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ABSTRACT

Brassica napus microspores can be diverted from pollen
development toward haploid embryo formation in culture by
subjecting them to a heat stress treatment. This switch in
developmental pathways has been shown to be accompanied by
the induction of high levels of napin seed storage protein
gene expression {(DeMoor, 1892}. Specific members of the
napin multigene family that were expressed at this time were
cloned from a cDNA library prepared from microspores that
had been induced to undergo embryogenesis. The majority of
napin clones represented three members (BnmNAP2, BnmNAP3 and
BnmNAP4) that, along with a previously isclated napin
genomic clone {BngNAPl), are members of the highly conserved
BnmNAP subfamily of napin genes. DNA gel blot analysis,
using a subfamily-specific probe, suggested that this
subfamily may consist of up to 5 members. RNA gel blot
analysis, also using the subfamily-specific probe, indicated
that the BnmNAP subfamily was also expressed during embryo
development. BnmNAP mRNA was detected as early as the
globular stage of development in microsporic embryos, but
not until the late torpedo/early cotyledon stage of
development in zygotic embryos.

A BngNAPl promoter-fB-glucuronidase (GUS) gene fusion was
introduced into B. napus and Nicotiana tabacum (tobacco)

plants in order to examine the spatial-and temporal pattern
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of expression of one member of the BnmNAP subfamily. The
BngNAP1~-GUS construct was shown to be highly expressed in
microspores that had been induced to undergo embryogenesis,
but was not expressed in microspores continuing pollen
development in culture. Furthermore, BngNAPl-directed GUS
activity appeared to be predominantly localized in those
microspores that have been shown to have the greatest
potential to form embryos in culture.

Fluorogenic and histochemical analysis of developing
microsporic and zygotic embryos of B. napus indicated that
the BngNAP1-GUS fusion was expressed as early as the
globular stage of development. GUS activity was first
detected in the micropylar region of the future embryonic
axis and continued to spread upward during subsequent stages
of development.

In tobacco, GUS activity was first detected in the
endosperm of seeds containing globular stage embryos, GUS
activity did not begin to accumulate in tobacco embryos
until the early heart stage of development, where it
appeared as a band in the middle cof the embryo, justmﬁnder
the lobes of the emerging cotyledons. This activity
continued to spread outward in both directions as
develoﬁﬁent proceeded. Thus the timing, but not the spatial
localization, of BngNAPl-directed GUS expression was

maintained in transgenic tobacco.



This work represents the first detailed analysis of the
expression of a molecular marker for the induction of

microspore embryogenesis.
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INTRODUCTION

The plant embryo represents an interesting system with
which to study the developmental and tissue-specific
requlation of plant gene expression. During seed development
embryos undergo profound morphological changes, accumulate
large amounts of seed-specific storage compounds and
eventually enter into a state of developmental arrest. All
of these stages are influenced by environmental and hormeonal
signals and all are characterized by the expression of
different groups of genes.

The ability of isolated somatic oi gametophytic plant
cells to develop into embryos in culture has proven
extremely useful in the study of embryo development. One of
the main advantages of embryo culture systems is that they
allow one to collect, analyze and experimentally manipulate
large amounts of embryos that would normally be inaccessible
for experimentation in planta. For example, embryo culture
systems have been used to define the role of plant hormones
during embryo development and to identify specific genes
whose products are required during the early stages of
embryo formation (Schiavone and Cooke, 1987; de Vries et
al,, 1988; Sterk et al., 1991; De Jong et al., 1992).

One of the most fascinating but poorly understood aspects

of in vitro embryogenesis is the mechanism whereby a



previously differentiated cell can be induced to develop
into an embryo in culture. One approach that can be used to
gain insight this process involves the isolation of genes
whose expression marks this switch in developmental
pathways. While a small number of genes have been
characterized that mark the induction of embryogenesis from
somatic cells (Sterk and de Vries, 1993), similar studies
characterizing genes that mark the induction of
embryogenesis from gametophytic cells are lacking.

The goal of this thesis was to isolate and characterize
molecular markers for the transition from pollen to embryo
development during B. napus microspore embryogenesis.
Previous studies revealed that expression of napin seed
storage protein genes is a molecular marker for the
induction of B. napus microspore embryogenesis (DeMoor,
1992). The results of the study provided the backgrocund for
my thesis and are briefly summarized below. A more detailed
account of these results can be found in Appendices I and
o o

The original intent of this earlier study was to determine
if the patterns of gene expression during Brassica napus
microsporic embryo development paralleled *. »se that occur
during zygotic embryo development. As part Of this effort,
the expression patterns of genes coding for the B. napus
embryo seed storage proteins, napin and cruciferin, was
examined in microspores and in developing microsporic and

zygotic embryos. The results indicated- that the temporal



pattern of storage protein mRNA accumulation was similar in
both microsporic and zygotic embryos, however, a high level
of napin gene expression was also detected in preparations
of microspores immediately after the treatment used to
induce embryogenesis (4 days at 32.5 ©C), but not in
microspores that were cultured to develop as pellen (4 days
at 25 ©C; Appendix I, Figure 1). No cruciferin gene
expression was observed in any of the samples (Appendix I,
Figure 1). The induction of napin gene expression in
embryogenic microspores was unexpected as other studies have
shown that high level seed storage protein gene expression
generally occurs during the maturation phase of seed
development (Crouch, 1988; Goldberg et al., 1989).

Since napin gene expression was restricted to
embryogenically-induced microspores, it was hypothesized
that napin gene expression may be an early marker for the
induction of Brassica napus microspore embryogenesis. This
possibility was further explored by examining the
relationship between the induction of napin gene expression
and the developmental stage of donor microspores, the plant
growth conditions and the microspore culture conditions. In
brief, the results indicated the following: (1) the
induction of high levels of napin gene expression is
developmentally regulated in microspores and coincides with
the stages of microspore development that are optimal for
embryogenesis i.e. late uninucleate/early binucleate

microspores (Appendix II, Figure 1A);



(2) the induction of napin gene expression is not a direct
response to the plant growth or microspore culture
conditions alone. However, napin gene expression may be
induced by elevated temperatures, but only in embryos and
microspores with embryogenic potential (Appendix II, Figure
1B).

These results indicate that napin gene expression is an
early marker for the induction of B. napus microspore
embryogenesis. The napin proteins of Brassica napus are
encoded by a highly conserved gene family consisting of at
least 10 members (Josefsson et al., 1987; Scofield and
Crouch, 1987), some of which have been cloned and sequenced
{Crouch et al., 1983; Ericson et al., 1986; Scofield and
Crouch, 1987; Baszczynski and Fallis, 18990; Josefsson et
al., 1987; Ericson et al., 1991). The primary objectives of
this thesis were to clone and identify the specific members
of the napin multigene family expressed in embryogenic
microspores and to characterize their expression during
subsequent microspore and zygotic embryo development. In
addition, a study was initiated to identify other genes
expressed in embryogenic microspores that may also serve as
markers for the induction of B. napus microspore
embryogenesis, or that may provide insight into the
processes underlying microspore embryogenesis. The results
of the latter study are incomplete and have therefore been

presented in the form of an appendix (Appendix I1V).



CHAPTER ONE

LITERATURE REVIEW

This chapter provides an overview of a number of aspects
of plant reproduction including gametogenesis and seed
formation., Particular emphasis has been placed on embryo
development and the gene expression programs that accompany
it. When available, literature pertaining to B. napus has

been used as examples.

1.1 Overview Of Plant Reproduction

The life cycle of higher plants involves the alternation
between haploid and diploid generations. The haploid phase,
known as the gametophyte, produces the male and female
gametes. These gametes come together during fertilization to
produce the young diploid sporophyte or embryo. The mature
diploid sporophyte comprises the dominant portion of the
life cycle in higher plants and will ultimately produce
spores that undergo meiosis to generate, once again, the

gamete-producing haploid phase of the plant life cycle.

1.1.1 Development of the Male Gametophyte



In angiosperms, formation of the haploid male gametophyte,
or pollen, takes place within the stamen and requires the
interaction of both diploid sporophytic and hapleoid
gametophytic tissues. The stamen arises from the floral
meristem and, as shown in Figure 1A, is composed of the
filament and the anther. The filament is not directly
involved in pollen formation but rather serves as a vascular
connection to the plant, supplying both water and nutrients
to the anther. The anther consists of both reproductive and
nonreproductive tissues. Four wall-layers, the epidermis,
endothecium, middle layer and tapetum, surround a fluid
filled locule of connective tissue (Figure 1B). The tapetum
plays a crucial role in pollen development, providing
important nutrients, degradative enzymes and cell wall
precursors. Within the locule are four chambers or pollen
sacs. These pollen sacs contain the sporogenous dipleid
cells, termed microspore mother cells or microsporocytes,
that will ultimately give rise to the male gametes {(Figure
1B).

The progression of events leading to the formation of a
mature pollen grain are largely conserved from species to
species. Pollen development occurs within the sporogenous
tissue of the anther and begins with two meiotic divisions
of the microspore mother cell. These divisions give rise to
an enclosed tetrad of haploid uninucleate microspores
(Figure 1C). Each tetrad, and each microspore within a

tetrad, is enclosed by a callose (f-1,3-glucan) wall,



Following meiosis the microspores are released from the
tetrad by action of the enzyme callase (f-~1,3-glucanase)
which is secreted by the tapetum. Once released the
microspores undergo a rapid expansion, increasing two to
three times in volume (Figure 1C, D). Cell wall synthesis,
which began during meiosis, is also accelerated. The
microspore cell wall consists of an outer exine composed of
sporopollenin and an inner intine composed of pectic and
cellulosic material. The tapetum contributes to the
development of the exine by synthesizing precursors which
become incorporated into the outer cell wall layer. After an
extensive interphase the microspores undergo an asymmetric
mitotic division (microspore mitosis) to produce a
binucleate pollen grain consisting of a large vegetative
cell and a smaller generative cell that lies within the
cytoplasm of the vegetative cell (Figure 1E}.

Pollen development in angiosperms differs among species
with respect to the timing and location of a second mitotic
division (pollen miteosis). In some species, such as B.
napus, the generative cell divides mitotically to form two
sperm cells prior to release from the anther (Figure 1F).
However, in the majority of species, this division takes

place during subsequent pollen germination.



Figure 1 Schematic Representation of Pollen and Ovule
Development

A Structure of the flower and its reproductive organs.

p, petal; s, sepal; st, stigma; sty, style; ov, ovule; a,
anther; f, filament

B cross section of the anther
e, epidermis; en, endothecium; ps, pollen sac; t, tapetum;
pg, pollen grain; v, vascular bundle

C tetrad of uninucleate microspores
m, microspore; cw, callose wall

D uninucleate microspore
vn, vegetative nuclsus; pw, pollen wall

E binucleate pollen grain
vn, vegetative nucleus; gn, generative nucleus

F trinucleate pollen grain
sn, sperm nuclei

G cross section of the pistil
st, stigma; sty, style; trt, transmitting tissue; owvu, ovule

H initiation of ovule development
nu, nucellus; ms, megasporocyte

I ovule after first meiotic division and initiation of
integuments

ii, inner integument; oi, outer integument; fu, funiculus

J ovule after meiosis
fm, functional megaspore; dm, degenerate megaspores

K ovule after megagametogenesis
Figure adapted from Coventry et al., 1988, Gasser and

Robinson-Beers, 1993, Goldberg et al., 1993 and Reiser and
Fischer, 1993. Drawings are not to scale.



