana ADC gene sequence in an antisense orientation with transcription
driven by a strong promoter. pFIH10 was chosen as a suitable vector as it is a pBIN19
based vector which functions efficiently when placed in A. rhizogenes to produce
transformed roots of Nicoriana species containing binary vector T-DNA (Hamill er al,,
1987a). pFIH10 is an expression vector that enables a foreign gene to be expressed
under control of the CaMV35S promoter with an upstream duplicated enhancer,
reported to increase the transcriptional strength of the promoter in transgenic plants

{Kay ef al.. 1987), and the CaMV35S terminator sequence (Hamii! er al., 1987a).

3.1.1.1 Cloning a 460 bp fragment of N._rustica ADC sequence into pBluescript
(Construction of pYCIB)

At the commencement of this project, the full-length coding sequence for ADC was
not available from Nicotiana species. However, a 460 bp genomic fragment from the
ADC coding sequence of the species N. rustica was available in this laboratory as an
Xbal fragment cloned into pGEM3Z (Doblin, 1993). This was thought highly likely to
possess sufficient nucleotide homology to the N. tabacum ADC sequence to be effective
as an antisense sequence, particularly as Carron et al., (1994) reported the production of
hairy root lines from the forage legume Lotus corniculatus which contained a portion of
the Antirhinum majus dihydroflavonol reductase (DFR) gene in the antisense orientation

under the transcriptional control of the CaM V358 promoter. Using stringency washes,
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Fig. 3-1 Construction of pYC1B. 460 bp N. rustica ADC fragment was
previously cloned into plasmid pGEM3Z (Doblin, 1993). With one damaged
Xbal site, the ADC fragment was excised from the plasmid and ligated into
pBluescript at EcoRI and PsA sites. This enabled the excision of the ADC
fragment at the Xbal sites in pYC1B. Blue acrows indicate orientation 5°—3’
of the ADC fragment with respect 10 the coding sequence. (Only selected
restriction sites in the plasmids are illustrated.)
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it was estimated that the A. majus DRF gene shared about 80% nucleotide homology
with sequences in the L. cornicularus genome (Carron et al.,, 1994). Several of the
antisennse DFR transformed root lines that were recovered in this study showed up to
80% reduction in levels of condensed tannins compared to controls. Previous reports
had also noted that a partial gene sequence was effectlive in down-regulating gene
expression in plants when expressed in an .ntisense orientation. For example, Cannon
et al, (1990) showed that expression of ait antisense fragment of the GUS gene with as
little as 41-base paring homology was sufficient to give up to a 100% inhibition of GUS
activity in leaves of 8/16 plants previously transformed with the uid4d (GUS) gene.
Bachem et al. (1994) demonstrated the inhibition of PPO (polyphenol oxidase)
expression in transgenic potato plants by expressing a series of antisense PPO gene
constructs, the length of which varied from 500 bp to 1.9 kb. They found no significant
differences in the effectiveness of the constructs with regards to their capacity to reduce
PPO enzyme activity. Kuipers er al. (1995) compared GBSS (granule-bound starch
synthase) gene expression in a large number of potato plants transformed with antisense
constructs of GBSS genomic DNA (3 kb) and a 0.6 kb fragment representing the 3’ end
of the coding sequence, both under transcriptional control of the GBSS promoter. They
found that simitar numbers of completely inhibited, partially inhibited and non-inhibited
GBSS plants were present in the population of transgenic plants expressing either the
full-length or partial antisense sequences. Thus, it was concluded that the size of the

antisense RNA does not determine the efficacy of inhibition,

in the current project, initial efforts attempted to directly clone the 460 bp N. rustica
ADC ivagment into the Xbal site of pFIH10 in an antisense orientation. However, it was
found that the Xbal site at the 3" end of the ADC fragment in pGEM3Z was damaged
(Fig. 3-1) leading to an inability to excise the fragment from the plasmid at the Xbal
site. To enable the ADC fragment to be placed into pFIH10 in the antisense orientation,
it was first subcloned into pBluescript to create pYCIB (Fig. 3-1). This allowed the

fragment to be recovered as a Xbal fragment of ca 470 kb which was ligated into Xbal
digested pFIH10.
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UR = Upsteam enhancer of CaM V35S promoter
Term = CaMV35S terminator

Fig.3-2 Construction of pYCILJF and pYCLIJR. The ADC fragment was excised
from pYC1B and ligated into pFIH10 at the Xbal site. pYC1JR contained the
460bp ADC fragment in an antisense orientation, whilst pYC1JF contained the
460bp ADC fragment in a sense orientation. Blue arrows indicate orientation
5°— 3’ of the ADC fragment with respect to the coding sequence. (Only selected
restriction sites in the plasmids are illustrated.) As pFIH10 is derived from
pBIN19 (Bevan, 1984), Kan' confers resistance to kanamycin in bacteria whilst
Neo' confers resistance to kanamycin in transgenic plant cells (Hamill ef al.,
1987a).
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3.1.1.2 Cloning the 460 bp ADC fragment from pYCIB inte pFIHIO in an

antisense orientation (Construction of pYCIJR)

The 460 bp fragment of ADC coding sequence was excised as a Xbal fragment from
pYCIB, ligated into the Xbal site of pFIH10 and transformed into E. coli (Fig. 3-2).
After screening colony blots and probing with the ADC fragment, 13 positive colonies
were recovered, from a total of 116 kanamycin resistant colonies. The orientation of the
inserted fragment in the plasmid of the selected colonies was analyzed using a colony
boil PCR procedure in conjunction with forward oligonucleotides (PW1-35S8 and
MADC-IIIF) and reverse oligonucleotides (PWl-term and MADC-VR)
(oligonucleotide sequence of these primers are recorded in Appendix 1). PCR was
undertaken using various combinations of these primers and revealed the orientation of
the cassette in the plasmid as showed in Table 3-1 and depicted in Fig. 3-3. PCR

products were confirmed to contain ADC gene sequence by Southern hybridization.

Table 3-1 Results of PCR amplification using various combinations of
oligonucleotide primers to elucidate the orientation of the 460 bp ADC fragment in

the plasmid.
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A v v 830 v v Presence of insert of appropriate size
in binary vector, pFIH10.
B v v 460 v v Presence of the fragment of ADC
coding sequence.
C v v 590 v v Fragment of ADC coding sequence in
pFIH10 in sense orientation.
D v v 590 v v Fragment of ADC coding sequence in
pFIH10 in antisense orientation.
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Fig. 3-3 Diagram of pYCIJF and pYCiJR constructs showing the orientation of
the ADC fragment together with the location of the oligonucleotide primers. Blue
arrows indicate orientation 5°— 3’ of the ADC fragment with respect te the coding
sequence. PWI1-35S and PWl-term are forward and reverse oligonucleotide
primers of CaMV35S promoter and terminator, respectively, whilst MADC-HIF
and MADC-VR are forward and reverse primers of the 460 bp N. rustica ADC
fragment. (Only selected restriction sites in the plasmids are illustrated.)

As anticipated, two classes of plasmid were identified amongst transformed E. coli
coionies. One contained the sense oriented fragment of ADC sequence resulting
positive bands in the PCR with the primer combination sets A, B and C, and was
designated as pYCI1JF. The other class was designated pYC1JR which contained the
ADC fragment in an antisense ori¢atation in the pifIH10 vector and generated positive
bands from the primer combination sets A, B, and D in the PCR. Digestion of the
plasmids with several restriction enzymes was alse undertzken to confirm the

orientation of the ADC fragment in these two classes.

3.1.1.3 Introduction of pYCIlJR into A. rhizogenes

Plasmid pYC1JR was transformed into A. rhizogenes strain LBA9402 by triparental
mating. Single 4. rhizogenes colonies which were resistant to kanamycin were screened
for the presence of pYCIJR initially using the colony boil PCR procedure and then

confirmed using restriction enzyme digestion as previously undertaken in E. coli.
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Fig. 3-4 Growth curves of control lines (A) and 460 bp antisense ADC
lines (B). Each growth curve represents the mean (&s.¢.) fresh weight (g)
of triplicate samples harvested at day 10 and duplicate samples harvested
at day 20 and 30 (except line IV-5, the data of which was from one
sample).

1 = Antisense ADC (CaMV355-460 bp ADC)
11T = Control LBA9402 {A. rhizogenes T-DNA only)
IV = Control pBI121 (CaMV35S-GUS)
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Fig. 3-5 Nicotine content in control and 460 bp antisense ADC root lines.
Each histogram represents the mean (4s.e.) nicotine content (ug/g fwt) of
triplicate samples at day 10, and duplicate samples at days 20 and 30
(except line 1V-5, the data of which was from one sample).
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3.1.2 Establishment and analysis of transformed root lines containing 460 bp

antisense ADC fragment

Using established methodology as described (Chapter 2; Hamill et al., 1987b;
Hamill and Lidgett, 1997), three groups of transformed root lines of the high alkaloid
variety of N. rabacum, NC95 (Moore et al, 1962), were established following A.

rhizogenes infection (Table 3-2).

Table 3-2 Designated groups of the transgenic root lines generated using

LBA9402/pYCLIR.
Root line group A. rhizogenes var. LBA9402 Key feature
I plus pYCLIR Transformed root lines containing 460 bp N.

rustica ADC antisense construct.

i Wild type Control transformed root Iines containing T-
DNA only.

v plus pBIi21 Control transformed root lines containing the
CaMV358-GUS gene construct

NB Group Il lines were generated subsequently from N. tabactm var. NC95 containing a
larger antisense ADC fragment. (see section 3.2 below.)

3.1.2.1 Growth characteristics of 460 bp antisense ADC transformed root lines

The growth of control and manipulated antisense ADC root lines was monitored
over a 30 day period of culture with fresh weights being recorded at days 10, 20 and 30.
The growth curves of control and antisense ADC root lines are shown in Fig. 3-4-A and
B, respectively. Although minor differences between the growth of separate antisense
ADC lines were observed, the extent of these differences was in the same range as was

observed in control root hines.

3.1.2.2 Nicotine content of 460 bp antisense ADC transformed root lines

Nicotine content of the root cultures harvested for growth assessment at each time
point was determined. Fig. 3-5 shows the mean nicotine levels in the control and 460

bp antisense ADC transformed root lines at three time points representing early (day
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Fig. 3-6 Northern blot hybridisation of 460 bp antisense ADC root lines and
controls with independent, duplicate samples analysed at day 12 of growth

cycle, except line I-5. Each lane contains 20 pg of total RNA extracted from
tissues in separate culture vessels.

(A) Bands of the 18S and 258 ribosomal RNA visible after staining with
ethidium bromide illustrate a relatively equal amount of RNA loading in each
well.

(B) Autoradiograph of the Northemn blot probed with the 460 bp ADC fragment
shows an endogenous 2.8 kb ADC transcript in all root lines and a transcript
representing the introduced ADC fragment at 700 bp in most of the antisense
ADC lines analysed. Itis clear that despite a very strong antisense ADC signal
in lines 1-5, 1-38, 1-42 and I-21, the transcript level of endogenous 4DC are not
markedly altered from controls.
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190), mid (day 20) and late (day 30) stages in the growth cycle. Consistent with previous
observations in this laboratory for high alkaloid varieties of N. rabacum (Lidgett, 1997),
the nicotine levels of each control root line was lower when analysed at day 10 of the

growth cycle, compared (o tissues of the same line when analysed at days 20 and 30.

Examination of the data overall indicates that the nicotine content of transformed
root lines containing the 460 bp ADC fragment in an antisense ortentation was similar to
that possessed by controis - with the possible exception of line I-11 which had rather
low level of nicotine at day 30 of the growth cycle. This raised the question as to
whether the antisense manipulation had any effect upon endogenous ADC transcnpt
levels in these transformed lines. Northern blot analysis was undertaken to address this

question.

3.1.2.3 Northern blot of 460 bp antisense ADC transformed root lines

Total RNA from three control lines and six 460 bp antisense ADC root lines was
extracted at day 12 of the growth cycle. This represented a stage when each line was in
the early part of the active growth stage. Previous work in this laboratory has indicated
that ADC is actively expressed in N. tabacum root cultures at this stage of growth
(Lidgett, 1997). A Northem blot was set up using RNA from each extract (Fig. 3-6) and
probed with a double-strand DNA probe of the 460 bp ADC coding sequence.
Endogenous ADC transcripts were detected in both control and antisense ADC lines
while a signal, at about 700 bp, presumed to be the transgenic antisense ADC coding
sequence was detected only in antisense ADC lines (Fig. 3-6-B). For three of the

antisense lines (I-21, 1-38, 1-42}, the intensity of the 700 bp transcript was very strong
(Fig. 3-6-B).

As has been noted in section 1.4.1.3, Borrell er al. (1995) showed that ADC protein
was not detectable in roots of oat seedlings. Analogously, in young plants of A.
thaliana transcripts of ADC! and ADC2 were both found to be barely detectable in root
tissue (Soyka and Heyer, 1999). Results from the present study in which expression of

ADC was detected in transformed roots of N. tabacum (Fig. 3-6-B), however, are in

© A A et ke 2
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agreement with similar findings from other plants, such as cultured roots of H. albus
(Hashimoto ef al., 1989a), transformed roots of N. rustica (Hamill et al., 1990), and D.
stramonium (Robins ef al.,, 19912, 1991c; Michael et al,, 1996). Interestingly, these
latter species all produce alkaloids derived from putrescine, and hence, the expression of
ADC in such roots may be a function of increased flux through the ADC arm of the

polyamine biosynthesis pathway leading to secondary metabolism.

To confirm that the 700 bp ADC signal in the Northern blot did indeed represent the
antisense transcript, an asymmetric PCR was set up to synthesise single-strand probes to
detect either sense or antisense ADC transcript. To avoid the possibility of interference
from any trace signals that may remain on the blot after stripping, a new Northern blot
was set up and was hybridized with the probe synthesized using asymmetric PCR. The
sense-strand probe was generated from asymmetric PCR using the forward nucleotide
primer, MADC-IIIF, in the labelling reaction (Fig. 3-7). The antisense ADC transcript
of the manipulated lines, 1-38, 1-42 and [-21 was clearly detected using this asymmetric
PCR product in addition to that of line I-5 which was detected as a weaker signal (Fig.
3-8-A). In contrast the endogenous sense ADC transcript of both contro] and
manipulated lines were barely detectable (Fig. 3-8-A). This confirms that the foreign
ADC fragment was transcribed in the antisense orientation in root lines I-5, 1-38, 1-42
and [-21. Though antisense mRNA transcripts have been reported to be difficult to
detect in some transgenic tissues expressing the sense message (van der Krol ef al.,
1988; Smith er al., 1988), other studies involving transformed roots have reported
antisense mRNA to be readily detectable (Carron ef al., 1994).

Sense strand ADC fraes, ot M"‘%"'F >
with the forward primer,
MADC-1UF

58 Antisense strand ADC
-« MADC-VR  fragment with the reverse
primer, MADC-VR

Fig. 3-7 Diagram illustrates double-strand 4ADC fragment with the forward primer
{MADC-IIIF) and the reverse primer (MADC-VR). Using MADC-IIIF as a primer in the
labelling reaction in asymmetric PCR, a sense-strand probe is amplified (biue). Thus, this
PCR probe binds and detects the antisense transcript on the Northern blot. On the other
hand, when MADC-VR was used as a primer in the reaction, an antisense-strand is

amplified (green). Therefore, the sense transcription on the blot will be detected by this
probe.
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A.
Control Antisense ADC
Root line —_ 9 o -
= X 3 =2 3 I & § §
. Transcript of foreign
M aniisense ADC (700 bp)
I = Antisense ADC (CaMV358-460 bp ADC)
IH = Control LBA9402 (4. rhizogenes T-DNA only)
IV = Control pBI121 (CaMV355-GUS)
B.
Control Antisense ADC
Root line — ©
o) — o — — -] o —
= = 2 » T ¥ % I 9

Teanscript of endogenous
sense ADC (2.8 kb)

Transcript of foreign
antisense AD(C (700 bp)

Fig. 3-8 Autoradiographs of Northern blot analysis of antisense 460 bp ADC root
lines and controls with duplicate samples (except lines 1-3, 1-41 and }-21). Each
lane contains 20 pg of tolal RNA extracted from tissues in separate culture vesscls.

(A) Autoradiograph of the blot probed with sense strand DNA of the 460 bp ADC
fragment to detect antisense transcript of the introduced ADC fragment.

(B) Autoradiograph of the blot probed with antisense strand DNA of the 460 bp
ADC fragment to detect sense transcript of the endogenous ADC.
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A similar procedure was employed 1o detect the sense transcript of the endogenous
gene excepl that a reverse primer, MADC-VR oligonucieotide, was used to produce an
antisense-sirand probe in the labelling reaction (Fig. 3-7). Fig. 3-8-B shows the
hybridisation of this antisense-strand probe to the blot. Both antisense and sense ADC
transcripts were detected using this probe. However, when compared to Fig. 3-6-B and
3-8-A where the blots were probed with double-strand and sense-strand probes,
respectively, the sense ADC transcript in Fig. 3-8-B shows a much stronger signal

whereas the antisense transcript was revealed as a much weaker signal.

3.1.3 Conclusions regarding the efficacy of using the 460 bp fragment of N.

rustica ADC coding sequence to down-regulate ADC in N. tabacum

Examination of Fig. 3-6 to 3-8 demonsirates that several root lines containing the
460 bp antisense ADC fragment accumulated antisense transcript to a high level
(particularly lines [-21, 1-38 and [-42) but this did not lead to a reduction in the level of
endogenous ADC transcript compared to control lines (IH-3, 1II-11 and IV-26) or lines

in which the antisense transcript is either not expressed, or is expressed at lower levels
(lines I-11, I-5, 1-41).

Although the results of others indicated that an antisense fragment as little as 41 bp
can down-regulate gene expression (Cannon ef al., 1990), the present study clearly
indicates that expression of this 460 bp fragment was insufficient to reduce transcript
levels of endogenous ADC in transformed roots of N. tabacum var. NC95 (Fig. 3-6 and
Fig. 3-8).

To test whether a longer ADC antisense fragment would be more effective at down-
regulating ADC, it was thus decided to make a larger antisense construct comprising

approximately the first half of the tobacco coding sequence.
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3.2 1.2 kb ADC coding sequence of N. tabacum

3.2.1 Cloning 1.2 kb ADC coding sequence

At the time this experiment was initiated, the ADC coding sequence of the most
closely related species to tobacco in the GenBank/EMBL databases was a cDNA from
tomato. This was reported as being 2.05 kb in length and consisting of an open reading
frame of 1.5 kb and 530 bp of 3" untranslated region (Rastogi ef al., 1993). To identify
an oligonucleotide primer that would enable the recovery, via PCR, of DNA sequence
- for N. trabacum as close to the 5° end of the coding sequence of ADC as possible, primer
YCIF (forward primer) (sequence presented in Appendix 1) was designed based on the
conserved regions between tomato and pea ADC sequences, the only other full-length
dicotyledon ADC sequence available in the Genbank/EMBL databases at that time
(Rastogi et al., 1993; Perez-Amador et al., 1995; accession numbers L16582 and
737540 respectively). Oligonucleotide EYIR (reverse primer) (sequence given in
Appendix 1) was designed based on the conserved regions between tomato and pea. A
putative fragment of Arabidopsis ADC sequence, available also in the database at that
time (accession number Z37204), was also utilised in the design of this oligonucleotide
primer, These forward and reverse primers respectively represented the tomato ADC
nucleotide transcript positions 31 — 50 and 1255 - 1275 (amino acid positions 2 — 7 and
411 - 417 in the ADC protein) (Fig. 3-9) reported by Rastogi er al. (1993). An Xbal
restriction enzyme recognition site was placed at the 5’ end of each primer to facilitate

the subsequent cloning of the DNA fragment into pFIHI10.

