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Abstract

The seed storage proteins of oat are mainly represented by
the globulins (75%) and the prolamins (10%). These proteins are
only found in the endosperm and accumulate within protein
bodies during the maturation of the oat seeds.

Thres genomic sequences encoding globu"lin polypeptides
and one avenin genomic sequence encoding an oat prolamin
(avenin) have been isolated and characterized.

The respective promoters of these genomic clones were
fused to the coding sequence of the B-glucuronidase reporter
gene (GUS). These constructs, togethei -with the entire sequence
of a globulin gene, were transferred into tobacco via
Agrobacterium tumefaciens. Anaiysis of the transgenic wobacco
seeds showed for the first time that the promoters of the oat
globulin and avenin genes are able to regulate the expression of
the GUS sequence in  an endosperm-specific and
developmentally controlled manner in a dicot plant, as in oat
seeds with the original seed stcrage protein gene.

One of the globulin promoters was shown to be probably
inactive, whereas two other promoters appear to direct strong
expression in the seeds of transgenic tobacco plants. A deletion
analysis on one of the functional promoters demonstrated that a
portion of the promoter upstream of nucleotide -259 (relative
to the start of transcription as determined in oat) was required
for expression. Sequence analysis of the globulin promoters
showed the lack of conserved elements which are. found in
other storage protein gene promoters, and beieved to play an
important role in the regulation of seed storage protein genes. It
was nonetheless demonstrated in this study that the absence of
such elements did not prevent a correct functionality of the oat
globulir;) promoters in transgenic tobacco seeds.
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The avenin promoter, when fused to the GUS sequence, also
showed strong expression in the endosperm of transgenic
tobacco seeds. Sequence analysis of the upstream region of the
avenin gene confirmed the presence of a highly conserved
'prolamin box'. The possible role of this element -vas therefore
further demonstrated in this work.

This work has also showed for the first time a difference in
the choice of transcriptional start sites of two monocot (oat)
seed storage protein genes after transfer into a dicot species
(tobacco).
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Résumeé.

Les protéines de réserve des graines d'avoine sont
principalement représentées par les globulines (75%) et les
prolamines (10%). Ces protéines sont uniquement observées
dans l'albumen et s'accumulent dans des corpuscules protéiques
durant le développement des graines d'avoine. |

Trois séquences génomiques de globulines et une de
prolamine (avénine) ont été isolées et caractérisées.

Les promoteurs respectifs de ces clones génomiques ont été
fusionnés & la séquence codante du géne ‘'reporter’ B-
gluchuronid'ase (GUS). Ces constructions, ainsi que la sequence
compléte d'un géne de globuline, ont été transférées dans le
tabac par I'intermédiaire d'Agrobacterium tumefaciens.
L'analyse des graines de tabac transgénique a montré pour la
premiére fois que les promoteurs des génes de globuline et
d’avénine sont capables de réguler ['expression du g&ne GUS de
maniére spécifique, pendant la maturation des graines. et dans
l'albumen. Cette régulation est similaire & celle observée pour
ces génes dans l'avoine méme.

Il a été révélé qu'un des promoteurs des génes de globulines
était probablement inactif, alors que les deux autres promoteurs
paraissent diriger une forte expression dans les graines de tabac
transgénique. Une analyse par délétion sur un des promoteurs
fonctionnels a démontré qu'une partie en amont du nucléotide -
259 (relativement 4 la position du site de début de transcription
-qui a été déterminé pour I'avoine) était requise pour diriger une
expression. L'analyse des séquences de promoteurs de génes de
globulines a permis de démontrer Il'absence d'éléments
conservés identifiés dans des promoteurs d'autres geénes de
protéines de réserve. On pense que ces éléments jouent un rdle
important dans la réguiation des g2nes de protéines de réserve.



Il a néanmoins été démontré dans cette étude que l'absence de
tels é&léments conservés n'empéchait pas le fonctionnement
correct des promoteurs des génes de globulines d'avoine dans
des graines de tabac transgénique.

Le promoteur du géne d'avoine a aussi montré une forte
expression dans l'albumen des graines de tabac transgénique
aprés avoir été fusionné a la séquence codante de GUS.
L'analyse de la séquence promotrice du géne d'avénine a
confirmé la présence d'un élément trés conservé, la"boite
prolamine”. Le fait que cet élément puisse jouer un role a ainsi
été encore confirmé.

L'étude qui a été réalisée a aussi montré pour la premiére
fois une différence dans le choix d'un site de début de
transcription de deux génes de monocotylédones (avoine) apres
avoir été transférés dans une dicotylédone (tabac).
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Chapter 1
Introduction

1.1. Oat seced storage proteins.

1.1.1. Oat plants.

Among the cereals, oats (family Poaceae or grass family) are
considered a secondary crop. They are cultivated under temperate
climates, cool and moist, particularly in Northern and Eastern Europe,
and in northern North America. The most cultivated form, Avena
sativa, accounts for about three quarters of the world production,
which tends to stabilize around 45 to 50 million metric tons per year.
Qats are used for pasture crop or livestock feed (78%), for human food
(18%) and for industrial and seed purposes (4%) (Schrickel 1986).

1.1.2. Oat seed storage proteins.
1.1.2.1. Storage proteins.

By definition, grains are the fruits of the members of the grass
family. In this study, the term seed will refer to a grain which has
been stripped at maturity from its removable floral parts (glumes,
palea and lemma, together termed as hulls). The seed (or groat in the
case of oat) will therefore be composed of the embryo (or germ), the
endosperm, the aleurone layer and the bran, which results from the
fusion of the seed coat and the ovary wall.

The embryo and the endosperm are two distinct tissues which
originate from the double fertilization occurring in angiosperm plants.
In contrast to most legumes where the endosperm is rapidly absorbed
by the cotyledons, the endosperm is the major storage tissue of cereal
seeds. It contains large amounts of starch (in the starch granules),
proteins (in the protein bodies) and also fat and B-glucans (gums).

(-



Storage proteins are defined by their seed-specificity, their
temporal accumulation during seed development and their localization
within protein bodies (in the endosperm and/or embryo) (Derbyshire
et al. 1976). Their only known biological function during the plant life
cycle is to provide the developing seedlings with nitrogen (also, to a
lesser extent, with carbon and sulphur).

The most abundant storage proteins in cereals are represented by
the prolamin class (alcohol-soluble proteins). This fraction accounts
for about 50% of the total storage proteins in wheat, barley, rye and
maize. Part of this class in wheat is composed of the glutenins which
confer the bread-making quality to the wheat flour. The second
important class of storage proteins is called globulin and this fraction,
which constitutes about 4 to 20% of the total seed proteins in cereals
other than oat and rice, is extracted with a salt solution. The
remaining proteinus are classified as albumins for the water-soluble
proteins and as glutelins for the proteins not extracted with either
water, salt solution or alcohol {Osborne 1924).

In contrast to of wheat, rye, barley and maize, the major class of
seed storage proteins in oat and rice is represented by the globulins.
Most of tie cereal grains show a deficiency in some essential amino
acids, mainly lysine, and also tryptophan (maize), threonine (barley)
and phenylalanine and tyrosine (sorghum) (Pernollet and Mossé,
1983). Since globulins have a better amino acid balance, the
nutritional value of oat and rice is therefore enhanced (Maruyama et
al. 1975 and Wu et al. 1972). Qat globulins have been commonly
estimated to make up about 50% of the total seed storage proteins.
However, since it has been shown that the major part of glutelins is
actually composed of globulins, the total percentage of globulins has
been increased to 75% (Robert et al. 1987545').



1.1.2.2. Oat globulins.

The oat globulin fraction, usually extracted by a 1M NaCl solution
(Galle et al. 1988) can be separated into 3S, 7S and 12§ fractions by
sucrose density gradient ultracentrifugation (Burgess et al. 1983). The
3S fraction (MW< 20 kDa) contains protease inhibitors and some
unidentified proteins (Pernollet et al. 1989). The 7S fraction is
composed of =55 kDa proteins that are not dissociated when a
reducing agent is added. The 128 fraction, which is the major one,
gives rise, upon SDS-PAGE, to proteins with MW ranging from 52 to 70
kDa. When a reducing agent is added, these proteins dissociate into
two classes of polypeptides: the a polypeptides (acidic, pI between 5.0
and 7.0, MW ranging from 35 to 42 kDa) and the 8 polypeptides
(basic, pI between 8.0 and 9.0, MW ranging from 20 to 25 kDa)
(Burgess et al. 1983). A model for the arrangement of these subunits
has been proposed (Peterson 1978) where the native globulins are
composed of six monomers, one unit being the result of a covalent
linkage by disulfide bridges between the « and B polypeptides, thus
giving rise to a 320 t0 360 kDa hexamer (12S protein). A more
detailed analysis of the posttranslational events in glycinin assembly
(glycinin being the 128 globulin in soybean) has been conducted
(Dickinson et al. 1987 and 1989). It appears that the posttranslational
cleavage of the proglycinin into acidic and basic polypeptide chains
plays an important role in the assembly of glycinins first into trimers
and then into hexamers.

Oat globulins begin to accumulate within the protein bodies of the
endosperm about one week to 12 days after anthesis '(Robert et al.
1983, Luthe 1987). They are synthesized as precursors (signal
peptide, o« and B polypeptide) on membrane-bound polysomes,
sequestered in the ER, transported into protein bodies where they are
cleaved into o and B polypeptides, and then associate to form the 12§
olipomer (Adeli et al. 1984, Bednarek and Raikhel 1992). The exact
mode of transportation of the precursors into the protein bodies is not



clear yet: the involvement of dictyosomes has not been demonstrated,
and because 12S globulins are not glycosylated, there are no reasons
to implicate them.

QOat globulins share structural features (Brinegar and Peterson
1982) as well as antigenic homologies (Fabijanski et al. 1985 and
Robert et al. 1985) with other cereal globulins and dicot legumins, The
presence of globulin-like polypeptides has been well documented in
dicot as well as in monocot seeds (Derbyshire et al. 1976, Casey and
Domoney 1987, Luthe 1992). The globulin seed storage proteins of
angiosperms are thought to derive from two ancestral genes (Borroto
and Dure 1987). The relatively recent availability of numerous
additional nucleotide sequences (from cDNA and genomic clones) are
confirming these findings.

1.1.2.3. Oat prolamins.

QOat prolamins, called avenins, represent 5 to 15% of the total seed
storage proteins. The microheterogeneity of avenins has been well
characterized (Kim et al. 1978, Robert et al. 1983) and the N-terminal
protein sequences have also been established for several members of
this class (Bietz 1982, Pernollet et al. 1987, Pernollet et al._rl989)
together with the complete amino acid sequence of an avenin (Egorov
1988). The amino acid composition of the avenins shows a high
proportion of proline and glutamine residues (hence their name of
prolamins). Prolamins of different cereal "species are homologous and
it has been suggested that they originated from a common ancestor
(Heidecker and Messing 1986, Casey and Domoney 1987, Kreis and
Shewry 1989, Shewry and Tatham 1990). Prolamin-type proteins are
found only in monocotyledonous species.

Accumulation of avenins in the endosperm begins about two weeks

after anthesis and reaches a maximum at about four weeks (Robert e!
al. 1983).



1.1.3. Molecular biology aspects of oat seed storage protein
genes.

As determined at the protein level, seed storage protein genes
belong to large multigene families. Access to the primary structure of
the proteins has been achieved by studying the genes that code for
them. Numerous genes and cDNAs encoding dicot ..d monocot seed
stociage proteins have been isolated and characterized. The structures,
compositions and homologies of these proteins have been widely
confirmed at the DNA level. Thus, concerning oat globulin, an average
of 40% and 70% similarity respectively was reported when DNA
coding sequences were compared to those of dicot 11S legumins and
rice glutelin (Shotwell et al. 1988, Nielsen et al. 1989, Wen and Luthe
1985). In addition, a hypervariable region at the COOH terminus of the
acidic polypeptide was identified. The variability occurring in this
region reflects the higher heterogeneity of the o subunit when
compared to the B subunit, as shown by IEF (Burgess et al. 1983). As
for the avenins, the homology between various prolamins of different
cereal species has been confirmed and attempts were made to explain
the possible evolution of these genes from a common ancestor (Kreis
et ul. 1985).

The rélatively similar levels of mRNAs encoding oat globulins (18S
mRNA) and avenins (155 and 12S mRNA) do not reflect the
proportions of synthesized proteins in mature seeds (Chesnut et al.
1989), nor do they correspond to the total copy number of their
respective multigene families: about 300 copies for the globulin
sequences and approximately 150 for the avenin sequences (Chesnut
et al. 1989). Evidence for a translational control of storage proteins in
oat seeds has been reported, suggesting that the final high proportion
of globulins in oat seeds is mainly regulated by the translation
elongation or termination reactions (not the initiation rates) occurring
in the endosperm (Fabijanski and Altosaar 1985, Boyer et al. 1992).



The promoter region of an oat globulin genomic clone (OGI1-El,
Shotwell et al. 1990) was shown not to possess any of the possible
regulatory elements thought to be involved in the tissue-specificity
and temporal storage protein gene expression. However, an avenin
clone, AV45-X1 (Shotwell et al. 1990) exhibits the highly conserved
prolamin box or '-300 element’ (see section 1.2.2.). An oat globulin
promoter fused to the GUS coding sequence has been reported to be
expressed in the embryos of transgenic tobacco seeds (Heim et al
1991). However, because of the nature of the report (poster abstract),
very little information is available.

Because seed storage pfotein genes are highly regulated, spatially,
temporally and translationally, they are one of the model systems for
plant gene expression studies. The expression of seed storage protein
genes, and other constructs using their promoters, in heterologous
systems (i.e. transgenic plants) can act as a useful tool in determining
the underlying mechanisms of developmental and spatial (seed-
specific) gene regulation.

1.2. Molecular biology aspects of the expression of seed
storage protein genes from other monocotyledonous and
dicotyledonous plants. ‘

Upstream DNA sequences of eukaryotic genes have been widely
reported to play an important role in the regulation of gene
expression. Recent developments in molecular biology (especiaily
during the past ten vyears) have permitted the isolation and
manipulation of specific DNA sequences. In addition, special vectors
and methods have allowed the production of transgenic plants (Horsch
et al. 1985, Bevan 1984, Murashige and Skoog 1962, Jefferson 1987)
where the isolated genes can be further studied. =5



1.2.1. Seed-specific gene promoter in dicots.

Seed storage protein genes from dicot species were the first to be
characterized and introduced in transgenic plants via Agrobacterium
tumefaciens. Table 1 summarizes most of the genes and their
promoters that have been transferred into tobacco or other plantst. It
soon appeared that the regulation of the expression of dicot storage
protein genes or reporter genes under the control of storage protein
gene promoters in transgenic plants was very similar to that observed
in the original plant. The tissue-specificity is maintained, together
with the developmental regulation, in the embryos of transgenic
plants. However, differences occurred, notably in the processing of the
proteins when intact genes or 'minigenes’ were used to produce
transgenic plants. Examples were given where the size of the proteins
found in transgenic seeds was smaller than the expected oncs (i.e. the
proteins found in the original host plant). This was the case with a pea
convicilin (Newbigin et al. 1990), the B-subunit of phaseolin
(Sengupta-Gopolan et al. 1985), the o' subunit of B-conglycinin
(Beachy et al. 1985), a pea vicilin (Higgins et al. 1988), a B-phaseolin
(Bagga et al. 1992) and four phaseolin glycoforms (Bustos et al. 1991).
In all these examples, the percentage of correctly processed proteins
varies around 50%. Since all the processed proteins were found to be

" smaller in size to the expected one, it is admitted that the
modifications occurred from a fully and correctly expressed protein.
The changes are then thought to be post-translational and to reflect
the differences present in an heterologous plant (cleavage sites,
glycosylation events or protease sensitivity). However, other examples
were reported where the protein precursor was correctly processed:
pea legumin (Ellis et al. 1988), phaseolin 'minigene' (Chee et al. 1986).
When the transcriptional start site of the introduced gene was

/
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1 Other sced-specific genes have bcen transferred into tobacco with the more specific
purpose of studying the prolein targeting mechanisms (Voelker et al. 1987, Sturm et
al. 1988, Greenwood and Chrispecls 1985)



Table 1: Sced storage protcin genes or constructs with their promoters that
have been transferred into tobacco, pewunia, alfalfa or sunflower.

A: Dicot genes.

Phaseolin (French bean)

B-conglycinin (soybcan)

B-conglycinin (soybean)
B-conglycinin (soybean)
B-conglycinin (soybean)
B-subunit of B-conglycinin
{(soybean)

Type of construct

minigene
promoter dcletions-GUS
promoter scquence

Reference

Chee er al. 1986
Chen et al. 1986

inserted

in the 358 CaMV promoter-CAT

promoter-GUS
intact gene

intact gene

Chen er al. 1992
Chamberland et
al. 1992

Beachy et al. 1985

Bray et al. 1987

B-phascolin
B-phascolin

(French bean)
(French  bean)

B-phascolin (French bean)

B-phaseolin (French becan)
B-phascolin (French bean)
B-phascolin  (French bean)
B-phascolin (French bean)

promoter-GUS
minigenes
intact gene +
promoter delctions Burow er al. 1992
promoter deletions-GUS  Sen et al. 1993
358 CaMV promoter-Phascolin

coding scquence Bagga et al. 1992
modificd coding scquence Hoffman er al.1988
intact gene Scngupta-

Bustos ¢t al. 1939
Bustos et al. 1991

Glycinin (french bean)
Legumin (pea)

Vicilin (pea)
Convicilin (pea)

Phytohemagglutinin  and
phaseolin (French bean)
(sunflower)

Helianthinin
Legumin (Faba bean)
Legumin (Faba bean)
Legumin  (pea)

B: Monocot genes.
Glutelin (rice)
Glutelin  (rice)
Zein (maize)

Zein (maize)
Zein (maize)
Zein (maize)
HMV " ~glutenin  (wheat)
HMW glutenin (wheat)
HMW glutenin (wheat)

HMW glutenin
B hordein (barley)

promoter deletions-GUS
intact genc

intact gene
intact gene

promoters-GUS
promoter-GUS

promoter dcletions-NPTII
promoter deletions-NPTII

promoter dclction

promoter-CAT

promotcr deletions-CAT
B-phaseolin promoter-
15kDa zein coding scq.

promoter-GUS (and CAT)

promoter deletions-GUS
intact gene

promoter deletions-CAT
promoter dcletions-GUS

Gopalan et al. 1985
Lelievre er al. 1992
Ellis et al. 1988
Shirsat et al. 1989
Higgins et al.1988
Newbigin ¢f al.1990

Riggs er al. 1989
Jordano et al. 1989
Biumlein et al. 1991
Biumlein et al. 1992
Rerie er al. 1991

Leisy et al. 1990
Takaiwa et al. 1991

Hoffman ot al. 1987
Schernthaner et
al. 1988

Matzke et al. 1990
Ucng et al. 1988
Colot et al, 1987
Thomas and

Flavell 1990

promoter delctions-CAT and

intact gene
promoter dceletions-GUS
promoter-CAT

Robert et al. 1989
Halford et al. 1989
Marris et al. 1988



determined in the transgenic tobacco seeds, it appears that it was
not different from the one in the original plant (pea vicilin gene,
Higgins et al. 1988 and phaseolin, Chee et al. 1986). From these
experiments, it has been shown that expression of seed storage
protein genes in a new host remains seed(embryo)-specific and
developmentally regulated but that the post-translational processes
vary depending on the expressed proteins.

The use of reporter gemes (GUS, CAT, NPTII or luciferase) has
permitted a deeper focus on the role of the promoter itself in the
regulation of gene expression because of an easier detection and
localization of the gene products. Promoter deletion analyses were
also used in attempts to specifically characterize the minimum length
of promoter region and/or the portion of the promoter responsible for
the seed-specific expression of the storage protein genes. A second
approach was also used for the isolation and characterization of these
cis-acting elements: computer analyses of the available promoter
regions of seed storage protein genes were performed in order to
define conserved regions that might be involved in the specific
regulation of these genes.

Such a conserved element has been found in the 7S-storage protein
gene promoters and was called the “vicilin box" (Gatehouse et al. 1986
and Higgins et al. 1988) but proved to be insufficient to act as a seed-
specific promoter (Newbigin and Higgins 1989) and required
additional upstream sequences for correct regulation.

.. Another putative regulatory element was identified by Biumlein et

. (1986) in the promoter regions of legumin genes. This conserved
sequence of approximatively 30 bases is different from the "vicilin
box" and was called the "legumin box". This box is approxlmately
located in the -100 bp- reglon _upstream of the transcriptional start
point. Centrally located within the "legumin box" lies another very
conserved element, the CATGCATG box, also called RY repeat
(Dickinson et al. 1988). The RY repeat is widely present in numerous



legume seed gene promoters at different locations within the 300 bp
upstream of the transcriptional start site. Experiments have shown
that the RY repeat is necessary but not suificient for proper tissue-
specific regulation (Biumlein et al. 1991 and 1992, Lelievre et al.
1992, Chamberland et al. 1992)). Additional upstream elements
affecting the level of expression are required (Shirsat et al. 1989 and
Rerie et al. 1991).

Other results obtained with promoter deletion analysis of an a'
subunit of B-conglycinin gene suggest a functional role played by
repeated sequences in the proximal region of the promoter (from
250 to -200 bp upstream of the transcriptional start site) (Chen et al.
1986). The repeated sequences thought to regulate the embryo-
specific expression are composed of 6 bp (AA/G/CCCCA) and have
been shown to increase geme expression in embryos, when inserted
within the 35S CaMV promoter controlling a reporter gene (CAT)
(Chen et al. 1988).

A cis-acting element from a French bean phaseolin gene promoter
was also reported to regulate the embryo-specific expression of-GUS
when this element (A/T-rich) was inserted in the 35S CaMV promoter
(Bustos et al. 1989). This element (found between positions -682 and
-628) also binds nuclear proteins. However, additional elements are
required for expression only in the embryos: the A/T-rich region
identified by Bustos et al. (1991) also increases the expression in
roots. It has also been shown that a promoter from B-phaseolin
contains negative elements repressing the expression in stem and
root, and two different portions of the promoter that temporally
regulate the expression in embryos (Burow -et al. 1992, Sen et al.
1993). By studying DNA/protein interactions, it has also been
proposed that the motif CACGTG is a major cis-acting regulatory
element controlling spatial and temporal expression of a B-phaseolin
gene (Kawagoe and Murai 1992). |
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1.2.2. Seed-specific gene promoters in monocots.

Identification of seed-specific sequence elements in monocot
storage protein genes is more recent (Table 1I). Initial studies have
been principally conducted using DNA material from the most
important cereals (wheat, rice, maize and barley). The methods of
investigation are similar, however, to those used for the dicot seed
storage protein genes: transformation of tobacco or petunia plants
with the intact genes or with promoter constructs using a reporter
gene, and computer analysis of different promoter regions in order to
define conserved region(s) that could play a role in the regulation of
these genes.

Zein, a maize prolamin, is specifically expressed in the endosperm
of maize seeds. When transferred into tobacco, a zein gene encoding a
23-kDa protein was shown to be specifically expressed in the tobacco
seeds (supported by the presence of zein transcripts), although the
protein itself could not be detected. When fused to a reporter gene
(GUS), the endosperm-specifity of the zein promoter (Z4pro) was then
demonstrated, but was found to be very weak (Schernthaner et al.
1988). Both the 23-kDa zein and a 19-kDa zein were stably expressed
in the endosperm when their coding regions were fused to the 358
CaMV promoter, confirming the weakness of the Z4 promoter and the
high sensitivity of the GUS reporter gene (Schernthaner et al. 1988).
The stability of zein proteins (19 kDa and 15 kDa) was also
demonstrated in the embryo tissues of petunia and tobacco transgenic
plants by using a B-phaseolin gene promoter (Williamson et al. 1988,
Hoffman et al. 1987). Deletion analysis of the zein promoter (Z4pro) in
transgenic tobacco plants showed that 174 bp upstream of the
transcriptional start site were sufficient to direct a developmental and
endosperm-specific expression of the GUS reporter gene (Matzke et al.
1990). However, in transgenic petunia plants, expression of the 19-
kDa zein gene was reported not to be tissue-specific (Ueng et al.
1988). A consensus sequence in the 5' flanking region of zein genes



was identified and shown to bind a nuclear factor (Maier et al. 1987).
Surprisingly, the -174 deletion of the Zdpro (see above) only contained
part of this sequence and was still able to specifically regulate the
expression of the GUS gene. However, a portion of this consensus
sequence (TGTAAAG) is still present and is also found in another
consensus sequence called '-300 element’ or 'prolamin box' (Forde et
al. 1985).

The promoters from a low molecular weight (LMW) and a high
molecular weight (HMW) glutenin gene were tested in transgenic
tobacco plants (Colot et al. 1987). Plants transformed with these
promoters, shortened by a series of deletions from their 5' end and
fused to the reporter gene CAT, showed that CAT activit'y wis
exclusively confined to the endosperm of transformed seeds. In
addition, a 326 bp-sequence upstream of the transcriptional start
point was sufficient to direct endosperm-specific CAT activity, but a
160 bp-promoter did not show any CAT activity in the transformed
plants. The TGTAAAG core motif is present twice within the 326 bp of
the LMW glutenin promoter and can also be found in the promoter
region of the HMW glutenin gene, but outside of the region shown to
be essential for tissue-specific regulation (see below). This HMW
glutenin gene promoter was similarly shown to direct CAT activily
only in the seeds of transformed tobacco plants. Promoter deletion
analysis of the HMW glutenin gene revealed that 433 bp upstream of
the transcription start point were sufficient to direct an endosperm-
specific expression of the CAT coding sequence (Robert et al. 1989).
Further experiments to localize cis-acting sequences were performed
on the HMW glutenin promoter (Thomas and Flavell 1990). A 40-bp
region located 170 bp upstream of the transcription start point was
shown to be involved in the specific expression pattern of the HMW
glutenin. Only a variant of the '-300 element’ core motif was found in
+ this region (TGCAAAG), but it was suggested that a direct repeat of
the pentanucleotide sequence TTGCT and a pair of GCTCC direct
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repeats could play a role in the expression of the HMW glutenin.
Functional analyses of the 5' flanking regions of the Glu-1Dx5 HMW
glutenin gene showed that 277 bp upstream of the transcription start
point are required for endosperm-specific expression of GUS (Halford
et al. 1989). Comparison with a silent homologous promoter indicated
that silencing 'is due to mutations within the 280-bp region. Two '-300
element’ core motifs are present within the 280-bp region but no
further evidence is given for their possible functional role.