.| r
ajdooiw
spifsouds

l1eo 66a

19]0nU
ejod

ezeeyD

wj

sepodnue  oes oluquia




During pollen germination the vegetative cell forms the
pollen tube that directs the two sperm nuclei to the female
gametophyte. Prior to their release from the anther the
pollen grains, whether binucleate or trinucleate, must first
undergo a desiccation period.

Estimates of the number of genes expressed in the male
gametophyte of Tradescantia paludosa (Willing and
Mascarenhas, 1984), corn (Willing et al., 1988) and tobacco
(Kamalay and Goldberg, 1980) are similar; on average
approximately 20,000 to 26, 000 genes are expressed in
mature pollen. These genes can be divided into different
classes based on their relative mRNA abundance. In all three
species the majority of the pollen-expressed genes encode
the least abundant mRNAs. Estimates of the number of genes
expressed in earlier stages of male gemetophyte development
have not been carried out.

A considerable overlap of gene expression has been
estimated to exist between the sporophyte and the male
gametophyte. For example, only 10 to 20% of the genes
expressed in the pollen of corn and Tradescantia are
considered to be pollen specific (Stinson et al., 1980).
However, this is likely to be an overestimate as not all
sporophytic tissues have been evaluated. There is evidence
that at least some of the genes expressed in both the
sporophyte and male gametophyte exist as multigene families

with pollen specific members (Bryce and Nelson, 1979; Frova
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et al., 1987; Hussey et al., 1988; Ludwig et al., 1988;
Roberts et al., 1993).

Both the level and the nature of gene expression have been
shown to change during the course of male gametophyte
development. In particular, there is a striking increase in
RNA and protein synthesis as well as the onset of expression
of a new set of genes after microspore mitosis (Bedinger and
Edgerton, 1989; Mandaron et al., 1990). It has been
suggested that microspore mitosis marks the initiafion of a
new developmental program and is a critical point in the
commitment to the gametophytic pathway (Bedinger, 1992).

The iseclation and characterization of a large number of
pollen-specific genes has supported these observations.
Pollen-expressed genes have been organized into early and
late genes (Mascarenhas, 1989). Early genes are those that
are expressed in microspores soon after meiosis and are
repressed or expressed at very low levels in pollen. Early
genés appear to encode proteins that are involved in the
synthesis of the cell wall and cytoskeleton and stored
products such as starch. Late genes are defined as those
that are expressed from microspore mitosis onward and encode
products that are involved in pollen maturation, pollen
germination and pollen tube growth. The majority of pollen-
expressed genes that have been isolated have been classified

as late genes.
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1.1.2 Development of the Female Gametophyte

Formation of the haploid female gametophyte takes place
within the pistil and, like pollen development, relies
considerably on the interaction with sporophytic tissues.
The pistil is composed of the stigma, the style and one or
more ovaries (Figure 1A). The ovary, which will ultimately
form a fruit, contains one or more ovules that give rise to
seeds (Figure 1G). The ovule itself is derived from the
placental tissue on the inner surface of the ovary wall and
consists of a nucellus, one or two integuments and a
funiculus. The nucellus is derived from the ovular tissue
and differentiates to produce the diploid megasporocyte or
megaspore mother cell that gives rise to the megaspores. The
integuments, which later become the seed coat, are derived
from one or two of the outer cell layers of the ovule and
are formed during megasporogenesis. As the integuments
develop they leave a pore, or gap, called the micropyle. The
micropyle marks the point at which the pollen tube entersﬁﬁ
the ovule during fertilization. The funiculus, like the
stamen, provides both a physical and a vascular connection
to the plant.

During megasporogenesis, the megasporocyte undergoes
meiosis, producing first a dyad then a tetrad of haploid
megaspores. In the majority of species, three of these
megaspores degenerate, leaving the remaining single cell to

function as the megagametophyte (Figure 1H, I, J). The
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megagametophyte enlarges and subsequently undergoes three
free nuclear mitotic divisions. After the first division,
the two nuclei migrate to opposite ends of the cell. The two
haploid nuclei divide again and the resulting four nuclei
divide once more to produce a total of eight nuclei in two
polarized groups of four.

The eight nuclei produced by the mitotic divisions of the
megasporocyte become rearranged to form, at maturity, an
embryo sac, or female gametophyte, consisting of three
antipodal cells, a large central cell with two polar nuclei,
two synergid cells and a single gamete, the egg cell. One
nucleus from either end of the embryo sac migrates to the
middle of the cell. These two polar nuclei may fuse to form
a dipleid nucleus or may remain separate until
fertilization. Cell walls begin to form around the remaining
six nuclei. The three antipodal cells form at the end
farthest from the micropyle (chalazal end). The function of
antipodal cells is not known but it is thought that they are
involved in nutrient transfer to the embryo (Diboll, 1968).
At the micropylar end one cell functions as the female
gamete or egg cell, while the other two cells, called
synergids, function during fertilization (reviewed in
Russell, 1993). The mature embryo sac is shown in Figure 1K

Unlike the male gametophyte, very little is known about
the genetics and molecular biology of the female
gametophyte. A number of female-sterile mutants have been

characterized (see Reiser and Fischer, -1993; Gasser and
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Robinson-Beers, 1993). However, no female gametophyte
specific gene products have been identified. Several genes
that are expressed in other tissues have also been shown to
be expressed in the female gametophyte (Gasser et al., 1989;
Pennel and Roberts, 1990; Pennel et al., 1991; Bowman et
al., 1991; Ma et al., 1991; Jack et al., 1992). This lack of
knowledge is due, in part, to the small size and
inaccessibility of the developing embryo sac. However,
methods that allow for the amplification of mRNA from small
amounts of tissue, as well the availability of a number of
T-DNA tagged mutants should allow for the isoclation of
female-gametophyte-specific gene products in the near future
(Gasser and Robinson-Beers, 1993; Reiser and Fischer, 1993;

Russell, 1993)

1.1.3 Fertilization

Pollination, or the transfer of pollen grains from the
anther to the stigma, is brought about primarily by insects
and wind. Pollen grains landing on the stigma absorb
substances which stimulate the pollen grain to germinate.
During germination the vegetative cell bulges out through
the pollen grain to form the pollen tube. The vegetative
nucleus enters the pollen tube and is followed by the two
sperm cells. The pollen tube travels down through the

transmitting tissue of the style (Figure 1G) until it
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reaches the micropyle of the ovule. The contents of the
pollen tube are discharged into one of the two synergids,
which degenerate either before or during entry of the first
sperm cell, The synergid cells are rich in calcium which is
thought to direct the peollen tube to enter the embryo sac
through the micropyle and to release its two sperm cells
(Jensen et al., 1985).

Once released the sperm cells participate in double
fertilization, a process which is unique to angiosperms.
During double fertilization, the nucleus of one sperm cell
fuses with the nucleus of the egg cell to form the diploid
zygote, while the nucleus of the other sperm cell fuses with

the two polar nuclei to form the triploid endosperm,

1.1.4 Seed Development

The development of the embryo, endosperm and seed coat are
triggered by fertilization and culminate in the formation of
a seed. During seed development the embryo undergoes
morphogenetic events that establish the primordia of the
basic organ systems of the sporophyte. The embryo also
accumulates storage reserves that will sustain it during
germination and early seedling development. Finally the
embryo becomes desiccated and enters into a period of
developmental arrest. All of these events.take place while

the seed remains attached to the maternal plant.
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1.1.4.1 The Seed Coat

Shortly after fertilization, the integuments undergo cell
division, expansion and vascularization to form the seed
coat (Bouman, 1984)., Unlike the embryo and endosperm, the
seed coat is solely maternal in origin. One of the first
functions of the seed coat is to act as a conduit for
nutrient transfer from the parent plant to the developing
seed. In addition, the seed coat acts as a protective
covering for the emﬁryo and may aiso control germination by
acting as an impermeable barrier to water, by synthesizing
compounds that inhibit germination or by controiling the

amount of light reaching the embryo (Bewley and Black, 1978;
Crouch, 1988).

1.1.4.2 The Endosperm

In most species, early endosperm development involves a
series of free nuclear divisions followed by cellularization
(Vijayaraghavan and Prabhakar, 1984). During the initial
stages of seed development the endosperm develops more
rapidly than the embryo and, as a result, the embryo is
almost completely surrounded by endosperm tissue at an early
stage in its development. The endosperm is thought to act as
a source of nutrients and hormones during the early stages
of embryoc growth (Crouch, 1988; Lopes and Larkins, 1993),
However, it is not clear whether the transfer of hormones

and nutrients from the endosperm to the embryo occurs
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passively, or whether it is orchestrated by the embryo alone
or by both the embryo and the endosperm (Lopes and Larkins,
1993).

The degree to which the endosperm persists during seed
development varies from species to species. In monocots, the
endosperm persists throughout seed development and functions
as a storage reserve for carbohydrate, lipid and protein
compounds which are catabolized following germination.
Pigments and defense compounds, as well as the enzymes
needed to catabolize storage products, also accumulate in
persistent endosperms. In contrast, many dicotyledonous
species, including B. napus, have a transient endosperm. In
these species the majority of storage reserves accumulate in
the cotyledons of the developing embryo. In seeds with
transient endosperms, it is thought that the endosperm is
consumed by the developing embryo (Raghavan, 1986). However,
it is not known whether the endosperm is actively digested
by the embryo or whether the process is controlled by the

endosperm.

1.1.4.3 The Embryo

In the majority of flowering plants embryo development
proceeds through three major phases (Steeves and Sussex,
1989; Walbot, 1978; Crouch, 1988). The first phase is one of
rapid cell division and morphogenesis during which the
embryo body plan and the major tissue types and organ

systems are established. The second phase encompasses a
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period of rapid cell expansion and is characterized by the
synthesis of storage reserves. In the final phase of embryo
development the embryo becomes desiccated and enters into a
period of quiescence.

The stages of embryo development for a typical dicot such
as B. napus are shown in Figure 2. After fertilization the
diploid zygote (Figure 2A) is located at the micropylar end
of the ovule. The first division of the zygote is asymmetric
and generates a two-celled structure consisting of a small
apical cell (nearest the chalazal end) and a larger
elongated basal cell (nearest the micropylar end) (Figure
2B) . The apical cell will ultimately divide to form the
cotyledons, shoot apex and hypocotyl of the embryo proper,
whereas the basal cell will contribute to the development of
both the embryo and the suspensor. The first division of the
basal cell generates two equally-sized cells (Figure 2B}.
The upper cell generates the precursors to the root cortex
initials and the central region of the root cap, while the
lower cell contributes soclely to the development of the
suspensor. The suspensor is a transient structure, usually
consisting of a single file of cells, that attaches the
embryo to the wall of the ovule (Figure 2C). As the
suspensor grows it pushes the embryo deeper into the

endosperm. The suspensor also promotes embryo growth through
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Figure 2 Schematic Representation of Embryo Development in

a Typical Dicotyledonous Plant

A zygote

B one celled embryc showing the apical (a) and basal (b)
cells

C four celled embryo (e) with a file of suspensor cells (s)
D mid-globular stage embryo with differentiating protoderm
(p)

E transition stage embryo with developing protoderm (p),
procambium (pc) and ground meristem {gm)

F heart stage embryo

G cotyledon stage embryo showing the elements of the apical
basal-axis (¢, cotyledons; sa, shoot apical meristem; ax,
axis; ra, root apical meristem: rc, root cap) and the radial
axis (e, epidermis; ve¢, vascular cylinder; gm, ground
meristem

Adapted from West and Harada, 1993. Drawings are not to

scale.
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nutrient and growth hormone transfer (reviewed in Yeung and
Meinke, 1993).