Reverse primer was designed together with E, Fredericks, a lellow postgraduate in the laboratory.
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Scale: —= 100 bp :

N. rustica ADC fragment b’;‘ﬁp-c..'"m — 3 s

460 bp MADC-VR

< B

Tomato ADC cDNA ¢ 3
2kb -

N. tabacum ADC fragment "'S.'.F i

’ 5 ~—u 3

1.2kb EYiR

;

!

Fig. 3-9 A diagram to illustrate the relative position of N. rustica 460 bp ADC fragment and

the N. rabactom 1.2 kb ADC fragment obtained from PCR with corresponding region in the

tomato ADC ¢cDNA. Arrows indicate direction of oligonucleotides 5'— 3°. :

Using YCIF and EY1R, a strong band of the expected size, 1.2 kb and also a faint

T L (e PP e [ P LR Y

band at a smaller size were amplified from N. tabacum genomic DNA. A Southern blot
of the purified amplified fragment was conducted and probing with the N. rustica 460
bp fragment noted above confirmed that the 1.2 kb fragment was indeed from within the

ADC gene sequence.

4
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3.2.1.1 Cloning the 1.2 kb ADC fragment into pGEM-T vector (Construction of

pYC2T)
2 a
- . =
25 28
E *
3 o+
kb @< PCR product 2% kb
1.35
1.08
0.87

Fig. 3-10 Preparative agarose gel showing successful PCR amplification of a 1.2 kb M.
tahacum ADC fragment.

The products of several PCR reactions were pooled (Fig. 3-10). The 1.2 kb ADC

fragment was purified from the agarose gel. using the phenol freeze method and was

ligated tnto a commercially-produced vector, pGEM-T (Fig. 3-11). The plasmid was

subscquently transformed into £. coli cells and was isoiated from two white colonies,

using a miniprep method. When analysed by agarose gel electrophoresis, digestion of

the plasmid with Xbal produced an insert fragment of 1.2 kb, in addition to the 3 kb

band of pGEM-T, whilst Sa/l digestion linearised the plasmid 1o produce a DNA
fragment of 4.2 kb (Fig. 3-12). One of the plasmids was designated pYC2T (Fig. 3-11)

and was used subsequently as a source of 1.2kb 4DC DNA.




e

] A Bz
T ="J
35
- - 25
3 3 - " < & Ybal Uindigested
< 12KbADC * B -
5 gy 3’ 4 ] 2 3 4
YC1F EYIR kb
68
232
1.93
.37 S
126 "o
Ligation g N
B. £
=y
- _ £5 Sall
5 g5 22
X 1.2KbADC X 3 5 CR 6 7
ey L Kb
YCIP-o,  _.-EVIR g .
308 _
2.3 ;
1.93 '
5':.'._':; IFig. 3-12 Digestion of pYC2T with Al (A) and Sall (B).
(A) Lane | and 2 : Plasmids from 1wo positive colonies were digested with
Nbal yielding two bands representing the 1.2 kb ADC fragment and 3 kb
pGEM-T veclor,
& Lane 3 : Undigested plasmid from one positive colonies.
Fig. 3-11 Construction of pYC2T. Using YCIF and EY1R as forward Lane 4 : Undigested plasmid from a negative colony.
and reverse primers, respectively, a 1.2 kb ADC fragment was amplified by
PCR from N. tabacum var. NC95 genomic DNA and was ligated into * (B) Lane 5 and 6 : Plasmids from the positive colonies were digested with Sall
pGEM-T. Blue arrows indicate orientation 5'— 3° of the ADC fragment & vielding a 4.2 kb band corresponding 1o the lincarised pYC2T.
with respect to the coding sequence. (Only relevant restriction sites are Lane 7 : Plasmid front negative colony digested with Safl, yielding a 3 kb band
illustrated.) corresponding to the hinearised pGEM-T.
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3.2.1.2 Sequencing of the 5’ and 3’ ends of the 1.2 kb fragment of N. tabacum
ADC coding sequence

GAP analysis of the deduced protein representing the 5° and 3” ends of tomato 4DC
¢DNA against the corresponding regions in the 1.2 kb DNA fragment recovered from
tobacco via PCR is illustrated 1n Fig. 3-13. Sequencing analysis of the 5’ and 3’ ends of
the insert in pYC2T revealed that the deduced amino acid similarity and identity are
97.04% and 86.39%, respectively, to the tomato ADC sequence. The 1.2 kb size and
homology with appropriate regions of the tomato ADC cDNA indicated that intronic
sequences were absent (or at least were minimal in size) within the 1.2 kb N. rabacum

ADC fragment.

Percent Similarity: 97.238 Percent Identity: 86.740

Tomato ADC x Both ends of tobacco ADC fragment

Tomato 10 booiivenns LVVRFPDVLKNRLETLQSAFDMAINSQGYEAHYQGVYPVK 50
AR RN A IR R AR A RN R AR RN AR RN RN
Tobacco . LVVRLPDVLKNRLESLQSAFDLAVHSQGYGAHYQGVYPVK 40
Tomato 531 CNODRFVVEDIVKFGSPYRFGLEAGSKPELLLAMNCL. ............ 86
PEELERREY et e es eyt .y
Tobacco 41 CNGDRFVVEDIVKFGSPFRFGLEAGSKPELLLAMSCL...vvvvvunns 1
Tomato 321 e LOSLVETLNEDARADYRNLSARAVRGEYDT 350
PUPza 0T e erdesrgtgdentnned
Tobacco i LOSMAETLNEDALADYRNLSAARVRGEYET 107

Tomato 351 CLIYSDQLKQRCVEQFKDGSLDIEQLAAVDSICDWVSKAIGVADPVRTYH 400

R AN R AR AR R RN RN R R R A RN R AN R R RN RN
Tobacco 108 CVLYSDOQLKQRCVEQFKEGSLGIEHLAAVDSICDFVSKAMGAADPVRTYH 157

Tomato 401 VNLSVETSIPDFWGESQLEPIVRI, ...ttt i v it etnaannns 424

CEE el se s L neny
Tobacco 158 VNLSIFTSIPDFLAFGOLEPIVPI. it .vivtnerirnrnsorenssnns 181

Fig3-13 A comparison of deduced amino acid sequences of tomato ADC (Rastogi er al., 1993) and
deduced amino acid sequences at both ends of N. 1abacum ADC fragment using the ANGIS program
GAP. Deduced amino acid sequences of the forward primer, YCIF, and the reverse primer, EYIR, in M.
tabacum ADC fragment are illustrated in blue and green, respectively.

R

P S

e R AR L - m ms b o L b ek .



Chapter 3: Effects of Down-regulating ADC in N. tabacum 98

Nucleotide sequence of the 5" end of the 1.2 kb fragment ADC.

‘3 ADC2 24538 .. .....CTIGTTGTTCGCTTCCCTGATGTGTTGARARAACCGETTGGANT 2500
3 FEEEEEEr e gttty rrrtnlil
g 1.2kb ADC l .......CTTGTTGTCCGCCTTCCTGATGTGTTGAARAACCGSGTTGGANT 43
ADCZ 2501 CTCTGCAATCGGCTTTTGATCTCGCGGTTCATTCCCAGGGCTATGGGGCC 2550
Y FEEETEEER T rr s by bs e vyl
'i: 1.2kb ADC 44 CTCTGCAATCGGCTTTTGATCTCGCGGTTCATTCCCAGGGCTATGGGGCC 93
3 ADC2Z 2551 CACTACCAAGGTGTTTATCCCGTGAAATSCAATCAAGACAGGTTCGTGGT 2600
CCEETETRr e e et rerrer e tinennl
K 1.2k ADC 94 CACTACCAAGGTGTTTATCCCGTGARATGCAATCARGACAGGTTCGTGGT 143 é
3 AbC2 2601 GGAAGATATCGTGARATTCGGGTCGCCATTCCGGTTCGGGTTGGRAGCCG 2650 J

b (RN RN R A RN R R AR R R R NN RN RN AR R RN AR EE!
A 1.2kb ADC 144 GGAAGATATCGTGAAATTCGGGTCGCCATTCCGGTTCGGGTTGGAAGCCG 193
ADC2 2651 GETCTAMACCCGAGCTCCTGTTAGCCATGAGCTGTCTCT. v vvvvrnn . 2689
PEELCETEEEserrstrryrertrrr et -
1.2kb ADC 194 GGTCTAAACCCGAGCTCCTGTTAGCCATGAGCTGTCTCT. . venv 'y . 232 ﬁ

.
.

- b

Nucleotide sequence of the 3" end of the 1.2 kb fragment ADC.

. *

8 apcz 3390 ....iians e Ceiieiiaiiess...... CCTCCARTCCA 3400 ]
SRR ]
1.2kb ADC L e e et e CCTCCAATCCA 11
ADC2 3401 TGGCGGAGACGCTCAACGAAGATGCCCTTGCTGATTACCGCAATTTATCT 3450
I R N N RN R N R A NN A
1.2kb ADC 12 TGGCGGAGACGCTCARCGARGATGCCCTTGCTGATTACCGCARTTTATCT 61
ADCZ 3451 GCTGCTGCAGTTCGTGGAGAGTATGAGACATSTGTACTTTACTCTGATCA 3500 ;
N R R TR Ry i
1.2kb ADC 62 GCTGCTGCAGTTCGTGGAGAGTATGAGACATGTGTACTTTACTCTGATCA 111
ADC2 3501 GTTGAAACAGAGATGTGTGGATCAGTTTARAGARAGGGTCCTTGEGTATTG 3550

ErEErrrye e rtebere pyrere g reirtrert et ;
1.2kb ADC 112 GTTGAAACAGAGATGTGTGGAGCAGTTTAAAGAAGGGTCCTTGGGTATTG 161

ADCZ 3551 ARCATCTTGCTGCTGTTGATAGCATCTGTGATTTTGTATCAAAGGCTATS 3600

PRELrrrererererresirererertret e e erreeernringl :
1.2kb ADC 162 AACATCTTGCTGCTGTTGATAGCATCTGTGACTTTGTATCARAGGCTATG 211 -‘

ADCZ 3601 GGGGCTGCTGATCCTGTCCGCACTTACCATGTGAATCTGTCAATTTTCAC 3650

AR RN R A RN RN AR AR AR R RN RN
1.2kb ADC 212 GGGGCTGCTGATCCTGTCCGCACTTACCATGTGAATCTGTCAATTTTCAC 261

£ i T L e

ADCZ 3651 TTCARTTCCTGATTTTTGGGCCTTTGGTCAATTGTTTCCGATTGTTCCAR 3700 i

FYOOTLCIICrrrrere pevarrergyerrrrrnreet eeyvrrrsnnd
1.2kb ADC 262 TTCAATTCCTGATTTTTTGGCCTTTGETCARTTGTTTCCTATIGTTCCAA 311

ADC2 3701 TTCA 3704

I 11
1.2kb ADC 312 TCCA 315

Fig.3-14 A comparison of nucleotide sequences of 4DC2 from N. tabacum var. Xanthi
(accession number AF127241 in GenBank) and nucleotide sequences at both ends of the
ADC fragment from N. tabacum var. NC95 using the ANGIS program GAP. Nucleotide
sequences of the forward primer, YCIF, and the reverse primer, EYIR, in the ADC
fragment are illustrated in bluc and green, respectively.




Abal

e
YCIE '~-o_ .-~ EYIR

PW1-363

UR UR

YO _.EYiR

Xbal

1.2kb ADC

Xbal
digestion

Ligation of
1.2 kb ADC into pFIH10

PW1 -358/

E E

8 5

— _ 3 z
z g i d
X 1.2 kb ADC Term UR UR Term
——y ey

UR = Upsteam enhancer of CaMV35S promoter
Term = CaMV35S terminator

Fig. 3-15 Constructions of pYC2JF and pYC2JR. ADC fragment was
excised from pYC2T and ligated into pFIH10 at the Xbal site. Blue arrows
indicate orientation 5’-» 3’ of the ADC fragment with respect to coding
sequence. (Only relevant restriction sites are illustrated.)
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It 1s noteworthy that two ADC genomic DNA sequences from N. tabacum var.
Xanthi were subsequently reported in the GenBank database (accession number
AF127240 [NtADCI] and AF127241 [NrADC2], Wang ef al., 2000). Comparison with
the sequence of the 1.2 kb N. tabacum ADC recovered in this study shows that
homology at the 5’ end is 96% and 99% for NeADCI and NtADC2, respectively, over
232 nucleotides, whilst homology over 315 nucleotides at the 3’ end is 97% and 98%
for NtADC1 and NtADC2, respectively. This suggests that the 1.2 kb fragment cloned
in pYC2T was probably amplified from NtADC2 (Fig. 3-14).

3.2.1.3 Cloning the 1.2 kb ADC fragment from pYC2T into pFIHIOQ in the

antisense orientation (Construction of pYC2JR)

The 1.2 kb fragment of ADC coding sequence was excised from pYC2T as an Xbal
fragment, and ligated into pFIH10 at the Xbal site (Fig. 3-15). Colony blots probed
with the 460 bp fragment of N. rustica ADC sequence revealed three putative positive
transformed clones from a total of 74 kanamycia resistant colonies. The orientation of
the insert fragment in the plasmid of the selected clones was determined using the
colony boil-PCR procedure as described previously in section 3.1.1.2. The oligo-
nucicotide primers YCIF and EYIR were used in primer combination, instead of
MADC-IIF and MADC-VR (Table 3-3).

Table 3-3 Results of PCR amplification using various combinations of
oligonucicotide primers to elucidate the orientation of the 1.2 kb ADC fragment in
the plasmid in transformed £. coli.

G -
=] 3 i -
= 4] o
S 1% &8 4 8¢ ) g2 Interpretation
55 |7 | & | = | &% |2w | ¥8
ESE || 2| Q| % |88 | &8
ol 2 |z |” | @ 5o 5 o
= ol Y 82 | =X
%} = g wn
M o
B VAN 4 1.2 v Presence of the ADC fragment..
C v v 1.3 v Presence of 1.2 kb fragment of ADC
sequence in the sense orientation
D v 1.4 v relative to CaMV33S promoter.
E v 1.3 v Presence of 1.2 kb fragment of ADC
sequence in the antisense orientation
F v 4 14 Y| relative to the CaMV35S promoter.

od

KA 7> TR ST N




5 Primers 5 7
A E 55
’ EF E e £ . E°
g2 z0 e oo 3o =2 23
S8 L3 3 w ¥ 3 g 33
E= w5 &y il E & 5 g
LT % L g - w S
v B - E ® E 5 E 2 w E %o~
<= =& = i ®'g VE <
z v z <= o~ 3& o~ = zy
o - > - n oF
Bactcrial - - = T - = - - -
colony =~38 T ~385 ZT~3B IT~8B8 Z"UE
1.92
137 - B 155
1.26 .
1.08
kb | kb

B

Fig. 3-16 Colony boil PCR of transformed E. cofi with various sets of primers to
determine the orientation of the insert, 1.2 kb ADC fragment, in the vecior pFIH 10.
PW1-358 and PW1-term are forward and reverse oligonucleotide primers of
CaMV335S promoter and terminator, respectively, whilst YCIF and EY 1R are
forward and reverse oligonucleotide primers of the 1.2 kb tobacco ADC fraement.

A) Gel electrophoresis of the PCR products from :
41 = colony conlaining antisense AD2C construct in pFIH10.
7 = colony containing pFIH 10 without ADC construct.
63 = colony containing sense ADC construct in pFiH10.
Bl = blank without E. coli colony as a PCR negative control.

B) Southem blot of the gel probed with 460 bp N. rustica ADC fragment.

Southern analysis of products from all amplifications yielded no hybridisation in
PCR samples 7 and Bl. In contrast, the PCR set from the positive colonies, 41 and
03, yielded products of the expected sizes corresponding to (he primers used (Table
3-3). Using primer set C and D in the PCR, only colony number 63 produced a
signal, whilst colony number 41 produced signal when the primer set E and I were
used. Thus, the ADC fragment in colonies number 63 and 41 are in sense and
antisense orientation relative to the CaMV358 promoter, respectively.
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Gel electrophoresis of the PCR products together with the results from the
subsequent Southern blot probed with the fragment of N. rustica ADC sequence
confirmed the orientation of the inserted fragment in the plasmid of two clones (Fig. 3-
16-A and B). The sense orientated fragment of ADC sequence in the vector was
designated pYC2JF. The antisense orientated fragment of ADC was designated
pYC2JR. Digestion of both plasmids separately with several enzymes and probing the
Southern blot was also undertaken to confimm the integrity and orientation of the 1.2 kb

ADC fragment in the plasmids.

3.2.1.4 Introduction of pYC2JR into A._rhizogenes

Plasmid pYC2JR and pYC2JF were separately transformed into A. rhizogenes strain
LBA9402 as described previously in section 3.1.1.3. Single 4. rhizogenes colonies
resistant to kanamycin were analysed for the presence and the orientation of the inserted
fragment in the plasmid by the colony boil-PCR technique as in the Table 3-4. The
presence of ADC sequences in the PCR products were also confirmed by Southemn

hybridization probing with the 460 bp fragment of N. rustica ADC sequence.

Table 3-4 Results of PCR amplification using various combinations of
oligonucleotide primers to elucidate the orientation of the 1.2 kb ADC fragment in
the A. rhizogenes plasmid.
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A v v 1.5 v v Presence (integration) of the binary
vector, pFIH10, and the insert ADC
fragment.

D v v 1.4 v v Presence of 1.2 kb fragment of ADC
sequence in the sense orientation
relative to CaMV 35S promoter.

E v v 1.3 v v Presence of 1.2 kb fragment of 4DC
sequence in the antisense orientation

L relative to the CaMV 35S promoter.
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A.and B.=1V-3

C.and D.=1V-9

E.and F. =1V-10

G.and H. =1V-13

LLand ). =1V-15

K. =11-8 (negative
control for GUS staining)

Fig. 3-17 GUS staining in control root line groups IV and 11l. Gus staining
was visible in all five lines of control group 1V, containing pB1121 (Panels A-
J). In contrast, the control fine in group 111 (111-8) which was generated from
wild type 4. rhizogenes LBA9402 was not stained (Panel K).

.
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3.2.2 Establisbment and screening of the transformed root lines containing 1.2 kb

antisense ADC fragment

Transformed root lines of N. tabacum var. NC95 were established using A.
rhizogenes infection as summarized in Table 3-5. More than ten transformed root lines

containing the 1.2 kb antisense ADC construct were generated.

Table 3-5 Designated groups of the generated transgenic root lines.

Root line group A. rhizogenes var. LBA9402 Key features
Il plus pYC2JR Transformed root lines containing ».2 kb N,
tabacum ADC antisense construct.
11 Wild type Control transformed root lines containing T-DNA
only.
[AY plus pBI121 Control transformed root lines containing

CaMV358::GUS gene construct.

¢
b

NC95 (Group 1V)

Root lines of N. tabacum var. NC95 from group IV, which contained the GUS gene
under the control of the CaMV35S promoter, were established as a control group to
assess effects of manipulating gene expression in alkaloid metabolism.  Five
independent lines in this group, each established from a single root tip, were chosen at
random and stained for GUS activity. All stained indigo blue (Fig. 3-17) indicating the

presence of GUS activity in each of these root lines.