Similarly, a 549 bp 5' flanking region of the Bl hordein gene
(including the prolamin box) contains all the necessary elements to

R

"=, confer tissue (endosperm) and developmental control to the CAT
) ' reporter gene in transgenic tobacco plants (Marris et al. 1988).

l Expression of a chimeric gene composed of the promoter of a rice
glutelin (Gt3, homologous to the 115 globulins) fused to the CAT
reporter gene showed that developmental and endosperm-specific
regulation was conferred by a 980-bp promoter region upstream of
the initiation codon (Leisy et al. 1990). Promoter deletion analysis of
another rice glutelin gene promoter showed that a region between
positions -441 and -237 was required for temporal and endosperm-
specific expression of the GUS reportér gene in transgenic tobacco
seeds (Takaiwa et al. 1991). An AACA motif found in the 5' flanking
sequences of six glutelin genes was not required for the correct
expression of the GUS gene. The core motif of the prolamin box can be
found in four different locations within repeated sequences, one of
them remains in a deletion construct that did not show any GUS
activity. The possibility that this motif serves as an enhancer-element
rather than as a tissue-specific box is suggested (Takaiwa et al. 1991
and Shirsat et al. 1989).
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In summary, previous studies have shown that:

1. The tissue-specific (embryo for dicot genes and endosperm for
monocot genes) and developmentally controlled expression of seed
storage protein genes are maintained in a different system (i.e.
transgenic plants),

2. The promoters of these genes are responsible for this regulation,

3. Conserved portions of the promoter sequences are likely to play
an important role in the regulation mechanisms,

4. These conserved regions, or boxes, vary among the different
protein gene families, _

5. The correct expression (at the mRNA level) of the coding region
of a seed storage protein gene in an heterologous system does not
ensure the stable accumulation of the protein in the transgenic seed
and a correct processing of the protein precursor,

5. The interaction of nuclear DNA-binding protein(s) with portions
of the promoter region is an integral part of the regulation of the
expression of these genes, and

6. The possibility that a tissue-specific box (for the quality of
expression) requires enhancer-elements (for the quantitative level of
expression) exists and further demonstrates the complexity of the
seed storage protein gene expression.

1.3. Objectives of the study.

1.3.1. Why -st'uc‘ly oat seed storage protein genes.

Oat globulin genes are expressed in a legumin-like manner (in
terms of quantities) in the endosperm of oat grains. “Oat globulins also
share many structural features that are found in the dicot legumins
and also in the rice glutelins. However similar the coding regions of
the genes might be, it seems that, from preliminary studies, the oat
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globulin gene promoters are very different from those of other
storage protein genes, both in dicot and in monocot species. It is
therefore interesting to study a promoter that does not seem to be
related to any other promoter but which can still regulate the
expression of its coding sezjuence in a highly specific manner.

Considering the different levels of gene expression regulation
(transcriptional, posttranscriptional, translational and
posttranslational), it is important not to focus exclusively on one type
of storage protein gene. The choice of an avenin gene, in addition to
the globulin genes, for promoter study is consequently one of the best
ways for direct comparison between two different promoters that are
similarly regulated.

Besides the need of a better understanding of the regulation of
plant gene expression, a relevant model of study is also required. As
a cereal plant that produces grains of high nutritional quality, oats,
despite being a secondary crop, are a suitable system for the_analyses
of seed storage proteins, which constitute the most important source
of proteins, in terms of quantity, in the human diet.

1.3.2. Tobacco as a model”system.

At the beginning of this work, the use of transgenic plants for the
study of foreign DNA was essentially restricted to dicot species
susceptible to Agrobacterium tumefaciens. Tobacco, petunia, tomato
and Arabidopsis thaliana were widely used in plant transformation
experiments (Klee et al. 1987). The relative ease with which tobacco
plants can be transformed and regenerated (Horsch et al. 1985)
makes it a suitable system for the analyses of transferred genes. In
addition, the production of a good number of transgenic plants (about
10) corresponding to individual transformation evénts is routinely
achieved, and reduces the risks of artefactual results due to position
effect or possible rearrangement of the inserted sequences.
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Another important point for the use of tobacco as a working
system is the presence of the endosperm tissue which is not absorbed
by the embryonic tissues during the maturation of the seed and is still
present in mature tobacco seeds. From the different studies that were
available when this study was started, it appeared that tobacco seeds
retained the ability to specifically express seed storage protein genes
in the endosperm or in the embryo, depending on the original source
of the sequences (see 1.2.1. and 1.2.2.).

1.3.3. Use of a reporter gene.

When studying the promoter activity of a gene, it is important to
reduce to a minimum the possible translational and posttranslational
events that can also affect the quantity and quality of the final
product. This was particularly evident in the case of storage proteins
which underwent partial proteolytic events in tobacco seeds (Ellis et
al. 1988, Chee et al. 1986). The use of the coding region of the original
gene necessitates a detection method (e.g. immunological) that is
always different from one gene to the other and makes comparisons
very difficult among independent studies. In addition, it requires the
production of antibodies, which in some cases were unable to detect a
weak expression (Schefnthaner et al. 1988). The use of a reporter
gene increases the sensitivity of detection and is therefore
particularly attractive in promoter studies.

Among the different available reporter genes (mainly NPTIL, CAT,
luciferase and GUS) (Walden and Schell 1990), the GUS system was
chosen (Jefferson 1987). The E. coli B-glucuronidase is a hydrolase
that catalyses the cleavage of a wide variety of B-glucuronides. There
is little or no detectable B-glucuronidase activity in tobacco tissues.
This enzyme is very stable and different substrates can be used. The
detection methods are also multiple (spectrophotometric, visual and
the most sensitive one, spectrofiuorimetric). Assaying the presence of
the GUS enzyme is easily carried out, does not require manipulation of
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radioactive material and can be standardized for easier comparisons
with other studies. For all these reasons, the GUS gene fusion system
was chosen in this study.

1.3.4. Specific objectives.

As shown in section 1.1.3., the regulation of plant gene expression
is complex and involves multiple mechanisms at different levels. A
step by step approach is therefore essential to better understand the
tissue-specificity and developmental regulations of seed storage
protein genes. The three initial steps of such a study were carried out
in this work:

1. Isolation and identification of genomic sequences
corresponding to the major seed storage proteins in oat2.

2. Characterization of the gene structure by sequence
analysis. Since seed storage proteins belong to a multigene family, an
initial study of these genes has to be performed on the DNA sequence
itself to detect possible pseudogenes that are present. Coding
sequences that possess mutation(s) introducing an in-frame stop
codon have already been reported in oat seed storage protein genes
(Shotwell et al. 1990). Although an in-frame stop codon does not
preclude 2 non-functional promoter, this is also a possibility.
| 3. Assay for promoter activity and functionality using the
intact gene and GUS fusions in transgenic tobacco plants. This analysis
will allow the identification of functional promoter(s) on which
preliminary experiments will be done for a more detailed analysis of
the functional parts of the promoter. In addition, such a study will
confirm, raise new questions or invalidate the unpublished report
(Heim er al. 1991) of an oat globulin promoter directing an embryo-
specific expression of the GUS coding‘sequcnce.

2The focus_ of this work was primarily. put on the globuﬁn scquences. The availability
of an avenin promoter in the course of this study was made possible (Dr. M. Giband)
and its functional analysis was therefore includcd/in this work.
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Chapter 2
Materials and methods

2.1. Plant material.

2.1.1 Oat seeds and plants.

Oat seeds, Avena sativa L. cv. Hinoat, Ogle and Donald were
obtained from Dr. V. Burrows at the Plant Research Center of
Agriculture Canada (Ottawa). Harvests of oat seeds at different stages
of maturation, for RNA isolations, were conducted in the field at
Agriculture Canada, Ottawa, in the early summer of 1989 and 1990.
These seeds were frozen on site into liquid nitrogen and mechanically
dehulled as described by Garson et al. (1983). They were kept in
cotton bags at -70°C.

Oat seeds corresponding to different levels of ploidy were provided
by Plant Gene Resources of Canada, Agriculture Canada (Ottawa). Their
genomic constitution and accession numbers were as follows: Avena
magna Murphy et Terrel (CAV4078, AACC), Avena murphyi Ladiz.
(CAV2832, AACC), Avena longiglumis Dur. (CAV2215, ALAL), Avena
prostrata Ladiz. (CAVS5263, ApAp), Avena wiestii Steud. (CAVS5185,
AwAw), Avena clauda Dur. (CAV4908, CpCp), Avena ventricosa Bal.
(CAV2208, CyCy), Avena pilosa M. Bieb. (CAV4910, CpCp).

2.1.2. Tobacco plants.

Tobacco plants, Nicotiana tabacum cv. Delgold (Pandeya and White,
1984), used for the transformation experiments were provided by Dr.
R. Pandeya at the Plant Research Center, Agriculture Canada, Ottawa.
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2.2. Chemicals and enzymes.

Chemicals used for the preparation of the different solutions were
from Sigma, BDH, ICN, Fisher Scientific and Gibco BRL.

The restriction and modifying enzymes were from BRL, Pharmacia,
NEN Dupont, Amersham, Promega and Boehringer Mannheim.

The radionucleotides (32PdATP, 32PdCTP and 335SdATP) were from
NEN Dupont and Amersham.

The antibiotics (ampicillin, kanamycin and carbenicillin) were from
Sigma.

The oligonucleotide primers were synthesized by Dr. G. Alvarado
from Synthaid Biotechnologies Inc.

2.3. Bacterial strains, growing conditions and
transformation procedures.

2.3.1. Escherichia coli DHSo competent cells were from BRL
(Bethesda Research Laboratories) and were transformed as suggested
by the manufacturer. The plasmids used for transformation were
mixed on ice with an aliquot of these competent cells and kept on ice
for 20min. Following a heat shock (20s at 37°C), 800wl of LB (Luria-
Bertani) medium (10g/l of bactotryptone, 5g/l of yeast extract, 10g/l
of NaCl, pH 7.0 with NaOH) were added and the mixture was
incubated at 37°C with occasional mixing for one hour. The cell
suspension was centrifuged for Imin at low speed (4,000 rpm). The
supernatant was discarded. The pelleted cells were resuspended in
about 100ul of LB medium and the cells were spread on LB medium
agar plates (100mmX15mm, Baxter) containing 100pg/ml of
ampicillin (when using the pGEM-4 plasmid, Promega) or 50Opg/ml of
kanamycin (when using the binary transformation vector pBinl9
plasmid, Bevan 1984). The plates were incubated at 37°C for 12 to
15hrs. Individual colonies were transferred for growth in LB medium
with addition of the appropriate antibiotic. The blue/white selection
was used by adding X-Gal and IPTG to the medium (the B-
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galactosidase gene in the plasmid is disrupted by the insertion of a.
sequence).

2.3.2. Agrobacterium tumefaciens GV3101/pmp90 was used for
tobacco transformations. About one pg of plasmid DNA (pBinl9) was
added to a 100pl-aliquot of A.tumefaciens competent cells (procedure
from Clontech) and the mixture was incubated on ice for 30min. The
cells were then frozen with liquid nitrogen and subsequently
incubated at 37°C for 2min. One mi of YEP medium (10g/l of yeast
extract, 10g/l of peptone, Sg/l of NaCl, pH 7.0) was added and the
mixture was incubated for two hours at 28°C with gentle shaking. The
ceils were pelleted by centrifugation and resuspended in about 100ul
of YEP medium. They were then spread on a YEP agar plate containing
100pg/ml of kanamycin. The plate was incubated at 28°C. The
transformed colonies appeared in about 2 to 3 days.

2.4. Genomic cloning.

2.4.1. Oat globulin genomic clones.

Genomic DNA from oat was restricted by EcoRI3 and size-
.fractionated on a sucrose gradient. The fraction that gave a good
hybridization signal when probed with a partial globulin ¢cDNA clone
(ILL2) was subcloned into AgtlQ (as an EcoRI-EcoRI insert). The
primary screening and the library were prepared by E. Hansen. A
secondary and a tertiary screening were performed (with Dr. M.
Giband), resulting in the isolation of two clones, pGlav-1 and pGlav-3"
(Glav for Globulin from Avena). Another screening of the library by_,'-'»:J.
Byme produced a third clone, pGlav-12. The methods used were as
described by Maniatis (1982). The three clones were subcloned into
pGEM-4, The pGlav-1 and pGlav-3 clones were analysed by restriction

~ enzymes to determine their - respective restriction map. The
localization of the 'coding region was estimated by digesting the clones

3The general methodology for the molecular biology work was taken from Mnmaus et
al. 1982 and Sambrook et al. 1989. i
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by different enzymes, separating the fragments on an agarose gel,
transferring the DNA onto a nitrocellulose membrane and using the
partial cDNA clone as a probe.

2.4.2. Oat avenin genomic clones (isolated and sequenced by Dr. M.
Giband).

Two clones were obtained using the PCR technique. Two primers
were designed from the published sequence of an avenin genomic
clone (Shotwell et al. 1990) and were used to amplify specific avenin
sequences fiom oat genomic DNA. The two primers were AvPC5 (5
CTCGAATTCGGTTTATGCCTAACAGCCTG 3') situated at the S'end and
AVPC3 (5' CTCAAGCTTAAGGTCACAACTCACAAGCC 3') situated at the
3'end of the genomic clone. Two restriction sites (EcoRI in AvPC5 and
HindIll in AvPC3) were artificially introduced into the primers
allowing the forced subcloning of the PCR products into pGEM-7
(Promega).

2.5. Plasmid . DNA minipreparation (minipreps).

The method of Birnboim (1979) was used. Overnight-grown cells
(1.5ml out of a 3ml-culture) were centrifuged in a microfuge tube and
the pelleted cells were resuspended in 80ul of freshly prepared
resuspension buffer (25mM Tris-HCl pH 8.0, 10mM EDTA pH 8.0 and
15% sucrose). The tube was put on ice and 10ul of 20mg/ml lysozyme
in - 20mM Tris-HCl pH 8.0 were added. The mixture was incubated on
ice for 10min. Two hundred pl of freshly prepared 0.2M NaOH, 1%
SDS were then added and mixed by inverting the tube. The tube was
incubated on ice for Smin. One hundred pl of 3M Na acetate pH 4.6
was added and the tube was gently mixed. The tube was incubated on
ice for another Smin and then centrifuged for 8min in a bench-top
centrifuge at_ top speed. The supernatant was transferred into a clean
tube and extracled with an equal volume of phenol/chloroform (v/v).
Two volumes of 100% ethanol were added and the tube was placed at



-20°C to precipitate the DNA. The DNA pellet was resuspended in
100pl of TE (10mM Tris-HCl pH 7.5 and 1mM EDTA pH 8.0)
containing 20pg/ml boiled RNase A. For sequencing purposes, the
plasmid DNA was purified with another phenol/chloroform extraction
and reprecipitated. Plasmid DNA minipreparations from A.
tumefaciens were performed on 6mis of culture by the same method.

2.6. Oat seed RNA extraction.

Five grams of frozen oat seeds (at different stages of maturation)
.were put in a coffee grinder and ground into a fine powder. This
powder was transferred into 2 50-ml polypropylene tube and 10mls
of extraction buffer were added (200mM Tris-HCl pH 8.5, 50mM
Mf;r,Clz, 20mM KCI, 10mM DTT and 2% Triton X-100) (Fabijanski et al.
1985). The mixture was further ground in a polytron with addition of
10mls of guanidium chloride solution (6M guanidium chloride, 0.1M
sodium acetate pH 6 and 1% B-mercaptoethanol). The tube was then
spun for 10min at 5,000 rpm and a S5ml-aliquot of the supernatant
was deposited on top of 6mls of a cesium chloride solution (5.7M CsCl,
0.1M NaCl, 10mM Tris-HCI pH 7.5 and ImM EDTA pH 8.0).
Centrifugation was performed for 16hrs at 15°C at 100,000xg (28,600
rpm in a SW4l rotor, in a Beckman L8-55M ultracentrifuge). After
centrifugation, the supernatant was removed by aspiration and
discarded and the tube was placed upside down to let the last drops
of liquid drain from the pellet. The RNA pellet was resuspended in
about 400ul of resuspension solution (0.1M Na acetate, 0.01% SDS and
5mM EDTA pH 8.0). Two phenol/chloroform (v/v) and one chloroform
extractions were then performed before precipitating the RNA by the
addition of two volumes of ethanol in the cold. After recovering the
RNA by centrifugation, its integrity was checked on an agarose gel and
its concentration determined by spectrophotometry at 260nm.
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2.7. Tobacco RNA extractions (from seed, stem, leaf and
root).

Tobacco seed-pods were immediately frozen into liquid nitrogen
upon harvest. The seeds were scratched off the pods under liquid
nitrogen and ground in a mortar and pestle until a very fine powder
was obtained (with addition of glass powder). The seeds from two
seed-pods generally yielded about 300 to 400ul of powder. This
powder was transferred into a microfuge tube filled with 400ul of
extraction buffer (100mM Tris-HC! pH 9.0, 100mM NaCl, 20mM CDTA,
1% SDS, 10mM B-mercaptoethanol), 40ul of a 10% (w/v) insoluble
polyvinyl-polypyrrolidone (PVPP) solution and 20ul of a 10% (w/v)
ascorbic acid solution. The mixture was thoroughly vortexed and
centrifuged for 5 minutes at top speed. The supernatant was kept and
the pellet was re-extracted as described above. Two
phenol/chloroform (v/v) and one chloroform extractions were
performed on the supernatants. The nucleic acids were precipitated
by addition of 1/20 vol. of 3M sodium acetate pH 5.0 and 2.5 vol. of
100% ethanol at -20°C for one hour. After centrifugation of the tubes
for 15 minutes at 4°C, the pellets were usually coloured (green,
vellow, brown or even black). At this stage, a RQl DNase digest was
performed using two units of DNase per sample for half an hour at
37°C. The RNA was precipitated by ethanol after a phenol/chloroform
extraction. The pellets were resuspended in 200ul of DEPC-treated
water and 40pl of a 10% (w/v) activated charcoal solution were
added. After mixing well and letting stand at room temperature for
one minute, the microfuge tube was centrifuged at top speed for five
minutes. This procedure was repeated until total disappearance of
colour was achieved. A phenol/chloroform extraction was performed
to remove any traces of charcoal, and the RNA was precipitated by
ethanol. The pellet was resuspended in 100pl of DEPC-treated water.

and 5ul were checked on an agarose gel.
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The RNA extractions from leaves and roots were performed with

the same procedure except that the activated charcoal treatment was
omitted.

2.8. Oat and tobacco total DNA extraction.

Young green leaves from tobacco or oat seedlings germinated in the -
dark at 20°C (1 to 2g) were harvested and immediately frozen in
liquid nitrogen. The frozen tissue was ground in a mortar and pestle
after addition of a little glass powder. During the grinding, liquid
nitrogen was added if necessary to keep the tissue frozen until a fine
powder was obtained. This powder was scooped into a 50ml
polypropylene centrifuge tube containing Smls of buffer S at room
temperature (100mM Tris-HC! pH 8.5, 100mM NaCl, 50mM EDTA pH
8.0, 2% SDS. Immediately before use 0.1mg/ml Proteinase K and
10mM DTT were added). The tube was mixed well but gently and let
stand at 37°C with occasional swirling. After one hour, Smls of phenol
were added (the phenol had been equilibrated in 100mM Tris-HCl pH
8.5, 100mM NaCl and 50mM EDTA) and the mixture was gently
shaken on a rotary shaker for 30 minutes. A centrifugation of 10
minutes at 3,500 rpm was performed to separate the different phases.
The aqueous phase (top phase) was transferred to a clean tube. If this
aqueous phase was clear, 0.5ml of 3M Na acetate was added and
mixed, then 10mls of 100% ethanol were gently poured in at room
temperature. The tube was gently rocked until there was a small
clump of nucleic acids which sank to the bottom. The ethanol was
p'oured off (if necessary, a short centrifugation was performed to
make the nucleic acids stick to the bottom). The pellet was gently
resuspended in Iml of TE containing IOOi.Lg of boiled RNase A, and
incubated at 37°C for 1 to 2 hours with occasional agitation to assist
the resuspension. A phenol/chloroform extraction (phenol
equilibrated in TE) was performed. The aqueous phase was recovered
and the DNA was precipitated by addition of 1/10 vol. of 3M sodium
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acetate and 2 vol. of ethanol, at -20°C for at least 2 hours. After
centrifugation, the DNA pellet was resuspended in 500ul of dH»>O (the
DNA was not allowed to dry out). It was sometimes necessary to
incubate at 37°C to ensure a complete resuspension. The DNA
concentration and integrity were finally visually estimated by loading
2ul on a’ 0.5% agarose gel along with known amounts of DNA (lambda
DNA restricted by HindlIII).

2.9. Restriction digests of total DNA from oat and tobacco.

Total plant DNA (5.5ug) was restricted in a final volume of 400ul
using the buffer provided by the enzyme supplier. Addition of casein
(Flash Kit, Stratagene) at a concentration of 100png/ml greatly helped
the digestion (Dreyer and Schulte-Holthausen 1991). The amount of
enzymes added to the mixture was 30 units, and the reaction was
allowed to proceed overnight at the required temperature. Ten more
units of enzyme were added in the morning. After 2 to 3 hours of
reaction, 20l were run on an 0.8% agarose gel to verify the complete
digestion of the DNA. The DNA was precipitated at -20°C overnight
after addition of 1/20 vol. of 3M sodium acetate and 2 vol. of ethanol.
After centrifugation of the tubes at 12,000 rpm (4°C), the DNA pellets
were dried (Speed Vac, Savant), resuspended in 36ul of dH2O and
4ul of 10X loading buffer (see 2.10.1. for composition).

2.10. DNA and RNA agarose gels.

2.10.1. DNA gels.

Agarose gels for DNA separations were run in TAE buffer (50X TAE
buffer was prepared by mixing 242g of Tris base, 57.1mls of glacial
acetic acid and 100mls of 0.5M EDTA pH 8.0). The 10X loading buffer
was 40% sucrose in 10X TAE with bromophenol blue as a migration
marker. The agarose gels were submerged in running buffer and were
usually run at about 5 to 10V/cm (constant voltage). The
concentration of agarose varied from 0.5% to 1.5% depending on the
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size of the DNA to be separated. At the end of the run, the gel was
immersed in an ethidium bromide solution (0.5pg/ml) for 15min and
the DNA was viewed under UV light. When necessary, a photograph
was taken with a Polaroid apparatus.

2.10.2, RNA gels.

The separation of RNAs was performed in 1.2% agarose gels. The
10X running buffer was 500mM boric acid, 50mM disodium
tetraborate, 100mM sodium sulfate and 10mM EDTA. The working
solution was adjusted to pH 8.3. A 4X loading buffer was prepared as
follows: 800ul of 10X running buffer, 400l of glycerol, 720pnl of
dH»0, 801J.llof methylmercuric hydroxide, 0.4% (w/v) of bromophenol
blue and 0.4% (w/v) of xylene cyanol. Before being loaded into the
wells, the samples were heated at 65°C for 5 to 10min. A constant
voltage of approximately 5V/cm was applied. Examination of the
RNAs was performed as described for the DNA gels except that a
longer time of ethidium bromide staining was required (30min). |

2.11. Plasmid constructs.

2.11.1. pGEM-4-GUS (Figure 1)%.

The GUS coding sequence and the NOS terminator sequence were
taken from pBI101.1 (Clontech) as a EcoRI-Xbal fragment and
subcloned into pGEM-4.

2.11.2. Av-GUS (Figure 2).

The avenin promoter was amplified by PCR from a genomic clone
inserted into pGEM-7, using the T7 primer and the Av-l primer. A
BamHI restriction site (bold in the sequence) was introduced at the 5'
end of the Av-1 primer (5 CGGGATCCCATGGTGGATTTGTGTTGAC 3').
The resulting PCR product was digested by BamHI and Sphl and
inserted into pGEM-4-GUS (also cut by BamHI and Sphl). The whole
construct (avenin promoter-GUS-NOSter) was then taken out of pGEM-
4 as an EcoRI-EcoRI fragment and inserted into pBinl9 (cut by

4The drawings are not necessarily to scale when no scale is indicated in Lhe figures.
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Figure 1 : pGEM-4-GUS.

Insertion of the GUS coding region and the NOSter into pGEM-4.
The GUS and NOSter sequences were taken from pBI101.1 as an

EcoRI-Xbal fragment and inserted in the EcoR! and Xbal sites of
pGEM-4,
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Figure 2: Construction of the Av-GUS plasmid.
The avenin promoter was PCR-amplified and inserted in front of the GUS
coding sequence using restriction sites Sphl and BamHI. The whole

construct was then excised from pGEM-4 as an EcoRl fragment and cloned
in the EcoRI site of pBini9.
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EcoRI and dephosphorylated by CIP).
2.11.3. Globulin-GUS (Figure 3).

A deletion fragment obtained for the sequencing of the Glav-1
promoter was cut by HindIIl and ligated to itself. The resulting
plasmid was cut by Spel and EcoRIl. In between these sites was
inserted the GUS and NOSter sequence obtained as a Xbal-EcoRI

fragment from pGEM-4-GUS (see 2.11.1. and Figure 1). Spel and Xbal __

have compatible ends that enabled the ligation. In the unique HindIII
site that remained (Figure 4) was inserted the Glav-12 promoter (gel-
purified as a 2.5kb HindIII-HindIIl fragment from the genomic
clone). The whole construct (Glav-12 promoter-GUS-NOSter) was
taken out of pGEM-4 as an EcoRI-EcoRI fragment and inserted into
pBinl9 (cut by EcoRI and dephosphorylated by CIP).