The apical cell of the z 'gote undergoes a number of
longitudinal and transverse divisions to form a radially
symmetric, globular-shaped embryo. The first differentiated
tissue,.the protoderm, is visible at this stage (Figure 2D).
In dicots, localized cell divisions in the apical region of
the globular embryo result in the emergence of two lobes,
which will form the future cotyledons, while cell divisions
in the basal region of the embryo result in the emergence of
a central axis (Fig 2E}. This transition stage marks the
switch from a radial to a bilateral type of symmetry. The
remaining two tissue systems of the plant, the procambium
and the ground meristem, as well as the shoot and root
apical meristems also become established during the
transition stage. In monocots, only one cotyledon develops
and the embryo assumes a cylindrical shape.

In dicots, continued enlargement of both the cotyledon and
axis cells results in the successive formation of heart,
torpedo and cotyledon stage embryos (Figure 2F, G}. The body
plan of these embryos can be organized into two superimposed
patterns consisting of an apical-basal pattern along the
main body axis of polarity and a radial pattern
perpendicular to the main axis (Jurgens et al., 1991, Mayer
et al., 1991). Each pattern consists of distinct elements;
shoot meristem, cotyledons, hypocotyl, root and root

meristem in the apical-basal pattern and epidermis, ground
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tissue and vascular cylinder in the radial pattern (Figure
2G) .

Once the embryo has stopped dividing it enters into the
maturation phase. In dicot embryos, the first half of the
maturation stage is characterized by high levels of the
plant growth hormone abscisic acid (ABA) and a decline in
the water potential of the seed (Galau et al., 1987). During
the maturation stage any increases in size are due solely to
the deposition of storage products. Most dicot embryos
synthesize and store large amounts of reserves that function
after germination to sustain the seedling until it becomes
established. The major storage reserves include lipid,
carbohydrate and protein, all of which are sequestered into
intracellular bodies. In addition, seeds often contain
stores of phosphate and various other inorganic compounds.
In monocots, and in dicots with a persistent endosperm, the
storage function of the embryo is largely taken over by the
endosperm. The relative proportion and types of storage
reserves varies among different species (Bewley and Black,
1978) . For example, the oilseeds of B. napus contain
approximately 45-55% (w/w) o0il and 25-30% (w/w) protein
(Murphy and Cummins, 1989; Murphy et al., 1989).
Approximately 96% of the oil in B. napus seeds is composed
of triacylglycerols. 70% of the seed protein is composed of
the two storage proteins, napin and cruciferin, and

approximately 20 % of the seed protein is composed of an oil
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body associated protein termed oleosin (Murphy et al.,
1989).

The final stage of embryo development for most seed plants
involves preparation for quiescence. This period of
developmental arrest ensures that subsequent seed
germination occurs under environmental conditions that will
favour seedling growth. During this phase of embryo
development the vascular connection to the maternal plant is
severed, the embryo rapidly loses water and eventually
becomes desiccated (Galau et al., 1991). The period between
ovule abscission and rapid water loss is marked by the
synthesis of a new class of proteins termed late
embryogenesis abundant or LEA proteins (Hughes and Galau,
1989) . Many LEA proteins contain hydrophilic peptide domains
that are thought to function to protect cellular components,
such as proteins, from subsequent desiccation (Dure et al.,
1989).

In B. napus, this entire process, from fertilization to
maturation through to desiccation, takgs place over a period

of up to 12 weeks {(Figure 3; Murphy and Cummins 1989).

1.2 Asexual Embryoc Development
Sexual reproduction in plants involves the fusion of the
male and female gametes and results in the formation of an

embryo. However, plants are also capable of producing



Figure 3 B. napus Embryo Development

dpa, days post anthesis

adapted from DeMoor, 1892
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functional embryos in the absence of fertilization. This
process occurs naturally in many plant species and can also

be induced in culture in an even wider range of species.

1.2.1 Apomixis

In a number of species, seeds containing an embryo, and in
some cases endosperm, may be generated from ovular tissue in
the absence of fertilization. This process is referred to as
apomixis and results in the production of a seed that is
entirely maternal in its genetic constitution.

Three mechanisms of apomixis have been observed and are
termed diplospory, apospory and adventitious embryony
(reviewed in Koltunow, 1993). Each mechanism differs with
respect to the source of the cell that gives rise to the
embryo and with respect to the time during ovule development
at which the apomictic process is initiated. However,
regardless of the mechanism, the resulting apomictic embryos
are virtually indistinguishable from those that are derived
from a sexual process.

In diplospory, the megaspore mother cell does not undergo
the usual meiotic reduction division, but rather divides
mitotically to produce an eight-celled embryo sac that
contains diploid rather than haploid cells. One of these
cells functions as the egg cell and divides to form the
embryo. In a number of species the unreduced polar nuclei
may fuse to form the endosperm (Nogler, 1984). In aposporous

apomicts embryos are produced from additional cells, the
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aposporous initials, that differentiate from the nucellus.
As with the megagametophyte of diplosporous species, the
aposporous initial undergoes mitoﬁic divisions to produce an
8-celled, unreduced embryo sac. Aposporous embryos are not
derived from the megagametophyte and can therefore co-exist‘
within a single ovule with sexually produced embryos.
Autonomous production of endosperm is rare in aposporous
species. The third mechanism of apomixis, termed
adventitious embryony, does not involve the production of an
embryo sac. Rather, embryos are formed directly from either
the integuments or nucellar tissue of the ovule (Lakshmanan
and Ambegaokar, 1984). Seeds derived from species exhibiting
adventitious embryony are generally polyembryonic and may
also contain a single sexually-derived embryo.

A number of studies suggest that apomixis is controlled by
a few dominant genes (Mogie, 1988; Asker and Jerling, 1990).
A recent model (Koltunow, 1993) suggests that these
apomictic genes encode products that act as developmental
regulators which normally function to initiate cascades of
developmental reactions in sexually reproducing plants.
Ectopic expression of these genes in the nucellus at
different times during ovule development could lead to the
initiation of the observed apomictic processes, while still
allowing normal sexual reproduction to occur. Once apomixis
is initiated the normal process of embryc development would

be free to proceed.
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1.2.2 Embryo Culture Systems

Asexual embryos can also be induced to form in culture
from a wide variety of gametophytic and sporophytic plant
tissues (reviewed in Raghavan, 1986). These embryos may be
induced to form either directly, from single cells, or
indirectly, through an intermediary callus phase. Cultured
embryos, although not identical to sexually-derived embryos,
do develop through similar morphological stages and, given
the appropriate culture conditions, express many of the same
genes at the same developmental time as their zygotic
counterparts.

Embryo culture systems have proven to be a valuable tool
for the study of embryo development. The primary advantage
of these systems resides in the ability to rapidly generate
large numbers of embryos at specific developmental stages.
This allows one access to the early stages of embryo
development that would normally be inaccessible in zygotic
enmbryos. Furthermore, embryos grown in culture are amenable
to a variety of experimental manipulations which either
cannot be carried out or would be difficult to perform in
planta. Finally, embryo culture systems provide an
opportunity to understand the mechanism whereby a
terminally~differentiated cell is induced to switch

developmental pathways and develop inte an embryo.

1.2.2.1 Somatic Embryogenesis
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Somatic embrvogenesis was first observed in carrot (Daucus
carota) by Steward et al. (1958) and Reinert (1959) and has
since been achieved in a wide wvariety monocot and dicot
species (Ammirato, 1983). However, the somatic embryo
culture system established with carrot remains the most
fully characterized. In carrot, somatic embryos can be
obtained from cultures of leaf petioles, root parenchyma,
flower peduncles and epidermal strips from the hypocotyls of
germinating seedlings. When these tissues are cultured on
synthetic medium containing high concentrations of plant
growth hormones, usual.y auxins, cell division is
reinitiated and leads to the formation of a dedifferentiated
callus. These dediffereniated callus tissues can be
propagated in liquid culture or on a solid agar surface.
When callus suspension cultures are diluted and transferred
to hormone free growth medium they give rise to somatic
embryos., Highly purified populations of somatic embryos at
specific developmental stages can be obtained by sieving the
embryo cultures through different sizes of nylon filters
(Giuliano et al., 1983).

The most effective inducer of somatic embryogenesis is the
synthetic auxin 2,4-D (Ammirato 1983; Sung et al., 1984;
Dudits et al., 1981). In carrot, prolonged exposure to high
levels of 2,4-D is necessary to initiate embryogenic cell
divisions in the explanted tissue . However, if tissue
eXplants from some plant species, such as alfalfa (Medicago

sativa), are first grown in the presence of a weak auxin,
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such as napthalene acteic acid (NAA), only a very short
pulse of 2,4-D (a few minutes to a few hours) is needed to
initiate organized growth in the callus tissue and to induce
subsequent embryo formation in hormone free culture medium
(Bogre et al., 1990; Dudits et al., 1991).

Auxin, in addition to its role in initiating embryogenic
cell divisions, also appears to promote early embryo
development. Somatic embryos generally originate from the
surface cells of small cell clusters termed proembryogenic
masses (PEMs; Halperin, 1966). PEMs are established early,
during culture in auxin containing media. A variety of
evidence suggests that PEMs are, in fact, somatic embryos
that have become blocked at or before the globular stage of
development (Bokird et al., 1986; de Vries et al., 1988).
The block to further embryo development is removed when the
cultures are transferred to a medium lacking auxin. Thus
auxin may either promcte or inhibit embryo development
depending on the stage at which it is applied.

The carrot somatic embryo system offers a number of
experimental advantages for the study of embryogenesis.
Among these are the availability of a number of chemical
inhibitors of somatic embryogenesis and a variety of well
characterized mutant cell lines (Ld Schiavo et al., 1986;
Sung et al., 1984). Both have proven useful in the isolation
of proteins that are required during the early stages of
somatic embryo development (Cordewener et al., 1991; de Jong

et al., 1992). An added advantage of the carrot somatic
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embryo system is the ability to stably transform PEMs and to
subsequently regenerate transgenic plants through somatic
embryogenesis (Scott and Draper, 1987).

There are, however, a humber of inherent disadvantages
associated with the use of the carrot somatic embryo system.
For example, the prolonged culture periods employed during
carrot somatic embryogenesis often result in the
accumulation of mutations due to somaclonal variation. This
variation can potentially result in the appearance of new
phenotypes or, alternatively, in the loss of important
mutant cell phenotypes, both of which can confound the
interpretation of experimental results.

An added disadvantage of the carrot somatic embryo system
is that it is unsuitable for studying the earliest events
associated with the induction of the embryogenic pathway.
Because the explants are cultured for extended periods in
auxin-containing medium the precise timing of the auxin
induced initiation of embryogenesis is ill defined.
Furthermore, carrot somatic embryos are derived from
multicellular structures, making it difficult to identify
the cell types that will ultimately give rise to embryos.
Both of these factors make this system unsuitable for
studying the very early events associated with the induction
of embryogenesis.