3.2.2.2 Preliminary screen to assess the nicotine content of 1.2 kb antisense

ADC root lines

Following establishment of transformed root lines in vitro from single root tips, the
nicotine content of five control and eleven antisense root lines was determined at day 20

of the growth cycle. Mean levels of nicotine in control root lines were 1n the expected

e o St A ot marrt AL+ e n T b e R
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111 = Control LBA9402 (4. rhizogenes T-DNA only)
IV = Control pBI121 (CaMV35S8-GUS)
II = Anuisense ADC (CaMV35S-1.2 kb ADC)
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Fig. 3-18 Nicotine content in control and 1.2 kb antisense ADC transformed
root lines of N. tabacum var. NC95 at day 20 of the growth cycle. Each
histogram represents the mean (+ s.e.) nicotine content of duplicate samples.
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range of 3000 pg/g to 3750 pg/g fivt while mean levels of nicotine in eleven antisense
ADC tines were in the range of 2700 pg/g to 3550 pg/g fivt (Fig. 3-18). An analysis of
variance indicates a significant difference (p = 0.018) between the nicotine content of
the contro] group (Mean 3420, Std. Dev. 122.60) and that of the antisense ADC group
(Mean 3025, Std. Dev. 82.66). A Dunnett’s statistical test of this data, however, does
not show any significant difference (p > 0.05) between the nicotine content of any
individual antisense ADC root line and that which is characteristic of the control group.
Together, these results suggest, therefore, that although the expression of the 1.2 kb
antisense ADC fragment did not markedly reduce the nicotine content of transformed
root lines, however, the slight reductions were observed in some antisense ADC lines

relative to controls were real, at least at day 20 of the growth cycle.

3.2.2.3 Analysis of transcript levels of ADC and also other genes associated
with putrescine metabolism in 1.2 kb antisense ADC transformed root

lines

Time course studies of ADC transcript accumulation during growth of N. fabacum,
A. belladonna, H. muticus and D. stramonium transformed root cultures have revealed
that in these species ADC transcript was highest during the early-mid stages of the
growth cycle (from days 4 to 15) (Michael er al., 1996; Lidgett, 1997). Thus, root
tissues of antisense ADC lines and controls were screened for ADC transcript levels at
day 9 of the growth cycle. Two Northern blots (Fig. 3-19-A and O) were set up using
RNA extracted from nine antisense ADC lines (five with duplicate samples) and also
four control lines. The first blot was probed with the antisense-strand of 1.2 kb ADC
synthesised using asymmetric PCR, to detect the endogenous ADC transcripts (Fig. 3-
19-B). The same blot was reprobed, separately (with all signals stripped between
probings), with double-strand DNA sequences representing tobacco ODC, SAMDC,
SAMS, SPDS and PMT (Fig. 3-19-C to G) (details of these probes are recorded in the
Appendix 2).

The levels of ADC and other gene transcripts in control and antisense ADC root

lines were determined relative to the levels of ubiquitin transcripts in each line (Fig. 3-
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Fie. 3-19 Northern blot analysis of 1.2 kb antisense 4ADC root lines and controls.
Each lane contains 20 ug of total RNA extracted from root tissues at day 9 of the
growth cycle. RNA in duplicate lanes of lines 11-4, 11-30, H-34, 11-39 and 11-26
were extracted from tissues grown in separate culture vessels.

gA) The 18S and 258 ribosomal bands visible afier staining with ethidium bromide
iltustrate 4 relatively equal amount of RNA loaded in each well.,

(B) The blot was probed with antisense strand DNA of 1.2 kb ADC to detect the
endogenous ADC transcript. Then the biot was reprobed separately with double-
strand DNA of ODC, SAMDC, SAMS, SPDS, PMT and UBIQUITIN (C to H).
Between each probe, the blot was stripped and exposed to a ;;hosphorimager '
casselte to ensure the clearing of the previous signals on the blot.
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19-1 to N). In Fig. 3-19-, the relative ADC transcript level in line IV-38 was lowest
among the controls and was designed as 1. The relative ADC transcript levels in two
other conirol lines, IV-10 and III-12, were 1.4 and 1.6, respectively. However, a-';'
unknown rcason the relative ADC transcript levels in control line IV-3 was rather high
at 4.6. In most of the antisense ADC root lines, the relative ADC transcript levels were
below 1, with 6/9 lines analysed having ADC transcript levels of 0.5 or less. Only two
out of nine antisense ADC lines analysed (11-21 and 11-27) had levels of ADC transcript
comparable to the controls (Fig. 3-19-I).

The relative ODC transcript levels in controls were in the range of 1 (IV-38) to 3.2
(IV-3) (Fig. 3-19-3) with the mean of these ODC transcript levels being 1.9. The level
of ODC transcript in antisense ADC lines varied from 1.2 to 3 indicating that the
antisense ADC lines had relative ODC transcript levels comparable to those of the
control group (Fig. 3-19-J). Similarly, the levels of other transcript analysed in
antisense ADC lines, namely SAMDC, SAMS, SPDS and PMT, were comparable to the

levels of these transcripts observed in controls (Fig. 3-19-K to N).

Antisense ADC signals were observed in all manipulated root lines, except line II-27
(Fig. 3-19-P) which produced a reading that was slightly greater than background
readings observed in controls (Fig. 3-19-R). A negative correlation between the levels
of antisense ADC transcript and the endogenous ADC transcript was observed in most
of the manipulated lines. For example, line 11-27 had a very low level of antisense ADC
transcript that was similar to the background level seen in controls (Fig. 3-19-R), and
possessed a level of endogenous ADC transcript comparable to that of controls (Fig. 3-
19-1). In comparison, lines 11-11, 11-4, 11-32, }1-30, 11-34, 11-39 and 11-26 had high levels
of antisense ADC transcript (Fig. 3-19-R), but low levels of the endogenous transcript
(Fig. 3-19-1). In contrast to these general observations, however line 1I-21 had a normal
level of endogenous ADC transcript (Fig. 3-19-1) despite having a rather high level of
the antisense transcript (Fig. 3-19-R).



aL .-J—-:::-P‘_&In.ulm-*n‘—ir'\-’n\lm'.\.(ﬁ‘-

[

B SAMS

ADC

—
L)
i ki

0.5

Relative ADC Transcript Levels

Relative SAMS Transcript Levels

NN

P S L

0 % — . 0
— o =]
S22 8 TARRIRIIR SRR RN
) = = N i i L T L )
Root Line = g & - - == S = = RootLine = = 2 o =D = = = = = = :
J. 0 354 i M w 23
%’ ] 0ODC '|' Tg !
u h N
ed | ?- .
. — o A'
£ =3 :
|- [ i
& 5 ;
% E 1.5 :
£ : |
) :
a g !
?J 7
[
:;2.. ] 2= 05
1 3
. ] [ ;
o = : o |
m O @ ~ e g QO T WD .
O I B S UL 992y REIRI SR :
: = = > > pae B o B e B SR o R o B e T . R N L
K. 5 e
....')4 ........................ . N‘ 53
] SAMDC PMT

Relative PMT Transcipt Levels

Relative SAMDC Transcript Levels

\\ !
12 Sy
i-4 RNy

27 ey

1112 \\\\\\{\\\\\&\\\\‘ﬂ )
v-3 IR |

IV-38 RN\
1-39 RN
1-26 TN

~N o oo —_ I~ o~ < - o e ¥
33T zaselssas _ . Z Ria
RootLine = = 2 = === T mozZo= oI Root Linc Z = = = =

Fig. 3-19 (I1to N) Relative transcript levei of ADC, ODC, SAMDC, SAMS, SPDS
and PMT illustrated in histograms. Levels of transcripts were fuantified relative to
the levels of UBFQUITIN transcripts in each lane. The lowest relative level of each
transcript was assigned a value of 1, except panel I in which the relative ADC
transcript level of 1 was assigned.to line [V-38; the control roct line that possessed
the lowest transcript level. Histograms of lines 1i-4, 11-30, 11-34, I1-39 and 11-26 i
represent the mean relative transcript level (s.e.) of duplicate samples whilst the o
remaining histograms represent that of single sample. '
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Fig, 3-19 (O) RNA gel blot run paratlel with Fig. 3-19-A. (P} The blot was probed with
sense strand DNA of 1.2 kb ADC fragment synthesised by asymmetric PCR to detect an
antisense transcript of the introduced ADC fragment as a hybridisation band in the size
range of 1.5 kb, Endogenous ADC transcripts were also detected as a hybridisation band in
the size range of 2.8 kb, however, since races of the antisense strand probe were
synthesised in the asymmetric PCR. (Q) The blot was stripped and reprobed with a double-
stranded DNA fragment of us1Qumiv. (R) Relative antisense ADC transcript levels are
illustrated in histograms. As mention in Fig. 3-19- I to N, levels of transcripts were
quantified relative to the levels of UBIQUITIN transcripts in each jane. The lowest relative
level of the transcript detected in antisense lines (11-27) was assigned a value of 1.
Histograms of lines 11-27, 1[-30, 11-34, 11-39 and 11-26 represent the mean (&s.¢.) relative
transcript level of duplicate samples, whilst the remaining samples represent those from a
singie sample. The relative antisense ADC transcripl levels in control lines I11-12, 1V-3 and
1V-10 represent background reading obtained afier quantification using the Image Quant
syslem.
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Six antisense ADC lines possessing low levels of endogenous ADC transcript, (I1-
32, 11-4, 11-30, I1-34, 11-39 and 11-26), together with another two antisense ADC lines not
previously analysed for 4DC transcript levels (I1-7 and 11-35) and three controls (111-12,
V-3 and 1V-9) were analysed for ADC activity. The histograms in Fig. 3-20 show the
mean ADC activity at day 14 of the growth cycle.

11 = Antisense ADC (CaMV35S8-1.2 kb ADC)
111 = Control 9402 (A. rhizogenes T-DNA only)
1V = Control pBI121 (CaMV35S-GUS)

e

27
2 :
O :
a.
2 'i
= 5 [ 'f
2 R :
I~
~
Root line =
Control Antisense ADC
line line
Fig. 3-20 ADC activities were determined from root tissues harvested from
duplicate culture vessels at day i4 of the growth cycle. The extract from each :
vessel was subjected to duplicate samples for the enzyme assay. Each histogram A
represents the mean ADC activity (& s.e.). ;
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Fig. 3-21 Growth curves of controls (A) and 1.2 kb antisense ADC root
lines (B) over a 25 day period. Each data point represents the mean
(£s.e.) fresh weight (g) of four samples (or two samples for line 111-8)
harvested at days 6, 9, 12, 15, 18, 21 and 25 of the growth cycle.
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One-way ANOVA revealed a significant difference between the ADC activity of
the antisense root lines and the control group (P < 9.05). Mean activity of ADC in the
three control lines was 1.61 pkat/mg protein (Std. Dev. = 0.23). When ADC activity in
individual manipulated lines was compared with the mean ADC activity in the control
group, a Dunnett’s statistical test showed significant differences (P < 0.05) between the
average aclivity observed in the controls and the activity of several antisense lines,
namely lines 11-7, 11-26, 11-32, 11-34 and 11-39. Four of these antisense lines (11-7, 11-32,
11-34 and 11-39) had ADC activity which was less than 30% of control values (Fig. 3-
20). Among the root lines analysed, line 1I-7 exhibited lowest ADC activity and was
only 20% of the mean ADC activity exhibited by controls. This finding is similar to the
report of Watson e/ al. (1998) in which an ADC mutant of 4. thaliana was isolated and
found to exhibit low activity of ADC, which was only 18% of the activity of wild type.
It 1s perhaps noteworthy that none of the antisense ADC root lines analysed in this study
had close to zero ADC activity, possibly due to the essential nature of this enzyme for

the growth of plant tissues (Martin-Tanguy, 1997).

3.2.3 Detailed analysis of selected 1.2 kb antisense 4DC root lines

3.2.3.1 Growth, nicotine and anatabine profiles

As was noted in Fig. 3-18, preliminary analysis of 1.2 kb antisense ADC root lines
suggested a slight reduction in the nicotine content of some transformants. To examine
the relationship between ADC activity and alkaloid content further, a detailed analysis
was undertaken on three selected lines with low 4DC transcript levels and ADC
activities (11-32, 11-34 and 11-39) to examine nicotine content throughout the growth
cycle. In addition, line 1I-26 was analysed. This line possessed reduced 4DC transcript
levels compared (o those of controls (Fig. 3-19-I), however ADC activity in this line

was closer 1o that which was typical of centrols (Fig. 3-20).

For practical purposes, the experiment was.set up as two parallel groups on
successive days. Group one was composed of control root line IV-3 and antisense root

line 11-26 and 11-32, whilst group two consisted of control root line I1i-12 and IV-15 as
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well as antisense root line 11-34 and 1[-39. Apart from the setting up and harvesting
dates which were one day apart, all other conditions, such as the batch of media used,

the growth environment and the time points used for harvest were exactly the same.

Growth of three control and four antisense ADC root lines was analysed at three day
intervals (except for the last time point) from day 6 to day 25 of the growth cycle. At
each time point the fresh weight of four replicate samples of the root lines were
determined (except line 111-8 of which the fresh weight was determined from duplicate
samiples). Analysis of data showed that control and 1.2 kb antisense ADC transformed
foot lines grew at similar rates as each other (Fig. 3-21-A and B). The growth pattern of
each line was composed of an initial lag phase, lasting about five days, a period of rapid
growth in the mid phase lasting about ten days, and a slower phase (ca 10 days) toward

the end of the cycle.

Alkaloid content of the root lines was determined from the tissues at each time point
(Fig. 3-22). Nicotine levels of controls were in the range 1500 pg/g fwt — 5800 pg/g
fwt throughout the growth cycle, whereas nicotine in 1.2 kb antisense ADC lines ranged
from 1100 pg/g fwt — 4200 pg/g fwt. Most of the root lines seemed to have the highest

nicotine accumulation at day 21.

Closer examination of the data showed that whilst the nicotine content of all 1.2 kb
antisense ADC root lines analysed at days 6 to 15 was quite comparable to that of
conlrols, there was a reduced capacity in all four antisense lines to accumulate the high
levels of nicotine typically found in control tissues during the laticr phase of the growth
cycle. This difference was niost marked in lines 11-26 and [I-34 with levels of nicotine
reaching a maximum of about 4000 pg/g fwt, compared to 5200 pg/g fwt — 5800 pg/g

fwt in control tissues (Fig. 3-22).

The other main pyridine alkaloid produced by N. tabacum transformed roots is

anatabine, being usually 10-20% of the total alkaloid pool (Hamill ef al., 1986; Parr and
Hamill, 1987). Analysis of anatabine levels in 1.2 kb antisense ADC lines was also
undertaken 1o determine whether any difference existed between the levels of this

alkaloid in antisense ADC lines and controls (_also Chapter 4). Data presented in Fig. 3-
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Fig. 3-24 The ADC activity of a control root line, IV-15, and 1.2 kb antisense ADC
root lines, 11-34 and 11-39_ at days 9. 12 and 15 of the growth cycle. Each histogram
represents the mean (2s.e.) ADC activity (pkat/mg protein) of duplicate samples,
except line 11-39 at day 12.
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Fig. 3-25 The ODC activity of a control root line, IV-15, and 1.2 kb antisense ADC
root lines, 11-34 and 11-39, at day 9 of the growth cycle. Each histogram tepresents

the mean (#s.5.} ODC activity (pkat/mg protein) of duplicate samples, except line
IV-15.
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23 show mean levels of anatabine in the range of 250 ug/g fwt — 720 pg/g fwt for

control lines with a slightly higher range being observed in 1.2 kb antisense ADC lines
(300 ng/g fwt — 1020 pg/g fwi).

Relative to levels found in control tissues, a slight increase in anatabine levels was
most noticeable in two hines (II-34 and 11-39), with levels reaching about 900 ng/g fwt —
1000 pg/g fwt at days 21 to 25 of culture as opposed to about 700 pg/g fwt in control

tissues. However, anatabine levels in lines 11-26 and I1-32 were not noticeably different

from controls.

3.2.3.2 ADC activity during the growih cycle

ADC activity in a control root line, IV-15, together with 1.2 kb antisense ADC root
lines, 11-34 and 11-39, at days 9, 12 and 15 of the growth cycle were determined (Fig. 3-

24). Using the same protein extract, the ODC activities in root tissues at day 9 werc
also determined (Fig. 3-23).

In the present study of N. tabacum transformed roots, levels 6." ADC activity in
controls are comparable with results previously reported in transformed roots of N.
rustica (Hamill er al., 1990). In that study, Hamill ef al. (1990) reported ADC activities
in control transformed N. rusfica root lines of approximately 3 pkat/mg protein at day 7
of the growth cycle. In the present study, the average ADC activity of control lines at
day 9 of growth was in the range of 1 pkat/mg protein — 2 pkat/mg protein (Fig. 3-24).
in this study, the majority of root lines transformed with the 1.2 kb antisense ADC
{ragment exhibited activities in the range of 0.3 pkat/mg protein —1.3 pkat/mg protein.

One antisense line, II-34, when analysed at day 9 of the growth cycle, however,

possessed an ADC activity of 3.4 pkat/mg protein.

Over the course of the growth cycle, activities of ADC in the conirol root line (IV-
15} and the antisense ADC root lines (11-34 and 11-39) were found to be highest during
the early phase of growth (Fig. 3-24). Such a pz;tem i1s also consistent with tlie activity
of ADC in N. rustica root cultures transformed with either the yODC or CAT genes as
reported by Hamill et af. (1990).
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Plant line V-3 H-39 11-26

Plant line IV-15 [1-26 11-32

IV = Control pBIi21 (CaMV358-GUS)
11 = Antisense ADC (CaMV355-1.2 kb ADC)

C. 1V-3 D. 11-39

sligma

Iip. 3-26 Phenotype of regenerants.