2.11.4. Gi-GUS, A-2364-GUS and A-1420-GUS.

The entire promoter of the Glav-1 genomic clone and two deletions
of this promoter (A-2364 and A-1420) were also fused to the GUS
sequence directly into pBI101.1. To insert the entire Glav-1 promoter
in front of GUS (Figure 5), the plasmid GISRL (see 2.15.) was first cut
by EcoRI, blunt-ended with Klenow and then cut by Sstl. The resulting
fragment was subcloned into pGEM-4 cut by Xbal, blunt-ended with
Klenow and cut by Sstl. This subcloning allowed the fusion of the
complete Glav-1 promoter as a Sall-BamHI fragment into the
pBI101.1 cut by Sall and BamHI. The two deletion fragments were
taken from the clones obtained for sequence determination of the
Glav-1 promoter. They were inserted as BamHI-BamHI fragments into
the BamHI site of pBI101.1.
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Figure 3 :  Translational fusion of the beginning of the globulin
promoter to the GUS coding sequence.

The promoter sequence of pGlav-1 upstream of the Hindlll site was
removed by cutting the plasmid by Hindlll and performing a religation. The
resulting plasmid was cut by Spel and EcoRl. In these sites was inserted
the GUS coding sequence and the NOSter as a Xbal-EcoR! fragment.
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Construction of the G12-GUS plasmid.
The entire promoter of Glav-12 was excised as a Hindlll fragment and
cloned in the Hindlii site of the GUS translational fusion construct

obtained in figure 3. The whole construct was then transferred in pBin19
as a EcoRl insert. - E
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Construction of the G1-GUS plasmid.
The plasmid G1SRL was resubcloned as an EcoRl-blunt end insert in
pGEM-4 in order to have more suitable restriction sites available. The

Glav-1 promoter was then translationally fused to the GUS sequence in
pBI101.1 by using the BamH! and Sall restriction sites.
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2.11.5. Precise deletions of the Glav-3 promoter fused to GUS
(Figure 6, 2 pages).

Comparison of the 5 upstream sequences of the oat globulin
genomic clones (Glav-1, Glav-3 and Glav-12) has revealed the
presence of a duplicated element in Glav-1 that is only present once
in Glav-3 and Glav-12. To assess the potential role of this sequence, a
deletion analysis was performed which necessitated obtaining
precisely located deletions (see section 3.1.5.).

A BamHI-BamHI fragment of pGlav-3 was subcloned into pGEM-4.
This fragment included part of the promoter, the translational start
codon and a portion of the coding region. Another portion of the
promoter was removed by cutting the plasmid by Xhol and Xbal,
creating blunt ends with Klenow and ligating the plasmid on itself.
The resulting plasmid was cut by Sphl and Sall. An Exonuclease III
digestion was performed (6 time points at 20s intervals) and the DNA
was treated by the nuclease S1. After having blunt-ended the
plasmids with Klenow, the latter were ligated on themselves. The
screening of the deletions was first done by size on agarose gel
(Hind1II-HindIII fragment) and then by sequence analysis using the
primer G-1 (5' CTAGTAGTTGCCATG 3'). Three deletions were inserted
in front of GUS in the same way as was the Glav-12 promoter. These
three constructs were transferred into pBinl9 (cut by EcoRI and
Smal) as Pvull-EcoRI fragments.

2.11.6. Other constructs.

In addition, the complete genomic clones (Glav-1 and Glav-3) were
cloned into pBinl9 as EcoRI-EcoRI inserts. Glav-3 with a shorter
promoter was also cloned into pBinl9 (EcoRI-Smal) by digesting
pGlav-3 with Pvull and EcoRI (Figure 7).

A summary of all the constructs (T-DNA) is presented in Figuré 8.
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Figure 6 (2 pages): Production of precise deletions of the
Glav-3 promoter and fusion to the GUS coding sequence.

A BamHI fragment of pGlav-3 was subcloned in pGEM-4. A

portion of the promoter was removed (cut by Xhol and -

Xbal, then blunt-ended) and the plasmid was Iligated on
itseif. The promoter was sequentially deleted by
exonuclease III. Three deletions were selected after
sequencing using the primer G-1. The corresponding
sequence of the Glav-1 promoter is shown for comparison.
These three deleted promoters, starting at position -259,
-247 and -237 from the transcriptional start point, were
inserted as a HindIIl fragment in front of the translational
GUS fusion construct (see Figure 3). These constructs were
extracted from pGEM-4 as EcoRI-Pvull fragments and
inserted in the Smal and EcoRI sites of pBinl9.
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by a Pvull cut and the Pvull-EcoRl fragment inserted in the EcoRl and
Smal sites of the Bin19 plasmid (G3P construct).
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Figure 8: Summary of the constructs used for tobacco transformations
presented as T-DNA inserts.

A: GUS fusions

G12, Av, G3A-259, G3A-247 and G3A-237 are in the Bin19 plasmid. G1,
G1A-2364 and G1A-1420 are in pBI101.1. °

B: Globulin sequences (promoter, coding region and terminator) in pBini3.:
RB: Right border LB: Left border.
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2.12. Polymerase chain reaction (PCR) and reverse
transcriptase-PCR (RT-PCR).

2.12.1. PCR reaction.

The PCR reaction was carried out in a total volume of 100ul which
included the buffer (S0mM KCl, 20mM Tris-HCl pH 8.4, 2.5mM MgCl2),
the dNTPs (2ul of a 2mM solution of each dNTP), the two primers
(20ng each), the DNA (approximately 20ng) and one unit of Tag DNA
polymerase (BRL or Biolabs) (Innis et al. 1990). The reaction mixture
was placed in a 0.5ml microfuge tube and covered with a drop
(100p1) of light mineral oil (Sigma). Thirty five cycles (45s at 95°C,
45s at 55°C, 45s at 72°C) were performed in a Microcycler (Eppendorf)
after an initial denaturation at 95°C for 3min. At the end of the
program, an extension step at 72°C for 3min was performed. Ten pl of
the reaction were analysed on a 1.5% agarose gel.

2.12.2. RT-PCR.

The reverse transcriptase reaction was performed in a total volume
of 20pl. The total RNA (5ug) was mixed with the reaction buffer (the
same as for the PCR reaction), Iul of dNTPs, 10ng of the primer, 1pl
of RNase inhibitor (RNasin, Promega) and 200 units of Moloney
Murine Reverse Transcriptase (BRL). The reaction was carried out at
42°C for 1 hour. The amplification of the cDNAs was realized as
described in section 2.12.1. with the PCR method.

e 2.13. Plasmid sequencing. 7
The sequencing was done using the dideoxy chain termination
method (Sanger et al. 1977) following the manufacturer's instructions
(T7 sequencing kit, Pharmacia). About 2pg of plasmid DNA were
\"Q{=,‘.denatured by boiling the sample for 3min. The primers were annealed
f/ to the DNA template in a buffered solution containing DTT and MgCl;
= (provided by the kit supplier) at 37°C for 20min. The tube was then
placed at room temperature for 10min. The labelling reaction was

P
\‘\
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carried out by adding dCTP, dGTP, dTTP, the T7 DNA polymerase (3
units) and the 35SdATP. The reaction mixture was kept at room
temperature for five minutes, then aliquots were dispensed into four
tubes each containing the four dNTPs pius one different ddNTP. The
termination reaction was allowed to proceed for Smin at 37°C and was
stopped by addition of an acrylamide gel loading solution (deionised

formamide with EDTA, xylene cyanol 0.2% and bromophenol blue
0.2%).

2.14. Polyacrylamide gel electrophoresis under denaturing
conditions for sequence analysis.

The glass plates were thoroughly washed with soap, rinsed with
distilled water and wiped with ethanol. The inside of the short plate
was Silane-treated. Uniform spacers were inserted and the plates
were clamped together. The bottom of the gel assembly was taped.
The sample application comb was inserted upside-down at the top of
the plates. The 6% acrylamide solution was carefully poured in
between the two plates. The gel was allowed to polymerize for at least
one hour. The composition of the gel was 5.7% acrylamide, 0.3% bis-
acrylamide, 46% urea in TBE (45mM Tris base, 45mM boric acid and
2mM EDTA pH 8.0). Just before pouring the gel, 100ul of a 10%
ammonium persulfate solution and 70pl of TEMED were added to
100mls of gel solution. After complete polymerization of the gel, the

tape and the comb were removed. The top of the assembly was

washed with distilled water and the comb was inserted with the teeth
slightly entering the gel. The gel was placed in the electrophoresis
apparatus (Biorad), the running buffer (TBE) was added and the gel
was pre-run for half an hour. The samples were denatured by boiling
them for 3min in a water-bath and loaded into the wells. The gel was
run for 2.5hrs (short run) or Shrs (long run) at a-constant power of
40W. After completion of the electrophoresis, the gel was removed
from the assembly, transferred to a supporting sheet of filter paper,
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covered with a plastic wrap and dried in a gel dryer (connected to a
vacuum trap) for lh at 80°C. The plastic wrap was then removed and
the gel exposed overnight to an X-ray film.

2.15. Sequencing of pGlav-1.

The sequencing of pGlav-1 was done using two subclones of the
original clone. The first subclone, pG1SRL (pGlav-1 Sstl ReLigation),
was obtained by cutting pGlav-1 with Sstl and then doing a'Iigation of
the plasmid to itself (Figure 9). The internal Sstl-Sstl fragment was
subcloned into pGEM-4 cut open with Sstl and dephosphorylated
using C.LLP (Figure 10). This second subclone was called pG1SF (pGlav-
1 Sstl Fragment). .

The plasmid pGI1SRL was cut by EcoRI, a phenol/chloroform
extraction was performed and the DNA was precipitated by ethanol
(Figure 9). The DNA was resuspended in dH;0 and an equal volume of
2X exonuclease III buffer was added (100mM Tris-HCl pH 8, 10mM
MgClz and 2mM DTT). An excess of exonuclease III {Henikoff 1984)
was then added (200 to 300 units) and the reaction mixture placed in
a water-bath set at 37°C. Aliquots of 5pl were removed every minute
and immediately transferred into a tube containing the same volume
of TE 10:10 (10mM Tris-HC] pH 7.5 and 10mM EDTA pH 8) and placed
on ice. Twelve time points were taken. The exonuclease III was heat-
inactivated for 10min at 70°C. A volume of 200ul of nuclease S1
solution was added in each tube (30mM Na acetate pH 4.8, 60mM
NaCl, ImM ZnSO4, 5% glycerol and 50 U/ml of nuclease S1). The
reaction was allowed to proceed for 30min At 37°C. A
phenol/chloroform (v/v) extraction was performed, followed by  the
precipitation of the DNA by ethanol. The DNA was blunt-ended by the
Klenow DNA polymerase (large fragment) for 10min at room
temperature (the reaction buffer was 25mM Tris-HC! pH 8 and 10mM
MgC[I/z). The DNA was restricted by Pstl and Sstl. The deletion
fragnfénts (5" blunt-ended and 3' Sstl) were ligated into pGEM-4 cut
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Figure 9: Sequencing of pG1SRL.
The plasmid G1SRL was obtained after a Sstl cut of the Glav-1
‘'sequence followed by a ligation. An exonuclease treatment

resulted in the obtaining of progressively deleted fragments which
were then subcloned in pGEM-4 and sequenced using the T7 primer.
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Figure 10 : Sequencing of pG1SF.

The plasmid G1SF was obtained by subcloning the Sstl fragment
of pGlav-1 in the Sstl site of pGEM-4. This fragment was
subjected to an exonuclease Ill treatment resulting in the

obtaining of clones of various lengths. These clones were then
sequenced using the T7 primer.
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by Smal (blunt-end) and Sstl. One third of the ligation mixture was
used to transform E. coli DH5a competent cells. Plasmid DNA
minipreparations were performed on colonies grown overnight in
3mls of LB containing 50ug/ml of ampicillin. The size of the inserted
fragments was determined by agarose gel electrophoresis after
digestion of the plasmids by BamHI and 8 plasmids were selected for
sequencing. Verification that the different plasmids belonged to the
Glav-1 sequence was done by a short sequencing of the plasmids
using the SP6 primer. Each subclone was sequenced at least twice
using the T7 primer.

The plasmid pG1SF (Figure 10) was double cut by Sall and Pstl.
Deletions were obtained by using exonuclease II1 followed by a
nuclease St treatment (as described above). The DNA was blunt-
ended by Klenow and the plasmids religated on themselves. The
deletions were screened: by digesting the plasmids with HindIIl and -
Sstl, and the selection. of the deletions was based on the size of the
fragment. The plasmid sequencing was performed. using the T7
primer. |

2.16. Sequencing of the Glav-12 promoter (Figure 11).
The Glav-12 promoter and a short portion of the beginning of the
~coding region were cloned as an EcoRI-Sstl fragment into pGEM-4
(pG4-G12ES). The plasmid was cut by Pstl and Smal. An exonuclease
II1 digestion was performed as described previously (10 time-points
at 60s intervals) followed by a nuclease S1 treatment. The resulting
plasmids were blunt-ended by Klenow and ligated to themselves. The
EcoRI-HindIIl fragments were screened for the correct size. Twelve
deletions were selected for sequence determination which was done
using the T7 primer. In addition, a sibclone was obtained by cutting
pG4-G12ES with HincIl and ligating the resulting plasmid on itself.
The T7 primer was used for the seq‘uence determination.
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Sequencing of the Glav-12 promotiar.

The promoter of Glav-12 was cloned as an EcoRI-Ssil fragment in pGEM -4,

This clone was subjected to an exonuclease Ill treatment which resulted in
the formation of clones of different lengths. These clones were sequenced

using the T7 primer. A subclone of the 5' end of the promoter was aiso

obtained by cutting the Glav-12 promoter by Hincll “and ligating the plasmid
on itself. The sequence was obtained using the T7 primer.
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2.17. Primer extension on RNA from tobacco or oat seeds.

2.17.1. Oligonucleotide end labeling.

Three different primers were end labelled. GUS-p was specific to
the GUS coding region downstream from the AUG. Av-1 was specific to
the avenin sequences around the AUG (complementary sequence in
bold) and G-1 was specific to the globulin sequences also around the
AUG (complementary sequence in bold).

GUS-p 5' GCCCACAGGCCGTCGAG 3

Av-1 5 CGGGATCCCATGGTGGATTTGTGTTGAC 3

G-1 5' CTAGTAGTTGCCATG 3'

The end labelling was carried out at 37°C for one hour in the
following buffer: 60mM Tris-HCl pH7.8, 10mM MgCl;and 15mM B-
mercaptoethanol. The quantities of oligonucleotides were 100ng of
GUS-p and 30ng each of Av-1 and G-1. Ten units of T4 polynucleotide
kinase were used in each reaction. The amounts of 32PyYATP were
60uCi for GUS-p and 20uCi each for Av-1 and G-1. The total volume
of each reaction was 50pl. At the end of the reactions, the volume
was brought to 250ul with distilled water and a phenol/chloroform
extraction was performed. The labelled oligonucleotides were
precipitated by addition of 1/10 vol. of Na acetate and 2 vol. of 100%
ethanol overnight at -20°C. After centrifugation, the pellets were
resuspended in 5ul (Av-1 and G-1) or 10pl (GUS-p) of dH20.

2.17.2. Primer annealing to the RNA.

The end labelled primers were annealed to the mRNAs in 100mM
NaCl and 10mM Tris-HCl. Av-1 and G-1 were annealed to oat seed
mRNA (2.5ug) and GUS-p was annealed to tobacco seed total RNA
(10png). The total volume was 20ul. The mixtures were heated at
90°C for one minute and then placed at 42°C for 30min after addition
of 5 units of RNase inhibitor (RNasin, Promega).
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2.17.3. Extension,

Prior to the addition of the different components of the reaction,
2.5ul of a solution of actinomycin D (1mg/ml ethanol) was placed in
the microfuge tube and the ethanol was evaporated (Speed Vac,
Szivant). The primer extension was performed at 37°C for one hour
using 150 units/reaction of the SuperScript Reverse Transcriptase
(BRL). The reaction buffer was 50mM Tris-HCi pH 8.3, 75mM KCI,
3mM MgCly; and 1mM DTT. Ten pl of the annealing mix were used,
2ul of dNTPs (2mM. of each dNTP) and 10 units of RNase inhibitor
were added to the reaction. The final volume was 50ul. At the end of
the reaction, a phenol/chloroform extraction was performed, followed
by the precipitation of the nucleic acids after addition of Sug of E. cois
tRNAs as a carrier. The pellet was resuspended in 5ul of dH20 and
3ul of loading buffer (formamide, 10mM EDTA pH 8.0, 0.001% xylene
cyanol and 0.001% bromopheno! blue) were added. The samples were
boiled for 2min and 2pl were loaded on a polyacrylamide gel along
with the sequencing reactions of the plasmid DNA (using the same
primer) corresponding to the GUS construct transferred into the plants
or the genomic clones (avenin or globulin).

2.18. Southern blots.

The restricted DNA was separated on an agarose gel (0.8 or 1%) at
about 5V/cm, in TAE buffer. The DNA was stained with ethidium
bromide and a Polaroid photograph (Polarcid MP.4 LandCamera) was
taken under UV light (Fotodyne). The gel was soaked in a denaturing
solution (1.5M NaCl, 0.5M NaOH) for 1 hour, followed by a 1 hour
soaking in a neutralizing buffer (1M Tris-HCl pH 7.5, 1.5M NaCl). The
DNA was transferred to a nitrocellulose membrane (Amersham) as
described by Maniatis (1982): the gel was placed on a filter paper
with both ends in contact with the transfer solution (10X SSC: 1.5M
NaCl, 150mM sodium citrate, pH 7.0). The previously wetted
nitrocellulose membrane (in dH20) was placed on. top of the gel, then
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six layers of 3MM filter paper (the first two wetted in 2X SSC), and
finally a stack of paper towels were added. A weight of approximately
500g was applied uniformly on top of the assemblage. The transfer
was allowed to proceed for at least 12 hours. The nitrocellulose
membrane was removed, gently washed in 2X SSC, allowed to dry and
finally baked for two hours at 80°C under vacuum to fix the DNA.
Verification that the transfer was complete was done by restaining
the gel with ethidium bromide.

2.19. Northern blots.

The RNA was directly transferred to a nylon membrane using the
same technique as described for the Southern transfer, but without
the denaturing and neutralizing steps. After completion of the
transfer (12 to 15hrs), the locations of the wells were marked with a
pen and the membrane was gently washed in 2X SSC and allowed to
air-dry. The RNA was fixed to the membrane by first UV cross-link
(3min illumination on each side of the membrane) and then by baking
at 80°C under vacuumn for Z2hrs.

2.20. Radioactive DNA probes (random primer labeling).

2.20.1. Avenin probe (Figure 12.A).

The genomic clone was cut by Hincll and Pstl, and the DNA
-.fragments were separated on an agarose gel. A light ethidium
bromide staining was performed to locate the DNA band which was

then excised from the gel. The agarose plug was ceutrifuged in g Sp nX
_ tube and the recovered DNA in solution was further purified on a

silica matnx' (Glass Milk, BloIOI) The DNA quantity was estimated on
an agarose gel Fifty ng of DNA were denatured by heating the sample
in boiling water for 3min. The random primer extension buffer. was
added to the denatured DNA (the random hexanucleotides were in a
buffer containing Hepes pH 6.6, magnesium chloride, bovine serum
albumin and B-mercaptoethanol, Random Primer Extension Labeling

46



% 2 33 33 33
[=3 frerd 2
A & £ n’i i:’. fi: K] &=
pGEM-7 Avenin ceding region e
ATG TAA
150 bp Hinell and Pstl
M
L]
Random labeled with ¥P dATP and P dCTP
T 3 3z §3tz % 3 T E =
2 @ [ -t o -
g & & £3a8 & E &8 3
|
=S5
Glav1 in AtG Toa
pGEM-4
300 bp : Sstl and Xhol

Random labeled with ¥P dATP and *P dCTP

Figure 12 : Radioactive DNA probes.

A: Avenin probe. The avenin genomic clone was cut by Hincil and Pstl and

the resulting “fragment isolated. Incorporation of radionucleotides was
done by the random labelling method.

B: Globulin probe. The Glav-1 sequence was cut by Sstl and Xho! and the

resulting fragment isolated. Incorporation of radionucleotides was done
by the random labelling method.
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System, NEN Dupont). Two pl of a 2mM solution of dGTP and dTTP
were added. The 32P-labeled dATP and dCTP (401Ci each) were
mixed in, and 2 units of Klenow fragment (large fragment DNA
polymerase [) were finally added. The reaction was allowed to
proceed for 3hrs at room temperature. The labeled DNA tragments
were purified on a Nensorb™20 cartridge following instructions by the
manufacturer (NEN Dupont).

2.20.2. Globulin probe (Figure 12.B).

The same method as described above for the avenin probe was
used to prepare a radioactive DNA probe specific for globulih
sequences. The DNA fragment used in the random primer extension

reaction was obtained by cutting the genomic clone pGlav-1 by Sstl
and Xhol. ' '

2.20.3. GUS probe.
The GUS DNA fragment was obtained by cutting the plasmid
pGEM-4-GUS by EcoRI and BamHI. The purifications and labeling of
the DNA were done as described in 2.20.1.

2.21. Prehybridization and hybridization (Northern and
Southern blets).

The nitrocellulose or nylon membranes were wetted in a 5X SSC
solution for 5min and transferred to an hybridization tray. The
prehybridization of the membranes was carried out in -50% deionised
formamide, 5X SSC, 5X Denhardt's solution (50X Denhardt's solution
was 1% ficoll, 1% PVPP and 1% BSA), 200ug/ml salmon sperm DNA
and 0.1% SDS. The membrane was gently shaken (60 rpm) at 42°C for
at least Shrs. The radioactive probe was directly added to the
prehybridization solution after having been boiled for Smin. The
hybridization tray was carefully sealed and incubated overnight (12
to 15hrs) at 42°C on a rotating shaker (60 rpm). The DNA blots were
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washed twice for 15min in a 2X SSC and 0.1% SDS solution at 45°C.
They were thereafter washed twice for 10min in a 0.1X SSC and 0.1%
SDS solution at 65°C. The RNA blots were washed twice for 10min in a
2X SSC and 0.1% SDS solution at 20°C, z2nd then twice for 10min in a
0.2X SSC and 0.1% SDS at 45°C. The membrane, while still damp, was
wrapped in plastic food wrap and placed in a cassette with an X-ray
film and an intensifying screen.

2.22. Tobacco transformations.

2.22.1. Source of young leaves.

Tobacco seeds (Nicotiana tabacum cv. Delgold) were surface-
sterilised in 70% ethanol for 30s, then in 1% Javex (6% sodium
hypochlorxtc) for no more than 10 min and washed three times in
sterile dH20. The seeds were germinated on MS 2% sucrose medium
(Murashige and Skoog 1962, see appendix for compositions) solidified
with 0.5% (w/v) agar. After two weeks, the seedlings were
individually transferred to Magenta boxes -containing 100 ml of sterile
MS 2% sucrose medium solidified with 1% agar. These aseptically-
grown young tobacco plants were kept at room temperature with a
photoperiod of 16h of light and 8h of darkness and served as a source
of young leaves for transformation.

2.22.2. Preparation of the inoculum.

A 50-ml YEP medium was inoculated with A. tumefaciens
containing the Binl9 plasmid of interest. The medium contained
100pg/ml of kanamycin and was incubated at 28°C with shaking
(250 rpm) for 24h. One ml of this culture was used to re-inoculate a
fresh 50-ml culture. After 4 hours of incubation in the same
conditions as above, the culture was poured into a sterile centrifuge
bottle and centrifuged at 5,000 rpm for 5 minutes at 4°C. In the
sterile environment of a laminar flow hood, the supern&'iant was
poured out and the bottle inverted for a few minutes to remove all
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‘the medium. The pellet was then resuspended in 5 ml of YEP (without
kanamycin).

2.22.3. Transformation (Horsch et al. 1985).

Young tobacco leaves were cut from the aseptically-grown plants
and placed in a Petri dish. One ml of A. tumefaciens suspension was
added and diluted with 20 ml of YEP medium. The leaves were cut
into small pieces (about 0.5 cm X 0.5 cm) while immersed in the
bacterial suspension. These pieces were placed on a sterile filter paper
covering a solidified medium {(MS 3% sucrose, lmg/l 6-benzyladenine
(BA), 0.1mg/l alpha-naphthalene acetic acid (NAA), pH 5.7-5.8, agar
0.8%) in a small Petri dish (60mmX20mm, Nunc) which was then
closed -and sealed with parafilm. About 10 leaf "disks" were placed
with A. tumefaciens in each Petri dish and about 12 such dishes were
prepared for each construct. The light conditions were 16h/8h
light/darkness at 20°C. After 48h, the leaf pieces were transferred
onto the same solidified medium as described above but containing
500pg/ml of carbenicillin and without the sterile filter paper. The
carbenicillin was added to kill the A. tumefuciens which had, by this
time, transferred their T-DNA(s).

2.22.4. Regeneration and propagation of transformed plants.

Two days later, a transfer was made to MS 3% sucrose, 1mg/l BA,
0.1mg/l NAA, pH 5.7-5.8, agar 0.8%, 500ug/ml carbenicillin and
300pg/ml kanamycin, the latter being the selective agent. Afler a
variable time (usually 2 to 4 weeks), small calli appeared, from which
shoots developed (Figure 13. A and B). When these shoots were well
developed, they were cut and placed into a rooting medium (MS 2%
sucrose, pH 5.7-5.8, agar 0.8%, 500pg/mi carbenicillin and 300pg/ml
kanamycin). After the roots had reached a length of at least lcm
(':i'?"i'_'g’ure 13. C), the plantlets were transferred into potting soil (Jiffy-7
pots) and kept in a high humidity environment by covering them with
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Figure 13 : Regeneration and propagation of transformed
tobacco plants.

A: Tobacco leaf disk with a callus on which a shoot is
forming. The agar medium is MS 3% sucrose with BA and
NAA, carbenicillin and kanamycin.