The alfalfa somatic embryo system offers potential
solutions to both these problems. In alfalfa, single cells,

such as leaf protoplasts, can be induced to form embryos
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directly, without developing through an intermediate callus
stage (Kao and Michayluk, 1980; Song et al., 1990).
Furthermore, the timing of embryogenic induction in alfalfa
cultures can be precisely controlled. Alfalfa somatic embryo
culture is therefore better suited for studying the very
early events involved in the initiation of the embryogenic
pathway, while the carrot system seems to be better suited
for studying events that occur after transfer to hormone

free medium.

1.2.2.2 Gametophytic Embryogenesis

Embryos can also be induced to form in culture from the
gametophytic tissues of ovaries and anthers. In ovary
culture, embryos may form from both the synergid cells (Zhou
et al., 1986) and the egg cell (Yang et al., 1986) of the
ovule. The major limitation of this system 1s that there is
only one embryo sac per ovule and embryo yields are
therefore restrictively low. In contrast, anther culture,
which was first reported by Guha and Maheswari (1964) in
Daturia innoxia, has been used to generate high yields of
embryos in over 200 species of plants (reviewed in Dunwell,
1986) . The major disadvantage associated with the use of
this system is that embryos can develop from both the
sporophytic and gametophytic tissues of the anther,
generating a population of embryos with mixed ploidy levels.

Furthermore, the early stages of embryo development are
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inaccessible since they occur within the confines of the
anther.

Culture of isolated microspores or pollen avoids the
problems that occur in anther culture such as low embryo
yields and formation of embryos with mixed ploidy levels.
Furthermore, microspore or pollen culture systems are well
suited to the study of the early events that accompany the
induction of embryogenesis in culture and, in fact, appear
to more closely approximate in vivo embryo sac embryogenesis
than somatic embryogenesis systems.

In general, pollen or microspore embryogenesis is induced
by a single stress treatment of defined duration, allowing
one to define the events that occur immediately before,
during, and after the treatment used to induce
embryogenesis. Embryos are derived from single cells
allowing one to define and characterize the precursor cells
that give rise to embryos in culture. An added advantage of
pollen culture systems is that pollen development is fairly
synchronous and one can easily collect large amounts of
donor pollen at specific developmental stages.

Microspore or pollen embryogenesis has been observed in a
wide range of species (reviewed in Raghavan, 1986), but is
particularly well described for tobacco (Heberle-Bors, 1985;
Heberle-Bors, 1989) and B. napus (Chuong and Beversdorf,
1985; Keller et al.,, 1987; Fan et al., 1988; Kott et al.,

1988; Pechan and Keller, 1988; Telmer et al., 1992, 1993) .,
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A highly efficient culture system has been developed for
isolated pollen grains of tobacco. This system allows for
strict control of pollen maturation and pollen embryogenesis
{Benito Moreno et al., 1988; Garrido et al., 1991) and thus
is suitable for study of both gametogenesis and
embryogenesis. Culture of mid-binucleate stage tobacco
pollen grains for 6 to 8 days in a medium lacking nutrients,
followed by transfer to a nutrient-rich medium, induces the
vegetative nucleus of the pollen grains to divide and form
embryos. In contrast, the same stage pollen, when cultured
in nutrient rich medium, continues to develop as pollen.
Therefore, in tobacco, the switch between embryogenesis and
pollen development can be controlled by the nutritional
status of the plant.

The induction of tobacco pollen embryogenesis appears to
occur in three phases: (1) degradation of the cytoplasm of
mid-binucleate pollen grains; (2) derepression of the cell
cycle in the vegetative cell and; (3) activation of gene
expression.

During culture in medium lacking nutrients, embryogenic
pollen grains, referred to as P-grains, develop cytological
characteristics that distinguish them from normal
gametophytic pollgn. P grains exhibit characteristics that
are typical of a starving cell that is converting stored
nutrients into energy (reviewed by Heberle-Bors, 1989),
These features include numerous lysosomes and structurally

empty spaces, the regression of plastids and starch grains,
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a decrease in the number of ribosomes and the maintenance of
mitochondrial integrity. This pollen dimorphism occurs
naturally in vivo, but the proportion of P-grains can be
increased by manipulating the growth conditions of the donor
plants {Heberle-Bors and Reinert, 198l) or by the
application of growth substances or gametocides that are
known to increase male sterility (Heberle-Bors, 1283). In
all instances, the increase in P grain formation results in
an increase in the frequency of pollen embryo formation in
vitro. Pollen starvation, whether it occurs in vive or in
vitro, may be required to eliminate the products of
gametophytic gene expression and thereby facilitate the
transition from pollen to embryo development.

The induction of tobacco pollen embryogenesis also appears
to involve the derepression of the cell cycle. During normal
pollen development the vegetative nucleus is arrested in Gl.
However, in mid-binucleate pollen cultured in starvation
medium, the vegetative nucleus is induced to enter S phase
and replicate its DNA (Zarsky et al., 1992), Furthermore,
changes in protein kinase activity (Garrido et al., 1983)
and protein phosphcrylation patterns (Kyo and Harada, 1990)
during the starvation treatment also suggest that the
starvation treatment acts to reactivate the cell cycle in
the vegetative nucleus.

In B, napus, as in tobacco, the switch from pollen to
embryo development can be experimentally controlled by

manipulating the plant growth and cell- culture conditions.
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Heat treatment of late uninucleate/early binucleate
microspores, isolated from plants grown under low
temperatures, followed by transfer to normal growth
temperatures, is sufficient to simultaneously block pollen
development and induce microspore embryogenesis in a large
proportion of the population (Chuong and Beversdorf, 1985;
Fan et al., 1988; Keller et al., 1987; Gland et al., 1988;
Pechan and Keller, 1988; Telmer et al., 1992, 1993). The
same microspores, when cultured in the absence of the heat
treatment, continue to develop as pollen. Thus a single
stress treatment is sufficient to induce and sustain
embryogenesis in Brassica microspores. The process of
Brassica microspore embryogenesis is illustrated in Figure
4,

Changes in microspore morphology and ultrastructure can be
se2n soon after the microspores have been heat stressed to
jnduce embryogenesis {Chuong et al., 1988; Kott et al.,
1988; Fan et al., 1988; Zaki and Dickirsgn, 19920; Telmer et
al., 1993). Heat-treated microspores, isolated just prior to
or immediately after microspore mitosis, appear spherical
and slightly swollen. Cultures with a high proportion of
this type of microspore generally give rise to the highest
embryo yields. In contrast, heat-treated microspores or

pollen from either earlier or later stages of development do
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Figure 4 Schematic Representation of Pollen Development and

Microspore Embryogenesis in B. napus

B. napus microspores isolated at the late uninucleate to
early binucleate stage of development can be induced to form
haploid embryos in vitro by culturing them at 32.5 ©C. In
contrast, microspores from the same developmental stages
continue to develop as pollen in vitro when cultured at 25

Cc.

Adapted from Coventry et al., 1988,
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not exhibit this response. Microspores from earlier stages
swell only slightly, whereas those isclated well past
microspore mitosis appear oval, tend to swell enormously and
usually burst within a few days in culture. Neither of these
stages is embryogenic.

Interestingly, embryogenic microspores often appear
starch-free and contain distinct organelle-free regions
(Kott et al., 1888; Telmer et al., 1993). This is similar to
the ultrastructural profile observed in tobacco pollen after
the starvation treatment.

In heat-treated embryogenic microspores the first mitotic
division toward microsporic embryo development takes place
in vegetative nucleus and, in contrast to the first pollen
mitosis, is symmetric in nature (Fan et al., 1988; Zaki and
Dickinson, 1990, 1991; Hause et al., 1993). Continued
mitotic divisions give rise successively to globular, heart,
torpedo and cotyledon stage embryos which afé
morpheologically similar to and accumulate the same seed-
specific storage products as zygotic embryos (Crouch, 1982;
Pomeroy et al., 1991; Taylor et al., 1990; Wiberg et al.,
1991).

1.3 Gene Expression During Embryo Development

1.3.1 Zygotic Embryos
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Using RNA-excess and DNA/RNA hybridization experiments
Goldberg et al., {1981) and Galau and Dure (1981) have shown
that approximately 30,000 genes are expressed during soybean
and cotton embryogenesis. Most of the mRNAs are rare
sequences that are present in a few copies per cell, a few
thousand mRNAs are low to moderately abundant, while only a
few hundred mRNAs are considered to be abundant. The
majority of these seed mRNAs are expressed during the
maturation stage, are stored in mature embryos and are also
present in germinated seedlings and in the mature plant.

Genes expressed during embryo development can be organized
into a number of groups based both on the timing of their
expression and the nature of the products they encode (Dure,
1985; Goldberg et al., 1989; Hughes and Galau, 198%8). The
first group includes constitutively expressed genes such as
actin and tubulin. These genes are not embryo specific, but
rather are expressed throughout the life cycle of the plant.
The second group of genes is embryo specific. The expression
of these genes is restricted to the embryo prcoper and ceases
prior to germination. The third group of genes is expressed
early in embryo development, during the period of rapid cell
division and morphogenesis. The fourth group contains genes
coding for the seed storage proteins. These genes are highly
expressed during the maturation phase but are also expressed
to a lesser extent during earlier and later stages. The

fifth group contains genes coding for LEAR proteins and is
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generally expressed late in embryogenesis, at the time of
ovule abscission.

The majority of embryo expressed genes have been isolated
from developmental stages that are accessible in large
amounts. This has led to the preferential isolation of genes
that are highly expressed during the mid to late stages of
embryo development, such as those encoding seed storage and
LEA proteins. As a result, very little is known about genes
that are expressed during early zygotic embryo development.

Jurgens and coworkers performed a saturating genetic
screen for putative embryo pattern mutants in Arabidopsis.
These mutants exhibited disturbances in both the apical-
basal and radial patterns. The phenotypes of at least two of
these mutants, gnom and monopteros have been shown to occur
very early in embryo development (Berleth and Jurgens, 1993;
Mayer et al., 1293). The gnom gene appears to be required
for the first asymmetric division of the zygote, while the
action of the monopteros gene can be traced back to the
octant-stage embryo. These embryo-pattern mutants represent
the earliest acting genes known for zygotic embryogenesis;
however, none of the genes responsible for these mutations
has been cloned.

Of all the genes that are expressed during embryo
development perhaps the best characterized are those that
code for the seed storage proteins. Seed storage proteins
differ from other seed proteins in that they are generally

synthesized and accumulate to very high levels only within
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the developing seed. In dicots, storage proteins are
deposited in protein bodies derived from the central vacuole
of the storage parenchyma cells ({(Lott, 1980). Protein bodies
are generally located in the endosperm of monccots and
throughout the embryo in dicots. After germination the seed
storage proteins are broken down within the protein bodies
by a variety of hydrolytic enzymes including both endo- and
exo-proteases (Muntz et al., 1985; Shutov and Vaintraub,
1987; Ericson, 1988).

Seed storage proteins generally lack enzymatic activity
and have therefore been classified on the basis of both
their sedimentation coefficient values and their solubility
characteristics (Osborne, 1924). The four solubility groups
for seed storage proteins are the albumins (water soluble),
the globulins (soluble in mild salt soclutions), the
prolamins {soluble in agqueous alcohol) and the glutelins
(soluble in weakly acidic or alkali solutions}. In general,
dicotyledonous plants mostly contain albumin and globulin
type seed storage protein, whereas monocotyledonous plants
contain the prolamins and glutelins.