(A and B) 1.2 kb antisense A0C plant lines 11-26. 11-32 and H-39 as well as control
lines TV-3 and IV-15 were regenerated from root lines and grown under identical
green house conditions. All regenerants exhibited wrinkled leaves and reduced
internodal distances.,

(Cand 1) Differences in the length of styles and fllamenis relative to flower tubes
ovcur between the control, TV-3 and the 1.2 kb antisense ADC line, -39, ‘The
control 1V-3 has a longer style which lift the stigmis above the flower tube, whercas
line [1-39 has longer filament liftling anthers above the Qower wibe.
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Despite the variation in ADC activity among root lines IV-15, 1I-34, and 11-39
harvested at day 9 of growth, the ODC activity of these tissues remained similar across
all three lines (Fig. 3-25) and the absolute values were comparable to those reported by
Hamill ef al. (1990). In that report, ODC activities in control cultures of N. rusfica
roots were observed to range between 10 pkat/mg protein to 22 pkat/mg protein {Hamill
et al., 1990), whilst in the present study ODC activities were found to be approximately
10 pkat/mg protein in all ines. Thercfore, together with the Northern data presented in
Fig. 3-19-], it seems likely that decreased activity of ADC, due to expression of a 1.2 kb
antisense ADC fragment, does not markedly alter expression of ODC in N. tabacum root
lines when measured at the levels of transcript accumulation (Fig. 3-19-J) and enzyme
activity (Fig. 3-25). In addition, effects of this down-regulation upon the expression of
genes in associated areas of polyamine metabolism appear to be minimal (Figs. 3-19-K
to 3-19-N). These resulis contrast with the observation of Capell er al. (2000) who
reported that rice cell lines transformed with oat ADC ¢cDNA in an antisense orientation
under the control of the CaMV35S promoter, exhibited down-regulation of both ADC
and ODC activities, compared to wild type and controls transformed only with the
selectable marker (ftp). In that study, eight out of twelve lines showed a significant
reduction in endogenous ADC activity, although it is worth noting that only three of
these eight lines exhibited a corresponding reduction in activity of ODC (Capell et al.,
2000). |

3.2.4 Plants regenerated from 1.2 kb antisense 4ADC root lines

To determine whether the expression of 1.2 kb ADC fragment in the antisense
orientation had any obvious effect on growth, morphoiogy and nicotine content of intact
plants grown in soil, plants were regenerated from transformed root lines as described in
Chapter 2. Antisense ADC root lines,A]-26, 11-32 and 11-39, and the control root lines,
i1{-8, IV-3 and IV-15 produced plantlets when roots were cultured on regeneration
medium. Rooted plants of 3-4 cm in height were transferred to soil and grown under

identical conditions in a PC2 greenhouse as described in Chapter 2.
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Fig. 3-27 (A) Schematic representation of plants regenerated from 1.2 kb antisense 4DC root
lines showing leaf-specific alkaloid titres. The numbers following each line represeénts the
number of samples. Nicotine and anatabine titres of leaves numbered 6, 7 and 8 from the
apex are illustrated in red and blue, respectively. Mean (+s.e.) titres of nicotine (}.Jg/g fwt)
and anatabine (j1g/g fwt) from these leaves on each plant are presented under the icons. .
The average nicotine content (+s.¢.} {B) and the average anatabine content (£s.e.) {C) per line

are presented as histograms.
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All regenerated plants, control and antisense 1.2 kb ADC lines, were healthy and
grew vigorously in soil. All plants exhibited shorter internods and slight wrinkling of
leaf tissue compared to seed derived plants of var. NC95 (Fig. 3-26-A and B). This
phenotype (T phenotype) is typical of plants containing Ri T-DNA (Tepfer, 1984). No
clear difference in vegetative phenotype between controls and ADC antisense

transformants was apparent.

One different feature between the regenerant control IV-15 and the 1.2 kb antisense
ADC line 11-39 was observed in the reproductive organs. The flower of the control IV-
15 was 4.1 cm in length, whilst that of the 1.2 kb antisense ADC line 11-39 was slightly
longer at 4.4 cm. However, the relative length of the style and the filament of both
flowers was quite different. The control IV-15 had short filaments (3.6 cm) and a
longer style (3.9 cm) which lifted the stigma above the corolla (Fig. 3-26-C). In
contrast, the 1.2 kb antisense 4ADC line 11-39 had a short style (3.6 cm) and longer
filaments (4.3 cm) lifting anthers above the corolla (Fig. 3-26-D).

As has been noted, during the late phase of root culture growth, sizmificant
differences were noted in the alkaloid content between the 1.2 kb zutisense ADC root
lines, 11-26, 11-32, and 11-39, and the contro! root }ines (Fig. 3-22 and Fig. 3-23). When
regencrated into planis however, no such differences were apparent betwecn the
antisense and control lines. Plants regenerated from the control root lines possessed
nicotine and anatabine titres within the range of 1300 ng/g fwt — 2200 pg/g fwt and 80
rg/g fwt — 140 pg/g fwt, respectively (Fig. 3-27). The alkaloid titres of the antisense
regencrants were similar, and ranged between 1200 pg/g fwt — 2200 pg/g fwt for
nicotine and 140 pg/g fwt ~ 220 pg/g fwt for anatabine, respectively. A Dunnett’s
statistical test indicated that none of the 1.2 kb antisense ADC lines were significantly

different from the control group with respect to nicotine or anatabine levels.




o o -

£ 14kb B

23] >
PMT

BamH] and Xbal

\digestion/

Ligation of PMT
into pGEM-3Z

Fig. 4-1 Construction of pYC3Z. PMT in the pET-PMT was excised and ligated
into pGEM-3Z at BamH1 and Xbal sites. Blue arrows indicate orientation

5°— 3° of the PMT coding sequence. (Only selected restriction sites in the
plasmids are illustrated.)

Chapter 4

Effects of Down-regulating PMT in N. tabacum.

4.1 Binary vector construction and transformation of bacteria

The purpose of experiments to be described in this section was to generate
transgenic tissues of N. tabacum expressing PMT in an antisense orientation with the
aim of studying effects upon their alkaloid composition and growth characteristics. The
coding sequence of PMT (Hibi et al., 1994) was kindly supplied by Assoc. Professor T.
Hashimoto in a pET vector. It was not possible to subclone the PMT sequence directly
into the binary expression vector, pFIH10 (Hamill e al, 1987a), in the antisense
orientation due to the lack of convenient cloning sites. Thus, the PMT sequence was
first subcloned into pGEM3Z prior to be being excised as a BamHI/Sall fragment of 1.4
kb and cloned into the pFIH10 plasmid.

4.1.1 Cloning PMT sequence from pET-PMT into pGEM3Z (Construction of
pYC3Z)

The PMT coding sequence was cleaved from pET-PMT at Xbal and BamHI sites.
The excised fragment showed the expected size at 1.4 kb and was ligated into the
unique Xbal and BamHI sites of the vector pGEM3Z (Fig. 4-1). Plasmid was isolated
from seven transformed E. coli colonies and six showed an insert of appropriate size.
Digestion of the plasmid from one selected positive colony with various restriction
enzymes and analysis by gel electrophoresis confirmed the presence of the insert, PMT.

The resulting construct wus designated pYC3Z.

4.1.2 Cioning PMT sequence from pYC3Z into pFIH10 (Construction of
pYC3JR)

The PMT coding sequence was isolated from pYC3Z usiiig BamHI and Sall

restriction enzymes, ligated into the unique BamHI and Sall sites of pFIH10 which are
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located between the CaMV35S promoter and terminator sequences (Fig. 4-2) and

transformed into E. coli. Bacterial colonies capable of growth on LB with kanamycin

£
§ ':o-t; were screened for the presence of the PMT coding sequence by colony blot
_;U:Rn:l_’:'; . ) — hybridisation. Of 107 colonies analysed, three produced a positive signal on an
__T____ﬂ-_d—l—-:- — .‘_,_.-
T T autoradiograph. The presence of PMT in these plasmids was confirmed by the colony-

) boil PCR procedure using primers PW1-355 and PWl-term which containing
LB recognition sites within the CaMV35S promoter and the polyadenylation signal

respectively. A colony containing a plasmid producing 2 band of the expected size was

¢ BamH] and Sall setected for further work and the plasmid was designated pYC3JR.
- digestion
\/ The orientation of the PMT coding sequence in pYC3JR was confirmed using
1 Ligation of PMT : restriction enzyme digestions and Southern blot hybridisation (Fig. 4-3 and Table 4-1).
into pFIH10 Digestion with BamHI and Sall yielded an expected 1.4 kb fragment representing the
\ PMT sequence, whilst digestion with EcoRI yielded a 1.45 kb fragment which was

consistent with the antisense orientation. In contrast, the sense-oriented fragment would
have yielded a fragment of 0.3 kb when digested with EcoRI. As further confirmation,
digestion with Ps7l yielded a fragment hybridising to the PMT probe at 1.3 kb, as

expected for plasmid containing antisense oriented PMT. An autoradiograph of the

Southern blot probed with the PMT coding sequence confirmed the presence of the
positive hybridisation signal of appropriate size in each digestion.
if‘- =
3 £
=

UR = Upsteam enhancer of CaMV33S promoter L

Term = CaMV35S terminator

Fig. 4-2 Construction of pYC3JR, PMT was excised from pYC3Z and ligated

: into pFIH10 at BamHI and Sall sites. Blue arrows indicate orientation 5’'— 3

of the PMT coding sequence. (Only selected restriction sites in the plasmids are

' illustrated.) As pFIH10 is derived from pBIN19, Kan® confers resistance to , :.._‘..:_ )

kanamycin in bacteria whilst Neo' confers resistance to kanamycin in transgenic = Fig. 4-3 lllustration of the selecied restriction sites, £.mHl, Sali, EcoRl, and Psil,

' plant cells (Hamill ez al., 1987a). = in pYC3JR which contains PMT coding sequence in r:¢ antisense orientation. -

Blue arrow indicates orientution 5’— 3’ of the PMT cuding sequence.




Lanes

1. DNA standard (x -Bs7EIl digest)

2. to 5. Colony boiled PCR products fron: four single positive colonics of 4.
rhizogenes containing pYC3JR.

6. Colony boiled PCR product from a colony of wild type 4. rhizogencs
(negative control). :

7. Colony boiled PCR product from a colony of E. coli containing pY C3JR
(positive control}.

Fig. 4-4 Preliminary analysis of pYC3JR in 4. rhizogenes.

(A) Gel electrophoresis of the colony boiled PCR product of four single
positive A. rhizogenes colonies containing pYC3JR, a negative control, and
a positive conrol.

(B) Autoradiograph of the blot probed with PMT coding sequence from

N. tabacum.

Chapter 4: Effects of Down-regulating PAMT in N. tabacum

Table 4-1 Summary of the analysis of pYC3JR with restriction enzyme digestion
and Southern blot hybridisation.

Restriction enzyme | Expected size of band | Band of expected Interpretation
digestion hybridised with PMT size obtained
coding sequence (kb)

BamHI and Sall 1.4 v Presence of PMT coding
sequence

EcoRl 1.45 v Presence of PMT coding
sequence in the plasmid

Psfl 1.3 v/ in antisense orientation

4.1.3 Cloning of pYC3JR into A. rhizogenes

Plasmid pYC3JR was transformed into 4. rhizogenes strain LBA9402 by triparental
mating.  Single A. rhizogenes colonies, growing on YMB medium containing
kanamycin, were identified by screening for the presence of pYC3JR, using a colony
beil PCR procedure and employing the primers PW1-35S and PWi-term as described
previously. DNA bands at the size of about 1.7 kb were indicative of the presence of
pYC3JR (Fig. 4-4a). An autoradiograph of a Southern blot, probed with the PMT

coding sequence, showed strong hybridisation with these DNA molecules of about 1.7
kb (Fig. 4-4b).

The antisense orientation of the PMT sequence in A. rhizogenes was confirmed by
restriction enzyme analysis of total DNA extracted from A4. rhizogenes containing
pYC3JR, followed by Southern hybridisation using >*P-labelled PMT coding sequence
as a probe (Fig. 4-5).

42 Establishment and preliminary analysis of transformed root lines

containing antisense PMT

Seven groups of transformed root lines were established initially to assess the effects

of introducing PMT sequence in an antisense orientatior: into Nicotiana following A.

o




UR = Upsteam enhancer of CaMV35S promoter
Term = CaMV335S terminator

Humidl
and S./l EcoRl

Lanes

1,3 and 5 = Total DNA from A. rhizogenes containing pFiH10 digested with
BamHl + Sall, EcoRI and Psil, respectively (negative controls).

2, 4 and 6 = Total DNA from the positive colony of 4. rhizogenes containing
PYC3JIR digested with BamHI + Safl, EcoRI and Psil, respectively.
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Fig. 4-5 Further analysis of pYC3JR in 4. rhizogenes. ;
(A) Diagram of the construct pYC3JR showing useful diagnostic restriction sites. : g
Blue arrow indicates orientation 5~ 3” of the PMT coding sequence. j;
(B) Autoradiograph of the blot probed with PMT coding sequence. .
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rhizogenes infection of leaf tissues. The details of these transformed root lines are

summarised in Table 4.2.

Table 4-2 Summary of properties of established root lines contaimng PMT
sequence in an antisense orientation.

Root line | Plant species and variety | A. rhizogenes Key feature
HI N. tabacum var. NC95 LBA9402 Control transformed root lines of high nicotine
tobacco variety — without binary vector T-DNA.
v N. tabacum var. NC95 LBAS9402 Contro! transformed root lines of high nicotine
+pBIi21 tobacco variety— with binary vector T-DNA
(CaMV358-GUS)
\Y N. tabacum var. NC95 LBA9402 CaMV358S - antisense PMT transformed root lines
+pYC3JR | of high nicotine tobacco variety
VI N. tabacum var. LAFC 53 LBA9402 | Control transformed root lines of low nicotine
+ pBIi21 tobacco variety with binary vector T-DNA
(CaMV358-GUS)
IX N. tabacum var, LAFC 53 LBA9402 CaMV335S - antisense PMT transformed root lines
+pYC3JR | of low nicotine tobacco variety
X1 N. sylvestris LBA9402 | Control transformed root lines of N. sylvestris with
+ pBI121 binary vector T-DNA (CaMV35S-GUS)
Xl N. sylvesiris LBA9402 | CaMV35S - Antisense PMT transformed root lines
+pYC3IR | of N. sylvestris
4.2.1 Analysis of alkaloid content by HPLC

The main pyridine alkaloids produced by Nicotiana species, which are available

commercially, are nornicotine, anabasine and nicotine. The retention times of authentic

alkaloid standards, nomicotine, anabasine and nicotine, in a 50% methanol running

buffer, were 7.15, 8.37 and 14.9 mins, respectively (Fig. 4-6).

In most varieties of N. tabacum, levels of nomicotine are very low, due to breeding

programs aimed at reducing the capacity of plants to produce this alkaloid. Anabasine

levels are usually also very low, being only 0.3-1.7% in both root and leaf tissues of N.

tabacum analysed by Saitoh ef al. (1985) and in leaf tissues of N. rabacum analysed by

Sisson and Severson (1990). An additional alkaloid is anatabine which constitutes 10 -
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20% of the alkaloid pool in N. tabacum leaves and also roots (Saitoh et al., 1985; Parr
and Hamill, 1987). Anatabine is not readily available from any commercial source.
According to the data of Saunders and Blume (1981), the retention time of anatabine
would be expected to be slightly greater than that of anabasine under the HPLC

conditions used here.

Nomicotine n

1.00} ‘ o
= Anabasine Nicotine
=
—
¢
o
7]
=
o
-

0.50}

00 10.00 20.00

Minutes

Fig. 4-6 HPLC chromatogram of standard nornicotitic, anabasine, and nicotine
which were run separately showed the retention times at 7.i5, 837 and 14.9
minutes, respectively,

HPLC analysis of control root lines from NC95 and LAFCS3 reveals qualitatively
similar patterns, with the nicotine content of the high alkaloid variety NC95 being about
three times that of the low alkaloid variety LAFC53 (Fig. 4-7-A). Initial analysis of
antisense PMT transformed root lines of N. tabacum var. NC95 revealed a different
profile from that which is characteristic of control lines. Fig 4-7-B illustrates a HPLC
chromatogram, comparing a control root line of N. fabacum var. NC95 (IV-15) and one
of these antisense PMT root lines of N. tabacum NC95, line V-26. The difference
between the chromatograms of these lines is a substantial reduction of the nicotine peak
in the antisense PMT line and a large increase in the peak of a second constituent at the
RT 89 mins. A small peak at this time point was also detected in the control
transformed root line generated from low nicotine producing tobacco, LAFC53 (Fig. 4-
7-A). It was thought likely that this peak represented the alkaloid anatabine due to: a)
its slightly different retention time (8.9 mins) (Fig. 4-7) from that of anabasine (8.4

T
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Fig. 4-7 Overla, HPLC chromatograms showing characteristic alkaloid
pattemns from various types of transformed root cuitures.

(A) Control root lines, IV-15 and VI-1, generated from high and low nicotine-
producing varieties of tobacco (V. tabacum NC95 and N. tabacum LAFC53),
respectively.

(B) Control root line, 1V-15, and antisense PMT root line, V-26, generated
from a high nicotine-producing variety of tobacco (V. tabacum NC95).

(C) Antisense PMT root line, V-26, generated from a high nicotine-producing
varicty of tobacco (N. tabacum NC95), and a control root line, VI-1, generated
from a low nicotine-producing variety of tobacco (N. rabacum 1.AFC53).




A.
= Aaireense SV Ime V=200 spihed wath an ainabasine standard
Ky Z2.08
2
X
-
2
9 !
1.89 ,,!gl g4z 356
| b\ |
h&_ ,_I" 1""“'—---_-._,._...._}! e enm et ____',-".“—-“--______ —— e
Retention & 165.80 .50
Time (mins)
B.
- Antisende SV e (V200 spiked swith i arabastie stindand!
- Anabasine standard
o 2.00
®
b
&
"
p
5
1.68 ! 8.43°
ot
|
s, T . ‘_""““--._‘___
Retention 6.8 16.08 26 .60

Time (mins)
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mins) (Fig 4-6) and b) the observation that it was the second predominant
alkaloid/metabolite present in root extiacts of N. tabacum. However, as anabasine has a
similar retention time (Fig. 4-6), it was deemed important to determing experimentally
whether the 8.9 mins peak on the HPLC chromatogram was anabasine or anatabine. A
sample of the antisense PMT root line extract (V-26) was spiked with anabasine
standard and subjected to HPLC analysis. The chromatogram showed 0.43 minutes
difference in the retention times of two peaks eluted at 8.43 and 8.86 mins (Fig. 4-8-A),
whereas the anabasine standard alone produced only cone peak at the earlier time point
(Fig. 4-8-B). This result indicated that the 8.9 mins peak in the chromatogram, which

was elevated in antisense PMT root lines relative to control tissues, was not anabasine.

The identity of this constituent was therefore suspected to be anatabine. An
authentic standard of anatabine was obtained, afler considerable searching for a
supplier, from Dr. Patrick M. Lippiello and Dr Elisa Lovette (Pharmacology Laboratory
Research & Development, RJ Reynolds Tobacco Company, USA). HPLC analysis
showed that the authentic anatabine sample had a retention time corresponding to that of

the elevated peak present in the antisense PMT lines (Fig. 4-9).

- Anatcbine standard
3.00k - Antisense PMT line (V-26) )
- Antisense PMT line (V-26) spiked with anatabine standard
2.80- o

volts (x181)

Anatsbine

8.8 18.p0 2D.80

Fig. 4-9 Overlay of three separate HPL.C chromatograms of anatabine standard,
the alkaloid extract from antisense PMT line V-26, and the same extract spiked
with anatabine standard. Note that the chromatograms show some tailing of peaks
in this buffer (Saunders and Blume, 1981). If the amount of anatabine in the spike
is reduced, then a perfect overlay is observed with the 8.9 mins peak present in the
V-26 extract.
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As a fimal confirmation, analysis of alkaloids in the antisense PMT line (V-26) and
the control line (IV-10) was undertaken using GC-MS and revealed an elevated level of

anatabine in line V-26 relative to that in line 1V-10 (Appendix 3).

4.2.2 Initial alkaloid analysis of antisense PMT rcot lines generated from AN,

tabacum var. NC95 (high alkaloid variety)

Using the sample of authentic anatabine, it was possible to quantify the levels of
anatabine 1n control and antisense PMT lines by HPLC analysis. The accumulation of
nicotine and anatabine 11 five control lines and 20 antisense PMT lines of N. rabacum
NC95 at day 20 of the growth cycle are illustrated in Fig. 4-10-A and B. Where
duplicate samiples were available for analysis, data were presented as histograms with

error bars representing the mean (£s.e.) nicotine or anatabine content of samples.

It is clear from data presented in Fig. 4-10-A that the nicotine content of control
lines at this time point ranged {rom about 2500 - 4000 pg/g fwt with an averags of 3287
ng/g fwt. The nicotine content of most of the manipulated lines was lower. Analysis of
variance for nicotine levels showed that there was a significant difference between the
nicotine content of these two groups (p<0.001). In half of the antisense PMT lines
examined, the nicotine content was less than 50% of the average level observed in
controls. Moreover, several lines (V-3, V-7, V-26 and V-34) had less than 1000 pg/g
fwt nicotine (approximating to the level observed in transformed root lines generated
from the low nicotine producing varicty of N. tabacum, LAFC53). The mean nicotine

content of root line V-26 was only 537 pg/g fwt, indicating approximately a 6-fold

reduction in the nicotine content of this line compared 1o that of controls.