B: Formation of multiple shoots on the edge of the tobacco
leaf disk. The medium is the same as in A.

C: Formation of roots after the transfer of shoots on rooting
medium. The agar medium is MS 2% sucrose with
carbenicillin and kanamycin.

Bar represents lmm.
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a transparent plastic wrapping. When the roots visibly penetrated
the sides of the pots, the Jiffy pots were placed into a bigger pot
(20cm in diameter, 25cm high) filled with a mixture of potting soil
(Premier), sphagnum peat moss (Premier), vermiculite (Peters) and
turface (Aimcor) (5/5/2/2). Slow-reiease fertilizer (Nutricoat
14/14/14 type 100, Chisso-Asahi Fertilizer Co.) was directly added to
the mixture. The plants were regularly watered and light conditions
were the same as described above.

The total procedure, from transformation to seed maturation, took
approximately 9 mounths.

2.23. Protein extractions.
2.23.1. Globulin extractions from oat and tobacco seeds.

Mature tobacco seeds (50mg) were frozen in liquid nitrogen and
ground to a fine powder in a mortar and pestle. The powder was then
transferred into a microfuge tube containing 500l of extraction
solution (1M NaCl). The mixture was thoroughly vortexed and let
stand for one hour at 5°C with occasional vortexing. The cellular
~debris was removed by centrifugation (bench-top microfuge, top
speed for 20 minutes). The supernatant was dialysed overnight
(dialysis tubing n°3, Spectra/Por) against distilled water in a cold
room with constant magnetic stirring of the water, The precipitated
proteins were recovered and resuspended in a buffer (62.5mM Tris-
HCl pH 6.8, 2% SDS). The protein concentration was estimated by the
Bio-Rad Protein Assay Kit using casein as a reference (the presence of
SDS required a dilution of the sample to reduce its interference with
the kit reagents). The same procedure was used for oat seeds, except
that 0.5g was ground and 5mls of extraction solution were used.

2.23.2. GUS protein extraction.

The GUS proteins were extracted as described by Jefferson (1987).
The tobacco seeds (50mg) were ground in a mortar and pestle with
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600ul of extraction buffer (50 mM NaPO4pH 7.0, 10 mM DTT, i mM
EDTA pH 8.0, 0.1% sodium lauryl sarcosine, 0.1% Triton X-100). After
centrifugation, the supernatant was kept and assayed to estimate the
protein concentration.

All the different protein samples were kept at -70°C.

2.24. Western blots.

2.24,1. SDS-PAGE. ,

Sample buffer was added to the proteins (1 vol. of loading buffer
for 1 vol. of protein sample). The composition of the loading buffer
was adjusted according to Laemmli (1970): 62.5mM Tris-HCl pH 6.8,
20% glycerol, 2% SDS, 0.00125% iwlv) bromopheno! blue and 10% 2-
B-mercaptoethanol (in reducing conditions). The separating gels and
stacking gels were prepared as in Table 2.

The preparation of the acrylamide/Bis 30% stock was made using
29.2% acrylamide and 0.8% Bis-acrylamide (Sigma).

The dimensions of the gels were approximately 10x7x0.735
(cmXcmXmm). The running buffer was composed of 25mM TrisHCI
pH8.3, 192mM pglycine and 0.1% SDS. The apparatus was a Mini-V 8.10
electrophoresis apparatus (BRL) and the gels were run at [80V
(constant voltage) for 50 min. Staining was performed with 0.1%
Coomassie blue R-250 in fixative (40% methanol, 10% acetic acid).
Destaining was done in 40% methanol, 10% acetic acid.

2.24.2. Protein transfer.

Transfer of the proteins was achieved using the same apparatus as
for gel electrophoresis (see 2.24.1.), but with a different set-up. The
polyacrylamide ge! was equilibrated for 15min in the transfer buffer
(25mM Tris-HCI, 150mM glycine, 20% methanol, pH 8.3). The
nitrocellulose membrane (Amersham) was wetted in deionised dH,0
then placed in the transfer buffer for a few minutes. Assemblage was
as described by the apparatus manufacturer: from bottom to top,
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Table 2: Preparation of the stacking and separating gels for
the SDS polyacrylamide gel electrophoresis.

Separating gels 4% stacking gel
(0.375M Tris, pH 8.8) (0.125M Tris, pH 6.8)
12% 15%
Distiiled water 3.35ml 2.35ml 3.05m!
1.5M TrisHCI, pH 8.8 2.5ml 2.5ml -
0.5M TrisHCI, pH 6.8 - - 1.25ml
10% (w/v) SDS 100pl1 1001 50ul
Acrylamide/Bis 4.0ml 5.0ml 0.65ml
(30% stock)
10% ammonium persullate 50wl S0pd 25ul
TEMED Spl Sl Spil
Final volume 10ml 10ml 5ml
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pressure pad, chromatography paper, polyacrylamide gel,
nitrocellulose membrane, chromatography paper and pressure pad.
The transfer was done at constant voltage (150V) for one hour. The
nitrocellulose membrane was air-dried for 30min and the gel was
Coomassie stained (although the prestained molecular weight markers
(Pharmacia) testified that the transfer had been complete).

2.24.3. Probing and detection (Amersham guidelines).

The membrane was then placed in a blocking buffer for one hour
at room temperature with constant gentle rocking (blocking bulfer:
TBS-5% non-fat dry milk, TBS is 20mM Tris-HCI, 135mM NaCl, 2.7mM
KCl, pH 7.8). Two different rabbit sera have been obtained: the first
one was prepared by Dr. J. Schernthaner and the second one by Dr. G.
Matlashewski (1983). The binding of the primary antibodies was
carried out in TBS-1% non-fat dry milk overnight at room
temperature with a rabbit serum dilution of 1/750. The membrane
was washed thrice successively for 10min with TBS-Tween20 (0.05%).
The binding of the secondary antibodies was performed in TBS-1%
non-fat dry milk for two hours at room temperature. The goat anti-
rabbit serum was at a dilution of 1/7500 (alkailine phosphatase was
linked to the antibodies). The membrane was washed three times as
described above. Detection of the alkaline phosphatase (AP) was |
achieved by placing the membrane in the reaction buffer in the
presence of the substrate (the AP buffer was 100mM Tris-HCI pH 9.5,
100mM NaCl, 5mM MgCla, the substrates were NBT and BCIP,
respectively 66pl and 33ul in 10mls of AP buffer). The reaction was
stopped by several washes in dH;0.

2.25. GUS fluorimetric assays.

The determination of GUS activities was performed as described by
Jefferson (1987). The assay buffer contained 1 mM MUG (4-methyl
umbelliferyl B-D-glucuronide) in extraction buffer (see above). The
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reaction volume was 500 pl which included 10pl of seed extract (for
the Av-GUS angl G12-GUS seeds) or 50uml of seed extract (for the A-
259, A-247, A-237 and untransformed seeds). The reactions
involving the Av-GUS and G12-GUS protein extracts were performed
at room temperature in assay buffer pre-heated to 37°C. After 5, 10
and 30 minutes, 100nl of the reaction were removed and
immediately mixed with 900ul of stop solution (0.2M Na2CO3). For the
reactions with the deletions and untransformed seed protein extracts,
50u] of seed protein extract were used and the reactions were
performed at 37°C. The different time points were 30 min, 1.5hr and
18h. The fluorimetric readings were taken on a Hitachi F-2000
Fluorescence Spectrophotometer calibrated with 0, 100nM and 1pM
methylumbelliferone in stop solution. The average value of two
fluorimetric readings per sample was established. A linear regression
was calculated for each sample and the GUS activity was adjusted to
the protein concentration and the initial volume assayed. '

2.26. GUS histochemical staining (Jefferson 1987).

Hand-cut sections of fresh mid-maturation to late maturation
whole tobacco seed pods {2mm thick) were incubated in phosphate
buffer (50mM NaPQ4 pH 7.0) containing 0.5mg/ml of X-Gluc (5-
bromo-4-chloro-3-indolyl glucuronide). The B-glucuronidase substrate
was infiltrated into the tissues by placing the preparation under
vacuum for Smin. The incubation was then carried out at 37°C.

Removal of the embryo from the tobacco seeds was performed
under a stereoscope. Each part of the seed (embryo and seed
coat/endosperm) was individually placed into a well of a micro-
titration plate. These tissues were submerged with the phosphate
buffer containing X-Gluc, placed under vacuum for Smin and
incubated at 37°C.
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2.27. Computer software.

DNAstar was used for the analysis of the DNA and protein
sequences.

Figures were drawn using Superpaint version 1.0 from Silicon
Beach Software, Inc.

This text was written using Microsoft Word version 4.0 from
Microsoft Corporation.

Graphs were drawn using Cricket Graph version 1.0 from Cricket
Software.

The bibliography was arranged using EndNote from Niles &
Associates, Inc. |

The computer, hard disk and printer were Macintosh.
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Chapter 3
Results

3.1. Oat globulin genes and promoters.
3.1.1. Isolation of oat globulin genes.

Two different globulin sequences were isolated from the AgtlO0
library using a partial globulin ¢cDNA clone as a probe. They were
named Glav-1 and Glav-3 (for Globulin of Avena). They were cloned
into pGEM-4 for analysis and a restriction map was established. At a
later time, an additional clone (Glav-12) was made available. The
approximate location of the coding region was determined by
Southern analysis: the two clones were double digested by different
sets of restriction enzymes and the DNA fragments were probed with
the partinl ¢cDNA clone. On both clones (pGlav-1 and pGlav-3), the
coding region was located on the 3' end of the inserts. The orientations
of the sequences were also established by a short sequencing on both
ends of the inserts of some subclones, which also confirmed that the
clones were actual globulin clones. From these initial analyses, it
appeared that the promoter of the Glav-i sequence was of slightly
greater length than the promotér of Glav-3; pGlav-1 was therefore
primarily chosen for further analyses.
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3.1.2. Glav-1.
3.1.2.1. Sequence of pGlav-1.

The Glav-1 sequence was divided into two subclones of similar
length, pG1SF and pGISRL (see section 2.15). These two subclones
were progressively shortened by an exonuclease III treatment
(Henikoff 1984). Nine subclones for pG1SRL and fourteen for pGISF
were thus generated. All these clones were independently sequenced
at least twice and the overlap between two adjacent sequences was at
least 30 nucleotides. In most of the cases, overlapping was in the
order of 50 to 100 nucleotides, which, with the estimated size of the
deleted fragments, should have prevented the omission of repeated
sequences. The complete sequence of pGlav-1, which is 5273 bp long,
is presented in Figure 14.

3.1.2.2. Start of transcription.

The start of transcription of the globulin mRNAs was determined
by primer extension analysis on oat RNA enriched in polyAt RNA by
one round on oligo-dT cellulos.. One major signal was obtained (Figure
21.A) which corresponds to an adenosine residue on the DNA
sequence at position 2583. The 5 untranslated region (S'UTR) of the
globulin mRNA is therefore 34 nucleotides long. Although the S'UTR of
Glav-1 is very similar to a previously published oat globulin genomic
sequence (OGI1-El, Shotwell et aly.-" 1990), the site of the start of
transcription is different. The 5' end of the mRNA had beea assigned
to a T residue, making the 5'UTR 38 nucleotides long. Another oat
globulin genomic sequence (ASglo5, Schubert er al. 1990) has a
transcriptional start site at the same position as in Giav-1.

Comparison of the three UTRs (below) shows a very high degree of
similarity. The start of transcription is indicated by an asterisk.

0Gl-E1 *TAGCACCAATCCACCTTCTACAATCTCTTCAAACAATCATG

Glav-1 TAGC*ACCAARTCCATCTTCTACAATCACTTCAAACAAACATG

Asglob TAGC*ACCAATCCACCTTCTACAATCTCTTCARACAATCATG
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Figure 14 : Nucleotide and deduced amino acid sequences
of the oat genomic clone Glav-1.

Promoter: The start of transcription, as determined by
primer extension analysis, is indicated by two open
arrowheads. The possible TATA box is overlined. Two
possible CAAT boxes are overlined by a dotted line. The two
arrows indicate a repeated sequence.

Coding sequence: The coding nucleotide sequence and the
deduced amino acid sequence are boxed. The first solid
arrowhead points to the cleavage site of the signal peptide.
The second solid arrowhead indicates the cleavage site
between the o and B polypeptide. The arrows overline the
five octapeptide repeats.

~ 3 end: The potential polyadenylation sequences are
underlined.
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GAATTCTTAATTCTTGATTGAATTTGAATATCGGGGATGCATTCCACGACGTGTGCCATTAAACTGTGGCACTATCTATA
GTCATGTTGATGTTTCACTGTGTACCATAGTTTGTTTTTCTGCCAACATCGAGTAACTTCCAACTCATGGAGGACAACTA
AAAACTTCTCAAAACAAAAAGATCAAATGTAACCCAACCGACGTTCGACCAGTGAGTTGGTCATTCAGTCATTCAGGAAC
TTTAGGTGTCAGGCAACTTCGATGGTGGAGGCAAAGGAAAAATTCCATATTTTCAAGTTTTATTTACAGGTCGATCCCCC
AAAAGAGTCAGCTGCCACTTTCACAGGACGCACGCAGCTTACTATTACAGGGGAAGAACBACGACTACTATTTGCTTTGC
TACTGATGCTTGCTGCCTATGCGGTCTCTTCTTCCTCGTCTGAACAAAATCCAGGTTGGCAGCTCCTACCTGACAACACC
TACGCTCAATCTAACTTGCGATCTCTCTACCTCTCGTGTTCTTTCTGGACTCTCTGAAGAAGAAACCATGACAAGTAATT
GGCGCAGCACTGAATTGCTGCTTTTCTGTTTTCTCCATTTATTCTTACGGAATACAAAGACATGCCBATGCTCGCGLCAC
GTTCCGACTTGACCGCGCCATCGCATGATCGAACGAGTTGTGCCCAGCGATCCTCCAAACTTAGGTTGCACGCACAGACC
GCGTCATACCCTGAACCAACGGAAAACTGAAATATCCTAACTGTTAACTGAAAAAATCTGAATCCTAACAGCTAACGACT
ACCGACAACAAGGTTTATTCAACACTAGCTACCACCAACCTCTCAAATATGTGGCTGCTGCGGTGTGAACAAGGAGAGAG
CAGCACTTGAGGTATAAGAGTTGTTTTTTTCTCATTTACTGTGTGGACTCACAGAAATACGATGTAATATTTACATTTTG
CAAGCATGATTCGATGTGGCAAAAAAAATGAAAAACAATGTTGTTATGACTGTCGGAATCATGTGCATTGTATGCTCTTG
CTAGACATCTACGGGCGCATGTTCCTAAAAATGTTTTCGGAATAAGAGATTCTCCAAGGTCAAATTGTGTTTTGTAGACG
ACTACTTTCGGTAAATTGGATGGAGAAATGGTGGCAATTATGTTTGATCTTATACTGATGTTGRTACTCAAAAAATTGAT
ACAATGTATAAATCAGCAAATGAACCAATCTTTCCTATAGCATTATAAAAAGAATGAGTTATGAGTATTTTATAGCTTTC
AATTTTCATTATGCGAAACGTGATGTTTGACGCTAGGGGCAGCTATGGAAGTATCGATATGCTTCAACCGCAAAAGTAGA
CTTAGACTTTGTGCACCAGGGGCTCACACGTTTTTATGTTTTAGTTTTTTTGACAATTAGTTTAAATCTGCTCTCTCCTT
ATGCTTTGACAATGCTCTTTGCAAGAGTAAATATCAAGGBATCGTAAACGAAGAAGGCAGATCAATTTTTCCAGCGRACT
GCTAAAACACATGCTGATCGAGGACAGATTGGGGAACTTAGGGAGGCTATCAATTTTTGTCGGGATGCAACTTAATTTTT
CAGCGGACTCTAAAACACATGCTGATCGACACGATTCGGGGAACTTAGGGGAGGCTATCCTTCTGGCCTCCAAGATAATA
CATCATGTCTCTTGTTTTAGGTATCTTCACCTTETATAGCTGGGCGCTAGEATAGGGACATTTCCAACTTTGTGACTTGA
TTCACACCACGTTAAGATGGGCTCCTTCATAATTAACTTGGCTTCGTTGATGTAAGCTGCACCCACTATACATCTTTGCC
CTAGTTTTCGTGGCCCAACAATATTTGGTCATGTGTTGCACTCCCTCCTTCCAATTCTCTTTTAGTTTATTTTTGGACGT
CTATTTTTGTCTTCTCCTTTTAAGTCCCTTATAATGCTTCTTTTCEGTATCCTCACATGACAATACAAATTGGACAGAGAG
TCCAATAGATAGCAATTCACAACTAATTTACATATCGTTATCAACGTTTGGCATCAAGTAAAGCAACACATTTTGTCTGT
ACACTATCTTGTATTCTACTTAGGCGGATTATTCACCATCATAAGTTTCTTATCCATGGAAGTATTCGTGTGTCGATATE
GACATGACTCATCCACTTTACACTTTATGTTATATGGATAGACTCAAGTCATGGAAGTTTGTCCACATACTAAAAGTATT
I&EATGCGTCGTTGTTCATAGACCAAAGCGTAAATAAACCATGACAAGGAGTCACAAGTGCCAATTTTTTTGTAGAAAGT
ACATTTTTTTTTGTAGAAAGTACAAGTAATTCAATTAAACGTCACACAATGGACATCATCTATGTACGAAACTTGGTGCT
AAGTTTATGTGTGAGCACTAGTTGTTAGCGGAAAGTAGCACGTATCTTTGAGGCGAAGTTATATTAAACCATATCTGAGT

CACAATACATATCTTCTTATTICTGTTAACAATTATGTCGCCATGTACAACTTAAACTACTTTTTTTGAATATAAAACCA

80
160
240
320
400
480
560
640
720
800
880
960
1040
1120
1200
1280
1360
1440
1620
1600
1680
1760
1840
1920
2000
2080
2160
2240
2320
2400
2480
2560

AGCTTAAAATTAGGAAACTAGEiFCAATCCATCTTCTACAATCACTTCAAACAAACATGGCAACTACTAGTTTTCCATCA
Met Ala Thr Thr Ser Phe Pro Ser
ATGTTGTTTTACTTTTGCATTTTCCTCTTGTTCCATGGATCCATGGCVAGTTGTTTGGCCAGAGCTCTACTCCATGGCA

Met Leu Phe Tyr Phe Cys lle Phe Leu Leu Phe His Gly Ser Met Ala¥Gln Leu Phe Gly Gin Ser Ser Thr Pro Trp Gin

AAGCTCTCGTCAAGGAGGTTTACGTGGGTGCAGATTTGATAGGCTACAAGCATTTGAACCACTTCGACAAGTGAGGTCAL
Ser Ser Arg GIn Gly Gly Leu Arg Gly Cys Arg Phe Asp Arg Leu Gin Ala Phe Glu Pro Leu Arg Gin Yol Arg Ser
AAGCAGGTATCACCGAGTACTTTGATGAGCAAAATGAGCAATTTCGTTRTACCGGTGTATCTGTCATCCGCCGTGTAATC
Gln Ala Gly Ile Thr Glu Tyr Phe Asp Glu Gin Asn Glu Gln Phe Arg Cys Thr Gly Val Ser Val lle Arg Arg Val lle

2640

2720

2800

2880

GAACCTCAAGGCCTTGTGCTGCCTCAATACCACAACGCTCCTGCCTTGGTGTATATCCTCCAAGGTTAGTGTCTAAGTGA
Glu Pro Gin Gly Leu Val Leu Pro Gin Tyr His Asn Ala Pro Ala Leu Yol Tyr lle Leu Gin '
ATATATAATTGCATTGTCATACTACACTTAGGAGTTTAGTGGTGCCAAATATTAACCCATTCATAAGTTTTAAATATTCA
AACAAATATGTTTTATTTTAGGTAGAGGTTTCACGGGGTTGACTTTCCCTGGATGCCCTGCGACCTTCCAACAACAGTTC
, Gly Arg Gly Phe Thr Gly Leu Thr Phe Pro Gly Cys Pro Ala Thr Phe Gin Gin Gln Phe
CAACCATTTGATCAATCCCAGTTTGCTCAAGGTCAAAGCCAAAGCCAAACTATTAAGGATGAGCACCAAAGAGTTCAACG

Gln Pro Phe Asp Gin Ser GIn Phe Ala GIn Gly Gin Ser Gin Ser Gin Thr lle Lys Asp Glu His Gln Arg Val Gln Arg

CTTCAAACAAGGAGATGTTETTGCACTTCCGGCAGGCATTGTGCACTGGTECTACAACGACGGTGATGCACCGATTGTAG
Phe Lys GIn Gly Asp Val Val Ala Leu Pro Ala Gly lle Val His Trp Cys Tyr Asn Asp Gly Asp Ala Pro lle Val

2960

3040
3120

3200

3280




! CAATCTATGTCTTTGATGTAAACAACAACGCTAATCAGCTTGAACCTAGACAAAA TAATTATATAAATTAATCCACAT 3360
Ala Ile Tyr Val Phe Asp Val Asn Asn Asn Ala Asn Gln Leu Glu Pro Arg Gln Ly:r
AACAAATATATAAATGTTTAGAAGTTCTTGTTGGCTGGTAACAACAAGTTCTTGTTGGCTGGTAACAACGCTAATCAGCT 3440
TGAACCTAGACAAAAGGTAATTATACAAAAGTATATATTATTGGGGTATTAATGTGAACTTTGTTTTACTCTATCCATAT 3520
AAATTGTCAGGAGTTCTTGTTGGCTGGTAACAACAAGAGAGAGCAACAGTCTGGAAATAACATATTCAGTGGATTAAGTG 3600

Glu Phe Leu Leu Ala Gly Asn Asn Lys Arg Glu Gin GIn Ser Gly Asn Asn lle Phe Ser Gly Leu Ser
TCCAACTTCTTAGTGAGGCCCTTGGTATAAGTCAACAAGCAGCACAAGGATCCAAGTCAAATGACCAAAGAGGTAGAGTA 3680

Val Gln Leu Leu Ser Glu Ala Leu Gly le Ser Gln Gin Ala Ala Gin Gly Ser Lys Ser Asn Asp Gin Arg Gly Arg Val
ATTCGTGTGAGTCAAGGCCTTCAATTCTTGAAGCCCATTGTGTCCCAACAAGTACCAGTAGAGCAGCAAGTCTACCAACC 3760
lle Arg Val Ser Gin Gly Leu GIn Phe Leu Lys Pro lle Val Ser Gin GIn Val Pro Val Glu Glin GIn Val Tyr Gin Pro
AATTCAAACTCAAGATGTACAAGCAACCCAATACCAGGTAGGGCAATCAACCCAATACCAGGTAGGGAAATCAACS.CCAT 3840

lle Gin Thr Gin Asp Val Gln Ala Thr Gln Tyr Gin Yal Gly Gin Ser Thr GIn Tyr Gln Val Gly Lys Ser Thr Pro

ATCAAGGAGGACAATCAAGICAATACCAGGCAGGACAGTCATGGGACCAAAGTTTCAA GTTTGGAGGAAAACTTTTGT |3920

Tyr Gin Gly Gly GIn Ser Ser GIn Tyr GIn Ala Gly Gin Ser Trp Asp GIn Ser Phe Asn Gly Leu Glu Glu Asn Phe Cys

TCATTGGAGGCAAGGAAAAACATTGAAAACCCCCAACATGCCGACACATACAACCCACGTGCTGGCAGGATAACACGTCT 4000
Ser Leu Glu Ala Arg Lys Asn lle Glu Asn Pro Gin His Ala Asp Thr Tyr Asn Pro Arg Ala Gly ?T.llle Thr Arg Leu,

CAATAGCAAGAATTTCCCCATCCTTAACATTGTGCAAATGAGTGCTACAAGAGTAAATCTATACCA TATATATGATAC 4080
Asn Ser Lys Asn Phe Pro Ile Leu Asn lle Val Gin Met Ser Ala Thr Arg Val Asn Leu Tyr Gin
TACACTCTATAGACTCTCTTATTTTTAGGTAGTATAAGATTCATAACAATCGGTTAATAATATGATCTTATAAATTACTA 4160
TTGCAGAATGCCATTCTTTCACCATTCTGGAACATTAATGCGCACAGTGTCATCTACATGATCCAAGGACATGCTCGAGT 82450
Asn Ala lle Leu Ser Pro Phe Trp Asn ile Asn Ala His Ser Val lle Tyr Met lle GIn Gly His Ala Arg Val
TCAAGTCGTCAACAACAATGGCCAGACTGTATTCAGTGATATTCTTCATCGAGGACAACTTCTAATCGTACCACAACACT 4320
Gin Val Val Asn Asn Asn Gly GIn Thr Val Phe Ser Asp lle Leu His Arg Gly Gln Leu Leu lle Val Pro GIn His
TTGTTGTTCTCAAGAATGCAGAGCGTGAAGGATGCCAATACATTTCATTCAAGACTAACCCAAACTCCATGGTTAGTCAC 4400
Phe Val Val Leu Lys Asn Ala Glu Arg Glu Gly Cys Gln Tyr lle Ser Phe Lys Thr Asn Pro Asn Ser Met Vai Ser His
ATCGCAGGAAAGACCTCCATCCTACGTGCCTTACCTATCGATGTCCTCGCCAATGCATACCGCATTTCTAGACAGGAAGC 4480
lle Ala Gly Lys Thr Ser lle Leu Arg Ala Leu Pro lle Asp Val Leu Ala Asn Ala Tyr Arg lle Ser Arg GIn Glu Al
CCGAAACCTTAAAAACAACCGAGGAGAAGAGTTTGGTGCATTCACACCTAAACTTACCCAAACAGGCTTCCAGAGTTATC 4560
Arg Asn Leu Lys Asn Asn Arg Gly Glu Glu Phe Gly Ala Phe Thr Pro Lys Leu Thr Gin Thr Gly Phe GIn Ser Tyr
AAGACATCGAGGAGGCGTCATCTTCGGCTGTTAGAGCATCCG#EI’GAATGAGTGTAATGGGAACTAGTATAGTAAAATAA 4540
GIn Asp lle Glu Glu Ala Ser Ser Ser Ala Vol Arg Ala Ser Glu] *
AGGCATTGCAAGTGTGCAACCTAGTGTCATATAAGTGCTTACCTGAAIAAAAACTTTACCATGTTATATCACTTGTTTGT 4720
GTCTTGTACCTTTCTTAAATTTA_TCTCTTCTGAATAATCTCCTTCCCCCTCCCTCGATTTTCTGCTTGTTTTTACCTCAT 4800
GTGCATGCATATCGACGAGGTATATGGGCCAGTTGGACAGGATTTTTTTTTCAAAGTACATCTTTTTTGGTCCTTCCTAT 4880
AACTACACTTTTTATTTAGTTCTTGGTTGCTAGATTTTTTCATAAATTCGAACCACCTAAAATTATGAATCACATAGGTT 4960
AAAAGTTCTATGTCAAAGTTGTGCAACTTTAATAAATAAAACCCTAATTTTTGGTTTATTGATTATGATACCTTTTATAC 5040
AGGACATTGCACACTGCAACTCCATTAAGCATCTCTTATCACATATTATTGACATACCGAGCACACATTGAAGATAATTA 8120
ATCTTGACTACATCCTTGAGTACACACACGTCGACAATGTTGTGTTGTTTGTTGGCAAGGTGAGGATTTTTCCTGTAGCT 5200
GAAGGAGCTACATAATTTATCTGTACATAATTCATTTATCAAGATTTATGATGTGTCTTCAGTTCGAGAATTC 8273




As for the CAAT box, multiple potential copies can be found in the
three sequences at different places.