Seed storage protein genes are expressed to high levels in
a developmentally-regulated, tissue-specific manner, and
therefore provide a model system with which to study the
regulation of plant gene expression. A great deal of
variability exists with respect to the expression of seed
storage protein genes; however, a number of common

characteristics are evident.
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Seed storage protein genes are generally expressed
exclusively within the developing embryo and/or endosperm,
although in a few cases, seed storage mRNAs or proteins have
been detected in nonseed tissues (Finkelstein & Crouch,
1984; Ueng et al,, 1988; Quattrocchio et al., 1990). Neither
the significance of this phenomenon nor the extent of its
occurrence has been investigated.

Seed storage proteins are generally encoded by multigene
families that vary in size, organization, complexity and
chromnsomal location. Individual members within a multigene
family may show different temporal and spatial patterns of
expression. For example, in Arabidopsis thaliana, the 28
albumins are encoded by a small multigene family consisting
of 4 members, At2S1 to At2S4 (Krebbers et al., 1988).
Although the At2S sequences are all temporally regulated in
a similar fashion, they appear to have different tissue
specificities; At2S2, At2S3 and At2S4 are expressed
throughout the entire embryo whereas At2S51 expression is
restricted to the embryonic axis (Guerche et al., 1990).
Similar observations have been made with the 12S globulins
of B. napus (Sjodahl et al., 1993).

Seed storage protein mRNA usually begins to accumulate at
an early stage, while cell division is still occurring. The
mRNA levels reach a maximum during the period when cell
division ceases, remain high for many weeks, and decline to

low or negligible levels irn quiescent seeds (for reviews see
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Crouch, 1988, Goldberg et al., 1989; Shirsat, 1991; Thomas,
1993} .

Seed storage protein genes have been shown to be regulated
at both the transcriptional and posttranscriptional level,
although transcriptional control appears to be the major
regulatory process. Most seed storage protein genes are
transcriptionally activated at very low levels during early
embryo development, transcribed at much higher rates during
the maturation stage and are transcriptionally repressed as
the seed becomes quiescent (Bostan et al., 1986; Gatehouse
et al., 1986; Walling et al., 1986; Harada et al., 1989).

Posttranscriptional processes also play an important role
in the accumulation of seed storage protein mRNAs (Goldberg
et al., 1989). These processes have been shown to affect
both mRNA prevalence and temporal patterns of mRNA
accumulation during development. In soybean, mRNAs
corresponding teo four glycinin genes accumulate and decay at
the same time during development. Their transcription is
also co-ordinately activated and repressed at the same times
(Neilson et al., 1989). In contrast, two different soybean
B-conglycinin mRNAs accumulate and decay at different times
during development, whereas their corresponding genes are
transcriptionally activated and repressed in a co-ordinate
manner (Goldberg et al., 1989). Post-transcriptional
regulation may take the form of differential processing of
the primary transcript, selective nuclear transport of

specific mRNAs or differential mRNA stébility.
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Gene expression is regulated, in part, by a number of
sequences lying in the promoter region of the gene. These
cis-acting sequences are believed to bind specific trans-
acting nuclear protein factors which activate or repress
transcription of the gene. It is generally assumed that the
promoter region of a developmentally-regqulated gene or set
of genes contains specific segments of cis-acting DNA which
are responsible for directing the developmental or tissue
specificity of the gene.

One method for determining a role for putative cis
elements is to mutate the promoter of the gene of interest,
usually by deletion analysis, reintroduce the altered gene
into the plant and study its pattern of expression in vivo.
Due to the absence of suitable transformation and

regeneration systems for most plants, the altered genes are
'usually introduced into dicots such as tobacco by
Agrobacterium-mediated transformation. In these experiments
the detection of gene activity is often facilitated by
replacing the coding region of the gene of interest with the
coding region of a reporter gene such as the neomycin
phosphotransferase II gene (nptII) from Tn5 (Fraley et al.,
1983), the chloramphenicol acetyl transferase gene (cat)
from Tn9 (Herrera-Estralla et al., 1983), the firefly or
Vibrio harveyi luciferase genes (luc and lux, respectively;
(Ow et al., 19B6; Koncz et al., 1987), or the BR-

glucuronidase (gusA) gene from E. coli (Jefferson et al.,
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1986) . These enzymatic activities are generally present in
low or negligible amounts in non-transformed plants.

Deletion analysis of the promoters of a number of seed
storage protein genes has shown that in most cases only a
few hundred base pairs of upstream sequence are required for
the correct tissue specificity and temporal requlation of
the genes; however, the addition of further upstream
sequences often enhances the level of expression. These
observations have lead to the development of a bipartite
model for the regulation of seed protein gene expression
(Thomas et al., 1991; Thomas, 1993; Nunberg et al., 1994).
In this model, proximal promoter regions confer seed
specific expression while more distal promoter regions
function to refine and enhance the basic exXpression patterns
conferred by the proximal regions.

A number of putative proximal control elements can be
identified within the genes coding for similar types of
storage proteins. These include the endosperm box, a 20 bp
conserved element found in almost all of the promoters of
the cereal prolamine seed storage proteins (Forde et al.,
1985), as well as other endosperm-specific genes such as the
maize sucrose synthetase gene (Werr et al., 1985), and the
vicilin box, a 42 bp motif found in the promoters of various
75 globulin genes (Gatehouse et al., 1986; Newbigin et al.,
1990).

A variety of potential cis-acting distal elements have

also been identified in the promoter regions of seed storage
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protein genes. These elements are thought to modulate level,
timing and spatial boundaries of seed protein gene
expression. Among these cis-acting elements are the legumin
box, a 28 bp concensus sequence found in the promoter region
of 115 seed storage protein genes of legumes (Bdumlein et
al., 1986); the RY motif, an 8 bp motif that is prevalent in
the promoters of seed storage protein genes (B&umlein et
al., 1992; Chamberland et al., 1992; Leleivre et al., 1992};
and a variety of A/T rich enhancer motifs (Allen et al.,
1989; Bustos et al., 1989; Jordano et al., 1989). The G-box
motlif, a common sequence element of plant promoters
(Williams et al., 1992), is thought to mediate ABA-induced
expression in several embryo-abundant genes (Gomez et al.,
1988) .

Binding of trans-acting nuclear proteins to potential cis-
acting sequences of seed storage protein genes has been
widely observed (Jordano et al., 1989; Allen et al., 1989;
Bustos et al., 1989); however, for the most part there is no
direct evidence for the involvement of these sequences in
the regulation of gene expression. One clear example of a
trans-acting protein that is involved in the regulation of
seed storage protein gene expression is that of the 02
protein encoded by the opaque 2 locus of maize. Mutations in
this locus result in a drastic reduction of one class of
seed storage proteins, the 22 kD zeins, but not the 19 kD
zeins (Tsai et al., 1978). The opaque-2 allele (02) encodes

a protein which contains a leucine zipber DNA binding
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domain. This domain is characteristic of a class of
mammalian and fungal transcription factors (Schmidt et al.,
1987; Motto et al., 1988). An 02 binding site is present in
a region of the endosperm box that is highly conserved in
the 22 XD zeins, but which is divergent in the 19 kD zeins.
02 may also interact with a second leucine zipper protein,

OHPl, to activate zein gene expression {(Pysh et al., 1993).

1.3.1.1 B. napus Seed Storage Proteins

Mature B. napus sceceds contain 20-25% protein, 60 to 70 %
of which consists of both the neutral 12S globulins
(cruciferin) and the basic 1.7S5 albumins (napin). The ratio
(w/w) of cruciferin to napin in mature seeds varies from
cultivar to cultivar but is approximately 2.5:1. Napin is a
13 kD protein consisting of two subunits (9 and 4 kD) held
together by two disulphide bonds (Crouch et al., 1983), This
protein is initially synthesized as a 20 kD polypeptide
product which subsequently undergoes a number of processing
steps. Processing of the 20 kD precursor involves the
cotranslational removal of the endoplasmic reticulum signal
peptide as well as the posttranslational cleavage of two
acidic peptides and a carboxy terminal tyrosine (Ericson et
al,, 1986). These post-translational modifications are
believed to occur in the protein bodies (Ericson et al.,

1986) .
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Napin-like seed storage proteins have been characterized
in a number of plants other than B. napus and are
collectively referred to as 2S albumins. 2S5 albumins have
been described in other members of the Cruciferae, including
other Brassica species (Finlayson, 1976}, Raphanus sativus
(LaRoche et al., 1984), Sinapis alba (Kirk & Pylotis, 1576)
and A. thaliana (Krebbers et al., 1988), as well as more
distantly related species such as castor bean (Sharief & Li,
1982) and Brazil nut (Ampe et al., 1986). Napin-like
proteins have even been characterized in the fern Matteuccia
struthiopteris (Templeman et al., 1988). The similarity
among these napin-like proteins lies more in the placement
of cysteine residues than in nucleotide sequence similarity
(Krebbers et al., 1988).

In B. napus, napin is encoded by a small gene family that
is estimated to contain 10 to 16 members (Joseffsen et al.,
1987; Scofield & Crouch, 1987). Of the possible 16 members,
five genomic and three cDNA clones have been isolated (Table
I). All of the genomic clones lack introns. These napin
sequences were isclated from a number of different cultivars
and, in the case of the cDNAs, under a variety of growth
conditions.

All of the isolated napin clones are highly conserved at
the nucleotide level (90-97%); however, there are minor
differences in both the length and the deduced amino acid
content of the proteins. The differences at the amino acid

level among the various napin clones points to the existence



TABLE I

Cloned 25 Albumin

Sequences of the Cruciferae

GENE SPECIES TYPE OF ACCESSICN REFERENCE
CLONE NUMBER
At281 A. thaliana genomic M22032 Krebbers et
al., 1988
At2s2 A. thaliana genomic M22034 Krebbers et
al., 1988
At2S3 A. thaliana genomic M22035 Krebbers et
al., 1988
At2s4 A. thaliana gencmic M22033 Krebbers et
al., 1988
napa B. napus genomic J02798 Josefsson
et al.,
1987
Na B. napus genomic J02782 Scofield
and Crouch,
1587
napB B. napus genomic X58142 Baszczynski
and Fallis,
1930
napB’ B. napus genomic X14492 unpublished
N1 B. napus CDNA K01544 Crouch et
al., 1983
N2 B. napus cDNA K01545 Crouch et
al., 1983
Bec2Sc B, rapa PCR X65037 unpublished
amplified
protein
coding
region
Bo25C B. oleracea PCR X65038 unpublished
amplified
protein
coding
region
Bj25C B. juncea PCR X65040 unpublished
amplified
protein
coding
region
radnaphA R. sativus CDNA M36630 Raynal et
al., 1991
radnapB R. sativus ¢DNA M36629 Raynal et
al., 1991
radnapC R. sativus  cDNA M36630 Raynal et

al., 1991
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of a number of napin isoforms. The presence of napin
isoforms is supported by the work of Lonnerdal and Janson
(1972) who were able to isolate four discrete protein
species from mature seeds of B. napus.