Levels of anatabine were quite similar in all of the control root lines ranging from
489 - 673 pg/g fwt with a mean anatabine content of 447 pg/g fwt. In contrast, almost
all of the antisense PMT lines accumulated anatabine at levels which were greater than
the highest level found in the controls. 15 out of 20 antisense PMT lines analysed
accumulated anatabiﬁe at a level more than 2-fold greater than the mean levels of

anatabine in the controls. Interestingly, root line V-26 which had the lowest nicotine

content amongst the antisense PMT lines also had the highest level of anatabine (1850
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Fig. 4-11 Nicotine and anatabine contents at day 21 of the growth cycle in
control and antisense PMT root lines generated from N. tabacum var. LAFC53
(low nicotine variety). Each histogram represents mean ( se) nicotine (A) or
anatabine (B) from duplicate samples, except that of line 1X-19 which represents
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ug/g fwt). However, there was not a strict inverse correlation between nicotine content
and anatabine content of antisense PMT lines. For example, line V-9 and V-55 had
similar nicotine levels (1350 pg/g fivl and 1250 pg/g fwt, respectively) but showed

about a 3-fold difference in their anatabine levels (1600 pg/g fwt for V-9 and 550 pg/g
{wt for V-55).

Several of the screened antisense PMT root Jines exhibited significantly lower
median alkaloid levels, based on 95% confidence intervals, compared to those of control

iines. Four of these lines, V-7, V-26, V-34 and V-43, were chosen for further
characierisation, as described in section 4.4.

4.2.3 Preliminary alkaloid analysis of a timited number of antisense PMT

transformed root lines generated from N. rabacum var. LAFC53 (low
alkaloid variety)

A limited number of control and antisense PMT root lines generated from the low
alkaloid variety, N. tabacum var. LAFC53 were analysed for nicotine and anatabine

contents. Initial analyses of root lines at day 21 of the growth cycle are illustrated in
Fig. 4-11-A and B.

One of the three antisense LAFCS53 PMT lines analysed (IX-2) had a lower level of
nicotine (600 pg/g fwt) and also a higher level of anatabine (340 ug/g fwt) than those
found in LAFC53 controls (1000 — 1540 pg/g fwt for nicotine and 210 — 250 ug/g fwt
for anatabine). Though the nicotine level was similar to that of lines V-26 and V-34
noted above in section 4.2.2, the anatabine level of line 1X-2 was not elevated, being in

fact much less than that observed in control lines of the high nicotine genotype, NC95
(490 - 670 png/g fwt, Fig. 4-10-B).
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4.2.4 Preliminary alkaloid analysis of a limited number of antisense PMT

transformed root lines generated {rom M. sylvestris

N. svivestris is the maternal progenitor species of the alloietraphoid N. tabacum
{Riechers and Timko, 1999; Murad er al, 2002) and, like N. tabacum, has an alkaloid
profile in which nicotine predominants in roots and anatabine is the second alkaloid
(Saitoh er al., 1985; Sisson and Severson, 1990). It was decided to generate several
antisense PMT root lines of N. sylvestris to observe whether the same trends as noted
above in N. tabacuni were also evident in this species. Two control and five antisense
PMT transformed root hines from N. syivestris were analysed for nicotine and anatabine

contents at day 21 of the growth cycle (Fig. 4-12-A and B).

One of the antisense PMT lines XII-14 had a significant reduction in nicotine
content compared to that found in controls (p<0.05). The nicotine content of root line
XI1-14 (560 pg/g fivt) was about 3-fold lower than levels found in controls (1340 ug/g
fwt — 1800 pg/g fwt) (Fig. 4-12-A). The highest anatabine level observed in these root
lines was also in antisense PMT line XII-14 (760 pg/g fwt), being 3.7 times greater than
the average level of anatabine in controls (210 pg/g fwt) (Fig. 4-12-B). Analysis of
variance for the anatabine level in line X1I-14 showed that this elevation was significant
at p<0.05, compared to levels observed in controls. Another antisense PMT line, X1I-
20, also had markedly increased anatabine content of more than twice the controls (Fig.

4-12-B), even though its nicotine content was only slightly less than controls (Fig. 4-12-
A).

In these preliminary experiments, therefore, it was observed that in several antisense
PMT lines generated from N. tabacum var. NC95 and LAFC53, and N. sylvestris, a
reduction in iitres of nicotine appeared to coincide with an increase in the titres of
anatabine at days 20/21 of the growth cycle (Fig. 4-10, Fig. 4-11, and Fig. 4-12). To
further examine this phenomenon in tissues throughout the growth cycle, and in intact

transgenic plants, alkaloid quantifications form several antisense PMT root lines of N.

tabacum were undertaken.
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variety tobacco, NC93.

V = Antisense PMT (CaMV35S-PMT) gencrated from high nicotine
variety tobacco, NC95.
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Fig. 4-13 Preliminary analysis of nicotine and anatabine content in leaves of
regenerated plants from transformed root lines and also parental varieties grown
from seed. Each histogram represents mean (£s.e.) nicotine (A) or anatabine (B)
content (Mg/g fwt) of two fully expanded leaves, 3% and 4" from the apex, from
duplicate plants, except those of lines V-7, V-29, and the parental varieties, which
are derived from one plant.
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4.3 Plants regenerated from antisense PMT root lines

4.3.1 Initial analysis of regenerants

Plants were regenerated from three control root lines (111-8, IV-15 and 1V-17) and
seven antisense PMT root lines (V-1, V-7, V-26, V-28, V-29, V-34 and V-55) all of
which represented N. tabacum var. NC95, the high nicotine producing variety. Al
regenerated plants grew vigorously in soil and exhibited a slight wrinkling of leaves and
a more compact growth habit than seed-derived plants, characteristics which are typical
of the T phenotype caused by the presence of Ri T-DNA from A. rhizogenes (Tepfer,
1984). Whilst there was slight variation between plants regenerated from different
transformed lines, no particular phenotype was characteristic of antisense PMT plants

compared to controls.

Nicotine and anatabine levels were determined using leaf tissue of regenerated
plants at a similar stage of development (plants having about 12-15 leaves, and no signs
of floral buds). In addition, parental N. tabacum var, NC95 and var. LAFC53 plants
were also analysed which were grown alongside the transformed plants and harvested at
a comparable stage of development. Fig. 4-13 illustrates the nicotine and anatabine
levels in these plants. Nicotine levels in transformed control plants of group III and IV,
together with tissues from seed-derived parental plant NC9S, were in the range of 460
pg/e fwt — 950 pg/g fwt, with an average of ~ 700 ng/g fwt (Fig. 4-13-A). Six of the
antisense PMT plant lines had a lower nicotine content that the average of controls, with
four antisense PMT lines, V-1, V-26, V-28 and V-34, containing less than 400 ng/g fwt
micotine.  Thus, whilst the difference in nicoting conient of antisense PMT
transformants, relative to controls, was less marked than that of corresponding root
lines, it was nevertheless evident in most of the antisense PMT lines. Interestingly, the

nicotine level in antisense PMT plant linc V-26 was very comparable to that of the
LAFCS53 variety.

Anatabine levels in contro! lines of group 11l and IV were in the range of 70 pg/g

fwt - 100 pg/g fwt which were very similar to levels observed in seed~derived plants of
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Fig. 4-14 (A) Schematic representation of plants regencrated from root lines showing
leaf-specific alkaloid titres. The numbers following each line represents the number of
samples. Nicotine and anatabine titres of leaves numbered 6, 7 and 8 from the apex are
illustrated in red and blue, respectively. Mean (s.¢.) titres of nicotine and anatabine (in
ng/g fwt) from these leaves on each plant are presented under the icons.

The average nicotine content (£s.¢.) (B) and the average anatabine content (+s.e.) (C) per
line are presented as histograms.
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NC95 variety (Fig. 4-13-B). Four antisense PMT plant lines, V-1, V-7, V-28 and V-29,
contained levels of anatabine comparable 1o control plants in group III and IV. In
contrast, anatabine levels in piant line V-26, V-34 and V-55 were elevated relative to

those controls, being up to 4.5-fold greater in line V-26 than the average levels found in

controls.

4.3.2 Detailed analysis of regenerants

To confirm the observations noted above and to analyse alkaloid content from
several leaves taken from around the plant, a second analysis was undertaken. Plants
were regenerated again from three control and four antisense PMT root lines, grown
together in the glasshouse. All alkaloid levels were determined using three mature
leaves taken from the middle portion of preflowering plants (6", 7™ and 8" from the
apex), each being approximately 50 cm in height. The nicotine and anatabine contents
n control lines were higher than before and ranged between 1300-2200 pg/g fwt and
30-140 ng/g fwt, respectively (Fig. 4-14-B and C). The nicotine levels in three
antisense PMT lines (V-206, V-34 and V-43) were 2- to 3.7-fold lower than those in
controls (Fig. 4-14-B). Also the anatabine levels in these lines were 3- to 5-fold greater
than those in controls (Fig. 4-14-C). Plant tissue of line V-7 contained normal levels of
nicotine and anatabine even though detailed analysis of transformed roots from which it
was regenerated had reduced nicotine and elevated anatabine levels (sections 4.2.2 and
4.4.1). The reasons for this are unclear at present (also see section 5.2), but it is
noteworthy that plant tissue of line V-7 from the first batch of regenerants also had

normal levels of nicotine and anatabine (Fig. 4-13).

Whilst all plants regenerated from transformed roots had a T-phenotype, there was
no significant difference in the vegetative morphology between the controls and the
antisense PMT lines (Fig. 4-15-A). A difference in the morphology of reproductive
organs of some plants was observed (Fig. 4-15-B to D). For example, the length of the
flower of control 1V-15 was 4.1 cm, whilst that of the antisense PMT line V-26 was 4.8
cm. In addition, flowers of line V-26, had an elongated style (5.2 cm) relative to the

pBli21 control (3.9 cnmi) whilst the length of filaments of V-26 and IV 15 were 4.2 cm




Plant line IV-3  V-26 V-7

1V = Control pBI121 (CaMV35S-GUS)
V = Antisense PMT (CaMV35S5-PMT)

B. V-3 C. V-26 |

D. V-3 V-26

Fig. 4-15 Phenotype of regencrants.

(A) Antisense plant lines V-7 and V-26, and control plant line 1V-3 were regencrated
from root lines and grown under identical green house conditions. All regenerants
exhibited slightly wrinkled leaves and a compact appearance, cousistent with the
transformed (T) phenotype as described by Tepfer (1984).

(B to D) Flowers from regenerants, control line IV-3 and antisense PMT line 26.
Antisense PMT line 26 has a longer flower ube and style relative to the control line
IV-3. Change in flower size and heterostyly also have been reporied in regenerated
plants from Ri T-DNA-transformed roots (Tepfer, 1984).
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and 3.6 cm, respectively. These differences could possibly be caused by alterations in
gene expression affecting primary metabolism, particularly polyamine metabolism.
However, as heterostyly has been previously reported in plants containing Ri T-DNA
(Tepfer, 1984), it 1s difficult to ascertain whether it was related to antisense expression
of PMT in line V-26. Experimentation with a greater number of independent

transformants would be needed to investigate this further.

4.3.3 Segregation ratios of the transformants.

Seed set in regenerated plants was poor, consistent with the observations of reduced
pollen viability in Ri T-DNA transformants (Tepfer, 1984). Following manual
fertilisation with their own pollen, however, most antisense PMT lines and controls
produced some seeds. A small sample of seeds from the plant lines regenerated in the
preliminary analysis, except line 111-8 and V-34 which did not set seed, was surface
sterilised and sown on MS medium without kanamycin to check for viability (Table 4-
3). Up to 270 seeds from each plant line were then sown on medium containing 100
pg/ml kanamycin to check for binary vector T-DNA segregation ratios (Table 4-4).

Seeds from the parental variety, N. tabacum var, NC95, were also sown as a negative

control.

Table 4-3 Germination of the seeds on MS media without kanamycin

Piant fine Number of parental Number of { Number of seeds | Number of seeds
transgenic plants that sceds tested germinated fatled to
produced seeds upon selfing germinate
N. tabacum - 1 150 148 2
var.NC95

IV-15 T 2 35 32 3
V.17 T 2 25 25 0
V-1 T 13 7 6
V-7 R 24 22 2
V-26 o 2 37 36 1
V28 o 12 12 0
V-29 - ! 13 9 . 4
V-55 - l_—#_ B 12 12 0

b



Fig. 4-16 Sced germination on MS phytagel containing 3% sucrosc and grown
under direct light at 25°C for 17 days.

A) Example of seedlings following germination of transformed seeds on media
without kanamycin. All seedlings exhibited healthy growth (positive control).
B) Example of seedlings following germination of N. tabacum var. NC95
seeds on media containing 100 mg/l kanamycin. All seedlings exhibited
kanamycin sensitive characteristics, bleached cotyledons and lack of root
growth (negative control).

C) Example of seedlings following germination of transformed seeds on media
containing 100 mg/l kanamycin. Both kanamycin resistant and kanamycin
sensitive seedlings were identified in the population.
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Afier germination, scedlings of every line grew and were healthy on control plates
containing medium without kanamycin (Fig. 4-16-A and Tabie 4-3). On medium with
kanaraycin, all parental NC95 seedlings exhibited kanamycin sensitive characteristics
(Fig. 4-16-B), whilst segregation for resistance:sensitivity was observed in seedlings

from binary vector transformants (Fig. 4-16-C).

Table 4-4 Sensitive to resistant ratios of T, progeny seedlings following self
fertilisation of transgenic parental plants. Seeds were germinated and grown on
MS media contatning 100 mg/L kanamycin.

Plant lines Number of parental | Observed | Predicted kan® | Expected Z)f] I p-value
transgenic plants numbers transgene ratios
that produced seeds | kan™: kan® | copynumber | kan': kan®
upon sclfing
N. tabacum 1 0:267 0 3 - -
var. NC95
V-15 2 482 :22 2 15:1 3.056 | 0.05<p<«<0.10
V.17 2 449 .28 2 15:1 0.118 [ 0.70<p<0.80
V-1 1 206: 20 2 15:1 2,607 | 0.10<p<0.20
V-7 1 119 : 142 - 1:1 2029 | 0.10<p<0.20
V-20 2 495: 8 3 63:1 0.003 p>0.90
V-28 1 269:0 - R - -
V.29 1 i04:7 2 15:1 0.057 | 0.80<p<0.90
V-55 1 269:0 - R - -

kan' = kanamycin resistant seedlings.; kan’ = kanamycin sensitive seedlings.;
S = All were sensitive to kanamycin.; R = All were resistant to kanamycin.

From these resulis, most of the antisense PMT lines appear to have more than one
seprarately segregating locus for kanamycin resistance, indicating multiple integrations
of the binary vector T-DNA, and thus quite likely the PMT gene. The ability of 4.
rhizogenes to transfer several copies of both Ri and binary vector T-DNA into a plant
genome was previously reported by Hamill er af. (1987b). From Table 4-4, it appears
that each of the plant lines IV-15, 1V-17 V-1 and V-29 contained two separately
segregating loci for the kanamycin-resistance gene. The antisense PMT line V-26,
which showed the greatest difference in nicotine and anatabine relative to that of

controls, appears to have contained three independently segregating copies of the

a8y



L TR U

A.
i
5
=
E
30
Time (days)
VI = Control pBI121 (CaMV353-GUS) generated from low alkaloid
variety tobacco, I.AFCS3.
111 = Conirol LBA9402 (4. rhizogenes T-DNA only) generated from
high alkaloid variety tobacco, NC93.
IV = Contro} pB1121 (CaMV358-GUS) generated from high alkaloid
variety tobacco, NC95.
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Fig. 4-17 Growth curves of control (A) and antisense PMT root lines (B) overa
26 day period. Each data point represents the mean (&s.¢.) fresh weight (g) of
triplicate root samples harvested at days 6, 9, 12, 15, 18, 21 and 26.

Chapter 4: Effects of Down-regulating PAT in N. tabacum 123

kanamycin-resistance gene. The reason for the apparent 1:1 segregation pattern
observed in line V-7 1s not clear. It may be indicative of some instability in expression
of the NPT I gene conferring kanamycin resistance. It is noteworthy that this line,
unlike the others, showed a reduced nicotine/high anatabine profiiz in transformed root
tissues but a normal alkaloid profile in regenerated plant tissues. This could be due to
instability of expression of the antisense PA{T gene, possibly caused by methylation of

the binary vector T-DNA in regenerated plants.

Further analyses of the offspring of these plants was not pursued due to the
likelihood of complex inheritance patterns, relating to the antisense PMT gene, leading
1o a substantial degree of variation in alkaloid content. An interesting area for future
invesligation may be to examine the stability of changes in alkaloid content of

iransgenic tissues over several generations.

4.4 Detailed analysis of selected antisense PMT root lines.

4.4.1 Growth, nicotine and anatabine profiles

Four antisense PMT transformed root lines with low nicotine content, V-7, V-26, V-
34 and V-43, from the population of root lines in which preliminary analysis was
undertaken (Fig. 4-10) and two transformed control root lines (III-8 and IV-15), were
analysed for growth, nicotine and anatabine content throughout a 26 day culture period.
All these root lines were generated from N. rabacum var. NC95. A low alkaloid
transformed root line from N. tabacum var. LAFCS3 which was analysed previously

(VI-1) was included as a comparison.

As described in section 3.2.3.1, for logistical reasons, the experiment was set up as
two parallel groups on successive days. Group one was composed of root line IV-135,
V-7, V-26 and V-34, whilst group two consisted of root line Vi-1, 11I-§ and V-43.
Apart from the setting up and harvesting dates, which were one day apart, Iall other
conditions, such as the batch of media, the growth environment, and time points for

harvesting material, were exactly the same.
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Fig. 4-17-A and B illustrated the growth of the control and antisense PMT lines,
respectively. Similar to the data presented in Fig. 3-21, the growth pattern of each line
Was composed of an initial lag phase of 5-7 days, a period of rapid growth in the mid
phase of about 10 days and a slower growth phase toward the end of the cycle. Asis

clear, from this data, no differences between the growth of high and low alkaloid root

V-43

lines or between that of the controls and antisense PMT lines were observed, Thus, any

differences in the alkaloid profiles of lines is likely to due to differences in capacity to

produce alkaloids as opposed to growth-related alterations.

V-34

Nicotine titres within root lines were determined from tissues harvested at each time
point (Fig. 4-18). The level of nicotine in roots of the low alkaloid variety, line VI-1,

was lower than that of root lines dertved from the high ailkaloid variety, lines IT1I-8 and

V-26
high nicotine variety tobacco

IV-15, at all time points throughout the growth cycle. Mean nicotine levels in control

Antisense PMT root lines generated from

root lines of the high alkaloid variety, III-8 and IV-15, ranged from 1500 ng/g fwt
during carly growth to 5500 pg/g fwt during the latter part of the growth cycle. In

V-7

contrast, the mean nicotine titre in transformed roots of line VI-1 was 700 pg/g fwt

duning early growth, increasing to 1500 pg/g fwt as growth progressed. Such patterns
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and levels of alkaloid accumulation are typical of numerous transformed root lines

US) generated from low nicotine variety tobacco, LAFCS3
ogenes T-DNA only) generated from high nicotine variety tobacco, NC95

!