3.1.2.3. Coding regions (exons), introns and possible
termination signals.

The coding sequences and the potential cleavage sites of Glav-1
were determined by comparison with the published sequences of oat
globulin cDNAs (Shotwell et al. 1988, Walburg and Larkins 1986) and
oat globulin genomic clone OGI1-El1 (Shotwell et al. 1990) and ASglo5
(Schubert et al. 1990). The coding regions (four exons) encode a 526
amino acid polypeptide. The signal peptide is 24 amino acids long, the
cleavage site being between an alanine and a glutamine residue. The
acidic polypeptide corresponds to the two first exons and part of the
third. This acidic polypeptide is 300 amino acids long. The basic
polypeptide is 202 amino acids long and corresponds to part of the
third exon and the fourth exon. The cleavage site between the «a
(acidic) and B (basic) polypeptide lies between an asparagine and a
glycine residue, as previously determined by amino acid sequencing
of the N terminus of the basic polypeptide (Shotwell et al. 1988). Five
octapeptide repeats are present in the variable region of the acidic
polypeptide; only four are present in OGI-EI.

The A+T content of the three introns are respectively 73%, 71%
and 74%, and the A+T content of the four exons are respectively 54%,
54%, 56% and 55%. This high AT content is required for the efficient
splicing out of the pre-mRNAs in plants (Goodall and Filipowicz 1989).
The splice sites of these introns conform to the splice junctions of
plant genes (Brown 1986).

A possible coding region is present in the second intron (Figure 15).
This extra exon would be in-frame with the nucleotide sequence of
the second exon and would add 26 amino acids to the acidic
polypeptide. The splice sites and the A+T content of -the introns (84%
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ATCTATGICTTTGATGTAAACAACAACGCTANTCAGCTTGAACCTAGACAAARG'
I YVFDVNNDNANGQ QLEUPRZQK

K F F

PTGGCTGGTAACAACAAGTTCTTGTTGECIGETAACARCGCTAATCAGCTIGAA
¥ R GCNNTZEKTFTFTFEFAGNNA ANOTLE

CCTAGACAAAAGGTAATTATACAAAAGTATATATTATTGEGGTATTAATGTGAA

P R QK

Figure 15 : Second intron of Giav-1

Shown are the end of the second exon and the beginning of
the third exon with their respective amino acid sequence.
A potential coding sequence in this second intron is boxed.
The arrows indicate the presences of duplicated sequences.
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and 75%) and the exon (58%) are valid to support the actual
presence of this coding sequence. However, the length of the first
intron (45 nt) seems to be too short to be efficiently spliced out, but
the second intron (74 nt) would probably be correctly spliced out
(Goodall and Filipowicz 1990). This possible extra region of coding
sequence is composed of two small amino acid repeats (FFFAG)
probably duplicated from the 5' end of the third exon, followed by a
longer duplicated sequence which is present at the end of the Glav-1
second exon. This latter duplicated sequence also marks the end of
this possible extra exon (Figure 135).

Two possible polyadenylation sequences are present in the 3' end
of Glav-1. They are located 29 and 79 nucleotides downstream of the
stop codon and their positioris are very similar tn the ones found in
OG1-El (33 and 83 nt downstream of the stop codn»n).

3.1.2.4. Tobacco transformation experiments with
the complete Glav-1 sequence.
a. Southern analysis of the regenerated plants.
The complete sequence of Glav-1 was. inserted in pBinl9 and
tobacco plants were transformed via A. tumefaciens. Thirteen plants
were regenerated and analysed by Southern blots (Figure 16). All the
plants tested were transformed, as shown by the presence of the
expected 5.2 kb hybridizing fragment. Plant 6 does not show a signal
because the DNA escaped from the well during the loading but
showed a hybridization signal in another blotting experiment (data
not shown). Rearrangements occurred in two of the plants (2 and 3).

The copy number of the insert was not determined but greatly varies
from plant to plant. '
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Figure 16: Southern blot analysis of tobacco plants
transformed with the entire Glav-1 sequence.

A: Construct containing the Glav-1 sequence used for the
transformation of tobacco plants.

B: Leaf DNA (5ug) extracted from different plants was
digested by EcoRI and electrophoresed in a 0.8% agarose gel.
The gel was blotted on a nitrocellulose filter and hybridized
to a random labeled globulin probe. The lane numbers
indicate the number of the plants. NT indicates an
untransformed plant. The size markers are from lambda
DNA digested by HindIIl
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b. RT-PCR analysis of the transformed plants.

Northern analyses of transformed tobacco seeds did not show any
hybridization signal. At this point of the study, three hypotheses could
be proposed: |

1) the promoter is not functional,

2) Glav-1 has a very low degree of expression,

3) the second intron is not correctly spliced out (see 3.1.2.3.)
and/or the mRNA becomes highly unstable.

The Reverse Transcriptase Polymerase Chain Reaction (RT-PCR)
was used to test these hypotheses. Two oligonucleotide primers were
designed, one at the end of the first exon and the other at the
beginning of the second, which would allow tsasting the three
hypotheses at once. RT-PCR products run on an agarose gel showed
multiple bands when performed on oat seed RNA but nothing when
used with mid-maturation tobacco seed RNA, However, when tobacco
seed RNA was mixed with oat RNA, no PCR products could be obtained
(resuit not shown). By using 32PdCTP in the reverse transcriptase step
and running the products on a denaturing agarose gel, it was then
shown that there was no incorporation of radioactive dCTP when
tobacco sced RNA was mixed with oat seed RNA, whereas there was
incorporation into ¢cDNAs of different sizes when oat seed RNA only
was used. It was then concluded that the tobacco seed RNA extracts
contained co-extracted compounds that inhibit the reverse
transcriptase (different types of reverse transcriptase were used and
they were all inhibited). Attempts to further purify the tobacco seed
RNA were made so that it could be used in RT-PCR experiments.
Several methods were used to try to remove the coloured
contaminations which seemed to be phenolic and polyphenolic
compounds. These attempts included the use of different RNA
extraction kits supplied by different manufacturers, the use of an
6ligo(d’l‘) .c\:ellulose column and anti-oxidants during the extraction
procedure. 'Although addition of ascorbic acid in the extraction buffer
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considerably reduced the colouring of the RNA extract, it was still not
enough to prevent the inhibition of the reverse transcriptase. Finally,
addition of activated charcoal to the RNA resuspended in water (no
salt present) completely removed the colouring and the RNA extract
no longer inhibited the reverse transcriptase. However, the analysis of
transformed tobacco seeds from three different plants by the RT-PCR
procedure showed the absence of Glav-1 transcripts. Even a Southern
analysis of the RT-PCR products failed to detect any amplified
sequence (data not shown).

3.1.2.5. Tobacco transformations with the Glav-1
promoter fused to the GUS coding region.

In parallel to the transformation experiments with the entire
Glav-1 genomic sequence, 2680 bp of 5' upstream sequence of Glav-1
and two derivative deletions (A-2364 and A-1420 from the
transcription start point) were fused to the GUS coding region from
pBI101.1 and these constructs were used for tobacco transformations.
Self-pollinated seeds from the regenerated plants were directly
analysed by GUS histochemical staining. No GUS activity was
detectable in the mature tobacco seeds, even after prolonged
incubation with the X-Gluc substrate (data not shown).

3.1.2.6. Summary.

From the results of the above experiments using the Glav-]
proinoter, the first hypothesis (promoter not functional) appears
likely. Considering the high sensitivity of the RT-PCR, the second
hypothesis (low degree of expression by the Glav-1 promoter) could
probably be ruled out. The third hypothesis (instability or low
efficiency of the pre-mRNA maturation) remains difficult to assess
because of the non-functionality of the promoter. Since there is no in-
frame stop codon in the coding regions, Glav-1 cannot be defined as a
pseudogene. Glav-1 can therefore be called an inac.:'tive gene. The
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term silent gene would refer to a non-functional promoter fused to a
functional coding region (i.e. no in-frame stop codon and a relatively
good efficiency of the splicing mechanisms) and would require
additional investigations, especially in the second intron of Glav-1 (see
3.1.2.3.)

3.1.3. Glav-12 promoter.

3.1.3.1. Sequence of the promoter.

After the exonuclease III treatment of pG4-G12ES (see 2.16.),
twelve deletion subclones and one subclone obtained with the use of
restriction sites were selected and sequenced. The complete sequence
of the Glav-12 5' genomic end is presented in Figure 17. This
sequence (2702 bp long) includes the 5' UTR, the translational start
codon and a small portion of the first exon. At least the first sixty
nucleotides upstream of the ATG and also the sequence
complementary to the G-1 primer are identical. The primer extension
signal obtained in section 3.1.2.2. is therefore valid for the positioning
of the start of transcription on the Gilav-12 promoter. The possible
TATA and CAAT boxes are also situated at the same positions with
regard to the ATG. A more detailed analysis of the promoter sequence
is presented in section 3.1.5.1.

3.1.3.2. Tobacco transformation with the Glav-12
promoter fused to the GUS ‘éoding region. _

The complete 5' upstream region of the Glav-12 genomic clone was
fused to the GUS coding sequence (translational fusion} and
transferred into tobacco plants via A. tumefaciens. The translational
fusion changed the NH2-terminal region of the GUS protein as shown
below:

GUS fusion sequence: ATG GCA ACT ACT PGA GGA TCC CCG GGT GGT
CAG TCC CTT ATG ...

)
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GAATTCNANNCTTGATTGACATTTGAATATGGGGGATGCATTCCACGACGTGTGCCATTAAACTGTGGCACTAGCTATAG
TCATGTCGATGTTTCACTGTCTACCATAGTTTGTTTTTCTGCCAACATCRAGTAACATCCAACTCATGGAGGACAACTAA
AAACTTCTCAAAACAAAAAGATCAAATGTAACACAACCGACGTTCGACCAGTGAGTTGGTCATTCAGTCATTTAGGAACT
TTAGGTGTCAGGCAACTTCGATGGTGGAGGCAACGGAAAAATTCCATATTTTCAAGTTTTATTTACAGGATCGATCTCCL
AAAAGAGTCAGCTGCCACTTTCACAGGACGCACGTAGTTTACTATTACAGGGGAAGAACGACGACTACTATTTGCTTTGL
TACTGATGCTTGCTGCCTGTBCGRTCTCTTCTTCCTCEGTCTGAACAAAATCCAGGTTGGCAGCTCCTACCTGACAACACC
TACGCTCAATCTAACTTGCTATCTCTCTACCTCTCGTGTTCTTTCTGEGACTCTCTCAAGAAGAAACCATGACAAGTAATT
GGCGCAGCGCACTGAATTGCTGCTTITCTGTTTTCTCCATTTATTCTTACGGAATACAAAGACATGCCGATCGTCGLGLC
ACGTTCCGACTTGACTGCGCCATCGCATGATCGAACGAGTTERTGCCCAGCCGATCCTCCAAACTTAGGTTGCACGCACAGA
CCGCGTCATACCCTGAACCAACGGAAACTGAAATATCCTAACTGTTAACTGAAAAACTCTGAATCCTAACAGCTAAGGAL
TACCGACATCAAGGTTTATTCAACACTAGCTACCACTAACCTCTCAAATATGTGGCTGCTGCGGTGAGAGNAAGGAGAGA
GCAGCACTTGAGGTATAAGAGTTATTTTTTTCTCATTTACTGTGTGGACTCACAGAAATACGATGTAATATTTACATTTT
GCAAGCATGATTCTGATATGTCAAAAAAATGAAAAACAATGTTGTTATGACTGTCGGAATCATGTGCATTGTATGCTCTT
GCTAGACATCTACGGGCGCATGCTTCCTAAAAATGTTTTCGGGATAAGAGATTCTCCAAGGTCAAATTGTGTTTTGTAGA
CGACAACTTTTEGTAAATTGGATGGAGAAATGGTGGTAATTATGETTGATCTTATACCTGATGTTGGTACTCCAAAGATT
AATACAATGTATAAATCAGCAAATGAACCAATCTTTCCTATAGCTTTATAAAAAAAATGAGTTATGAGTATTTTACAGCT
TTCAATTTTCATTATGCGAAATGCTGATGTTTGACGCTAGGGGCAGCTATGGAAGTATCGATATGCTTCAACCGCAAAAA
TAGACTTAGACTTTGTGCACTAGGGGCTCACACGTTTTTATGTTTTAGTTTTTTTTGACAATTAGATTAAATCTGCTCTC
TCCTTATGCTTTGACAATGCTCTTTGCAAGAGTAAATATCAAGGGATCGTAAAGAAGAAGE "AGATCAATTTTTCCAGCG
GACTGCTAAAACACATGCTGATCGACACGATTCGGGGAACATAGGGGAGGCTATCAATTTTTGTCAGGATGCAACTTAAT
TTTTCTAGCGGACTGCTAAAACACATGCTGATCGACACGATTCGGGGAACTTATTAGGGGAGGCTATCCTTCTGGCETCC
AAGAGAATACATCACGTCTCTTGTTTTAGGTATCTTCACCTTGTATAGCTGGGCGCTAGGATAGGGTCATTTCCAACTTT
GTGACTTGGTTCACACCACGTTAAGATGGGATCCTTCATAATTAACTTGGCTTCGTTGGTGTAAGCTGCACCCACTATAC
ATCTTTGCCCTAGTTTTCGTGGCCCAACAATATTTGGTCATGTGTTGCACTCCCTCCTTCCAATTCTCTTTTAGTTTATT
TCTGGACGTCTATTTTTGTCTTCTCCTTTTAAGTCCCTTATAATGCTTCTTTTCGTATCTCCACCTGACAATACAAATTG
GACAGAGAGTCCAATAGATAGCAATTCACAACTAATTTACATATCGTTATCAACGTTTGGCATCAAGTAAAGCAACAAAT
TTTGTTTGTACACTATCTTGTATTCTACTTAGGCGGATTATTCACCATCATAAGTTTCTTATCCATGGAAGTATTTGTGT
GTCGATATGGACATGACTCATCCACTTTACACTTTATGTTATATGGATAGACTCGAGTCATGGAAGTTTGTCTACATACT
AAAAGTATTTACATGCGTCGTTGTTCATAGACCAAAGCGTAATAACCATGATCAGGACTCACAAGTGCCAATATTTTIGT
AGAAAGTACAAGTAATTCAATTAAACATCACACAATGGACATCATCTATGTACGAAACTTGGTGCTAAGTTTATGTGTGA

ACATATCTTCTTATTTCTGTTAACAATTATGTTGCCATGTACAACTTAAACTACTTTTTGTGACTATAAAACCAAGCTTA

AAATTAGGAAACTAdEi?CAATCCATCTTCTACAATCACTTCAAACAAACATGGCAACTACTAGTTTTCCATCAATGTTG

Met Ala Thr Thr Ser Phe Pro Ser Met Leu
TTTTACTTTIGCATTTTCCTCTTGTTCCATGGTTCCATGECTCAGTTGTTITGGCCAGAGETL 2702
Phe Tyr Phe Cys lle Phe Leu Leu Phe His Gly Ser Met Alu'Gln Leu Phe Gly GIn Ser

Figure 17 : Nucleotide sequence. of the Glav-12 promoter.

The beginning of the coding sequence and its deduced amino
acid sequence is partially boxed. The solid arrowhead
indicates the cleavage site of the signal peptide.

The two big open arrowheads point to the start of
transcription determined by primer extension on oat
mRNAs. The two little open arrowheads point to the start of
transcription determined by primer extension on tobacco
RNA after fusion of the promoter to the GUS reporter gene.
The two arrows overline a repeated sequence, Possible

TATA and CAAT boxes are overlined respectively by a solid -
line and a dotted line.
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The first ATG corresponds to the ATG of the globulin sequence
whereas the second ATG, which remains in franie with the first one,
belongs to the GUS coding sequence. The nucleotides in between these
two ATGs, except for the six nucleotides downstream of the first ATG,
came from the polylinker region of pBI101.1.

a. Southern analysis of the regenerated plants.

Southern analysis was performed on the first eleven regenerated
plants. The integrity and presence of the gene fusion in the tobacco
genome was determined by digesting the tobacco DNA with EcoRI and
using the GUS coding sequence as a probe. Figure 18.B shows that all
the tested plants were transformed and possess the expected =5 kb
hybridizing fragment. Rearrangements occurred in four of the piants
(6, 9, 17 and 25) resulting in the loss of at least one EcoRI site. In
order to estimate the number of copies inserted in the tobacco
genome, the genomic DNA was also restricted with HindIIl which cuts
only once within the T-DNA. Figure 18.C shows that only one copy
was present in plants 3, 6, 12 and 20. Two copies were inserted in
plant 4, three in plant 13 and 22, four copies in plant 9, seven in plant
17, five in plant 19 and about five in plant 25. The more intense
bands present in the hybridization patterns of plants 17, 19 and 25
are counted as two inserts. Whether these two inserts correspond to
tandem repeats or were only random integration events at the same
distance from a HindIll site cannot be determined.

b. Northern analysis of some transformed plants.
Two attempts to analyse by Northern hybridizations the RNA
extracted from leaf, stem, root and seeds at different stages of
maturation from two transformed plants were made. Unfortunately,
the experiments were not successful. The hybridization signals were
smears and it was not possible to determine the technical reasons for
the inability to detect the GUS transcripts.
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Figure 18 : Southern blot analysis of tobacco plants
transformed with the G12-GUS construct.

A: G12-GUS construct used for tobacco transformation.

B: Leaf DNA (5ug) extracted from different plants was
digested by EcoRI and electrophoresed in a 0.8% agarose gel.
The gel was blotted on a nitrocellulose membrane and
hybridized to a random labeled GUS probe. The lane
numbers refer to the number of the plants. NT indicates an
untransformed plant. The size markers are from lambda
DNA cut by HindIIL

C: Same as in B except that the DNA was digested by
HindIII.
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c. Histochemical analysis of transformed tobacco
seed pods.

Hand-cut cross-sections of transformed tobacco seed pods were
subjected to histochemical staining. The maturation stage of the seed
pods was about three weeks after hand pollination. GUS activity was
made visible by the formation of a blue precipitate at the site of
enzyme activity. After about half an hour of incubation at 37°C, a blue
precipitate started to appear in the endosperm of the tobacco seeds.
After one hour of incubation, photographs were taken and are
presented in figure 19 A to D. The presence of the blue precipitate
was restricted to the endosperm tissue of the transformed seeds (a
histochemical assay on untransformed tobacco seed is shown in figure
32.D). Neither the seed coat nor the embryo or other maternal tissues
forming the tobacco seed pod were stained. However, when the
incubation was allowed to proceed for a longer period of time, the
blue precipitate also appeared in the embryos of the seeds. To verify
the endosperm specificity of the GUS activity, individual seeds were
dissected: the embryo was separated from the rest of the seed (seed
coat and endosperm) and the different parts were individually
incubated with the GUS substrate. Figure 19.E shows that the GUS
activity is present only in the endosperm. The embryos, even after an
overnight incubation with X-Gluc, did not show any GUS activities.
There is a possibility that the primary product of GUS (soluble and
colourless indoxyl derivative) diffuses from the endosperm to the
embryo and be oxidized in the embryo to form the blue precipitate
(by oxidative dimerization). This would account for the blue staining
of the embryo when it is left in contact with the endosperm. Although
not completely ruled out, diffusion of the GUS enzyme itself is
unlikely because of its size (around 70 kDa). The blue precipitate
occurs only when the endosperm is made directly available to the
substrate by cutting the seed and exposing the endosperm.
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Figure 19 : Histochemical GUS staining of cross-sections of
seed pods from tobacco plants transformed with the GI2-
GUS construct. '

A is the same as B but at a higher magnification. The seed
pod is from plant 7. The blue staining indicates the presence
of the GUS which is restricted to the endosperm.

C: Cross-section of a tobacco seed pod from plant 22. The
blue staining is restricted to the endosperm (en). The
maternal tissues, the embryo (em) and the seed coat (sc) do
not show any GUS activities.

D: Cross-section of a tobacco seed pod from plant 7.
For A, B, C and D, the staining was performed for one hour.

E: Embryos from tobacco seeds (plant 19) were dissected
and separated from the endosperm and seed coat. The
staining reaction was done separately for each part of the
seed for three hours at 37°C. Only the endosperm shows GUS
activity. Each vertical set of embryo/endosperm-seed coat

- comes from the same seed.

Bar represents 0.2mm.
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When the tobacco seeds are not cut open, GUS activities cannot be
detected by histochemical staining (Figure 19).

GUS enzyme activity was not detected at early stages of seed
maturation. There was no formation of blue precipitate when seeds at
stage 7 days after pollination or earlier were used for histochemical
staining (results not shown). This is partial evidence that the GUS is
developmentally expressed during seed maturation when fused to the
Glav-12 promoter, with the GUS proteins starting to accumulate in the
endosperm one week after pollination.

d. GUS activities in mature seeds.

Mature seeds collected from the different plants (including those
that had not previously been analysed by Southern hybridization)
were assayed for GUS activity. These seeds were positive for GUS
activity on the basis of histochemical staining. Figure 20 shows the
GUS activities of the different seed extracts. There is no evidence of
correlation between the copy number of integrated GUS genes and the
level of GUS activities in the different plants. It is particularly visible
in plant 12 where a unique copy was integrated and which shows
high GUS activity. In that special case, the site of integration of the T-
DNA is presumably located at a transcriptionally active DNA region. It
is therefore very likely that the observed variability of GUS

expression is determined by the position effect of the introduced
genes.

e. Primer extension analysis.

RNA extracted from mid-maturation tobacco seeds from two
transformed plants was analysed by the primer extension method to
determine the 5' end of the GUS transcripts. An oligonucleotide primer
specific to the beginning of the GUS coding sequence was used for that
purpose. The extension step was carried out twice in two independent
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Figure 20 : GUS activities in mature seeds from tobacco
plants transformed with the G12-GUS construct.

GUS activities were measured fluorometrically and
expressed in nmole 4-MU per pg protein per min. The plant
numbers are indicated below the bars. NT represents an
untransformed plant.

Figure 21 : Determination of the 5' terminus of the
globulin mRNA in oat seed and of the GUS mRNA in
transgenic tobacco seeds by pririer extension analysis.

A: The G-1 primer was 32P end-labeled and annealed to
2.5ug of oat seed mRNA. Two extension reactions were
realized and are indicated by lane numbers 1 and 2. The
same primer was used to sequence the Glav-1 genomic clone
by the dideoxv chain termination method (lanes G, C, A and
T). The two asterisks indicate the major product obtained
and a single asterisk shows the position of the minor bands.

B: The GUS-p primer was 32P end-labeled and annealed to
10ug of total tobacco seed RNA. Two extension reactions
were performed on RNA extracted from two plants
transformed with the G12-GUS construct: lanes 1 and 2
correspond to plant 7, and lanes 3 and 4 correspond to plant
9. The same oligonucleotide primer was used to- sequence
the plasmid pBin19-G12-GUS by the dideoxy chain
termination method (lanes T, A, C and G). The two asterisks
~indicate the major product obtained and a single asterisk
shows the position of the minor bands.
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reactions with the same annealing mixture. Figure 21.B shows that
one major signal is obtained together with other less intense bands.

The band patterns obtained from the two different plants (plants 7
and 9) are identical, suggesting that the DNA rearrangement observed
in one copy of the inserted GUS constructs in plant 9 did not affect
qualitatively the transcription. The 5' end of the mRNA is assigned to
a T residue, making the 5'UTR 138 nucleotides long. This
transcriptional site is located in approximately the middle of the
second direct repeated sequence of 16 nucleotides present in the
Glav-12 promoter beiween positions 2416 and 2447 in Figure 17.

f. Summary.

From the different experiments conducted with the Glav-12
promoter, it has been shown that the expression of a reporter gene
under the control of an oat globulin promoter is restricted to the
endosperm of transgenic tobacco seeds. This spatial expression is
accompanied by a developmental regulation of the accumulation of
the GUS protein which is stably stored within the endosperm.
However, as seen in the primer extension analysis, there is a
difference in the transcriptional mechanism of tobacco versus oat.

3.1.4. Glav-3.

3.1.4.1. Sequence of pGlav-3.

The complete sequence of Glav-3, sequenced by Dr. M. Tanchak, is
presented for comparison in Figure 22. The two genomic clones,
pGldv-l and pGlav-3, are homologous. The nucleotide similarity
between the two clones is very high (over 95%), as well as the
deduced amino acid sequences of the exons. The introns are
positioned at the same place in both Glav-1 and Glav-3. The predicted
length of the Glav-3 protein is 527 amino acids, including a signal
peptide of 24 amino acids. The a polypeptide consists of 301 amino
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Figure 22 : Nucleotide and deduced amino acid sequences
of the oat genomic clone Glav-3 (sequenced by Dr. M.
Tanchak).