The pattern of napin protein and mRNA accumulation has
been studied in zygotic embryos of B. napus. Although the
timing of the induction of napin gene expression varies from
study to study depending on the plant growth conditions and
the cultivars used, in general napin protein can first be
detected in zygotic embryos at approximately 20 days after
pollination (DAP). Protein accumulation peaks by 30 to 35
DAP, and ceases approximately 20 days later, at the
beginning of the desiccation phase (Ericson et al., 1989;
Hoglund et al., 1991). Napin protein accumulation begins in
the embryo axis.and then spreads toward the cotyledons,
where it accumulates first in the outer and then in the
inner faces of the cotyledons (Hoglund et al., 1991). Low
levels of napin can also be detected in the endosperm of
cotyledon stage embryos (HSglund et al., 1991).

Although napin mRNAs begin to accumulate slightly earlier
than the protein, their spatial distribution throughout
embryo development is almost identical to that of the
protein (Fernandez et al., 1991). Expression of one member,
Na (Scofield and Crouch, 1987), has been shown by RNAse
protection assays to peak and decline earlier than other

members of the napin gene family (Blundy et al., 19291).
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Run-on transcription experiments have shown that,
depending on the developmental stage, napin gene expression
can be regulated either transcriptionally or post-
transcriptionally (DeLisle & Crouch, 1989). For example,
during the maturation stage of embryo development both napin
mRNA levels and transcription rates remain high; however, as
the embryos begin to dehisce the mRNA levels fall while the
transcription rate remains approximately the same.

Common sequence motifs, that may be involved in the
regulation of expression of napin genes, have been
identified in the 5' flanking regions of a number of B.
napus napin genes (Ericson et al., 1991; Gustavsson et al.,
1891; stalberg et al., 1993). Chief among these are a G-box
like motif, an Opaque-2-like binding site, and an RY-like
repeat that is also part of a longer repeated motif. A
number of these motifs have been shown to bind nuclear
proteins in vitro (Ericson et al., 1991; Gustavsson et al.,
1991).

Studies on deletion derivatives of B. napus promoters
{Radke, et al., 1988; Stalberg et al., 1993) support the
bipartite model of seed-protein gene regulation in which
proximal promoter regions confer seed specific expression
while the more distal promoter regions control the level of
expression. These results indicated that all of the
information necessary to direct correct expression of at

least two napin genes is located within a 200 to 300 bp

region contiguous to the transcription start site.
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Interestingly, the common sequence motifs identified above

are also found within this region.

1.3.2 Somatic Embryos

A study by de Vries et al. (1988} using 2-D gel
electrophoresis of in vitro translated carrot mRNAs revealed
that only a small number of abundant proteins differ between
hypocotyl explants, nonembryogenic starting cell cultures,
embryogenic cultures containing PEMs and somatic embryos.
These results suggest that the process of dedifferentiation,
induction and initiation of somatic embryogenesis does not
involve large changes in the pattern of gene expression.
Nonetheless, it has been possible to isolate a number of
genes that are differentially expressed in carrot somatic
embryos as compared to callus cell cultures (reviewed in
Sterk and de Vries, 1993; Zimmerman, 1993). Many of the
genes expressed during the early stages of carrot somatic
embryo development have proven useful in characterizing
similar gene expression programs that occur in their zygotic
counterparts.

The expression of at least three carrot genes, Dc3, ECP31
and ECP40, is correlated with the acquisition of embryogenic
potential (Wilde et al., 1988; Kiyosue et al., 1992, 1983).
These genes are highly expressed in PEMs but are not
expressed in non-embryogenic cell cultures. These genes are
expressed up to the torpedo stage in somatic embryos. The

Dc3, ECP31 and ECP40 genes all encode LEA proteins. The
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expression profiles of LEA proteins in somatic embryos does
not appear to mimic those seen in zygotic embryos.
Furthermore, it is not known how these genes function during
somatic embryogenesis since, in zygotic embryos, LEA
proteins are thought to act as hydration agents to protect
cellular components of the embryo from desiccation.
Expression of at least one LEA gene, EMB-1, has.been shown
by in situ hybridization to begin during the globular stage
in both somatic and zygotic embryos (Wurtele et al., 1993).
It is possible then, that other LEA proteins may normally be
expressed during the early stages of embryo development, but
that more sensitive techniques are required to detect this
expression.

A number of other genes have been isclated that are
expressed during the early stages of carrct somatic embryo
development. Aleith and Richter (1990) used a differential
screening approach to isolate genes that were transiently
expressed upon removal of 2,4-D from the culture medium.
Expression of these genes in somatic embryos began at the
globular or heart stages of development and, for a few of
the genes, continued through to the torpedo stage. Three
genes encoding potential cell wall proteins rich in either
glycine or proline were among those identified. The role
that they play in embryo development has not been
determined.

Carrot somatic embryo cultures have been shown to secrete

a wide variety of compounds into the culture medium. The
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resulting "conditioned medium" harbours polysaccharides,
proteoglycans and proteins that have been shown to be
associated with both embryogenic and nonembryogenic cells
(for reviews see Van Engelen and de Vries, 1992; Sterk and
de Vries, 1993). A number of genes encoding proteins
secreted into the conditioned medium have recently been
characterized. The EPl gene, which encodes a protein with
regions similar to the Brassica S locus glycoprotein gene,
is expressed in rionembryogenic suspension cells, in somatic
embryos up to the torpedo stage and in germinated seedlings,
but not in PEMs or zygotic embryos (Van Engelen et al.,
1991). The EP2 gene encodes a lipid transfer protein that is
secreted by PEMS as well as both somatic and zygotic
embryos. In situ hybridization demonstrated that EP2
expression was restricted to the peripheral cells of PEMS
and to the protoderm cells of somatic and zygotic embryos.
The EP2 protein may be involved in the export of cutin
monomers at the epidermal cell surface (Sterk et al., 1991).
EP2 expression is not specific to embryos as it is also
expressed in epidermal cells of the shoot apical meristem,
leaf primordia and floral organs. Nonetheless, EP2
expression is significant in that it marks the appearance of
the first differentiated tissue of the embryo i.e. the

protoderm.

1.3.3 Gametophytic Embryos
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In contrast to carrot somatic embryoc culture, the
molecular events underlying the transition from pollen to
embryo development have not been examined in detail;
however, preliminary investigations have been carried out in
a few species. In tobacco, de novo transcription of specific
genes is thought to occur during the starvation treatment of
pellen. Although no newly induced preoteins were detected by
2-D gel electrophoresis of protein extracts from mid-
binucleate pollen cultured in starvation medium (Kyo and
Harada, 1990; Garrido et al., 1993), at least 2 new acidic
proteins could be detected by 2-D gel electrophoresis of
their in vitro translated mRNAs (Garrido et al., 1993). The
fact that these proteins were not detected using protein
extracts from the same samples suggest that their mRNAs are
not translated in vivo. This observation is analogous to the
storage of preformed maternal mRNAs as ribonucleoproteins in
unfertilized animal eggs and suggests that the starvation
induced mRNAs are translated only after transfer to nutrient
rich medium.

Pechan et al. (1991) have shown that a number of mRNAs and
proteins are also differentially expressed within the first
8 hours of heat treatment of B. napus microspores (Pechan et
al., 1991). It was suggested, on the basis of molecular
weight comparisons, that some of these proteins may
correspond to known heat shock proteins. Although the
evidence for this specific conclusion is weak, it does

suggest, as in tobacco, that the switch from pollen to
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embryo development in culture is accompanied by early
changes in the pattern of gene expression. Whether these
changes occur in response to the conditions used to induce
embryogenesis or whether they are directly involved in the
process of embryo induction remains to be elucidated.

Reynolds and Kitto (1992) used differential screening of a
cDNA library to isolate sequences with enhanced expression
in embryogenically induced pollen and pollen embryos of
wheat anther cultures. While the majority of cloned mRNAs
were also expressed in vegetative tissues, a number of
embryo-specific clones were obtained. Each of the pollen
embryo genes was expressed at different times during
development. Two of the clones, pEMB4 and pEMB94, were shown
to be expressed during the very early stages of culture as
well as during subsequent stages of pollen embryo
development, while expression of the other three clones was
restricted to developing embryos. The identity of these cDNA
clones was not determined.

Gene expression studies during the later stages of
pollen/microsporic embryo development have focused primarily
on genes encoding embryo-specific storage products, such as
seed storage proteins. During B. napus microspore
embryogenesis the pattern of storage protein gene expression
in microsporic embryos appears to parallel that seen in
zygotic embryos, although differences in the extent of
protein accumulation have been observed (Crouch, 1982;

Taylor et al., 1990; Wilen et al., 1990). For example,
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Taylor et al. (1990) observed that in microsporic embryos
the level of napin mRNA was approximately 40 times lower
than that in zygotic embryos of the same stage; however, the
addition of 10 pum ABA increased the level of napin message
to that in zygotic embryos. Despite the effect of ABA on
napin gene transcription, no concomitant increase in napin
protein was cbserved. It is not known whether these
differences are due to the culture conditions or whether

they are due to some inherent difference between microsporic

and zygotic embryos.

1.4 Thesis Objectives

In vitro embryo culture systems have been used extensively
in the selection of variants and clonal production of crop
plants and as tools for studying numerous aspects of embryo-
specific processes (Morrison and Evans, 1988; Taylor et al.,
1990; Wiberg et al., 1991). Despite the widespread use of
embryo culture sytems, relatively little is known about the
molecular and physiological mechanisms underlying the
ability of differentiated cells to form embryos in culture.
This lack of understanding is especially true for
gametophytic embryo culture systems,.

The goal of this thesis is to isolate a number of genes
whose expression is associated with induction of B. napus

microspore embryogenesis. The B. napus microspore
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embryogenesis system is one of the most efficient embryo
culture systems and has been reasonably well characterized
at the cytological and ultrastructural levels. An added
advantage of working with B, napus is that both pollen and
embryo development have also been well described in this
organism.

The isclation and characterization of molecular markers
for the very early stages of B. napus microspore
embryogenesis is of importance for a number of reasons.
Firstly, these markers may provide insight into the
mechanism whereby a previously differentiated cell is
induced to switch developmental pathways and form an embryo
in vitro. This insight may be gained either through analysis
of the nature and deduced role of protein products encoded
by the marker genes or through the use of these genes as
"traps" for the isolation of important cis-acting elements
and transcription factors that function during the induction
period. From a more applied point of view, eXpression of
these markers could also be used to enhance the various
tissue culture manipulations and hence the frequency of
embryogenesis well before the appearance of actual embryos.
This becomes particularly feasible when the marker gene is
used in conjunction with a reporter gene such as GUS.
Finally, the isolation and characterization of molecular
markers for the induction of B. napus microspore

embryogenesis may also provide insight into the mechanism
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underlying the induction of embryogenesis in a variety of in

vitro embryo systems.
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CHAPTER TWO

MATERIALS AND METHODS

2.1 Plant Growth Conditions and Collection of Plant Tissues

2.1.1 Greenhouse Grown Plants

Plants were grown in a 16- to 18-h photoperiod under
sunlight supplemented with high pressure sodium lamps (600
HE/m?/s) in a soil:peat moss:sand:perlite (1:2:1:1) mixture
containing small amounts of lime and superphosphate. Plants
were watered twice daily and fertilized weekly with
Hoaglands solution. The greenhouse temperature ranged from
approximately 18 to 32 ©C.