IV-15

generated {rom these varieties of N. fabacum and analysed in this laboratory (Lidgett,

S-PMT) generated from high nicotine variety tobacco, NC95

1997). Morcover, a reproducible feature of transformed roots from these varieties is

5
antisense PMT root lines at days 6, 12, 15, 18, 21 and 26 of the growth cycle. Each
es

aMV355-GUS) generated from high nicotine variety tobacco, NC95
histogram represents the mean (+s.¢.) nicotine content (ng/g fwt) of duplicate sampl

Control high
nicotine variety

that at about days 12 (015 of the growth cycle, the high alkaloid tissues begin to

I11-8

accumulate much higher levels of nicotine, leading to the characteristic 2.5- to 3-fald
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difference in the nicotine content of root lines from each variety by the end of the __
growth cycle. In contrast, patterns of alkaloid accumulation in antisense PMT root lines

more closely resembled cultures of the LAFCS53 variety, rather than the NC95 variety j
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Control pBI121 (C

VI-1

V1 = Control pB1121 (CaMV355-G

II = Control LBAS402 (A, #lii

Control low
nicotine variety

from which they were derived, Thus, whilst each line had a low-normal nicotine
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content at the beginning of the growth cycle, levels failed to rise substantially in the

o mid/late phases of the growth cycle, leading to large differences in alkaloid content
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compared to controls, by the end of the culture period. The most dramatic difference in

.4-18 Nicotine profiles of control and

nicotine accumulation patterns from that of control NC95 root lines, was exhibited by i
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line V-26 which had a very low level of nicotine throughout the growth cycle (Fig. 4-
18).
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Nicotine levels in antisense PMT lines analysed in this study were between 640-
2200 pg/g fwt. Statistical analyses using a two-way ANOVA showed significant
differences (p<0.001) in nicotine levels among groups of root lines and between time
points. Subsequently, a Tukey’s statistical test indicated that the differences between
the mean levels of nicotine in the NC95 control group and those in each of antisense
PMT lines, as well as the LAFC53 line, begin to become statisticaily significant (p <
0.05) at day 12 of the growth cycle and remained so until the end of the cycle.
However, at day 6 of the growth cycle, the nicotine levels in line V-26 and also VI-1
(LAFCS53 line) were significantly different (p<0.05) from the mean level of nicotine in
the NC95 control group (group 1V). As expected, significant differences in nicotine
content were not observed between NC95 control lines, I11-8 and IV-15, or between any

pair of antisense PMT root lines in group V, or between any group V line and the
LAFCS53 line VI-1.

Fig. 4-19 illustrates the anatabine content of these root Iines. As anticipated, the
LAFC53 line VI-1 not only had a low nicotine content but exhibited also a low
anatabine content relative to that of the NC95 control lines 11I-8 and TV-15 at all stages
throughout the growth cycle. Thus, anatabine levels in line VI-1 ranged from 150-240
Rrg/g fwt over the growth cycle, whilst levels in NC95 contrel lines ranged from 220
ng/g fwt early in the growth cycle to 900 He/g fwt later in the growth cycle. Thus,
analogous to the situation involving nicotine, anatabine levels tended to increase by a
factor of 2-3 in roots of the NC95 variety during the latter part of the growth cycle (Fig
4-19). 1In contrast, the anatabine levels in all antisense PMT lines was much higher,
ranging from a low of ca 1000-1500 rg/g fwt in the early stages of the cycle to levels
of ca 2000 pg/g fwt to > 2500 kg/g fwt in the latter parts of the cycle. As was the
situation regarding nicotine, line V-26 showed the greatest difference in anatabine
content when compared to controls with levels reaching 2850 pg/g fwt in tissues
barvested at day 21 of the growth cycle (Fig 4-19). The anatabine levels in this line
were up to 6 times higher than those in NC95 control lines harvested at comparable t1me
points. Analysis of variance followed by either a Tukey’s or Dunnett’s statistical test

showed that anatabine levels in every antisense PMT root lines at every time point were
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Fig. 4-20 PMT activities of control and antisense PMT root lines at day 12 (A)
and day 18 (B) of the growth cycle. The activities were determined from three
separate cultures. The extract from each culture was subjected to triplicate
samples for the enzyme assay. Each histogram represents mean (+s.c.) PMT
activity of each line in pkat/mg protein.
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significantly different from those in NC95 control root lines and also the LAFC53 root

line, harvested at comparable time points.

4.4.2 PMT activity

PMT activity of three antisense PMT lines analysed above (V-7, V-26 and V-34)
together with two high nicotine-producing control lines from variety NC95 (IV-3 and
1V-15) and a low nicotine-producing control line from variety LAFC53 (VI-1) were
determined from three replicated samples taken at two time points in the mid stage of

the growth cycle, day 12 and day 18. Data is presented in Fig, 4-20-A and B.

At day 12, PMT activities in the NC95 control lines IV-3 and IV-15 were 10
pkat/mg protein and 10.5 pkat/mg protein, respectively (Fig. 4-20-A). These values are
close to the expected values for actively growing root cultures of wild type V. tabacum
(Wagner et al., 1986c; Hibi et al., 1994). In contrast, PMT activity in the low alkaloid
line, LAFCS3, (line VI-1) was 0.7 pkat/mg protein - a reduction compared to those in
the high alkaloid control lines (NC95) by a factor of approximately 15. PMT activity at
day 12 of the growth cycie was dramatically reduced in each of the three antisense PMT
lines that were examined averaging 1.3 pkat/mg protein, 0.2 pkat/mg protein, and 2.1
pkat/mg protein for lines V-7, V-26 and V-34, respectively. It is noteworthy that in root
line V-26, PMT activity was reduced by a factor of more than 40 compared to levels
found in NC95 controls.

At day 18 of the culture cycle, the PMT activities of all root lines were reduced
compared to those observed at day 12, which is in agreement with previous observation
regarding PMT activity in transformed roots of N. rustica (Hamill et al.,, 1990).
However, the reduction in PMT activity at day 18 was much more marked for antisense
PMT lines compared to controls (Fig. 4-20-B). At this time point, mean PMT activities
in the NC95 control lines IV-3 and IV-15 were 5.4 pkat/mg protein and 7.0 pkat/mg
protein, respectively, whilst those in antisense PMT lines V-7, V-26 and V-34 were 0.1

pkat/mg protein, 0.04 pkat/mg protein and 0.4 pkat/mg protein, respectively.
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tV = CaMV358 GUS {control pBI121) in high alkaloid variety of N. tabactum.
VI =CaMV35S GUS (control pB!121) in low alkaloid variety of N. rabacum.
V = CaMV358-PMT (antisense PMT) in high alkaloid variety of N. rabacum.

Fig. 4-21 Northern blot analysis of antisense PMT root lines and controls. Each

lane contains 20 pg of total RNA exiracted from separate root cultures at day 12 of
the growth cycle.

(A) Bands of 18S and 258S ribosomal RNAs visible afier staining with cthidium
bromide iilustrate a relatively equal amount of RNA loaded in each well. The blot
was probed with the PMT coding sequence from N. tabacum (B). Afler stripping,
the blot was reprobed with the fragments of ADC and ODC coding sequences both
from N. tabacum (C). Al the end of the experiment, the blot was probed with the
UBIQUITIN coding sequence, after stripping (D).
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Thus, at both time points the PMT activities in antisense PMT root lines were
markedly reduced compared to those in controls. In particular, the activity of antisense
PMT line V-26 (which consistently had lowest nicotine and highest anatabine levels)
was more than 100-fold lower than levels observed in control transformed roots of V.
tabactm var. NC 95 at day 18. It is interesting to note that PMT levels were also more
than 10-fold lower in antisense PMT line V-26 than in transformed root line VI-1,

established from low alkaloid variety, LAFCS53, at day 18 of the culture cycie.

As PMT is a key enzyme in the biosynthesis of nicotine, it may be expected that the
reduction in PMT activity observed at day 18 of growth, compared to day 12, would
also result in reduced nicotine biosynthesis. The nicotine titres measured at day 18,
however, were not markedly reduced compared to those at day 12 (Fig. 4-18).
Similarly, a comparison of the nicotine levels at days 15 and 21 did not reveal any
marked differences. Such responses may be a function of the diffcrence between the
rate of nicotine depletion and the rate of nicotine biosynthesis within growing root
tissues cultured in vitro. That is, the rate of nicotine turnover or secretion into the
medium may be slower than the rate of nicotine synthesis. Consequently, higher titres
of nicotine were observed in root lines at days 18 or 21 of growth, compared to days 12
or 15, despite the reduction in PMT activities. An alternative possibility may be that not
only is the activity of PMT, or the rate of nicotine synthesis, slowed at day 18, but the
rates of nicotine depietion are also reduced at day 18 compared to those at day 12 of

growth.

4.4.3 Analysis of transcript levels of PMT and other genes encoding alkaloid

biosvnthesis enzymes in Nicotiana

Transcript levels of PMT and other genes encoding enzymes of alkaloid
biosynthesis was determined at day 12 of the growth cycle. Total RNA was extracted
from the antisense PMT lines, V-7, V-26 and V-34, as well as the low alkaloid LAFC53
control line, VI-1. NC95 root lines 1V-3 and IV-15 were used as high alkaloid
producing control lines. Three parallel Northern blots were set up using the same RNA

extracts. The first Northern blot was probed with PMT, then after stripping, with
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Fig 4-21 (continued) The intensities of PMT, ADC, ODC and UBIQUITIN
transcripts were quantified using a phosphoimager. Transcript levels of PMT,
ADC and ODC respectively, are illustrated relative to the levels of UBIQUITIN
transcript in each lane (E to G). Each histogram represents mean (£s.e.)
transcript level in each root line, The lowest relative level of each transcript was
assigned a value of 1.
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fragments of ODC and ADC together (Fig. 4-21-A). (Preliminary experiments had
already determined that ODC and ADC probes did not cross hybridise to each other’s
transcript on Northern blots.) The second blot was probed, separately after stripping
ketween hybridisations, with fragments of SAMDC, SAMS and SPDS (Fig. 4-21-B).
The third biot was probed, separately, with QPT and PMT (Fig. 4-21-C). At the end of
the experiments, each blot was probed separately with the Antirrhinum ubiquitin coding
sequence to check for evenness of loading and to quantify the signal in each lane

relative to that of ubiquitin (details of all probes used are recorded in Appendix 2).

Fig. 4-21-B, E, Q and T clearly shows that the transcript level of PMT in the
antisense PMT lines was lower than in the high nicotine producing NC9S controls.
However, PMT transcript in each of these lines was higher than that obsc:ved for the
low alkaloid LAFCS53 line VI-1, even though in root line V-26, the PMT activity is less
than thai observed in extracts of root line VI-1 (section 4.42). This apparent
discrepancy between PMT transcript signal and enzyme activity may be explained by
the fact that a double-strand probe was used to detect PMT transcript. Thus, i the
antisense PMT lines, the signals obtained may be due to a mixture of sense and
antisense mRNA molecules hybridising to the probes. Nevertheless, the overall pattern
of the PMT transcript abundance observed in antisense PMT lines was broadly
comparable to the pattern of enzyme activity. Line V-26 had the lowest level of enzyme
activity and also PMT transcript abundance, while line V-34 had the highest PMT

activity and transcript level of the antisense PMT lines that were analysed in details.

The transcript levels of ADC and ODC which encode upstream enzymes
contributing to the putrescine pool seem not to have been altered in antisense PMT lines
V-7 and V-26 compared to the control lines IV-3 and IV-15 (Figs. 4-21-C, 4-21-F and
4-21-G). The ADC and ODC transcript levels in both of these antisense PMT lines were
quite similar and comparable to the controls, IV-3 and 1V-15. However, the transcript
icvels of both genes in line V-34 were somewhat greater than in the controls.
Interestingly, transcript levels of both ADC and ODC were lower in roots of LAFCS3
line VI-1 than in roots of NC95 control lines V-3 and IV-15. Whilst differences in
transcript abundance between control NC95 and control LAFC53 transformed root lines

were not as marked as for PMT, where differences were up to 30-fold, they were

. RS



.

17,1
- H]
25S rRNA M. &
=
18S tIRNA £
&
&
Control Antisense PMT v
=
Ny 3 o q ] & 3
Z > 5 > > > v
I. “mmer e =
K
SAMS .
Root Line V-3 1V-15 VI V-7 V26 V.34
Control Antisense PMT
S 25
N. s ] SAMDC
— .
& 2]
g st
s
U 1.
Kl Q I.
_ s Iqp
: - 14%kh %
' 2 0s5]
=
L 1)
CRPS |t N i
) IVl Vs vi-d
L oot Line V-5 Vi
. Control Antisense PAMT
UBIQUITIN il - i.5kb i
p
O 1 B srDps

IV = CaMV335 GUS (control pBl121).in high alkaloid variety of N. tabacum.
V1 =CaMV358 GUS (control pBI121) in low alkaloid variety of N. tabacum.
V = CaMiV358-PMT (antizense PMT) in high alkaloid variety of N. tabacum.

e
Y

Relative SPDS Transcript Levels

0_ 7 o s N B
Root Line V-3 1V-15 VI-1 V-7 V-26 V-34

Control Antisense PMT

Fig. 4-2] (continued) Further Northern blot analysis of antisense PMT root lines
and controls. Each lane contains the same 20 pg of total RNA as shown in the
previous blot (Fig. 4-21-A).

(H) Bands of 18S and 258 ribosomal RNA visible afler staining with ethidium
bromide illustrate a relatively equal amount of RNA loaded in each well. The blot
was probed with SAMS, SAMDC and SPDS coding sequences separately (I to K).
At the end of the experiment, the blot was probed with UBIQUITIN coding sequence .
after stripping (L).

IV = CaMV 35S GUS (control pBI121} in high alkaloid varicty of N. tabacunt.
V1= CaMV355 GUS (control pBI121) in low alkaloid varicty of N. tabacum.
V = CaMV35S-PMT (antisensc PMT) in high alkaloid vanety of N. rabacum.

Fig 4-21 (continued} (M to O) Transcript levels of SAMS, SAMDC and SPDS

respectively, are illustrated relative to the levels of UBIQUITIN transcript in each
lane. Each histogram represents mean (£s.e.) transcript level in each root line.

The lowest relative level of each transcript was assigned a value of 1.
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Fig. 4-21 {continucd) Further Northemn blot analysis of antisense PMT root lines
and controls. Each lane contains the same 20 ug of total RNA as shown in the first
blot (Fig. 4-21-A).

(P) Bands of 188 and 258 ribosomal RNA visible after staining with ethidium
bromide illustrate a relatively equal amount of RNA loaded in each well. The blot
was probed with PMT, QPT and UBIQUITIN coding sequences separately (Q to S).
The transcript levels of PMT and QPT are illustrated relative to the level of
UBIQUITIN transcript in each Jane (T and U). Each histogram represents mean
(zs.e.) transcript level in each root line. The lowest relative tevel of each transcript
was assigned a value of 1.
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nevertheless substantial, being approximately 2- to 2.5-fold for ADC and 4- to 5-fold for
ODC.

The transcript levels of S4AMS, SAMDC and SPD)§S in antisense PMT root lines were
broadly comparable to levels observed in the control lines 1V-3 and 1V-15 (Figs. 4-21-H
to 4-21-0). Line V-26 did show a reduced level of transcript for SAMDC, being about
60% that of other lines. In this respect it was similar to line VI-1, which had reduced
iranscript levels of each gene relative (o those found in high alkaloid controls. The
transcript level of SPDS in all antisense lines was reduced relative to the controls but as
differences were only in the order of about 30%, it is difficult to be confident that these

differences were real without further analyses being undertaken.

QPT plays a key role in providing nicotinic acid required for pyridine alkaloid
synthesis. QPT transcript, like PMT transcript, was consistently present at markedly
different levels between high alkaloid and low alkaloid transformed root hines (Figs 4-
21-Q to 4-21-U). This is in agreement with observation of Sinclair et al. (2000) who
suggest that expression of PMT and QPT are co-ordinately regulated in N. tabacum and
that both are negatively affected by nic/ and/or nic2 mutations which are present in
LLAFC353 (Chaplin, 1975). In support of this suggestion, it is interesting to note that the
control root line VI-1, generated from a low alkaloid variety tobacco, possessed low
levels of PMT and QPT transcript compared to those of high alkaloid controls.
Furthermore, this low alkaloid variety root line also exhibited reduced levels of other
transcripts encoding enzymes providing substrates for alkaloid biosynthesis, notably
ODC, ADC and SAMS.

QPT transcript levels in two of three antisense PMT lines (V-7 and V-34) are
slightly elevated relative to NC95 controls, whilst OPT levels in line V-26 was about
half of that observed ,on average, in NC95 controls (Figs. 4-21-R and 4-21-U). Overall,
the level of QPT transcript in each antisense PMT hne was at least 10 times that

observed in transformed roots of the low alkaloid variety line VI-1.

Thus, in the antisense PMT root lines, apart from a significant reduction in the level

of PMT transcript, the overall effects of down-regulating PMT upon the expression of
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Lane 1 and 6 = V1-15 (control pBI121 root line generated from N. 1abacum NC95
Lane 2 and 7 =V-7 (antisense PMT root line)

Lane 3 and 8 = V-26 (antisense PMT root line)

Lane 4 and 9 = V-34 (antisense PM7 root line)

Lane 5 and 10 = Intact root from N. tabacum NC935 plant

Lane 11 = PMT and pYC3Z (positive control)

Fig. 4-22 Southern blot analysis of the PMT gene in control and antisense
PMT root lines. A blot of genomic DNA (20 pg per lane) digested with either
Hindlll or Xbal was hybridised with PMT probe from N. tabacum. All
antisense PMT lines showed additional band(s) compared to controls.
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genes in associated areas of primary metabolism appear to be minimal. It is perhaps
noteworthy, however, the line showing the greatest reduction in the levels of PMT
transcript and enzyme, V-26, did show generally diminished transcript levels of several
genes (such as QPT and SAMDC). Whether this is as a direct result of PMT down-

regulation remains unclear at this time.

4.4.4 Southern blot analysis

Genomic DNA from three antisense PMT root lines (V-7, V-26 and V-34) and one
control line (IV-15), in addition to intact root tissue from N. tabacum var. NC935 plants,
was isolated and digested with either Xbal or HindIll. Gel blot analysis of the digested
DNA, hybridised to 2 p_labelled PMT encoding sequence, revealed extra copies of PMT

gene sequence in each of the manipulated lines (Fig. 4-22).

Digestion of genomic DNA from transgenic tissues with Hindlll was designed to
assist with the estimation of copy number of foreign gene sequences. A Hindlll site is
present 1o the 5’ side of the PMT coding sequence in pFIH10 (Fig. 4-3). However, as
no sites are present in the PMT coding sequence, or in the remainder of the construct,
the next Hindlll site to be encountered will be in genomic DNA, 3’ to the insertion site
of the binary vector T-DNA. Thus, after Souihemn hybridisation, each band on the
resulting autoradiograph is generally representative of a separate insertion. Analysis of
genomic DNA digested with Hindlll showed 4 clear bands in control tissues. In
antisense PMT line V-7, 1-2 additional PMT bands were apparent whilst in line V-34, 3-
4 additional bands were apparent (Fig. 4-22). It is interesting to note that whilst the
Southern data shown here suggest the presence of one additional PMT copy in root line
V-26, data presented in Table 4-4 suggest the presence of three independently
segregating kanamycin-resistance genes in plants regenerated from this root line. The

reason(s) for this apparent discrepancy are not clear at the present time.