Promoter: The start of transcription, as determined by
primer extension analysis, is indicated by two open
arrowheads. The possible TATA box is overlined. Two
possible CAAT boxes are overlined by a dotted line.

Coding sequence: The coding nucleotide sequence and the
deduced amino acid sequence are boxed. The first solid
arrowhead points to the cleavage site of the signal peptide.
The second solid arrowhead indicates the cleavage site
between the o and B polypeptide. The arrows overline the
five octapeptide repeats.

3' end: The potential polyadenylation sequences are
underlined.

!‘.ﬂ'f
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GAATTCTTGGAGAGCAAGACTAGATTAGATAGAATATTCAAAGGGGCAAACCCTAAACCTGTAACCGACTCGETCTGTGE 80
CCGGRGACCTGCCTACETCTATATAAAGGCTAGGAGGGGGAACGACGAGAAGGGCACTTCGCATACCACCECATACACACC 180
TCCATGCCAGATTGCATCTGCGTACTCCCTGTAACTTTCGGTTCCGCCGTAACAAAAAGCAGACAAGCAGGAGTAGGGTT 240
TTCCCTCCCSGGTCTGAACCTGGGTAAACCTTGTGTCCCCGTGTTGCTTATTTGCTAACCGTTCCGCGATCTCCAGCATC 320
CCCATCTTCTCCAAAACCCATGTCCATAACAATGGGCATTGATGAAATCGATCCTCGTCAGCTGCGGTGAGAGCAAGEAG 400
AGAGCAGAACTTGAGGTATAAGCGTTGTTTTTTTCTCATTTACTGTATGGACTAACAGAAATACAATGTAATATTTTCAT 480
TTTGCAAGCATGATTCCGATATGTCAAAAAAAAATGAAAAACAATGTTGTTATGACTGTATGCTCTTGCTAGACATCTAC 560
GAGCGCATGCTTCCTAAAAATGTTTTCGGAATAAGAGATTCTCCAAAGTCAAGTTGTGTTTTGTAGACGACAACTTTTEG 640
TAAATTGGATGGAGAAATGETGGTAATTATGGTTGATCTTATACCTGATGTTGGTACTCCAAAGATTAATACAATGTATA 720
AATCAGCAAATGAACCAACCTTTCCTATAGCTTTATAAAAAAAATGAGTTATGAGTATTTTACAGCTTTCAATTTTCATT 800
ATGCGAAACGCTGATGTTTGACGCTAGGGGCAGCTATGGAAGTATCGATATGCTTCAACCGCAAAAATAGACTTAGACTT 880
TGTGCACTAGGGGCTCACACGTTTTTATGTTTTAGTTTTTTTTGACAATTAGATTAAATCTGCTCTCTCCTTATGCTTTG 960
ACAATGCTCTTTGCAAGAGTAAATATCAAGGGATCGTAAAGAAGAAGGCAGATCAATTTTTCCAGCGGACTGCTAAAACA 1040
CATGCTGATTCGGGGAACATAGGGGAGGCTATCAATTTTTGTCAGGATGCAACTTAATTTTTCTAGCGGACTGCTAAAAC 1120
ACATGCTGATCGACACGATTCGGGGAACTTATTAGGGGAGGCTATCCTTCTGGCCTCCAAGAGAATACATCACGTCTCTT 1200
GTTTTAGGTATCTTCACCTTGTATAGCTGGGCGCTAGGATAGGGACATTTCCAACTTTGTGACTTGGTTCACACCACGTT 1280
AAGATGGGATCCTTCATAATTAACTTGGCTTCGTTGGTGTAAGCTGCACCCACTATACATCTTTGCCCTAGTTTTCGTGG 1360
CCCAACAATATTTGGTCATGTGTTGCACTCCCTCCTTCCAATTCTCTTTTAGTTTATTTTTGGACGTCTATTTTTGTCTT 1440
CTCCTTTTAAGTCCCTTATAATGCTTCTTTTCAGTATCTCCACCTGACAATACAAATTGGACAGAGAGTCCAATAGATAGE 1520
AATTCACAACTAATTTACATATCGTTATCAACGTTTGGCATCAAGTAAAGCAACAAATTTTGTTTGTACACTATCTTGTA 1800
TTCTACTTAGGCGGATTATTCACCATCATAAGTTTCTTATCCATGGAAGTATTCGTGTGTCGATATGGACATGACTCATC 1680
CACTTTACACTTTATGTTATATGGATAGACTCGAGTCATGGAAGTTTGTCCACATACTAAAAGTATTTACATGCGTCGTT 1760
GTTCATAGACCAAAGCGTAAATAAACCATGACAAGGACTCACAAGTGCCAATTTTTTTGTAGAAAGTACAAGTAATTCAA 1840
TTAAACGTCACACAATGGACATCATCTATGTACGAAACTTGGTGCTAAEITTATGTGTGAGCACTAGTTGTTAGCEEAQA 1920
ATGTCGCCATGTACAACTTAAACTACCTTTTGTGACTATAAAACCAAGCTTAAAATTAGGAAACTAGCACCAATCCATCT 2080
TCTACAATCACTTCAAACAAAchGGCAACTACTAGTTTTCCATCAATGTTGTTTTACTTTTGCATT CCTCTTGTTCC |2160

Met Ala Thr Thr Ser Phe Pro Ser Met Leu Phe Tyr Phe Cys Ile Phe Leu Leu Phe
ATGGTTCCATGGCTCAGTTGTTTGGCCAGAGCTCTACTCCATGGCAAAGCTCTCGTCAAGGAGGTTTACGTGGGTRCAGA |2240
His Gly Ser Met Alo'GIn Leu Phe Gly GIn Ser Ser Thr Pro Trp Gin Ser Ser Arg Gin Gly Gly Leu Arg Gly Cys Arg
TTTGATAGGCTACAAGCATTTGAACCACTTCGACAAGTGAGGTCACAAGCAGGTATCACCGAGTACTTTGATGAGCAAAA |2320
Phe Asp Arg Leu GIn Ala Phe Glu Pro Leu Arg GIn Val Arg Ser Gin Ala Gly lle Thr Glu Tyr Phe Asp Glu Gln Asry
TGAGCAATTTCGTTGTACCUGTATATCTGTCATCCGCCGTGTAATCGAACCTCAAGBCCTTGTGCTGCCTCAATACCACA (2400
Glu GIn Phe Arg Cys Thr Gly Yal Ser Val lle Arg Arg Val lle Glu Pro Gin Gly Leu Val Leu Pro Gln Tyr His
ACGCTCCTRCCTTGGTGTATATCCTCCAAGRTTAGTGTCTAAGTGAATATAGAATTGCATTGTCATACTACACTTAGGAG 2480
Lsn Ala Pro Ala Leu Yal Tyr lle Leu GIn
) TTTAGTGGTGCCAAATATTAACCCATTCCTAAGTTTTAAATATTCAAACAAATATGTTTTATTTTAﬁGTAGAGGTTTCAC 2560
Gly Arg Gly Phe Thr
GGGGTTAACTTTCCCTGGATGCCCTGCGACCTTCCAACAACAGTTCCAACCATTTGATCAATCCCAGTTTGCTCAAGETC |2640
Gly Leu Thr Phe Pro Gly Cys Pro Ala Thr Phe GIn GIn GIn Phe GIn Pro Phe Asp GIn Ser GIn Phe Ala Gln Gly
AAAGACAAAGCCAAACTATTAAGGATGAGCACCAAAGAGTTCAACGCTTCAAACAAGGAGATGTTGTTGCACTTCCGGCA (2720
Gin Arg GIn Ser GIn Thr lle Lys Asp Glu His Gln Arg Yal Gin Arg Phe Lys Gin Gly Asp Val Val Ala Leu Pro Ala
GGCATTGTGCATTGGTGCTACAACGACGGTGATGCACCGATTGTAGCAATCTATGTCTTTGATGTAAACAACAACGCTAA 12800
Gly lle Va! His Trp Cys Tyr Asn Asp Gly Asp Ala Pro lle Yal Ala lle Tyr Val Phe Asp Yai Asn Asn Asn Ala Asn
TCAGCTAGAACCTAGACAAAAGGTAATTATACAAAAGITATATATTATTGGGGTATTAATGAACTTTGTTTTACTATATCC 2880
Gin Leu Glu Pro Arg Gin Lys Vol lle lle Gln_l:ygr
ATATAAATTGTCAGEAGTTCTTGTTGGCTGGTAACAACAAGAGAGAGCAACAGTCTGGAAACAACATATTCAGTGGATTA {2960
Glu Phe Leu Leu Ala Gly Asn Asn Lys Arg Glu GIn Gln Ser Gly Asn Asn Ile Phe Ser Gly Leu
AGTGTCCAACTTCTTAGTGAGGCCCTTGGTATAAGTCAACAAGCAGCACAAAGGATCCAAAGTCAAAATGACCAAAGAGG (3040
Ser Vol GIn Leu Leu Ser Glu Ala Leu Gly lle Ser Gln Gin Ala Ala GIn Arg lle Gin Ser GIn Asn Asp GIn Arg Gly




TGAGATAATTCGTGTGAGTCAAGGCCTTCAATTCTTGAAGCCCATTATATCCCAACAAGTACCTGGAGAGCAGCAAGTCT
Glu lle lle Arg Yal Ser Gin Gly Leu Gin Phe Leu Lys Pro Ile Val Ser Gin Gin Yal Pro Gly Glu GIn Gin Val
ACCAACCAATTCAAACGCAAGAAGGACAAGCAACCCAATACCAGBTAGGGCAATCAACCCAATACCAGGTAGGGAAATCA
Tyr Gin Pro lle Gin ihr GIn Glu Gly GIn Ala Thr GIn Tyr GIn Val Gly Gin Ser Thr Gin 'I_'ﬁ' Gin Val Gly Lys Ser
ACCCCATATCAAGGAGGACAATCAAGTCAATACCAGGCAGGACAGTCATGGGACCAAAGTTTCAACGGTTTGGAGGAAAA

CTTTTGTTCATTGGAGGCAAGGAAAAACATTGAAAACCCCCAACATGCCGACACATACAACCCACGTGCTGGCAGGATAA

Thr Arg Leu Asn Ser Lys Asn Phe Pro lle Leu Asn lle Val Gin Met Ser Ala Thr Arg Val Asn Leu Tyr Gin|
ATGATACTACACTCTATAGACTCTCTTATTTTTAGGTAGTATAAGATTCATAACAATCGGTTAATAATATGATCTTATAA

Thr Pro Tyr Gln Gly Gly Gin Ser Ser Gin Tyr GIn Ala Gly GIn Ser Trp Asp Gin Ser Phe Asn'Gly Leu Glu Glu Asn

Phe Cys Ser Leu Glu Ala Arg Lys Asn lle Glu Asn Pro GIn His Ala Asp Thr Tyr Asn Pro Arg Ala Gly Ar? lle

3120

3200

3280

3360

CACGTCTCAATAGCAAGAATTTCCCCATCCTTAACATTGTGCAAATGAGTGCTACAAGAGTAAATCTATACCAGGTATAT 3440

3520

ATTACTATTGCAG'AATGCCATTCTTTCACCATTCTGGAACATTAATGCGCACAGTGTCATCTACATGATCCAAGGACATG
Asn Ala lie Leu Ser Pro Phe Trp Asn lle Asn Ala His Ser Val lle Tyr Met lle GIn Gly His
CTCGAGTTCAAGTCGTCAACAACAATGGCCAGACTGTATTCAATGATATTCTTCGTCGAGGACAACTGLCTAATCGTACCA
Ala Arg Val Gin Val Val Asn Asn Asn Gly Gin Thr Vai Phe Asn Asp lle Leu Arg Arg Gly Gin Leu Leu fle Vel Pro
CAACACTTTGTTGTTCTCAAGAAGGCAGAGCGTGAAGGATGCCAATACATTTCATTCAAGACTAACCCAAACTCTATGET
Gln His Phe Val Val Leu Lys Lys Ala Glu Arg Glu Gly Cys GIn Tyr lle Ser Phe Lys Thr Asn Pro Asn Ser Met Val
TAGTCACATCGCAGGAAAGAGCTCCATCCTACGTGCCTTACCTATCGATGTCCTCGCCAATGCATACCGCATTTCTAGAC
Ser His lle Ala Gly Lys Ser Ser lle Leu Arg Ala Leu Pro lle Asp Val Leu Alg Asn Ala Tyr Arg lle Ser Arg
AAGAAGCCCGAAACCTTAAAAACAACCGAGGAGAAGAGTTTGGTGCATTCACACCTAAACTTACCCAAAAAGGCTTCCAG
Gin Glu Ala Arg Asn Leu Lys Asn Asn Arg Gly Glu Glu Phe Gly Ala Phe Thr Pro Lys Leu Thr GIn Lys Gly Phe Gln

3600
3680
3760
3840

3920

AGTTATCAAGACATCGAGGAGGRGTCATCTTCGCCTGTTAGAGCATCTGAGITGAATGAGTGTAATGGGAACTAGTATAGT
Ser Tyr Gin Asp lle Glu Glu Gly Ser Ser Ser Pro Yal Arg Ala Ser Glu
AAAATAAAGGCATTGCAAGTGTGCAACCTAGTGTCATATAAGTGCTTACCTGAATAAAAACTTTACCATGTTATATCACT
TGTTTGTGTCTTGTACCTTTCTTAAATTTATCTCTTCCGAATAATCTCCTTCCCCATCCCTCGATTTTCTGCTTGRTTTITT
ACCTCATETGCATGCATATTGACGAGATATATGGGLCAGTTAGACAGGATTTTTTTTCAAAGTACATCTTTTTTGGTCLT
TCCTATAACTACACTTTTTATTTAGTTCTTGGTTGCTAGATTTTTTCATAAATTCGAACCACCTAAATTATGAATCACAT
AGGTTAAAAGTTCTATGTCAAAGTTGTGCAACTTTAATAAATAAAACCGTAATTTTTGGTTTATTGATAATGATACCTTT
GATACAGGACATTGCGCACTGCAACTCCATTAAGCATCTCTTACACATATTATTGACATACCGAGAACACATTGAAGATA
ATTAATCTTGACTACATCCTTGAGGACAACACACGTCRBAACAATGTTGTGTTGTTTGTTGGCAAGGTGAGGATTTTTCCT

4000

4080
4160
4240
4320
4400
4480
4560

GTAGCTGAAGGAGCTACATAATTTATCTATACATAATTCACTTATCAAGATTTATGATGTGTCTTCAGTTCGAGAATTC 4639



acids with four octapeptide repeats (a fifth could be included
although it is imperfect) at the COOH terminus and the estimated
molecular weight is 34 kDa. The B polypeptide is 202 amino acids long
with a molecular weight of 23 kDa. The start of transcription, the
possible TATA and CAAT boxes and the possible polyadenylation
signals are located at the same positions as in the Glav-1 sequence.

3.1.4,2. Tobacco transformation with the Glav-3
sequence.

The entire sequence of Glav-3 was inserted in the T-DNA of
pBin19. Two independent tobacco transformations were attempted
but neither of them produced any calli. It seemed that the T-DNA
would not transfer or insert itself properly. Both transformation
attempts were done using the Glav-3 sequence inserted in the same
direction. DNA conformation of the T-DNA could be a possible reason
for the failure to obtain transformed calli. It was then decided to
remove about 300 bp of the Glav-3 sequence (at the 5’ end) so as to
slightly modify the construct. Transformation experiments made with
that new construct (G3P) enabled the production of calli from which
plants were regenerated.

a. Southern analysis of the regenerated plants.
The first eight regenerated plants were assayed for the presence of
the Glav-3 sequence by Southern analysis. Figure 23.B shows that all
the plants carried at least two copies of the insert (EcoRI digest).
Three of the plants show a rearrangement of the insert (plants 3, 7
and 9) but still carry multiple copies of intact inserts as shown by the

hybridization pattern when the DNA is double cut with EcoRI and Sall
(Figure 23.B).
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Figure 23 : Southern and Northern blot analyses of tobacco
plants transformed with the Glav-3 genomic sequence (G3P
construct). :

A: Construct G3P used for the tobacco transformations.

B: Southern blot analysis of regenerated tobacco plants. DNA
(5ng) was digested by EcoRI and EcoRI-Sall and
electrophoresed in a 0.8% agarose gel. The gel was blotted
on a nitrocetlulose membrane and hybridized to a random
labeled globulin probe. The lane numbers refer to the
number of the transgenic plants. NT indicates an
untransformed plant: The size markers are from lambda
DNA cut by HindIIl. A contamination (probably in the Sall
reaction buffer) is indicated by the letter c.

C: Northern blot analysis of transformed tobacco seeds. RNA
was extracted from seeds at different stages of maturation
and from leaf, stem and root. Five pg of total RNA were
separated in a 1.2% agarose gel and blotted on a nylon
membrane. A random labeled globulin probe was used for
the detection of globulin transcripts.

Lanes 1 to 6: Tobacco seed RNA from plant 3 at stages 5, 10,
15, 20, 25 and 30 DAP. Lane 7: Tobacco seed RNA from
plant 20 at stage 20 DAP. Lanes 8,9 and 10: Tobacco RNA
from plant 4 extracted respectively from leaf, stem and root.
Lanes 11,12 and 13: Tobacco seed RNA from plant 4
extracted respectively at stages 20, 25 and 30 DAP. Lane
14: Tobacco seed RNA (mid-maturation) from an
untransformed plant. Lanes 15 and 16: Tobacco RNA from
leaf and stem of plant 7. Lane 17: Tobacco seeds RNA (mid-
maturation) from plant 12 transformed with the G12-GUS
construct, Lane 18: Tobacco seed RNA (mid-maturation)

from plant 7. Lane 19: 350ng of oat seed mRNA (mid-
. maturation).
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b. Northern analysis of some transformed plants.

Plants transformed with the oat globulin Glav-3 sequence were
manually self-pollinated and the tobacco seed pods were collected at
different time points. RNA was extracted from the seeds and analysed
by Northern blots. Figure 23.C shows the presence of the globulin
transcripts in seeds from plants 3, 4, 7 and 20. The expression of the
globulin gene is restricted to the seeds: there is no detectable globulin
transcripts in the leaves, roots or stems of the transformed plants
(lanes 8, 9, 10, 15 and 16). There is also no expression of the Glav-3
gene in untransformed tobacco seeds (lane 14) or in the seeds of a
plant transformed with a GUS construct (lane 17). Lanes 1 to 6
respectively correspond to RNA extracted during the maturation of
the seeds at 5, 10, 15, 20, 25 and 30 days after pollination (DAP). The
increase of the hybridization signal shows that the expression of the
Glav-3 gene is developmentally regulated. There is no detectable
expression at day 5 or before (lane 1), and the expression starts at or
around 10 DAP (lane 2). The maximum expression seems to be at 25
DAP (lane 5) for plant 3, and between 20 and 25 DAP for plant 4
(lanes 11 and 12). The size of the transcripts, compared to the oal
RNA (lane 19), seems to be longer than the majority of the transcripts
obtained in oat seeds. This could be due to the longer 5' UTR of the
globulin transcript when expressed in tobacco seeds, assuming that
the Glav-12 and Glav-3 promoters initiate transcription at the same

site in tobacco seeds and that the poly(A) tails are also of similar
length.

c. Western analysis of some transformed plants.
Globulins were extracted from mature tobacco seeds and subjected
to Western analysis under reduced or unreduced conditions. Two
batches of anti-oat globulin rabbit sera were used. A specific
hybridization signal (Figure 24.D), although weak with reduced
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Figure 24 : Western blot analysis of tobacco plants
transformed with the G3P construct.

A: Coomassie stained polyacrylamide gel (15%) of reduced
globulins (5ng) extracted from seeds of transformed
tobacco plants. The lane numbers indicate the transgenic
plant numbers. The two arrowheads point to the two groups
of reduced oat globulins (300ng) in lane O. The prestained
molecular weight markers (lane M) are respectively from
top to bottom: bovine albumin (66kDa), egg albumin
(45kDa), G3P dehydrogenase (36kDa), carbonic anhydrase
(29kDa), trypsinogen (24kDa), trypsin inhibitor (20.1kDa)
and a lactalbumin (14.2kDa). nt: reduced tobacco seed
globulins from an untransformed plant.

B: Western blot of a duplicated gel run in parallel with the
gel presented in A and containing the same samples. The
proteins were transferred to a nitrocellulose membrane and
probed with a rabbit anti-oat globulin serum. The two
arrowheads point to the weak signals obtained in lanes 3, 4,
5, 7, 10 and 11. '

C: Coomassie stained polyacrylamide gel (12%) of unreduced
globulins (6png) extracted from seeds of transformed
tobacco plants. Lane denominations are the same as in A.
The arrowhead points to the group of unreduced oat
globulins. |

D: Western blot of a duplicated gel run in parallel with the
gel presented in C and containing the same samples. The
proteins were transferred to a nitrocellulose membrane and

probed with a rabbit anti-oat globulin serum (same serum
as in B).

E: Same as in A.

F: Same as in B except that a different anti-oat globulin
serum was used. This serum is less specific than the one
used in B and D. An extra hybridization band can be seen
corresponding to the B polypeptide in lanes 4, 5, 7, 10 and
11, '
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proteins (Figure 24.B), is obtained with the more recent serum
(prepared by Dr. J. Schernthaner in 1990). The second rabbit serum
(more than 10 years old) cross-hybridizes with most of the globulin
polypeptides from tobacco (Figure 24.F). This is not very surprising
considering the wide presence of globulin-like polypeptides in dicot
seeds (Luthe 1992), even in gymnosperm seeds (Jensen and Berthold,
1989) and the immunological similarities that can be encountered
between different seed storage proteins, both in dicots and in cereals
(Robert et al., 1985a and 1985b). However, in the experimental
conditions which were used, it has been possible to identify the
presence of a globulin polypeptide that is not found in untransformed
tobacco seeds and corresponds to the size of the oat globulins, both in
reduced and unreduced conditions. Plant 6 does not show any
hybridization signal although the Southern analysis testifies that the
plant has been transformed. This is probably due to the position effect
of the inserts in the tobacco genome.

d. Summary.

The insertion of an oat globulin genomic sequence at a favorable
site in the tobacco genome results in proper spatial and temporal
expression of the globulin transcript and polypeptide in tobacco seeds.
This oat globulin protein is correctly processed (i.e. cleaved into an
acidic and a basic polypeptide) and stably stored within the tobacco
seed. However, with the type of experiments that have been
conducted, it is not possible to verify the proper cleavage of the signal
peptide, nor to determine the subcellular localization of the Glav-3
protein. Since the Glav-12 and Glav-3 promoters are very similar, it is
very likely that the expression of the G3P construct, like the
expression of the Glav-12 GUS fusion, is restricted to the endosperm
of transgenic tobacco seeds.
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3.1.5. Analysis of the globulin promoter.

3.1.5.1. Comparison of the different globulin promoters.

The 1000 nucleotides upstream of the ATG from Glav-1, Glav-3 and
Glav-12 and the 985 nucleotides upstream of the ATG from OGl-El
(Shotwell et al. 1990) were aligned by computer (Figure 23). The
degree of similarity between the three Glav sequences remains very
high throughout the 1000 nucleotides but the OGI1-El sequence
diverges rapidly from them (around position 470) although it is still
possible to find similar stretches of nucleotides further upstreams.

As already mentioned by Shotwell et al. (1990) for the OGI-El
clone, the promoters of oat globulin genes do not show any of the
conserved elements described in other seed storage protein gene
promoters. These elements are the RY repeat (5' CATGCATG 3) of

" legume seed protein genes (Dickinson et al. 1988), the '-300 element’
of prolamin genes (Forde et al. 1985), the 'legumin box' in pea-
legumin genes (Baumlein et al. 1986) and the embryo-specific
element AA/GCCCA (Chen et al. 1986). A possible '‘CACA' element
(which interacts with soybean embryo nuclear proteins) is described
in OG1-E1 but is not found in any of the Glav sequences.

Since most of the regulatory sequences are thought to be in the
vicinity of the transcriptional start site (around -300), a more
thorough investigation of the available portions of promoter
sequences has not been conducted in the more distal regions.

The finding that the globulin 5 UTR is different in oat seeds and in
tobacco seeds brings the problem of identifying possible CAAT and
TATA sequences upstream for the transcriptional start site used in
transgenic tobacco seeds. Two possible CAAT sequences starting at
positions 761 and 776 are underlined in Figure 25. A possible TATA
sequence is also present at position 789, this sequence is an imperfect

5Tt is not known whether the promoter of OGI1-El is functional or not.
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match of the consensus sequence of the TATA box as described by
Forde et al. (1985) and presented below.

Globulin: CTATGTACG
110 11
Consensus: CTaTATATA
A A

The OG1-El sequence possesses only one possible CAAT box but
the TATA box more closely matches the TATA consensus sequence.
An interesting point is that all these sequences are aligned and
present in a relatively well conserved region of the different
-promoters.

Although a complete prolamin box could not be identified, an
imperfect central element (TGTAGAAAGT) can be found in the Glav
promoters. A comparison of the prolamin box and the sequence found
in the globulin promoters is shown here (W=G or T): '

Prolamin box: ANNTGT..ARAGWWAATNNGATGANWCATG

Trree Trr 1 T orr 1

Glav sequence: TTITTGTAGRAAGTACAAGTAAT

This central element is present only once in Glav-3 and Glav-12,
but is repeated once in Glav-1 (between positions 713 and 753 in
Figure 25). Because this DNA element is present around position -230
and because of its partial similarity to the prolamin box, experiments
were performed to test whether that portion of the promoter played a
role in the tissue-specific expression"-' of oat globulin genes and
whether the doubling of this sequence is responsible for the non-
functionality of the Glav-1 promoter. For that purpose, precise
deletions of the Glav-3 promoter were performedS.