The flowering stalks of B. napus and tobacco plants were
covered with bags to prevent cross pollination. Flowers were
hand pollinated and tagged on the day of anthesis. Seed
samples were collected on various days after pollination
(DAP) . Whole seeds were collected (for RNA extraction and
GUS fluorogenic analysis) from developing tobacco and B.
napus fruits using either a scalpel (tobacco) or watchmakers
forceps (Brassica). The samples were immediately frozen in
liquid nitrogen and stored at -80 ©C. Individual tobacco and
B. napus embryos used for GUS histochemical analysis were

excised by hand under a dissecting microscope, using
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watchmakers forceps and a scalpel, and then assayed
immediately.

Somatic tissues (for RNA extraction and GUS fluorogenic
analysis) were collected from greenhouse-grown plants and

immediately frozen in liquid nitrogen.

2.1.2 Microspore Isolation and Culture
2.1.2.1 Growth Conditions of Donor Plants

Donor plants for microspore culture (Brassica napus cvs.
Topas and Westar) were grown in a growth cabinet at 20°©/150C
(day/night) with a 16 h photoperiod (400 pE/m2/s! provided
by VHO cool white fluorescent lamps (165W, Sylvania) and
incandescent bulbs (40W, Duro-test). Four weeks after
germination the plants were transferred to either
embryogenic (10°/59C day/night) or non-embryogenic (259/20°0C
day/night) conditions.

2.1.2,2 Microspore Isolation

Brassica napus cvs. Topas and Westar microspores were
isolated and cultured essentially as described in Keller et
al. (1987). Flower buds, 3.0 to 5.0 mm in length, were
harvested and surface sterilized for 10 to 15 min by
immersion in 7% (w/v) calcium hypochlorite. Buds were then
rinsed 3 times, for 10 min each time, in sterile dHjq.
Sterile buds were then transferred to a 50 ml beaker

containing 5 ml B5 medium (Gamborg et al., 1968) without
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hormones and 13% (w/v) sucrose {= B5-13 medium). Microspores
were released from the anther by macerating the buds against
the sides and bottom of the beaker with a sterile flat-
bottomed ground-glass rod. The macerate was filtered through
a 44 pm nylon screen into a 50 ml Erlenmeyer flask and
rinsed with a few ml of B5-13 medium. The microspores were
transferred from the flask to 16 x 100 mm glass-capped‘tubesuh
and centrifuged at 1000 rpm for 3 min. Thé microspores were
washed and centrifuged (100g, 3 min) 3 more times in 10 ml
B5-13 and then resuspended in 1/2 NLN-13 {1/2X NLN salts
plus 13% sucrose (w/v); Keller et al., 1987) at a density of
50,000 to 100,000 microspores/ml. Ten ml of microspore
suspension was added per Petrie dish (100 x 15 mm) and the
plates sealed with Parafilm (American Can Co., Greenwich,

cT) .

2.1.2.3 Microspore Culture

Microspores were induced to undergo embryogenesis by
culturing them for 4 days at 32.5 ©C in the dark and then
transferred to 25 ©C for the remainder of the culture
period. Uninduced cultures, i.e. microspores continuing
pollen development, were cultured for four days at 25 ©C.

Plates containing microsporic embryos at the globular
stage of development (approximately 10 days after the start
of culture) were transferred to a rotary shaker set at 50
rpm. Heart, torpedo and cotyledon stages embryos were

visible at approximately 12, 14 and 21-days after the start
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of the culture period. After 21 days in culture, cotyledon-
stage embryos were transferred to a maturation medium
consisting of 1/2X NLN salts, 1% sucrose, 0.35 M mannitol

and 5 pM ABA,

2.1.2.4 Microsporic Embryo Collection

Microspores and microsporic embryos were collected for RNA
extraction and GUS histochemical analysis. Microspores were
isolated as described above and either frozen in liquid
nitroéen and stored at -B80 OC (RNA extraction) or assayed
immediately (GUS histochemical analysis). Microsporic
embryos used for RNA extraction were collected at the
globular, heart, torpedo and cotyledon stages of development
by filtration through nylon membranes of various pore sizes
as described in Giulano et al., (1983). Globular, heart,
torpedo and developing cotyledon stage embryos were
collected on 62 to 82 um meshes, 125 to 200 um meshes, 250
pm meshes and 500 um meshes respectively. The populations
were from 75 o 95% pure. Samples were immediately frozen in
liquid nitrogen and stored at -80 ©C. Microsporic embryos
used for GUS histochemical analysis were collected by hand

using either a Pasteur pipet or a small paintbrush and

assayed immediately,

2,2 Growth anaa?&orage of Bacterial Strains
All Escherichia coli bacterial strains were grown in LB

(10g Bacto-Tryptone, 5¢g Bacto-Yeast exﬁract, 5g NaCl, pH
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7.5) with the exception of host cultures for packaging and
plating of lambda DNA which were grown in LB supplemented
with 0.2% maltose. Bacterial strains to be stored were grown
overnight in 50 ml LB, pelleted, resuspended in 40%
glvcerol, 5 mM MgSO4 and stored at -20 ©C and -80 ©C.

E. coli strains DHS5a and DH5aF' were used as hosts for
the propagation of plasmid DNAs. E, coli strains WA802
{Raleigh et al., 1988)and LE392 (Promega, Madison, WI) were
used as hosts for Lambda-GEM4.

The plasmid cloning vector was pGEM4Z (Promega Madison,

WI)

2.3 Preparation of Competent Cells and Bacterial
Transformation

Competent cells were prepared using the "Frozen Storage of
Competent Cells, Protocol 2" method, exactly as outlined by
Hanahan (1985).

Approximately 5 to 25 ng of plasmid DNA was used to
transform competent cells. DNA was added to 50 to 100 pl of
frozen cells that had been thawed on ice. The mixture was
incubated for 30 min on ice and then heated at 37 ©C for 5
min. The cells were placed on ice for 2 min and then added
to 900 pl SOC (2 g/l Bacto-Tryptone, 0.5 g/l Bacto-Yeast
extract, 10 mM NaCl, 2.5 mM KC1l, 10 mM MgCls, 10 mM MgSQy,
20 mM glucose). The culture was incubated at 37 ©C for 45 to

60 min with moderate aeration. Aliquots were plated on
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selective media and incubated overnight at 37 ©C. Control
samples were included to monitor the efficiency of
transformation as well as the efficiency of restriction

digests and ligations.

2.4 DNA Isclation Procedures
2.4.1 Isolation of Plant Genomic DNA
Genomic DNA was isolated from B. napus and tobacco leaf
tissue using a modified version of the method described in
Sanders et al. (1987). Approximately 2.5 g of leaf tissue
was frozen in liquid nitrogen and ground to a fine powder in
a mortar and pestle with 0.2 g aluminum oxide per gram fresh
weight of tissue. Ten ml of extraction buffer (50 mM Tris-
HCl pH 8, 50 mM EDTA pH 8, 50 mM NaCl, 1% (w/v) sarcosyl,
400 pg ethidium bromide) was added. The tissue was ground
gently for another 5 min and then centrifuged for 5 min at
5000 rpm. Cesium chloride was added to the supernatant:at
approximately 1 mg/ml. The samples were transferzed_to a
Quick seal tube (Beckman Instruments Inc., Toronto, ON) and
centrifuged 18 to 20 h at 60,000 rpm. The DNA band was
collected under UV light and extracted several times with 10
mM Tris-HCl (pH 7.5) saturated iso-propancl or n-butanol.
Two volumes of ddH»0 and two volumes of 95% ethanol were
used to precipitate the DNA out of solution. The DNA was

collected immediately or after overnight precipitation at
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~20 ©C. The DNA was removed using a bent Pasteur pipette or
by centrifugation (30 min, 7000 rpm), then rinsed in 70%
ethanol, air dried briefly, and resuspended in TE (10 mM
Tris~HCl pH 8, 1 mM EDTA pH B) at a concentration of 250

ng/ul.

2.4.2 Isolation of Plasmid DNA

Large scale preparations of plasmid DNA were isolated from
E, coli using the alkaline lysis procedure of Birnboim and
Doly as described in Maniatis et al. (1982). Small scale
plasmid preparations were performed using the Magic Miniprep

or Wizard Miniprep kits from Promega (Madison, WI).

2.4.3 Isclation of Lambda DNA

Lambda DNA was isolated using a modified version of the
plate lysate method of Sambrook et al. (1989). A single
plaque was picked using a Pasteur pipette and placed in 1 ml
of phage buffer (20 mM Tris-HCl, pH 7.5, 100 mM NaCl, 10 nM
MgS0y4) with a drop of chloroform. The mixture was vortexed
and left at room temperature for 30 min to allow for
diffusion of the phage particles. The solid debris was
removed by centrifugation (7000 rpm, 15 min). 100 pl of the
supernatant was mixed with 100 pl of E, coli strain WA802
and incubated ot 37 ©C for 20 min. Molten top agarose (2.5

mls; 10 g/l Bactotryptone, 5 g/l NaCl, -6 g/l agarose, 10 mM



MgSO4) was added to the mixture and the contents spread over
the surface of an LB agarose plate (LB with 0.6% agarose).
The plates were incubated at 37 9C for 9-11 hr. Six ml of
lambda diluent (10 mM Tris-HCl, pH7.5, 10 mM MgS0y4) was
added and the plates gently shaken for 2 hr at room
temperature. The supernatant was centrifuged (8000 rpm, 10
min, 4 ©C) to remove the bacterial debris and then treated
with RNaseA (10 pg) and DNasel (10 pg) for 45 min at 37 ©C.
An equal volume of PEG/NaCl solution (20% w/v polyethelene
glycol 8,000, 2 M NaCl in lambda diluent) was added, the
mixture vortexed and then incubated for 1 hr in an ice water
bath. The precipitate was recovered by centrifugation
(10,000 g, 10 min, 4 ©C), briefly air dried and then
resuspended in 500 pl TE. Five pl of 10% SDS was added and
the mixture incubated tor 5 min at 68 ©C, The mixture was
extracted once with an egual volume of phencl, once with an
equal volume of phenol:chloroform:isoamyl alcohol (25:24:1)
and then once with an equal volume of chloroform:isoamyl
alcohol (24:1). The phage DNA was precipitated with 1 volume
of isopropancl for 15 min at -80 ©°C and then centrifuged for
30 min at room temperature. The pellet was washed with ice
cold 70% ethanol, air dried and then redissolved in 100 pl
TE.

2.4.4 Isolation of DNA Fragments
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DNA restriction fragments were isoclated from TAE agarose
gels using the GENECLEAN kit as recommended by the

manufacturer (BIO 101 Inc., LaJolla, CA).