PMT is a member of a multigene family. Following Southern blot analyses,

Hashimoto et al. (1998a) demonstrated that five HindIIl genomic DNA fragmen‘ts of N.
tabacum cv. Burley 21 hybridized to a full-length PMT probe. A subsequent report by

Riecherss and Timko (1999) similarly demonstrated the presence: of five PMT-related
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DNA sequences in the genome of N. fabacum cv. Xanthi. In contrast, Southern
analyses performed with N. rabacum var. NC95 using DNA from the control root line,
IV-15, and from the intact root of the parent plant revealed that only four HindlIl
genomic fragments hybridized to the PMT probe (section 4.4.4, Fig. 4-22). Such a

discrepancy may be attributable to the different N. fabacum cultivars used in the
experiment.

Analysis of Xbal-digested DNA of all three antisense PMT lines showed an
additional band of 1.4 kb in each of the antisense PMT lines. As the PMT coding
sequence was inserted as a 1.4 kb molecule at the Xbal site of pFIH10, this suggests that

the construct was present in a structurally intact form in each of these manipulated lines.
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Chapter 5

Discussion

Experiments described in this thesis were concermed with using the approach of
antisense-mediated down-regulation of gene expression to investigate the molecular
coniro} of pyridine alkalotd metabolism in N. fabacum. Transformed roots of N.
tabacum, cultured in vitro, were used as the main experimental tissue. These cultures
are regarded as being much more genetically stable than disorganised cell cultures (Aird
et al., 1988). If care is taken to ensure appropriate tissue culture conditions are
maintained, they provide a robust experimental system to study effects of gene
manipulation upon pyridine alkaloid metabolism (Hamil! e a/., 1986; 1990; Hamill and
Lidgett, 1997). An added advantage of using transformed roots is that intact plants can
be recovered from selected root lines which, although they often have slightly altered
phenotypes due to the presence of Ri T-DNA from A. rhizogenes (Tepfer, 1984), do
enable effects of gene manipulation 1o be assessed in transgenic plants with respect to
alkaloid metabolism. Furthermore, the use of iransformed roots i1s an integral
component of a diverse array of experimental programs concermned with the

biotechnological production of biologically active metabolites and proteins (Doran,
1997).

5.1 Down-regulation of ADC

In Chapter 3 of this thesis, the focus of the study was the down-regulation of ADC
gene expression. As was noted in section 1.7.1, it was thought that this approach may
provide useful information relating to the involvement of ADC in pyridine alkaloid
biosynthesis in Nicotiana which biochemical inhibitor experiments have not been totally
resolved. ADC antisense experiments were undertaken with the aim of producing
transformed root lines with diminshed ADC activity in order to compare alkaloid levels
i such lines with that of wild type lines. Two constructs were assessed with respect to

their ability to down-regulate ADC expression in transformed roots of N. frabacum. A
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460 bp fragment of the N. rustica ADC coding sequence was successfully expressed in
the antisense orientation in N. 7abacum transformed root cultures. However, this did not
produce any detectable reduction in endogenous 4DC transcript levels in these tissues.
In contrast, expression of a 1.2 kb N. tabacum ADC coding sequence in an antisense
orientation did lead to a significant decrease in the levels of ADC transcript and also
enzyme activity of antisense transformed lines (section 3.2.2.3 and 3.2.2.4). The
different capacity of both fragments to down-regulate 4DC gene expression may be due
to one or more possibilities. One important parameter to consider is the degree of
lhomology between the antisense transcript and that of the endogenous ADC genes.
Although the 460 bp fragment was sourced from the related species N. rustica, as
opposed to the 1.2 kb fragment which was recovered from N. tabacum, it is unlikely that
interspecies sequence divergence rendered the 460 bp fragment ineffective. Many
experiments have confirmed that heterologous genes can be used to achieve antisense
effects (e.g. Carron ef al., 1994; reviewed in Bourque, 1995). Murray and Crockett
(1992) concluded that antisense down-regulation can be successfully achieved if the
transgene and target sequences are more than 80% homologous. The percentage
identity of the 460 bp N. rustica ADC coding sequence to N. tabacum ADCI and ADC2
are 92.7% and 90.3%, respectively (Appendix 4 and §). Thus, insufficient homology
between both ADC sequences seems unlikely to explain why the 400 bp fragment was

not effective in reducing ADC transcript whereas the 1.2 kb fragment was effective.

Different lengths of antisense RNA transcripts may have contributed to their
different capacities to down-regulate ADC expression, although it is noteworthy that
most naturally occurring antisense RNAs in prokaryotes are relatively short (Takayama
and Inouye, 1990; Murray and Crockett, 1992). At least two suggestions have been put
forward to explain the effectiveness of short anti-mRNA transcripts (Murray and
Crockett, 1992). First, at least in bacteria, it appears that short mRNA transcripts are
produced at a faster rate than larger mRNA transcripts. Secondly, the rate of
hybridisation of a larger antisense transcript to its target will tend 1o be slower than that
of a shorter molecule. In bacteria also, the region of the gene represented by the
antisense transcript can affect its capacity 1o down-regulate gene expression. Daugherty

et al. (1989) and Hirashima er al. (1989) reported that relatively short antisense RNA
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molecules (381 bp and 33 bp, respectively) which overlapped the ribosome binding sites

were the most effective for down-regulation of gene expression in bacteria.

In higher plants several groups have experimented with the expression of constructs
representing various regions of target genes in an antisense orientation, however no
consensus has been established as to the efficacy of any particular region of a gene’s
coding sequence (reviewed in Bourque, 1995). A number of experiments have been
conducted to examine the capacity of various regions of reporter genes to down-regulate
gene expression in transgenic plants previously transformed with that reporter gene. In
an experiment involving the retransformation of transgenic tobacco plants containing
the chloramphenicol acetyliransferase (CAT) gene, it was shown that expression of the
5’-terminal 172 bp of the CAT gene in the antisense direction was less effective than
expression of the full-length C4T gene sequence (Delauney ef al., 1988). Sandler et al.,
(1988) investigated the effect of nos antisense sequences from different regions of the
gene on the expression of nopaline synthase (nos) in transgenic containing the nos gene.
They found that inhibition of n0s expression varied with the region of nos antisense that
was used and that antisense sequences from the 3’ region of nos wc e even more

effective than the full-length coding region.

In a comparable cxperiment involving the retransformation of GUS positive N.
plumbaginifolia, Cannon et al. (1990) showed up to 100% inhibition of GUS gene
expression in transgenic plants using an antisense RNA with a 41-base homology
spanning the translation start codon of the gene. In experiments aimed at down-
regulating an endogenous gene, a comparison of the effectiveness of antisense chalcone
synthase (CHS) fragments in petunia showed that antisense constructs representing the
3’ vortion of the CHS gene were more effective in decreasing floral pigmentation than

constructs representing the 5° portion of the gene (Mol ef al., 1989; van der Krol et al.,
1990).

The differences in levels of inhibition brought about by the various fragments used
to produce antisense sequences may indicate thai the optimal region and size of an
effective antisense sequence can be influenced by secondary structure of the target

RNAs or the antisense RNAs, or both. In the present study, it seems that a 460 bp
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fragment representing the mid portion of the ADC coding sequence, although capable of
producing antusense mRNA as confirmed by Northern analysis using strand-specific
piobes, is ineffective as an antisense sequence in down-regulating gene expression — at
least in N. tabacum. On the other hand, a 1.2 kb fragment from the mid-5’ region of the
coding sequence is quite effective in down-regulating gene expression. Further
experiments would be required to establish whether full-length antisense transcripts, or
shorter transcripts targeted to particular regions of the coding sequence such as the
translation start point, would be more effective than the 1.2 kb fragment uszd in this

study.

Using the 1.2 kb antisense 4DC construct, several transformed root lines were
recovered in this study with < ~ 25% of wild type ADC transcript remaining (Fig. 3-19-
I). Assessment of these lines for ADC activity showed that compared to controls, ADC
activity was reduced by 50 -~ 60% (Fig. 3-20). As was noted in chapter 1 (section
1.4.1.3), an apparent lack of a direct correlation between franscript abundance and
enzyme activity may be explained by the observation that ADC has been reported to be
subject to considerable post-transcriptional regulation and/or post-translational controls
(Malmberg et al., 1992; Rastogi et «l., 1993; Malmberg and Cellino, 1994). Studies in
transgenic tobacco and rice over-expressing oat ADC also noted that the relationship
between oat ADC transcript level and ADC activity was not directly proportional
(Masgrau et al., 1997, Carpell et al., 1998). Thus it is possible that a 90% .or greater
reduction of ADC activity, using a conventional antisense approach, may be difficuit or
impossible as it is likely that even a few mRNA molecules “‘escaping” inactivation by
antisense sequences are likely to be translated efficiently to produce disproportionately

elevated levels of active ADC enzyme.

Examination of the growth kinetics of 1.2 kb antisense ADC transformed root lines
showed that there was no significant difference between them and controls. No
published reports exist which correlate the diminution of ADC activity by biochemical
inhibitors and the effects on growth of tobacco ot cultures. However, the combined
reports of Walton ef al., (1990) and Robins ef al., (1991b), noted that even though D.
stramonium transformed root cultures treated with 1-2.5 mM DFMA possess very low

levels of residual ADC activity and approximately 40-50% of residual ODC activity,
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their growth was not significantly reduced relative to untreated controls. Thus it 1s
probably not surprising that no alteration in the growth kinetics of antisense ADC

tobacco transformed root lines was observed relative to controls in the present study.

Initial examination of the 1.2 kb antisense ADC transformed roots generated in this
study aiso suggested that they had a similar alkaloid content as control lines. However,
carefitl analysis over the course of a growth cycle of several transformed root lines
containing down-regulated ADC (lines 11 26, II 32, 11 34 and 1l 39) showed that whilst
they had close to normal levels of alkaloid during the early and mid-phases of the
growth cycle, they had reduced nicotine levels relative to controls by the end of the
growth cycle. Two of these lines (11-34 and 11 39) also had slightly elevated levels of
anatabine at tie end of their growth cycle relative to control lines. This stage of the
growth cycle is typically characterised by relatively low levels of ODC and ADC
activity in transformed roots of Nicotiana (Hamill ef al., 1990} and also Datura (Robins
et al., 1990,1991¢c; Michael et al., 1996). Such a relative decrease in the nicotine
content of N. tabacum transformed root lines, together with a relative increase in the
levels of anatabine, suggests that the antisense ADC manipulaiion may have reduced the
supply of putrescine-derived metaboliter destined for nicotine biosynthesis at this late
stage of the growth cycle whilst the supply of nicotinic acid continued as per normal via
the QPT route (see also results in chapter 4 and discussion in 5.2 below). Towards the
end of the growth cycle, reduced ADC activity due to the antisense manipulation may
have produced a reduced pool of putrescine that was used preferentially for growth as
opposed to alkaloid production. These observations do not, however, rule out the
possibility that a low level of ADC activity is sufficient to maintain a pool of putrescine
used exclusively or mainly for alkaloid biosynthesis which, in antisense iines, becomes
somewhat limiting in the latter part of the growth phase of transformed roots when

expression of endoeenous ADC is reduced.

In conclusion, the current study represents the first attempt to quantify accurately
the effects on pyridine alkaloid metabolism by reducing the supply of putrescine in
tobacco tissues using an antisense approach to diminish ADC activity. Some evidence,
was produced that a ~50% reduction in ADC activily can decrease the nicotine content

of transformed roots, together with a slight increase in anatabine levels, toward the #nd
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of the growth cycle. In contrast to biochemical inhibitor feeding experiments involving
DFMA, where negative effects upon ODC can not be ruled out, evidence from the
current study suggests that reductions in ADC transcript/enzyme levels as a result of the
antisense manipulation do not cause alterations in ODC transcript/enzyme levels (Figs.
3-19, 3-20, 3-24 and 3-25). Clearly, however, many further experiments are required to
enable definitive statements to be made regarding the relative contributions of ODC vs
ADC to the synthesis of putrescine used to synthesise nicotine in N. fabacum
transformed roots. Some of the more obvious experiments that could be usefuily

undertaken are outlined below.

Using the antisense ADC lines created in this study, it would be interesting to also
undertake a detailed analysis of polyamines, free and conjugated, at all stages of growth
and development in root lines and regenerated plants. Though techmcally demanding,
such studies could provide valuable insights into both the role(s) of these metabolites in

vivo and their capacity to be altered by down-regulation of AD(C gene expression.

A detailed analysis of regenerated transgenic plants contaning the 1.2 kb antisense
ADC construct (or possibly a more effective one) to determine if reduced ADC activity
enabled normal growth and alkaloid production under all conceivable growth
conditions, particularly under conditions of limited nitrogen availability or herbivore
attack which are known to place substantial burdens on the aikaloid biosynthetic
capactty of Nicotiana plants (Baldwin et al., 1994). The present study may provide a
clue that under such conditions, such plants may in fact show a reduced capacity to

elicit a wild type chemical response to such environmental stresses.

Recovery of transformants (both transformed rocts and plants) with strongly down-
regulated ODC expression/activity. If such lines were viable, and contained normal
ADC activily, an analysis of their growth, alkaloid and polyamine (both conjugated and
free) profiles may enable deductions to be made as to the contribution of the ODC route
to putrescine pools used for alkaloid biosynthesis — particularly, as noted above, under
conditions of enviromnental stress such as wounding or in the latter part of the growth

cycle when any limitations in biosyathetic capacity are likely to be most pronounced.
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Sexual crossing of transgenic plants with down-regulated ODC and ADC to determine
whether combined or even synergistic interactions between both antisense transgenes
occurs with regards to putrescine synthesis and, if so, whether this affects growth/
development or alkaloid biosynthesis or both. Feeding radioactive omithine/arginine to
ODC/ADC-deficient lines may also be useful lo determine whether each route to
putrescine is differentially utilised in antisense lines relative to the situation in normal,

wild type izes.

5.2 Down-regulation of PMT

In Chapter 4 of this thesis, the focus of experiments was the down-regulation of
PMT using an antisense approach. The main conceptual difference between these
experiments and those discussed above involving ADC, is of course that PMT is
considered to belong exclusively to secondary metabolisin as it catalyses the first
committed step in providing putrescine-derived intermediates for nicotine biosynthesis
in N. tabacum. As such, we predicted that it should both be possible to recover viable
lines with strongly down-regulated PMT activity and that such lines should have a
severely reduced capacity to synthesise nicotine. This proved to be the case, with
several transformed root iines being recovered that possessed very low levels of PMT
transcript compared to controls. Such lines also had markedly reduced enzyme activity
with one antisense PMT line in particular (line V-26) exhibiting PMT activity about
10% of wild type and about half of that found in {ransformed roots of a low alkaleid
variety of N. tabacum (LAFC53). Levels of PMT activity in wild type and low alkaloid
variety transformed roots were comparable to activities reported previously for non-
transformed roots of wild type and low alkaloid varieties of N. rabacum, respectively,
which were maintained in vitro in medium containing auxin to stimulate growth (Hibi er
al., 1994).

The capacity to down-regulate PMT appeared to be independent of the number of
copies of the foreign antisense PMT sequence. Several reports in the literature have
also not observed a correlation between antisense transcript levels or antisense gene

copy number and the level of phenotypic alteration caused by the presence of the
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antisense sequence (reviewed in Bourque, 1995). For example, van der Krol e al.
(1988), working with transgenic petunia, observed no correlation between the number
of antisense chalcone synthase gene copies and the steady state level of antisense RNA
found in transgenic plants. Also, Carron ef al, (1994) ubserved that no correlation
existed between antisense copy number of an antisense DFR sequence and its capacity
to diminish condensed tannin levels in transformed roots of L. corniculatus. The wide
variations observed in the effectiveness of antisense secquences in suppressing gene
activity may be atiributed to differences in the relative positions of the antisense gene
within the genome of the transgenic cell — the so called “position effect” phenomenon
(Bourque, 1995). In over-expression experiments, transgene copy number and
transcript levels have also been found to be not necessarily strongly correlated. For
example Leech er al. (1998) studied transgenic tobacco expressing two consecutive
genes, encoding tryptophan decarboxylase and strictosidine synthase, in the
monoterprenoid alkaloid biosynthesis pathway of Catharanthus roseus. No clear
correlation between the number of integration events of a specific transgene and the

levels of accumulated transcript was observed in this case.

Effects of down regulated PMT expression upon alkaloid profiles of transformed
root lines were, in part, predictable but also provided some new insights into the control
of alkaloid biosynthesis in N. fabacum. As was predicted, reduced PMT activity was
associated with reduced nicotine levels of transformants, with concentrations falling to
levels at or below that of roots of the low alkaloid variety, LAFCS53 (Fig. 4-18).
Transformed roots of N. tabacum var. NC95 with reduced PMT activity and reduced
nicotine levels were also correlated with increased anatabine content. This alkaloid is
present at 10-20% of the levels of nicotine in intact root of N. tabacum (Saitoh ef al.,
1985; Sisson and Severson, 1990} and also in root cultures of N. rustica (Hamill ef ai.,
1986). Anatabine, in fact, is not found at high levels in any Nicotiana species studies to
date (Saitoh ef al., 1985; Sisson and Severson 1990) and appears to have been largely
ignored in studies into pyridine alkaloid metabolism. A comprehensive search of
available literary databases reveals only a small number of references where anatabine

1s the printary focus of the article. In concurrence with this, it is not commercially
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available and considerable effort was required during this study to obtain a sample to

authenticate and quantify the elevated levels seen in several antisense PMT lines.

At a mechanistic level, the explanation for elevated anatabine levels in antisense
PMT transgenic root lines of N. tabacum appears relatively straightforward. Though the
supply of intermediates required to synthesise the N-methylpyrrolidine ring of nicoline
is diminished, the supply of nicotinic acid is likely to be maintained as per normal and
thus excess nicotinic acid is used to synthesise anatabine. This hypothesis suggests the
lack of a feedback mechanism to prevent over-production of nicotinic acid. The results
of the Northern experiments suggests this 1s true, at least 10 a considerable extent, as
several antisense PMT lines had QPT transcript levels that were comparable with
controls. It may be noteworthy, however, that the most severely affected line, V-26, did
have lower QPT transcript levels than controls or other antisense lines raising the
possibility that some degree of feedback inhibition of QPT transcription in transgenic
root lines with very reduced PMT activity may occur. The enzyme responsible for
anatabine synthesis has not been positively identified, but it may be the same enzyme
that is responsible for the final step in nicotine synthesis. This enzyme has also been
implicated in causing increased anabasine levels in N. hesperis, N. rustica and N.
tabacum tissues following exposure to elevated cadaverine (Fig. 1-3) (Walton and
Belshaw, 1988; Walton er al., 1988; Fecker et al., 1993). It is possible that the capacity
of Nicotiana root tissues to convert excess nicolinic acid {o anatabine represents a
detoxification mechanism whereby the plant roots can effectively rid themselves of
excess nicotinic acid which may be otherwise inhibitory to growth. Previous
experiments have shown that feeding nicotinic acid to root cultures of N. rustica was
phytostatic at 1 mM (Robins ef al., 1987). Interestingly in the study of Robins et al.
(1987) and also inn a subsequent report by Friesen er al. (1992) working with N. alata
root cultures, feeding of nicotinic acid was found to lead to uncharacteristically high

levels of anatabine in extrzcts of these tissues.