6The cjcsign of these precise deletions was done before knowing that the
transcriptional start sitc in tobacco sceds was different than the one in oat sceds.
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3.1.5.2. Obtaining of fine deletions of the upstream
region of Glav-3.

Using the exonuclease III method, three deletions of the Glav-3
promoter were obtained and fused to the GUS sequence. These three
deletions correspond to positions -259, -247 and -237 of the
transcriptional start point of the globulin promoter in oat seeds. The
G3A-259 occurs two nucleotides before the beginning of the DNA
sequence that is repeated in the Glav-1 promoter. The G3A-247
occurs in the middle of this sequence and the G3A-237 starts one
nucleotide after the end of the DNA stretch (see Figure 6).

3.1.5.3. Tobacco transformations with the deleted
promoters fused to the GUS coding region.
The three constructs (G3A-259-GUS, G3A-247-GUS and G3A-237-
GUS) were used to transform tobacco plants and about twelve plants
per construct were regenerated.

a. Southern analysis of the regenerated plants.
Only one set of plants corresponding to the longer promoter (G3A-
259-GUS) was analysed by Southern blots. Figure 26 shows that all
the plants tested were transformed. The copy number varied from
one (plant 3, 7, 8 and 10) to about 5 (plant 1). It is assumed that the
plants transformed with the two other constructs are also carrying the

inserts since in all the transformation experiments conducted so far,
no escapees were found.

b. GUS activities in mature transformed seeds.
Seif-pollinated mature seeds from the three sets of transformed
plants were collected “and spectrofluorimetrically assayed for GUS
activity. The results are presented in Figure 27. Although the GUS
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Figure 26 : Southern blot analysis of tobacco plants
transformed with the G3A-259-GUS construct.

A: Construct used for the tobacco transformations.

B: Southern blot analysis of regenerated tobacco plants. DNA
(5ug) was digested by EcoRI and electrophoresed in a 0.8%
agarose gel. The gel was blotted on a nitrocellulose
membrane and hybridized to a random-labeled GUS probe.
The lane numbers refsr to the number of the plants. NT
indicates an untransformed plant. The size markers are
from lambda DNA cut by HindlIIl.
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pmote MU/Jlg protein/min

pmole MU/|Lg protein/min

pmole MU/jig protein/min

40 - G3a-259-GUS

Figure27: GUS activities in mature seeds:
A: Plants transformed with the G3A-259-GUS construct
B: Plants transformed with the G3A-247-GUS construct
C: Plants transformed with the G3A-237-GUS construct
The numbers reprasent the different plants from which
the seeds were collected. NT: not transformed.
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activities obtained with the transformed seeds are higher than the
GUS activity obtained with the untransformed seeds, there are no
consistent differences between the three sets of plants. Another
observation is that the values (pmoles) are about 1000-fold lower
than those obtained with the G12-GUS construct (nmoles). This very
low level of GUS activity is probably due to some residual level of
promoter expression. The variations between the plants could be
attributed to the position effect of the insertions.

c. Summary.

Qat globulin promoter sequences do not share any conserved
elements (other than the CAAT and TATA boxes) with other seed-
specific storage protein gene promoters. If we assume that a cis-acting
element is present in the promoter of oat globulin genes, it is
probably lying close upstream of the region chosen for promoter
deletion analysis since the nucleotide similarity between globulin
promoters from the two different oat varieties rapidly fades away
further upstream. However, two members of an abundant gene (=
300 copies in total) family have been shown to be functional and
regulated, both developmentally and spatially, in similar ways in
tobacco seeds ‘and in oat seeds.

3.1.6. Globulin genes in different oat species.

The DNA from oat species representing different levels of ploidy
was restricted with EcoRI, HindIil and BamHl. After electrophoresis,
the restriction fragments were hybridized to a random labeled
globulin probe (see 2.20.2.). Figure 28 shows the autoradiograms
obtained. As mentioned by Chesnut et al. (1989), the HindIII
restriction fragments that hybridize to globulin sequences are well
conserved among the oat species (Figure 28.B). However, when oat
genomic DNA is restricted with EcoRI or BamHI, a larger degree of
polymorphism is observed (Figure 28 A and C).

g8



AACCDD AACC AA CC
1 2 3 4 56 7 8 9 1011

A kbp

=-23.1

—-9.4
- 6.6

-dq3

B , -23.1

-9.4
- 6.6

—-43

-2.3
-20

-=0.5

-23.1

=94
-6.6

-43

gy, E
285 5 e we @ . v MW s o



Figure 28 : Analysis of globulin genes in different oat
species by Southern hybridization. '

DNA (5pg) from oat species representing different levels of
ploidy was digested with EcoRI (A), HindIll (B) or BamHI
(C) and electrophoresed in a 0.8% agarose gel. The gels were
blotted on nitrocellulose membranes and hybridized to a
random=-labeled globulin probe.

The hexaploid oat species (genome AACCDD) are A. sativa cv.
Hinoat (lane 1), A. sativu cv. Donald (lane 2) and A. sativa
cv. Ogle (lane 3).

The tetraploid oat species (genome AACC) are A. magna
(lane 4) and A. murphyi (lane 5).

The diploid oat species (genome AA) are A. longiglumis
(lane 6), A. prostrata (lane 7) and A. wiestii (lane 8). The
genome CC is represented by A. clauda (lane 9), A.
ventricosa (lane 10) and A. pilosa (lane 11).

The molecular weight markers are from lambda DNA
digested with HindIII.
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In the diploid genomes (CC), we can see that A. clauda (lane 9) and
A. pilosa (lane 11) are more closely related to each other than to A.
ventricosa (lane 10). This confirms their genome denominations: CyCy
for A. ventricosa and CpCp for A. pilosa and A. clauda. As for the AA
genomes (lanes 6, 7 and 8), they have been assigned different
denominations (ALAL for A. longiglumis, ApAp for A. prostrata and
AwAw for A. wiestii), although the globulin hybridization patterns are
very similar when the DNA is restricted with HindIII. The differences
become notable when the DNA is restricted with EcoRI, and to a lesser
extent with BamHI.

In the tetraploid genomes (AACC), the two species that have been
analysed (A. magna and A. murphyi) share remarkable similarities
(lanes 4 and 5 in panels A, B and C). It is difficult, however, to
determine the respective progenitors of their AA and CC genomes,
especially since not all the different possible sources of the diploid
genomes were analysed in this study.

The A. sativa cultivars (Hinoat, Donald and Ogle), with a AACCDD
genome, are very similar on the basis of their hybridization patterns
(lanes 1, 2 and 3). These hexaploid cultivars are probably derived
from a AACC tetraploid species (Chesnut e¢ al. 1989), but to determine
which species is their progenitor would require more analyses.

The globulin gene copy number has been estimated to be about 50
copies per haploid genome (Chesnut et al. 1989) in A. sativa. Judging
by the intensities of the hybridization signals, it seems that
duplication of globulin genes also occurred after the fusions of the
different genomes which produced the hexaploid species. Out of these
estimated 50 copies, there are also probably a certain number of
pseudogenes.
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3.2. Qat prolamin genes,

3.2.1. Sequence of a prolamin gene.

Two avenin genomic sequences were isolated and sequenced by Dr.
M. Giband. These avenin genes were obtained by PCR using
oligonucleotide primers designed from the genomic clone Av45-Xl
(Shotwell et al. 1990). The sequence of one of the genomic clones is
shown in Figure 29.

The coding region of the avenin gene and its structure are very
similar to previously described oat coding sequences (Shotwell er al.
1990, Chesnut et al. 1989, Pernollet et al. 1987 and 1989, Egorov
1988): a 19-amino-acid signal peptide, a NHp-terminal region, a first
region of repeats, a conserved central region, a second region of
repeats and the COQOH-terminal region. |

The start of transcription of the avenin mRNA was mapped by
primer extension analysis at the A residue 71 nucleotides upstream of
the ATG (Figure 35.A). The 5' end of the Av45-X1 has been mapped to
the T residue 73 bp upstream of the start codon (Shotwell et al. 1990).
A possible TATA box begins 34 nucleotides upstream of the
translational start site. A possible CAAT box is also present, starting
31 nucleotides upstream of the possible TATA box. A prolamin '-300
element' (Forde et al. 1985) is located 261 bp upstream of the
transcriptional start point. At the 3' end, we can find two possible
polyadenylation signal sequences (the first one as a doublet)
positioned 75 and 138 nt dowstream of the stop codon.

3.2.2. Promoter comparison of some prolamin-type gene
promoters.

The complete genomic sequence of the avenin gene was used to
find similar sequences in EMBL+GenBank Release 73. The sub-
database thus created was screened again only with the promoter of
the avenin gene (about 400 bp). The different sequences generated by
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GGTTTATGCCTAACAGCCTGTAGAAAAATACAAACTTAGTTTCAGAAAACGATGCAATATAGATCGGTGTTTGACATGTA 80
AAGTGAATAAGATGATATGCATTGCCAACTACCAAGCCTTCTTGAGAGTAGAAAGATGATACGTGCAAGGGCAAAGAAAL 160
TTTTATGATCAATCCARAMATTACATTTGTAGGTAGTGECACCAAACACAACATACCAAATAATCAGT TCGAGAAGCATA 240
CAAGCACTTTTTAAGGAAAAGCAAACGEARARATGAAAAGAAATCATGCCATGGCAGATATARATAGACCTGCACCATGA 320
AGATGCTCCTCCATCATTCATCCTTCACACACCGAGAGCACAAACATCAAAACTGAGAAAGCAGTAGTCAACACAAATCC 400
ACCTGAAGACCTTTCTCATCTTTGCCCTCCTTGCCATGGCGACGACCATGGCCACTGCCCAGTTTGATCCTAGCGAACA |480
Met Lys Thr Phe Leu lle Phe Ala Leu Leu Ala Met Ala Ala Thr Met Ala Thr Ala'GIn Phe Asp Pro Ser Glu Gin
ATATCAGCCATATCCTGAGCAACAACAGCCAATTCTACAACAACAACAGATGCTGTTGCAGCAACAACAACAACAGATGC (560
Tyr Gin Pro Tyr Pro Glu Gin Gin Gin Pro lle Leu GIn GIn Gin Gin Met Leu Leu GIn GIn. GIn GIn GIn Gin Met -
TATTGCAGCAACAACCATTGTTGCAGGTTCTGCAGCAACAGTTGAACCCATGCAGGCAGTTCCTCGTGCAACAGTGCAGE [B40
| eu Leu GIn Gin Gin Pro Leu Leu Gin Val Leu Gin GIn Gin Leu Asn Pro Cys Arg Gin Phe Leu Val Gln Gin Cys Ser
CCGGTGGCAGTGGTGCCGTTCCTCCGGTCGCAGATCCTGCAACAGAGCAGCTGCCAGGTGATGAGGCAACAGTGLTRCLG {720
Pro Val Ala Val Val Pro Phe Leu Arg Ser GIn lle Leu GIn GIn Ser Ser Cys Gin Val Met Arg GIn GIn Cys Cys Arg
GCAGCTGGAGCAGATCCCCGAGCAGCTCCGBTGTCCGGLCATGCATAGCGTCETCCAGGCCATCATTATGCAGCAACAAC [BOO
Gin Leu Glu Gln lle Pro Glu Gin Leu Arg Cys Pro Ala Met His Ser Val Val GIn Ala lle lle Met GIn GIn GIn
AGTTCTTCCAGCCTCAGATGCAACAGGTGACACAGGGCATCTTCCAGCCTCAGATGCAACAGGTGACACAGGGCATCTTC [B80
Gln Phe Phe Gin Pro Gin Met Gin GIn Val Thr Gin Gl; lle Phe GIn Pro GIn Met GIn GIn Val Thr GIn Gly lle Phe
CAGCCTCAGCTGCAACAGGTGACCCAGGGCATCTTCCAGCCTCAGATGCAAGGTCAGATCGAGGGGATGAGGGCGTTTGE [960
GIn Pra Gin Leu GIn GIn Val Thr Gin Gly Il Phe Gin Pro GIn Met GIn Gly Gin lle Glu Gly Met Arg Ala Phe Alg
GCTGCAGGCCCTGCCGECGATGTGCGATGTATACGTCCCACCGCACTGCCCTGTCGCCACTGCCCCTCTCGGTGGCTTCT 1040
Leu Gln Ala Leu Pro Ala Met Cys Asp Val Tyr Val Pro Pro His Cys Pro Vol Ala Thr Ala Pro Leu Gly Gly Phe

AAGAACACTATAAGAGCTATAGTACTACATAAATACCATTGGCGTTTAGCGATGGACCGATCTTGTAGCGGTGACAAATA 1120

AAATAAAGGGTCATGTACTAACATGTGTGACCCCCGACTTGTACTAGTCCAAACTTGGAAATAAAAGAAGAGAAAGTTCC 1200
TGTCTGCATAAAACTGATTGTCGTTTTTCCATTCATAGTTTATACCTAACCATAAGCTCATGCATTAACTAGCTGCTTAA 1280
GTAGCCTTCAATGATGTGAACAAAATAACAGAGTGGGCATAAAAGATGGATTTGAATCGAGGCACTAGTAAAGTGAGGAG 1360
TAAGAACCAGGTGCAGATTAGCTCTTTAGCAGTGAGGCTTGTGAGTTGTGACCTTA 1416

Figure 29 : Nucleotide and deduced amino acid scquences of an
avenin gene (isolated and scquenced by Dr. M. Giband).

Promoter: The start of transcription, as determined by primer
cxiension analysis on oat seed mRNA, is indicated by the two big
open arrowheads. The start of transcription in tobacco seeds is
indicated by the two small open arrowheads. The possible TATA box is
overlined. A possible CAAT box is overlined by a dotted line. The
prolamin box is double underiined.

Coding sequence: The coding nucleotide sequence and the deduced
amino acid sequence are boxed. The solid arrowhead points .10 the
cleavage site of the signal peptide. The arrows overiine two different
serics of peptide repeats.

3' end: The potential polyadenylation sequences are underlined.
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this search were aligned (only the 400 bp upstream of the start
codon) and are presented in Figure 30. Some duplicated sequences
were omitted. It appears that the promoter sequences from storage
protein genes of different cereal species share a high degree of
similarity. This is particularly visible with the TATA box and the
'-300 element’, which was identified by alignment of only a few
promoter sequences (Forde et al. 1985). It is interesting to see that, as
more genomic sequences are available, this prolamin box can be
identified in a wide variety of storage protein genes that are related
to the prolamin gene family, thus confirming the potentially
important role played by this element in the regulation of gene
expression. For this reason, it was decided to fuse the hromoter region
of the avenin gene to the GUS coding sequence.

3.2.3. Tobacco transformation with the avenin promoter
fused to the GUS coding region.

The complete available promoter sequence of the avenin gene (406
bp to the ATG start codon) was translationally fused to the GUS coding
region, transferred into pBin19 and used for tobacco transformation
via A. tumefaciens. As for the G12-GUS fusion, the making of the
construct resulted in the presence of two ATGs in frame. Shown below

is the beginning of the coding region of the Av-GUS construct:
ATG AGA TTIC CCG GGT GGT CAG TCC CIT AIG ...
The first ATG corresponds to the avenin start codon and the second

ATG to the GUS coding region. Nucleotides in between are from the
pBI101.1 multiple cloning site.
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Figure 30 : Multiple alignment of promoter sequences of
different storage protein genes.

The avenin genomic sequence was used to screen the
EMBL+GenBank Release 73 database. The resulting sub-
database was then searched for sequence similarities with
the avenin promoter. A multiple alignment was performed
on sequences representing a variety of different plants and
storage proteins. Approximately 400 nucleotides upstream
of the ATG were selected from each sequence.

1-WHTGLUT: wheat LMW glutenin. Pitts et al. 1988.

2-WHTGLU1D1: wheat LMW glutenin. Colot et al. 1989.
3-BLYHORB: barley B1 hordein. Forde et al. 1985.
4-BLYHORDCA:  barley C-hordein. Entwistle, 1988.
S-RYESECIB: rye omega secalin. Hull et al. 1991.
6-AVENIN: oat avenin (from this study).
7-ASTSSPA: oat avenin. Shotwell et al. 1990.
8-WHTGLIC: wheat gliadin. Rafalski et al. 1984.

9-WHTGLNA: wheat alpha/beta-type gliadin, Reeves
and Okita, 1987.

10-WHTGLIABD: wheat alpha/beta gliadin. Sumner-Smith
et al. 1983,

11-BLYGI{HORDA: barley gamma hordein. Cameron-Mills
and Brandt, 1988.

C10-Consensus: a similar nt which appears in 10 out of
the 11 sequences is reported.

The prolamin box (-300 element) is boxed (A). The possible
TATA box is boxed (B). The translational start codon (ATG)
is boxed at the end of the sequences (C). Arrowheads point
to the transcriptional start sites, when available. Multiple
possible CAAT boxes can be found in each sequence and are
therefore not indicated. The second most upstream
arrowhead in sequence 6 points to the transcriptional start
site in transgenic tobacco seeds.
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a. Southern analysis of the regenerated plants.

Sixteen plants were regenerated, the DNA was extracted from
young leaves and analysed by Southern hybridization using the GUS
coding sequence as a probe. The results are shown in Figure 31. All
the plants were transformed (Figure 31.B) and the number of inserted
copies varies from 1 (plants Al4 and Al7) to more than 6 (plant A3J).
Figure 31.C shows that most insertions are not rearranged and an
expected 2.6 kb fragment is cbserved, but a relatively high proportion
of the plants (8 out of 16) exhibits rearrangements of the construct. It
was then verified that the hybridization fragments were not due to
partial digests of the tobacco DNA. For that purpose, different amounts
of EcoRI enzymes were used to digest total DNA from plants Al, A3,
A4 and AlS8. Figure 34 shows that the extra hybridization band(s) are
not due to partial digests since the intensities of these signals do not
decrease when more enzymes are used.

b. Northern analysis of some transformed plants.
Attempts to detect the GUS transcripts at different stages of seed
maturation, and also from leaf, stem and root were unsuccessful. The
experiments were conducted together with the analysis of the plants
transformed with the G12-GUS construct (see 3.1.3.2.b).

c. Histochemical analysis of transformed tobacco seed
pods.

Hand-cut cross-sections of transformed tobacco seed pods were
analysed by histochemical staining. The presence of the GUS enzymes -
was detected by the production of a blue precipitate. As was the case
with the globulin promoter fused to GUS, the GUS activity is restricted
to the endosperm of transformed seeds (Figure 32 A, B and C). The
blue precipitate was visible very rapidly after the addition of the
substrate (about half an hour) and did not -appear in any other seed-
pod tissues. However, if incubation time was prolonged, a blue
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Figure 31 : Southern blot analysis of tobacco plants
transformed with the Av-GUS construct.

A: Coastruct Av-GUS used for the tobacco transformations.

B: Southern blot analysis of the regenerated tobacco plants.
DNA (5ng) was digested by HindIIl and electrophoresed in
a 0.8% agarose gel. The gel was blotted on a nitrocellulose
membrane and hybridized to a random labeled GUS probe.
The lane numbers refer to the number of the plants. NT
indicates an untransformed plant. The size markers are
from lambda DNA cut by HindlIl

C: Same as B except that the DNA was digested with EcoRI.
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Figure 32 : Histochemical GUS staining of cross-sections of
seed pods from tobacco plants transformed with the Av-GUS
construct.

A and B: Cross-sections of tobacco seed pod: from plant
Al5. The blue staining, indicating the presence of the GUS
protein, is restricted to the endosperm (en) of the seed. The
maternal tissues, as well as the embryo (em) and the seed
coat (sc), do not show any GUS activities. :

C: Cross-section of a tobacco seed pod from plant AlO
For A, B and C, the staining was performed for one hour.

D: Embryos from tobacco seeds (plant Al13) were dissected
and separated from the endosperm and seed coat. The
staining reaction was done separately for each part of the
seed for three hours at 37°C. Only the endosperm shows GUS
activity. Each wvertical set of embryo/endosperm-seed coat
comes from the same seed. The set at the right of the
photograph comes from an untransformed plant.

Bar represents 0.2mm.
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precipitate formed in the embryo. To verify that the GUS activity
was endosperm specific, embryos werc dissected from the rest of the
seeds and incubated separately in the GUS staining buffer. Figure 32.D
shows that the GUS protein is absent from the embryo. A possible
reason for the staining of the embryo when left to incubate for a
longér period of time is diffusion of the primary product of the GUS
enzyme reaction. This product is colorless and soluble. Because of the
stage of the seed pods when assayed (between two and three weeks
after pollination), the seed tissues are still relatively soft and not yet
dehydrated, and would allow diffusion of small soluble molecnles.
This artifactual staining is greatly reduced when mature seeds are
used for histochemical staining. The same phenomenon appeared with
the seeds from the tobacco plants transformed with the G12-GUS
construct (see 3.1.3.2.c). Young tobacco seeds, less than 10 DAP, did
not show any GUS activities, indicating that the GUS protein
expression is developmentally regulated.

d. GUS activities in mature seeds.

Mature  seeds were collected and GUS activities were
fluorimetrically determined (Figure 33). The levels of GUS activity are
independent of the GUS construct copy number. The A5 plant (with
about 6 GUS inserts) shows a low GUS activity (1.3 nmole 4-MU/ug
protein/min) whereas the plants Al4 and Al7 (with single copy
insertion) show GUS activities 4 to 5 times higher (5.8 and 6.3 nmoles
4-MU/png ,p':r'oteir_:__/min). As was the case with the globulin promoter-
GUS construct (CIZ-GUS, see 3.1.3.2.d), there is no direct correlation
between the copy number of the GUS genes and the GUS activities in
mature seeds. This would again confirm the imp.ortant role of the
position "'{:'Jf‘lfect on gene expression.
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Figure 33: GUS activities in mature seeds from tobacco
plants transformed with the Av-GUS construct.

‘GUS activities were measured fluorometrically and
expressed in nmole 4-MU per pg protein per min. The plant
numbers are indicated below the bars. NT represents an
untransformied plant.
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e. Primer extension analysis. .

RNA from mid-maturation transformed tobacco seeds (plant 19)
was analysed by primer extension using an oligonucleotide primer
specific to the GUS coding region. Two independent extension
reactions were carried out and loaded on a polyacrylamide sequencing
gel. The signals obtained (Figure 35.B) enable mapping of the 5' end of
the GUS transcripts at the A residue 182 nucleotides upstream of the
avenin ATG (for the major signal). The GUS transcript, compared to
the avenin mRNA, is 111 nucleotides longer and is also indicated in
Figure 29. Although possibl'e CAAT boxes can be found in the
upstream region of this new transcriptional start site, a manual
survey of the avenin promoter did not identify any putative TATA
box that would play a role in the transcription mechanism in
transgenic tobacco seeds.

The possibility that the primer extension products (both for the
Av-GUS and the G12-GUS constructs) is artefactual (i.e. is not derived
from the inserted constructs) is unlikely since the calculated length of
the two 5' UTRs differs by 22 nucleotides.

f. Summary.
An avenin gene promoter was shown to direct a tissue-specific and
developmentally controlled expression of the GUS reporter gene in
transgenic tobacco seeds. This promoter includes in its sequence a

‘very conserved region known as the '-300 element’ or prolamin box

which may play a role in the specific regulation of storage protein
genes which harbor this element. As was the case with the G12-GUS
construct, the transcriptional mechanisms in the tobacco endosperm
tissues are different from those occurring in oat endosperms, resulting
in a different transcriptional start site. However, this difference does
not alter the spatial and temporal expression of the GUS gene.
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Figure 34 : Southern blot analysis of 4 tobacco plants
transformed with the Av-GUS construct using increasing
amounts of enzymes.

DNA (5pg) from plant Al, A3, A4 and Al8 was digested
with 10, 20 or 40 units of EcoRI and electrophoresed in a
0.8% agarose gel. The gel was blotted on a nitrocellulose
membrane and hybridized to a random labeled GUS probe.
The photograph shows that the extra bands are due to real
rearrangements and not to partial digestions of the DNA.

The molecular weight markers are from lambda DNA
digested with HindIIl.

Figure 35 : Determination of the 5' terminus of the avenin
mRNA in oat seeds and of the GUS mRNA in transgenic
tobacco seeds by primer extension analysis.

A: The Av-l primer was 32P end-labeled and annealed to
2.5ug of oat seed mRNA. Two extension reactions were
realized and are indicated by lane numbers 1 and 2. The
same primer was used to sequence the avenin genomic
clone by the dideoxy chain termination method (lanes T, A,
C and G). The asterisk indicates the position of the obtained
product.

B: The GUS-p primer was 32P end-labeled and annealed to
10ug of total tobacco seed RNA. Two extension reactions
were performed on RNA extracted from plant Al9
transformed with the Av-GUS construct. The same
oligonucleotide primer was used to sequence the plasmid
“Av-GUS by the dideoxy chain termination method (lanes G,
C. A and T). The two asterisks indicate the major product
obtained and a single asterisk shows the position of the
minor bands.
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3.2.4. Avenin genes in different oat species.

DNA from different oat species was restricted with Hindlll, EcoRI
and BamHI. The resulting fragments were hybridized to an avenin
probe (see 2.20.1.) and the autoradiograms are shown in Figure 36. By
comparing the hybridization patterns obtained by Chesnut et al,
(1989) on DNA restricted with HindIII with those in Figure 36.A, it is
possible to confirm the presence of at least two classes of avenin
genes which did not cross-hybridize at the washing stringencies which
were used: some hybridization signals obtained in this study (the
washing stringency was 0.1XSSC at 65°C) are not present in the
autoradiogram presented by Chesnut et al. (1989), even though the
washing stringency was lower (1XSSC at 60°C). It seems therefore
possible that the copy number of the avenin genes in A. sativa,
determined by Chesnut et al. (1989) at about 25 per haploid genome
by using one probe, are underestimated.

Avenin genes have been shown to be organized in clusters, at least
for some of them (Shotwell et al. 1990). This is, to some extent,
verified by the Southern analysis in Figure 36.C where the majority of
the restriction fragments that hybridize to the avenin probe are found
in the high molecular weight DNA region, after restriction with BamHI.
This is not due to partial digestion of the total DNA since the DNA
samples were digested in duplicated reactions at the same time, one
that served for globulin hybridization and the second for avenin
hybridization. Figure 28.C shows that the DNA was completely
digested by BamHIL

As determined in section 3.1.6., A. clauda and A. pilosa (both with a
CC genome, lanes 9 and 11) are closely related. In the AA genomes
(lanes 6, 7 and 8), small differences appear in each species, which
make their relationship and phylogeny difficult to assess. In the
hexaploid species, it seems that the cultivars Donald and Ogle (lanes 2

and 3) are more closely related to each other than to the cultivar
Hinoat (lane 1).
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Figure 36 : Analysis of avenin genes in different oat
species by Southern hybridization. '

DNA (5ug) from oat species representing different levels. of
ploidy was digested with HindIII (A), EcoRl (B) or BamHI
(C) and electrophoresed in a 0.8% agarose gel. The gels were
blotted on nitrocellulose membranes and hybridized to a
random labeled avenin probe.

The hexaploid oat species (genome AACCDD) are A. sativa cv.
Hinoat (lane 1), A. sativa cv. Donald (lane 2) and A. sativa
cv. Ogle (lane 3).

The tetraploid oat species (genome AACC) are A. magna
(lane 4) and A. murphyi (lane §).

The diploid oat species (genome AA) are A. longiglumis(lane
6), A. prostrata (lane 7) and A. wiestii (lane 8). The genome
CC is represented by A. clauda (lane 9), A. ventricosa (lane
10) and A. pilosa (lane 11).

The molecular weight markers are from lambda DNA
digested with HindIIl.
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Chapter 4.
General discussion.

4.1. Functional oat promoters in transgenic tobacco seeds.

4.1.1. Globulin promoters.

From three oat globulin genomic clones, it has been demonstrated
that two of them (Glav-3 and Glav-12) possess functional promoters
and that the promoter of Glav-1 is likely to be inactive. The 2610 bp
of the Glav-12 promoter region (including the 5' UTR) are able to
direct the endosperm-specific and developmentally regulated
expression of the GUS reporter gene. Furthermore, 1721 bp of the
promoter region of the Glav-3 globulin clone (§' UTR included) are
sufficient for the seed-specific and temporal expression of the
globulin protein. The expression of an oat globulin promoter
translationally fused to the GUS coding sequence (G12-GUS construct)
was shown by histochemical staining to be specifically restricted to
the endosperm of transgenic tobacco seeds. The .analysis of transgenic
plants transformed with the genomic sequence of an oat globulin.
clone (G3P construct) showed that the developmental and spatial
regulatory controls were maintained in the transgenic dicot plant. This
is the first example of cereal globulin promoters functioning properly
in a dicot plant (tobacco). .

The lack of conserved elements found in other promoters (from
either monocot or dicot genes) in the promoter region of oat globulin
genes is demonstrated in this study by the sequence analysis of the
three oat globulin gene promoters and raises interesting questions
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about the regulation controls of the expression of the oat globulin
multigene family members.

An imperfect core motif of the prolamin box was identified and
shown not to direct any expression (construct G3A-259-GUS). A
similar finding was reported with the promoter of a rice glutelin gene
(Takaiwa et al. 1991) where a core motif of the prolamin box was
present in a promoter deletion construct that did not direct any
expression. In this latter study, the promoter region responsible for
the endosperm-specific expression of the GUS sequence has been
shown to lie between positions -441 and -237 from the
transcriptional start site. Accordingly, this present study has shown
that additional sequences upstream of the nucleotide at position -259
are required for the expression of the oat globulin promoter fused to
the GUS coding region. However, as suggested earlier (Shirsat et al.
1989), invelvement of the prolamin box core motif is not ruled out if
we suppose that it plays a role of enhancement (quantitative) rather
than a developmentally-specific function (qualitative).

4.1.2. Avenin promoter. :

An avenin promoter fragment (335 bp upstream of the
transcriptional start site) was shown for the first time to be sufficient
to properly regulate the expression of the GUS reporter gene in
transgenic tobacco seeds. Both endosperm-specificity and temporal
regulation were maintained in the tobacco heterologous system. This
promoter region includes the well conserved prolamin box and a 71-
bp stretch of sequence upstream of this '-300 element'.

It is not known whether a lengthier promoter would direct a
stronger expression. Comparisons with GUS activities obtained with
other seed-specific promoters are difficult because of differences in
experimental conditions. However, the values obtained with the
avenin promoter expressed in tobacco seeds (around Snmoles 4-
MU/min/ug prot.) are higher than those reported in the literature

R
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with other cereal seed storage gene promoters (0.004 to 0.018nmoles
4-MU/min/ug prot. with a maize zein promoter, Schernthaner et al.
1988, around 0.05 nmoles 4-MU/min/g prot. with a rice glutelin
promoter, Takaiwa et al. 1991 and around 2 pmoles 4-MU/min/pug
prot. with a wheat HMW glutenin promoter, Thomas and Flavell
1990).

The strong expression in tobacco of an avenin gene promoter fused
to GUS is further demonstrated by the time-course appearance of the
blue precipitate in the GUS histochemical staining of the transgenic
seeds: between 1/2 and 1 hour with the avenin promoter, 24 hours
with the zein promoter and overnight with the rice glutelin promoter.

It seems therefore that the avenin promoter, like the Glav-12
promoter, is not only recognized by the transcriptional machinery of a
dicot plant such as tobacco, but is able to direct a high level of
expression in a plant where prolamin-type proteins are known to be
absent,

4.1.3. Start of transcription.

It-has been shown in this study that the transcriptional start site of
the avenin and globulin promoters is different in tobacco from the one
determined in the oat plant. However, the tissue-specificity was not
altered in either case. This is the first report of the mapping of the
transcriptional start site of a monocot gene promoter after transfer
into a dicot plant.

Although possible additional CAAT and TATA boxes can be
identified in the Glav-12 promoter sequence, no obvious TATA box
which would be related to the new transcriptional start site in tobacco
can be found in the avenin promoter. The TATA box has been defined
as a consensus sequence, and to what extent another sequence can act
as a binding site for the RNA polymerase complex remains to be
clarified. Very little is known about plant TATA boxes, or other
functionally related sequences (Kuhlemeier.‘_1992). Two reports have
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appeared where the transcriptional start site of dicot embryo-specific
genes expressed in tobacco was similar to the one in the original plant
a pea vicilin gene (Higgins et al. 1988) and a phaseolin minigene (Chee
et al. 1986).

Mapping of the 5' end of the globulin and the avenin mRNAs
showed a difference of respectively 4 nt and 2 nt from the
determination done by Shotwell et al. (1990). The additional length of
the 5° UTR reported by these authors can be accounted for by the
different method that was used. In the present study, mapping was
made by primer extension analysis, whereas Shotwell et al. used the
mung bean nuclease protection assay. It is then possible that the cap
structure of the mRNA can protect a small portion of the hybridized
genomic sequence, the length of this additional protected portion
probably depending on the degree of methylation of the cap structure
(Sonenberg 1988). A similar difference was also reported by Reeves
and Okita (1987), who showed the transcriptional start site of a wheat
alpha/beta gliadin transcript in wheat seeds was one nt longer when
the determination was performed by nuclease S1 mapping as opposed
to primer extension analysis (see also Figure 30).

4.1.4. Different factors are involved in the transcriptional
mechanisms.

This study and other similar previous reports (e.g. Katagiri and
Chua 1992) have shown the importance of the primary structure of
the promoter: the DNA sequence itself. Within this sequence, the
necessity for the presence of cis-acting element(s) has been indicated.
The fact that such cis-acting elements are part of the transcriptional
mechanisms has been documented in two different ways?.

7CAAT and TATA boxes arc part of the cis-acting clements and are required “for

maximal gene expression. They are however not sufllicient to direct any specific
cxpression. Similarly, the RNA polymerasc complex will not be considered here,
despite its obvious requirement for transcription.

107



1. Binding of specific nuclear factors to the promoter region,
2. Decrease or disappearance of the promoter functionality
after removal or alteration of the element.

The specific binding of a nuclear factor to the consensus sequence
of maize zeins was first observed by Maier et al. (1987). It is
interesting to see that the core motif of the prclamin box is also
present in this sequence. The consequences of the binding of this
trans-acting factor can be multiple: turning-on of the genes,
transcription rate enhancement or tissue-specific expression. A
"virtual identity to the viral/animal enhancer core sequence" was also
reported (Maier et al. 1987) concerning the core motif of the prolamin
box. Other studies have since shown that multiple nuclear proteins
can interact with ‘the promoter region of different storage protein
genes, among them Vellanoweth and Okita (1993) with the o/B-
gliadin gene, Kawagoe and Murai (1992) with the B-phaseolin gene,
Takaiwa and Oono (1990) with a rice glutelin gene, Lessard et al.
(1991) with B-conglycinin genes and Jofuku et al. (1987) with a
soybean lectin gene. It is apparent from these studies that the
presence of the DNA-binding proteins fluctuates in parallel with the
seed protein gene transcriptional activity. A well-studied example of
defective transcription of an endosperm-specific storage protein gene
has been provided by the Opaque-2 mutant line in maize. It has been
shown that O2 is a trans-acting transcriptional activator of the 22 kDa
class of zein genes (Hartings et al. 1989). The 02 protein was also
shown to belong to a family of ubiquitous transcription factors,
confirming that the specificity of gene expression is brought about by
the combined presence' of the cis- and trans-acting factors.

Modification of the promoter region, and specifically of the possible
cis-acting elements can also lead to a better evaluation of the role of
these elements. The first approach to detect functional regions in a
promoter involves the progressive deletion of promoter portions (Wsﬁee
section 1.2.). In the case of the oat globulin promoters, a major

108



difference in the proximal region between a potentially inactive
promoter (Glav-1) and two functional promoters (Glav-3 and Glav-
12), determined the locations of ‘the deletions that were made. The
second approach is then to alter the identified possibie regulatory
element by either removing it from the sequence, introducing
mutational changes or inserting it in another sequence. The site-
specific mutational analysis is believed to be the most appropriate
method since deletion can affect gene expression indirectly by
changing the conformational structure of the DNA in the region of
interest (Lelievre et al. 1992).

Concerning the oat globulin promoters, this present work has
determined that the regulatory element(s) lies upstream of the -259
nt. Additional work should enable the precise localization of the
functional portion of the promoter. As for the avenin promoter, an
analysis by site-specific mutations might be envisaged at this stage, if
we consider the relative shortness of the functional promoter (22! bp

long in tobacco or 332 bp lorig in oat) and the presence of the highly
conserved prolamin box.

4.2, Other aspects of the regulation of seed storage
protein gene expression:

4.2.1. DNA methylation.

Shortly after replication, DNA undergoes minor modifications by
methylation, the most common being the methylation of the cytosine
base. The presence of methylcytosine has a stabilizing effect on the
double helix structure of the DNA. When present in the sites of early
unwinding (initiation sites of both replication and transcription), the
methylcytosines may prevent the entry of an RNA polymerase at an
adjacent TATA box. In contrast, the methylation of an adenine is
thought to play a positive role in the unwinding of DNA. However,
adenine methylation occurs less frequently (Adams  1990). An
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example of 2 DNA methylation study of maize seed storage protein
genes has been provided by Bianchi and Viotti (1988). Although a
common methylated pattern was reported in different tissues, it was
shown that the glutelin and about 65% of the zein genes were
undermethylated in the endosperm tissue. This undermethylated
state is acquired or already present at an early stage of endosperm
development and is likely to play a role in the activation and/or
expression of seed storage protein genes. It would then be interesting,
for comparison, to assess the methylated state of the oat storage
protein genes in different tissues and see whether methylation is part
of the possible regulatory factors for the expression of oat seed
storage proteins. .

4.2.2, Ploidy level of the endosperm tissue.

The double fertilization event occurring in angiosperm piants
results in the formation of two separate tissues: the embryo and the
endosperm. The ploidy level of each tissue is different, the endosperm
resulting from the fusion of two maternal nuclei and one pollen
nucleus, whereas the embryo is formed by the fusion of one maternal
nucleus and one pollen nucleus. The consequence of the different
ploidy levels is not clear. However, in relation to the methylated state
of the storage protein genes, it has been hypothesized that
"undermethylation could occur before fertilization in the two maternal
polar nuclei, while the pollen genome would remain methylated and
therefore account for most of the fraction of endosperm DNA (=35%)
which s methylated at zein and glutelin sequences” (Bianchi and
Viotti 1988). The presence of other regulating processes is then
obvious since no activity of zein or glutelin can be detected in the
embryo. The question remains to be answered whether this genetic
imprinting theory also applies to hexaploid plants such as A. sativa.
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4.2.3. Physiclogical factors.
Exampies of the effects of abscisic acid (ABA), a plant growth
regulator, on the levels of seed storage protein gene mRNAs and
proteins have been reported (DeLisle and Crouch 1989, among others).

An increase in the mRNAs for napin and cruciferin (Brassica napus

seed storage proteins) was reported in cultured embryos when ABA
was applied. Similar results were obtained with embryos from other

plants. It has been shown that during recovery .from a sulfur
deficiency stress, the amount of legumin mRNAs in pea seeds

increased 20-fold, whereas that of vicilin mRNAs gradually dccreaséd
(Beach et al. 1985). It has been shown that the regulation had more to
do with mRNA stavility than with the rate of transcription itself and it
was therefore pointed out that the possible key _sequences.could'be
located in the 5' or 3' UTRs (Spencer et al. 1990). Another report
(Marcotte et al. 1988) demonstrated a rapid action of ABA on the
initiation of gene transcription using the promoter region of a wheat
embryo protein (Em). Are the transcription mechanisms of oat seed
storage protein genes affected by ABA or other growth regulators? Is
there a different response in the endosperm and in the embryo? Is
the mRNA stability altered during the recovery from stress? The use
of transgenic plants could bring some additional light in these
processes, especially when a GUS translational fusion is used (i.e. the
5'UTR is exclusively derived from the original genomic sequence).

4.2.4. Post-transcriptional mechanisms.

‘The processing of the pre-mRNAs (splicing out of the introns and
addition of poly(A)-tail) plays an important role in the regulation of
gene expression. Demonstration has been made that the fidelity with
which RNA processing signals are recognized in different plants

(usually the original host plant versus tobacco) can vary (Keith and.

Chua 1986). Although the present study did not directly assess the
correct splicing out of the introns, it is assumed that was the case
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since the positioning of the introns in Glav-3 was similar to the ones
observed in dicot globulin-like genes and that there was expression at
the protein level of the introduced gene. It would certainly be
interesting to verify whether the splicing-out of the introns was
correctly performed in transgeni'c tobacco seeds on the Glav-3
transcripts, especially since the novel RNA purification method
described in this study allows the use of the RT-PCR.

The addition of an intron within the coding ssquence of a reporter
gene has been shown to result in an increase of gene expression
(intron 1 of the maize Shrunken-1 gene, Maas et al. 1991, intron 1 of
the maize alcohol dehydrogenase-1 ‘gene, Adh-I, Callis et al. 1987, a
modified intron of a castor bean catalase gene, Ohta et al. 1990, intron
2 or'6‘ of the maize Adh-1 gene, Mascarenhas et al. 1990, intron 2 of
the potato light_-inducible ST-LS1 gené, Vancanneyt et al. 1990, intron
1 of a_"rice. actin gene, McElroy et al 1‘-990). Explanzitions for these
increases are numerous and often contradictory. It remains clear that
there are other genes that do not contain introns and are still capable
of high levels of expression, one case being the prolamin genes in
monocot seeds. |

It is known that mRNA stability and translatability (Vancanneyt et
al. 1990) are part of the regulation of gene expression. The secondary
and tertiary structure can increase the half-life time of the transcripts
by shielding the RNA froni the action of nucleases and faveour the
initiation of protein synthesis at privileged sites. It has been proposed
that the intron splicing mechanisms themselves could provide such a
protection to the mRNAs (Mascarenhas et al. 1990). Although less
studied in plant genes, the 5' and 3' UTR are also part of the
regulation mechanisms. In the case of the GUS reporter gene fused to
the avenin and globulin promoters, the NOSter was used but
additional constructs would be needed to assess its role in the
endosperm expression of the GUS-fusion constructs used in this study.



4.2.5. Translational and posttranslational controls.

Initiation rate, elongation and termination phases are the different
events taking place during the translation of a mRNA molecule.

In both the Av-GUS and the G12-GUS constructs, two possible
translation initiation codons (AUG) are available (see 3.1.3.2. and
3.2.3.), the first derived from the original genomic sequences and the
second corresponding to the GUS coding sequence. Although
determination of which AUG is chosen for the translation initiation has
not been carried out in this study, it is probable that translation of the
GUS ‘product initiated from the first AUG. Such a choice, when multiple
AUGs are present, has been reported (Putterill and Gardner 1989) and
has been shown to fit the modified Kozak's scanning model for
translation (Kozak 1989).

In the case of storage protein synthesis in oat, Boyer et al. (1992)
have proposed that the translation elongation or ‘the termination
reactions are likely to be the regulatory steps. Fidelity and rate of
translation can be determining factors in the regulation of protein
synthesis (see appendix 2).

When correctly expressed as a pro-protein, the seed storage
proteins are subjected to various modifications and constraints that, if
not properly processed, can substantially affect their accumulation in
endosperm or embryo tissues. These numerous constraintrsﬁ are placed
upon the tﬁrgeting of the protein through the proper sub-cellular
compartments'; the cleavage, assembly and folding of the protein, its
packaging into protein bodies and its susceptibility to special
endoproteases. In the latter case, it has been shown that some storage
proteins are degraded when they are expressed .in plants which are
not their original host .(see section 1.2.3.). The high level of consiraints
during the posttrans]lﬁtional events has also been demonstrated when
a modified storage protein (insertion of a 45-bp sequence containi’ngi:a
high proportion of methionine codons) was not able to be stably
incorporated in the protein bodies of transgenic seeds (Hoffman et al.
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1988), even though this protein was correctly expressed and
processed.

Whether the oat globulin Glav-3, expressed in transgenic tobacco
seeds, is correctly processed remains difficult to assess. Although the
Glav-3 protein, immunologically detected, corresponds to the size of
globulins synthesized in oat seeds, the signals were weak. A
monoclonal antibody would be ideally suited for a deeper analysis of
the targeting and fate of the Glav-3 protein in transgenic tobacco
seeds.

4.3. Conclusion and future prospects.

It has been shown in this study that two prcmoters from oat
globulin genes and one promoter from an avenin gene are similarly
regulated in transgenic tobacco plants as they are in oat. This is the
first time that the promoters. of oat seed storage protein genes have
been reported as endosperm specific when transferred into a dicot
species.

Examination of the oat globulin promoters did not reveal any
conserved elements that could be involved in the control -of the
regulation of these genes, excepf for an imperfect core motif of the
'-300 element’. Deletion of the region upstream of this putative box
showed that an additional portion_of the promoter is required for
" correct expression. Concerning the avenin promoter, its structural
homology with members of other prolamin gene families was
confirmed. The presence of the 'prolamin box' within a functional
promoter further demonstrates the possible role of this element in the
control of the regulation of prolamin gene expression.

In a molecular biology context, the identification of functional
promoters can be of great use in the understanding of the molecular
events regulating plant gene expression. The possibilities of future
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investigations are numerous and can involve many areas of research,
from basic plant molecular biology to the more applied field of genetic
engineering of plants.

The newly developed methods of gene transfer to cereals
(Potrykus 1990) is giving more impact to the identification of
functional seed-specific promoters. A recent rteport of the
regeneration of fertile transgenic oat plants (Somers et al. 1992) is
raising exciting hopes and prospects for the future. The potential
agronomic and economic utility of obtaining transgenic plants with
altered characteristics is undeniable {Gasser and Fraley 1989), even if
many problems still have to be overcome before we can see a safe
and routinely possible application of these discoveries. It is hoped
that the work that was presented here will contribute to a better
knowledge of plant biology.
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Appendix 1: Preparation and composition of the media used

for tobacco transformation and regeneration.

~ 5X MS base (giving a 2% sucrose 1X MS solution):

KNO3

NH4NO3
MgS04-7H20
CaCl,-2H,0
KH7PO4

Sucrose

KI stock

B5 vit.100X

MS pnutrient100X
FeNaEDTA

1000X MS unutrient

MnSQO4-4H,0
H3BO3
ZnS04-7H,0
NasMo04-2H-20
CuS04-5H-0
CaCl»-6H,0

100X BS5 vitamins

Myo-inositol
Nicotinic acid
Pyridoxine-HCl
Thiamine-HCl

KI stock

W

)

1 litre
9.5g
8.25g
1.85¢g
2.2g
0.85¢
100g
Smls
50mls
50mls
0.2g

llitre
23.3g
6.2g
8.6g
0.25¢g
0.025¢g
0.025¢

1litre
10g
0.1g
0.1g

lg

0.83g/l
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Appendix 2
tRNA extraction from mid-maturation seeds of different
plants.

An increasing number of sequenced coding genes has now
shown that synonymous codons are used preferentially over
others and that a codon usage bias exists in most genes (Murray
et al. 1989, Wain-Hobson et al. 1981). The translation
mechanisms involve many different factors such as RNA
secondary and tertiary structures, RNA stability, energy of
interaction between codon and anticodon and tRNA availability.
The fidelity and the rate of translation (efficiéncy of translation)
take into account some or all of these components.

One of the first hypotheses for the bias in genetic code usage
has been the tRNA adaptation theory (Ikemura 1985).The tRNA
content in E. coli, Salmonella typhimurium and Saccharomyces
cerevisiae have been determined and the frequencies of use of
each isoacceptor have been plotted against its usage, showing a
strong correlation between tRNA abundance and the choice of
synonymous codons (Ikemura 1985). The correlation is even
stronger when a distinction is made between highly and weakly
expressed genes. Codons corresponding to minor tRNAs uare
avoided in these efficiently expressed genes (Grosjean and Fiers
1982).

The efficiency of translation is reflected by both the fidelity
and the rate of translation. The rate-limiting step in the
elongation cycle of polypep;ide‘ is tRNA selection (Varenne et al.
1984). When codon usﬁéé matches tRNA availability, it then
becomes clear that the probability of correct codon-anticedon
interactions is incréased, thus affecting the translation rate.
However, the main factor determining protein yield is the
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initiation rate, but elongation and initiation can interact to
modulate protein yield (Gouy and Gautier 1982).

It has been shown that the final high proportion of globulins
in oat seeds is mainly regulated by the translation elongation or
terminal reactions, not the initiation rates (Boyer et al. 1992). It
then becomes clear that the relationship between tRNA
abundance and high level of globulin-like proteins in oat, rice
and dicot seeds will have to be investigated.

A preliminary study was conducted by isolating the tRNAs
from mid-maturation seeds. Figure 37 shows the tRNA banding
patterns of the different tRNA pools. No direct conclusion can be
drawn, except that the tRNA population from oat, rice and
soybean do not share specific banding patterns that would
directly bring the lkemura's adaptation theory into prospect for
seed storage protein regulation. A more detailed analysis is
therefore needed, especially in the determination and
frequency of use of each isoacceptor.

Total tRNA isolation method (modified from Steinmetz and
Weil 1986 and Cornelis 1978): o

Ten grams of dehulled mid-maturation seeds were ground
and homogenized with 1.5 vol. of buffer 1 (see below) in a
100m! beaker. The homogenate was filtered through a 50um
nylon cloth into a _250ml erlenmeyer containing 1lvol of phenol
saturated with buffer\-l and SDS (1% final concentration in the
aqueous phase). The mixture was vigorously stirred for 1lh at
4°C, reducing the speed of the magnetic stirring after 15min.
The mixture was then divided into two disposable sterile screw
cap tubes and centrifuged at 3,000 rpm for 15min. The aqueous
phase was recovered and re-extracted with phenol. After
centrifugation, the aqueous phase was divided into three 50ml
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Figure 37 : tRNAs from mid-maturation seeds of different
plants.

A: Each sample of 20pg of tRNAs was loaded on a 15%
denaturing acrylamide gel (with a 6% stacking gel). The gel
was run for 22 hours at 300V in a cold room. The tRNA
bands were visualized by ethydium bromide staining.

B: Same as in A except that S5ug of each sample were loaded
and the gel was run for 30 hours.
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tubes and O.1vol of 20% K acetate pH 5.0 and 2vol of cold
99% ethanol were added. The RNAs were precipitated at -20°C
for 1h and recovered by centrifugation (10,000 rpm for 15min).
The pellets were each resuspended in 700pl of DEPC-treated
dH20 and transferred to a 1.5ml centrifuge tube. The HMW
RNAs were selectively precipitated by addition of 1vol of 4M
ammonium sulfate (30min on ice). After centrifugation, the
supernatant was loaded on a short column (about 1/3 cc) of
Sepharose 4B equilibrated with the buffer 2. The column was
washed with the same buffer and the tRNAs were eluted with
DEPC-treated dH2O (4ml). The eluate was collected in a 15ml
Corex tube and 2.5vol of ethanol were added to precipitate the
tRNAs (-20°C). After centrifugation (10,000 rpm, 15min), the
tRNA pellets were resuspended in 1ml of DEPC-treated dH20
and dialysed (No. 3 dialysis tubing, Spectra/Por) overnight
against distilled water. After dialysis, 400pl-aliquots were
withdrawn and transferred into 1.5ml ceuirifuge tubes. The
tRNAs were then precipitated at -20°C after addition of 1/15vol
of Na acetate and 2.5vol of ethanol. After centrifugation, the
samples were resuspended in a total volume of 200ul. The
deaminoacylation was carried out at 37°C for lh in a small
volume of buffer 3. The tRNAs were again precipitated and the
concentration was spectrophotometrically determined.
Buffer 1: 10mM Tris-HCl pH 7.4
10mM MgClz
Buffer 2:" 2mM ammonium suifate
10mM Na acetate pH 4.5 -
10mM MgCly
ImM EDTA
Buffer 3: 1.8M Tris-HCI pH 8.0
IM NaCl
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