Polyaming fevels of the antisense PMT root fines produced in this study were not
assessed and thus additiona! studies would be necessary to investigate whether
polyamine metabolism was unduly disturbed by the down-regulation of PMT in such

root lines. It is quite possible that the antisense lines did have elevated putrescine
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and/or polyamine levels as gene transcripts encoding ODC, ADC, SAMDC, SPDS and
SPMS were comparable between antisense PMT root lines and wild type. As antisense
PMT root lines exhibited comparable growth cycle characteristics to transformed roots
of both the wild type (NC95) and low alkaloid variecty (LAFC 53), it is clear that any
alterations in polyamine metabolism resulting from the down-regulation of PMT did not

affect root growth in vitro.

In the present study, as expecled, regenerated plants from several antisense PMT
root lines of N. fabacum also showed, for the most part, reduced nicotine levels
throughout the plant. Similar observations have been made in transgenic N. sylvestris in
which PMT levels were reduced by either co-suppression (Sato et al., 2001) or by
antisense experiments (Voeickel ef al., 2001). However, one line (V-7) in which planis
were recovered from two separate regeneration experiments, possessed nicotine levels
comparable to those in control regenerated plants of the high alkaloid variety NC95.
The reasons for this are not clear but a simtlar phenomenon has been reported by
Robbins ef al, (1998) who analysed condensed tannins (CT) in plants regenerated from
hairy roots of L. corniculatus, CT levels had been reduced by up to 80 % due to
antisense expression of the A. majus DFR gene (Carron ef al., 1994). In that study, it
was observed that only one of the antisense root lines produczd a corresponding CT
phenotype in regenerated shoot tissues leading to the conclusion that it is not possible to
accurately predict the biochemical phenotype of an antisense regenerated plant by
screening at the transformed root level (Robbins er al., 1998). 1t is possible that a gene
silencing process, such as methylation of the antisense transcript, occurred during or
shortly afier the regeneration process in these cases thereby inactivating the transgene.
Inactivation or silencing of transgene expression by methylation or other processes has
been reported in transgenic plants by previous workers (Matzke et al., 1989; Mallory et
al., 2001, Kloti ef al., 2002).

In contrast to the reports of Sato er al. (2001) and Voeickel er al. (2001), this study
also found significantly elevated levels of anatabine to be present in leaf tissues of
plants with reduced nicotine that we’ .- regenerated from antisense PMT root lines. As
QPT 1s expressed predominantly in roots of M. tabacum (Sinclair et al, 2001), it seems

likely this is as a result of translocation of anatabine from roots to shoot as in the case of

e i
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nicotine. The production of viable, rapidly growing and, as far as can be judged, normal
plant N. tabacum tissues with markedly elevated anatabine levels raises the question as
to why this alkaloid is not found at high levels in any natural Nicotiana species. As was
noted in chapter 1, nicotine, or ils similarly toxic demethylated derivative nornicotine,
predominate in most Nicotiana species. In some species however, appreciable levels of
anabasine are found and in one species, N. glauca, anabasine predominates and nicotine
represents less than 15% of the alkaloid fraction in leaf tissues (Saitoh et al., 1985;
Sisson and Seversson 1990). It is possible that anatabine is not as toxic to predators, or
is less stable in vivo, than these other alkaloids - no toxicity data appears to be available
in the scientific literature. Given its close structural similarities to anabasine (Fig. 1-1)
howéver, which is toxic to both mammals and insects (Budavani er al., 1996), the
biological properties of anatabine might be predicted to be similar. Future experiments
could perhaps test the capacity of N. tabacum plants possessing low level of nicotine
and high levels of anatabine to repel or prove toxic to herbivores/insect pests as opposed
to plants possessing characteristically high levels of nicotine and low levels of
anatabine. Suitable insects to test such ideas may include larvae of generalist herbivores
such as species in the Helicoverpa genus and also the specialist, nicotine-adapted

herbivore Manduca sexta (tobacco homworm) (Voelckel ef al., 2001).

In the present study, all regenerated plants exhibited a somewhat bushy appearance
with shightly wrinkled leaves — a phenotype typical of that described previously for
transgenic N. tabacum containing Ri T-DNA (Tepfer, 1984). Antisense PMT transgenic
plants were not noticeably different from Ri T-DNA control plants, however, though it
is of course possible that subtle differences in phenotype between these plants and
controls existed but were masked by the T phenotype. To investigate this area further,
studies involving the generation of transgenic plants containing the antisense construct
utilised in the present study should be undertaken with disarmed 4. rumefaciens rather
than wild type 4. rhizogenes for transformation. In a recent report, Sato et al. (2001)
reported on the results of experiments involving disarmed A. tumefaciens to recover
transformed N. sylvestris plants containing a construct in which the PMT coding
sequence was placed under transcriptional control of the CaMV35S promoter.

Transgenic plants containing PMT transcript levels elevated, relative to wild type, were
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phenotypically normal, whereas a cosuppression line with PMT transcript levels only
16% that of wild type exhibited several distinct phenotypes. Abnormalities included a
branchey inflorescence stem, a continuous spiral sheet of {eaf-like tissues along the stem
caused by neighbouring ieaves fusing at the basal region and a small seed set from self-
pollinated flowers. Sato ef al. (2001) suggested that these morphological changes may
be caused by the increased accumulation of pathway intermediates, especially

putrescine and spermidine.

5.3 Future directions

In conclusion, this thesis makes a contribution o our understanding of the control of
pyridine alkaloid metabolism in Nicotiana tabacum, using the technique of antisense
down-regulation of gene expression to target genes enceding ADC and PMT. Since
many of the other genes encoding enzymes in this area of metabolism, and mn ancillary
areas of pnimary metabolism, have been cloned and characterised in recent years (Table
1-2), additional experiments may be warranted in future to explore the effects of down-
regulating these genes also, hoth individuaily and in combination. As a result of recent
improvements in our understanding of the mechanisms by which double-stranded RNA
leads to down-regulation of specific gene activity (Waterhouse ef al., 1998, 2001;
Vance and Vaucheret, 2001; Jones er al,, 2001; Hutvagner and Zamore, 2002),
improved vectors have been developed that specifically produce double-stranded RNA
corresponding to a given ¢cDNA sequence, e.g. the pHANNIBAL vector (Wesley ef al.,
2001). Future use of such vectors may allow the identification of N. rabacum
transformants with very low or essentially zero activity of genes where translational
contro] may enable even small amounts of mRNA to produce significant levels of
enzyme activity, as appears to be the case for ADC in N. tabacum. Such experiments
will contribute, in an iterative manner, 1o a greater appreciation of the complexities of

secondary metabolite production in plants.
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MADCIIF 3 TCTAGAGT T G A A G G T A A A G A 3 2
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MADCVR 5 GG T CTAGA AT C T A T CI ACI CC1 A I ¢ C CC 3
A G A A

Xbal

PWI1-355 % " 6GGGGTACCGAATTCCTGACGTAAGG GG GATG GATCG G CALC ¥

Kpnl EcoR]

PW1-term 5 G GGTCTAGAAAGGTTACTGGATTTT GO GTTTTATGGA kN

Xbal Hindil
YCIF 5 GGT CTAGACTTGTTGTCCGTTTTCOCTG A ¥
Xbal
G
EYIR 5 GG T CTAGATG AT T GOGAAUCAAT A GG A A A ¥
A
Xbal

Appendix 1 Oligonucleotide primers used in this study.
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Appendix 2 Probes used in this study.

Gene

ADC

oDC

PMT

OPT

SAMDC

SPDS

SAMS

Ubiquitin

Source

1.) For section 3.1 and 3.2.1

Plasmid pYC1B (chapter 3) contains a 460 bp DNA insert representing 460 bp of N.
rustica ADC cloned into pBluescript (Fig. 3-1). The PCR fragment was recovered from
N. rustica genomic DNA using oligonucleotide primers MADCIIIF and MADCVR
(Doblin, 1993). The 460 bp insert is released by digestion with Xbal.

2.} For section 3.2.2.3 and section 4.4.3

Plasmid pYC2T (chapter 3) contains a 1.2 kb DNA insert representing the mid portion
of N. tabacum ADC cloned into pGEM-T (Fig. 3-11}. The PCR fragment was
recovered from N. tabacum root genomic DNA using oligonucleotide primers YCIF
and EYIR (section 3.2.1). The 1.2 kb insert is released by digestion with ADai.

Plasmid pODC#8 contains a 800 bp DNA insert, cloned into pBluescript, represeiting
the 5’ portion of N. tabacurm ODC cDNA (Ladgett 1997, accession no Y110472). An
800 bp fragment suitable as a molecular probe is released by digestion with Abeal and
BamHI.

Plasmid pETPMT contains the full-length PMT coding sequence of N. tabacum (Hibi et
al., 1994; accession no D28506) kindly supplied by A/Prof T. Hashimoto, Nara
Institute of Technelogy, Japan. The coding sequence is released as a 1.4 kb fragment
by digestion with BamHI and EcoRI.

Plasmid pRQPT1 contains the coding sequence of N. rustica OPT in pBluescript
(Sinclair et al., 2000; accession no AJ243436) and released as a 1.3 kb fragment by
digestion with EcoRI and Xhol.

Plasmid pTSmDC1 (kindiy supplied by Dr. A. Michael, BBSRC Institute Food
Research, UK) contains a DNA insert cloned into pBluescript which represents
approximately half of N. tabacum SAMDC coding sequence. The insert is highly
homologous to the §' portion of the N. sylvestris cDNA representing SAMDC (accesion
no AB015609) and is released from pTSmDCI as an 800 bp fragment by digestion with
Xbat and Kpnl.

Plasmid pDsSS2 (kindly supplied by Dr. A. Michael, BBSRC Institute Food Research,
UK) contains D. stramonium spermidine synthase (S52) cDNA sequence {(accession no
Y08253) in pBluescript. The 1.2 kb DNA insert possesses 90.5% nucleotide homology
with the N. sydvesrris spermidine synthase genes (accession no AR006692; Hashimeto
et al., 1998b). The insert in pDsSS2 is released by digestion with Xbal and Kpnl.

A purified PCR product was used as a probe {identity confirmed by sequence analysis;
accession no AB006187) representing the N. rabacum SAM syntitase coding sequence.
The PCR product was amplified from M. tabactn root mRNA/cDNA using
oligonucleotides representing approximateiy 1 kb of tobacco SAM synthase coding
sequernce (Forward oligonucleotide position = 64-84; 5'
CAAGCTCTGTGACCAGGTCTC3'; reverse oligonucleotide position =1027-1047:
S'GACGGCCTGAAGTCAAAGTTCTCCY).

Plasmid pJAM293 contaiins a cDNA insert, representing the coding sequence of the
Antirhimen majus ubigitin gene cloned into pBluescript which was kirdly supplied by
Dr. Cathic Martin, Jok= innes Institute, UK. The 1.8 kb DNA insert is released by
digestion with EcoR1.
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Appendix 3 GC-MS analysis

GC chromatograms comparing alkaloid exiracts of antisense PMT root line V-26 (A) with control root line JV-10 (B) at day 20 of the growth cycle (Fig. 4-10). The abundance of the
internal standard (2, 2’-dipyridyl) at RT 13.6 mins was quantitatively similar in both samples. The peaks at RT 1.1 and 15.7 mins were identified as nicotine and anatabine by MS
{Appendices 3-C and D). The antisense line {A) contained a much lower level of nicotine (RT 11.1 mins) relative to the control line {B). Conversely, the antisense root line contained a
considerably higher tevel of anatabine (RT 15.7 mins). It is also noteworthy that the antisense line possessed higher levels of metabolites with RTs at 21.4, 33.9 and 34.2 mins, compared
to the control line. One of these (RT = 33.9 mins) was teatatively identified as 3,3'-(2 4-piperidinediyl) bis-pyridine suggesting that the antisense line also possessed higher {evels of

other pyridine nucleotide derivatives than the conirol line.
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(C) Mass spectrum of metabolite RT 11.1 mins identified as nicotine by comparison with the HP library database.
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Appendix 3 E i : Mass Spectrum of the Anatabine standard supplied by Dr Patrick
Lipiello - p85)
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Appendix 3 F: Mass Spectrum of Nicotine (Mizrachi er a/., 2000)
i

REFERENCE: Mizrachi N, Levy 8, Goren 7. Fatal poisoning

from picotiany glauca leaves: identification of anabasine by pas-
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Appendix 3 G i: Mass Spectrum of Anabasine {Mizrachi e al., 2000) —,;
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GAP of: N. tabacum ADC1 to: N, rustica 460bp ADC

Gap Weight:
Length Weight:

Quality:
Ratio:
Percent Similarity:

N, tabacum ADCI
460bp N. rustica
N. tabacum ADCI
460bp N. rustica
N. tabacsm ADCI
460bp N. rustica
N. tabagcum ADCI
460bp N. rustica
N. tabacum ADCI
460bp N. rustice
N. tabacum ADCI
460bp M. rustica
N. tabacum ADCI
460bp N. rustica
N. tabacum ADCI
460bp N. rustica
N. tabacum ADC1

460bp N. rustica

ADC

ADC

ADC

ADC

ADC

ADC

ADC

ADC

5.000
£.300

383.0

0.927
92.736

26792

2701
23
2751
3
2801
123
2851
173
2901

223

273
3001
323
3051

373

Average Match: 1.000

Average Mismatch: 0.000

Length: 4321

Gaps: 0

Percent Identity: 92.736
cerearr e straaaansser s OTTTCAAGGACGCTGAGTACAT

VLt drrnrebennd
v JABTACAAGGATGCTGAGTACAT

LR R R

TTCGCTTGCTTTGGTTGCAAGARAGCTCATGTTARARCACTGTAATTGTTC

PERETRUERY Y Lrd e e b nr 3 radneieeee) |
TTCGCTTGCTTCGGTTGCAAGGAAGCTCATGTTGARTACTGTAATTGTGC

TTGARCAAGAGGAGGAGCTTGACCTTGTGATTGATATAAGCCGTARGATG

PVEErrtrede e rrertret by veevserveey 1t 4 pivdnd
TTGRACAAGAGGAGGAGCTTGACCTGGTGATTGATATCAGCAGAAAGATG

GCTGTTCGGCCCGTARTTGGACTTCGRGCTARGCTCAGGACCAAGCATTC

PR TTER R YR iy b i by by b by ey v gl
GCTGTCCGGCCCGTAATTGGACTTCGGGCTAMGC TCAGGACCAAGCATTC

AGGCCATTTTGGATCCACTTCTGGAGARAARGGTAAGTTTGGGCTTACKA

Pelbrrrrrerprreertrerererel vageniny regtiprrrgt)il
AGGCCATTTTGGATCCACTTCTCGAGRAGAARGGTAAATTTGGGCTTACAR

CGACCCARATTGTTCGTCTAGTGAAGAAGCTGGAAGAATCCGGAATGCTG

Porerer to 3rraeb e ig bt rrnaey etk
CARCCCAGATCGTTCGTGTAGTGAAGAAGCTGGAAGAATCCGAARTGLTG

GATTGCCTTCAGTTGCTGCATTTTCACATTGGATCTCAGATCCCTTCAARL

FEEPEYEREC) ) CV e e e bbby e tind
GATTGCCTTCAGCTGCTGCATTTTCACATTGGATCTCAGATCCCTCCARC

GGCGTTGCTTGCTGATGGTGTTGETGAGGCTGCTCAGATTTATTGTGAAT

PEL VTERRS TR PR e bbb by b et vty
GGCTTTGCTTGCTGATGGTGTTGGTGAGGCTGCTCAGATTTACTGTGAAT

TAATCCGTCTTGGTGCGGETATGAAGTTCATTGATACTGGA. . v v v h . vt

VECLRDY PELEEREE i) TIe 1ty bigt kil
TAGTCCGCCTTGGTGCTGGCATGARATTCATTGATTCTGGT . . .

PR

2700

2800

122

2850

172

2900

222

2950

272

3000

149

Appendix 4 A comparison of coding sequences of N. tabacum ADCI and coding

sequences of the 460 bp N. rustica ADC using ANGIS program GAP. The percentage

identity of both sequences is 92.7%.
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GRP of: N. tabacum ADCZ to: N, rusticaz 460hp ADC

Gap Weiqght:
Length Weight:

Quality:
Ratio:
Percent Similarity:

N. tabacum ADC2
460bp N. rustice
N. tabacum ADC2
460bp N. rustica
N. tabacum ADCI
460bp N. rustica
N, tabacum ADC2
460bp N. rustica
N. tabacum ADC2
460kp N. rustica
N, tabacum ADCZ2
460bp N. rustice
N. tabacum ADCZ2
460bp N. rusticea
N, tabacum ADC2
460bp N. rustica
N, tabacum ADCZ

460bp N. rusticas

ADC

ADC

ADC

ADC

ADC

ADC

ADC

ADCT

ADC

5.000
0.300

373.0

0.903
90.315

2726

2751
26
2801
16
2851
126
2901
176
25951
226
3001
276
3651
326
3101

376

hvrerage Match: 1.000
Average Mismatch: 0.000
Length: 4368
Gaps: 0
Percent Identity: 9%0.315
trrcarr s ararsaranavesess s GTTTCAAGGACGCTGAGTACATTTC
D ey sy
....... tereacansaraasns s GGTACARGGATGCTGAGTACATTTC

GCTTGCTTTGGTTGCAAGARAGCTCATGTTAAACACTGTAATTGTGCTTG

FEEEEEEY rrrrrrrer rreeeeeeier re prrreeresrnta
GCTTOCTTGGGTTGCARGGARAGCTCATGTTGAATACTGTAATTGTGCTTG

ARCAAGAGGAGGAGCTTGACCTTGTGATTGATATAAGCCATARGATGGCT

CELELRETERErrrrrrerery 1 ey i FLEEIELT
AACAAGAGGAGGAGCTTGACCTGGTGATTGATATCAGCAGARAGATGGCT

GTTCGGCCTGTRATTGGACT TCGGGCTAAGCTCAGGACCAAGCATTCAGG

FEtrrry drernerrrrreveeeeterrrreeesreertaeretng
GTCCGGCCCGTAATTGGACTTCGGGCTAAGCTCAGGACCAAGCATTCAGG

CCATTTTGGATCCACTTCTGGAGAARRMAGGTAAGTTTGGGCTTACAACGA

FEUERRLI e ey v nynel errerrndserren |
CCATTTTGGATCCACTTCTGGAGAGARAGGTARATTTGGGCTTACAACAA

CCCARATTGTTCGTGTGGTGAAGAAGCTAGAAGARTCCGGAATGCTGGAT

PEEY S8 BERTEEE S BRIt v pass iy
CCCAGATCGTTCGTGTAGTGARGANGC TGGAAGAATCCGARATGCTGGAT

TGTCTTCAGTTGCTGCATTTTCACATTGGATCTCAGATCCCTTCTACGGS
A R A RN R R RN A N R N B
TECCTTCAGCTGCTGCATTTTCACATTGGATCTCAGATCCCTCCARCGGT

GTTGCTAGCTGATGGAGTTGGTGAGGCCGCTCAGATTTATTGTGAATTAG

CLUEE Trerr e atiev ey be e Peer et rreeiinin
TTTGCTTGCTGATGGTGTTGGTGAGGCTGCTCAGATTTACTGTGAATTAG
TCCGTCTTGGAGCGGGTATGAAGTTCATTGATATTGGA. . . v\ v v et
VUL TTEEE 40 1 P reeerirer ol
TCCGCCTTGGTGCTGGCATGAAATTCATTGATTCTGGT . o v v v v v v e s s

.

2750
25
2800
15
2850
125
2900
175
2950
225
3000
275
3050
325
3100
375
3138

413

150

Appendix 5 A comparison of coding sequences of N. tabacum ADC2 and coding

sequences of the 460 bp N. rustica ADC using ANGIS program GAP. The percentage

identity of both sequences is 90.3%.
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