2.5 RNA Isclation Procedures

2.,5.1 Isclation of Total RNA

Total RNA was isolated from B. napus tissues using a
guanidinium isothiocyanate procedure adapted from Chirgwin
et al. (1979) and Glisin et al. (1974). Approximately 1 g of
frozen tissue was ground in a frozen mortar and pestle with
a small piece of dry ice. The ground powder was resuspended
in at least 3 volumes of ice cold homogenization buffer (4 M
guanidinium isothiocyanate, 25 mM Na citrate, 1 mM EDTA, pH
8, containing 150 pl antifoam A and 100 ul B-mercaptoethanol
per 10 ml of buffer). The sample was homogenized on ice for
1 min at high speed using a Polytron Omnimixer (Brinkman
Instruments, Waterbury, CT). 20% sarcosyl was added to the
homogenate at 1 ml/10 ml of sample volume and the tissue
homogenized for another minute. The homogenized sample was
centrifuged at 7000rpm for 15 min at 4 ©C until the
supernatant was clear. The supernatant was loaded onto 2 ml
of CsCl solution (5.7 M CsCl dissolved in 0.1 M EDTA, pH
7.0) in polyallomer tubes and centrifuged at 30,000 rpm for
14 to 42 h at 18 OC in a swinging bucket rotor. Following

centrifugation the RNA pellet was resuspended in 500 nul of a
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solution containing 7.5 M guanidine hydrochloride, 0.025 M
sodium c¢itrate in 5 mM dithiothreotol, adjusted to pH 7. The
RNA was precipitated at -20 ©C with 0.025 volumes of 1 M
acetic acid and 0.5 volumes ethanol. The precipitate was
centrifuged for 30 min, rinsed with 70% ethanol, dried
slightly under vacuum and then resuspended in 200 pl ddH»0
by alternately vortexing and heating (60 ©C) the pellet over
1 min intervals. The mixture was centrifuged for 5 min at
room temperature and the supernatant combined with 250 pl
ddHp0. This procedure was repeated until no RNA remained in
the pellet. The resuspended RNA was precipitated overnight
at -20 ©C with 0.3 volumes 10 M sodium acetate and 2 volumes
of ethanol. The mixture was centrifuged for 30 min at 4°C,
washed with 70% ethanol, dried under vacuum and then

resuspended in ddH,0 at a concentration of 1 pg/ml.

2.5.2 Isolation of Poly(a)* RNA

Poly(A}* RNA was isolated by oligo(dT)-cellulose

chromatography (Aviv and Leder, 1972) as described in

Maniatis et al. (1982).

2.6 Restriction Digests

Plasmid and genomic DNA digests were carried out in
buffers supplied by the restriction enzyme manufacturers.
Lambda DNA digests were carried out in 1X TA buffer

(O'Farrell et al., 1980; 33 mM Tris-acetate, pH 7.9, 66 mM
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potassium acetate, 10 mM magnesium acetate, 0.5 mM DTT, 100
Hg/ml gelatin). Approximately 2, 3 and 5 units of
restriction enzyme/pg DNA were used to digest lambda,
plasmid and genomic DNAs respectively. Restriction digests
were carried out at 37 ©C for 1.5 to 2 hrs ({lambda and
plasmid DNA) or 3 to 6 hrs (plant genomic DNA). Restriction
enzymes were inactivated by heating the samples to 65 °C for

15 min.

2.7 Probe Synthesis

2.7.1 Random Primers Labeling of Long DNA Probes
Restriction fragments isolated from agarose gels were
radiolabelled with [a-32P]dCTP (3,000 Ci/mmol) by the
random primer method of Feinberg and Vogelstein (1983) using
kits purchased from either BRL (Burlington, ON) or Pharmacia
{(Montreal, PQ). Unincorporated nuclectides were removed
using Sephadex G-50 Nick Columns (Pharmacia, Montreal, PQ).
Probes were denatured prior to hybridization by heating
them in a 95 9C water bath for 10 min and then cooling them

on ice for 5 min.

2.7.2 End Labeling of Qligonucleotides

The sequence of the redundant oligonucleotide probe used
to detect the MiNAP sequences is as follows: 5' AGC CTC AAA
(C/T]AT CCT AGA TAA GAC CTT ACA TAT TAC G[A/C]G 3'. Twenty-
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four pmol of the oligonucleotide was end-labeled for 30 min
at 37 ©C in a 30 pl reaction mixture containing 10 units of
T4 polynucleotide kinase (Pharmacia, Montreal, PQ), 1X One-
Phor-All Buffer PLUS (Pharmacia, Montreal, PQ) and 130 pCi
of [y-32P]ATP (specific activity 5000 Ci/mmol; Amersham,
Cakville, ON). The reaction was stopped by adding 1 pl of
500 mM EDTA, pH 7.8. Unincorporated nucleotides were removed
using Sephadex G-50 Nick Columns (Pharmacia, Montreal, PQ)
as per the manufacturers' recommendations.

The oligonucleotide probe was denatured prior to
hybridization by heating it in a 95 ©C water bath for 5 min

and then cooling it in an ice-water bath for 5 min.

2.8 Agarose Gel Electrophoresis

2.8.1 DNA Electrophoresis

DNA restriction fragments were resuspended in 5X loading
buffer (15% (w/v) Ficoll, 0.25% (w/v) bromophenol blue,
0.25% (w/v) xylene cyanol, 0.2M EDTA) and separated by
electrophoresis through agarose gels in TAE buffer. The
concentration of the gels ranged from 0.7 to 1% depending on
the size of the restriction fragments. DNA molecular weight
markers were lambda Hind III restriction fragments. DNA was
generally visualized by staining th. gels in a 1 pg/ml
ethidium bromide solution. Gels were destained by rinsing

them in water (2X, 10 min each). When the fragment of



69

interest was less than 500 bp ethidium bromide was added

directly to the gel before pouring.

2.8.2 RNA Electrophoresis

RNA samples (5 Mg} were prepared for electrophoresis as in
Maniatis et al. (1982). RNA was separated by electrophoresis
through 1% agarose gels containing formaldehyde (Lehrach et
al,, 1977) and 1X MOPS buffer, pH 7(20 mM
morpholinopropanesulfonic acid, 5 mM sodium acetate, 1 mM
EDTA). The running buffer contained 1X MOPS buffer and 1.1 M
formaldehyde. Ethidium bromide (5 png/ml) was added to the
RNA samples prior to electrophoresis. Following
electrophoresis RNA gels were rinsed for 1 to 2 hrs in

numerous changes of ddH,O0.

2.9 Gel Blot Analysis

2.9.1 DNA Gel Blots

DNA restriction fragments were transferred to BIOTRANS+
nylon membranes (ICN Biomedicals Canada Ltd.) by either
capillary or vacuum blotting. Capillary blots were carried
out using the "ICN Improved Procedure" according to the
manufacturer's recommendations. Vacuum blots were performed
with a VacuGene XL Vacuum Blotting System (Pharmacia, LKB

Biotechnology) using the "VacuGene XL Protocol No. 1"
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(Hydrochloric Acid Depurination and Vacuum Transfer of High
Molecular Weight DNA) procedure.

Following transfer the DNA was fixed to the membrane by UV
crosslinking using either a UV transilluminator (3 min) or a
Hoeffer UVC-500 crosslinker (Hoeffer Scientific Instruments,

San Francisco, CA} set to deliver 120,000 pJ/cm2,

2.9.1.2 Hybridization of Long DNA Probes toc DNA Gel Blots

DNA blots were prehybridized and hybridized in heat
sealable bags following the manufacturers recommendations.
DNA blots were hybridized overnight at either 50 ©C (PN2
probe) or 65 OC (gusA probe) to 5 X 102 to 1 X 106 cpm of
radicactive probe/ml of hybridization solution. Following
hybridization, blots were washed twice at room temperature
{15 min each) in 2X SSC, 0.1% SDS, once at room temperature
{15 min) in 0.1X SSC, 0.1% SDS, and then once (30 min) at
either 50 ©C (PN2 probe) or 65 ©C (gusA probe) in prewarmed
0.1X s8sC, 0.1% SDs,

Membranes were exposed to Kodak X~-Omatic AR film at -80 ©OC
in Kodak X-Omatic Cassettes with regular or Dupont Cronex

Lightning Plus FF intensifying screens.

2.9.1.3 Dried Agarcose Gel Hybridization

2.9.1.3.1 Preparation of Dried Gels
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Dried gels were prepared according to Tsao et al., (1983).
Melted agarose for dried gels was filtered through a 0.45 um
disposable filter unit prior to pouring. After
electrophoresis agarose gels were denatured in 0.15 M NacCl,
0.5 M NaOH (2 x 30 min) and then neutralized in 0.15 M NacCl,
0.5 M Tris-HC1l, pH 7.5 {2 x 30 min). The gels were
transferred to 2 sheets of Whatman 3MM filter paper cut to
size of gel, covered with Saran wrap and then dried under
vacuum (without heat, until flat and then at éOOC for an
additional hour). Prior to hybridization the gels were
removed from the saran wrap and péper backing by fleoating
them in ddH-0.
2.9.1.3.2 Hybridization of Oligonucleotide Probes to Dried

Gels

Dried agarose gels were hybridized at 60 ©C in a solution
containing 5X SSPE (0.9 M NaCl, 50 mM NaPQO4, 5mM EDTA), 0.5%
SDS, 100-200 pg/ml tRNA, which had been heated to 65 ©C and
filtered through a 0.45 um disposable filter prior to use. 1
X 106 cpm/ml of radicactive oligonucleotide probe was
added/ml hybridization solution. Following hybridization the
dried gels were washed twice at room temperature (30 min
each) in 6X SSC, 0.1% SDS, twice at room temperature (30 min
each) in 0.1X SSC, 0.1% SDS, and then once for 30 to 60 min
at 65 ©C in prewarmed 0.1X SSC, 0.1% SDS. The melting
temperature (Tg4) of the probe was calculated to be 78 ©C

using a modified version (J. Hattori, Plant Research Centre,
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Agriculture Canada) of the computer program of Rychlik and
Rhoads (1989); however, empirical observation indicated that
the Tq was actually closer to 70 ©C.

Dried gels were exposed to Kodak X-Omatic AR film at -80
OC in Kodak X-Omatic Cassettes with regular or Dupont Cronex

Lightning Plus FF intensifying screens,

2.9.2 RNA Gel Blot Analysis

2.9.2.1 Preparation of RMA Gel Blots

RNA was transferred to BIOTRANS nylon membranes (ICN
Biomedicals Canada Ltd.) either by capillary or vacuum
blotting. Capillary blots were carried out using the
protocel supplied by the manufacturer. Vacuum blots were
performed with a VacuGene XL Vacuum Blotting System
(Pharmacia LKB Biotechnology) using the "VacuGene XL
Protocol No. 4" (Vacuum Transfer of RNA) procedure.

Following transfer the RNA was fixed to the membrane by UV
crosslinking using either a UV transilluminator (3 min) or a
Hoeffer UVC-500 crosslinker (Hoeffer Scientific Instruments,
San Francisco, CA) set to deliver 120,000 puJ/cmZ,.
2.9.2.2 Hybridization of Oligonuclectide Probes to RNA Gel

Blots
RNA gel blots were prehybridized at 60 ©C for at least 1

hr in a solution containing 5X SSPE, 5X Denhardt's, 0.5% SDS
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and 200 pug/ml tRNA. The blots were hybridized overnight at
the same temperature to 1 X 106 cprm/ml of end-labeled
oligonucleotide probe. Following hybridization the blots
were washed in 6X SSC, 0.1% SDS, two times for 30 min each
time at room temperature, then in 0.1X SSC, 0.1% SDS for 30
nin at room temperature, followed by a 30 min stringent wash
at 65°C in prewarmed 0.1X SSC, 0.1% SDS.

Membranes were exposed to Kodak X-Omatic AR film at -80 ©C
in Kodak X-Omatic Cassettes with regular or Dupont Cronex

Lightning Plus FF intensifying screens.

2.10 Construction and Screening of cDNA Library

2.10.1 Construction of Library

Approximately 2 ug poly[A]* mRNA from late uninucleate and
early binucleate B. napus cv. Topas microspores that had
been cultured for four days at 32.5°C in order to induce
embryogenesis was used for c¢DNA synthesis. First and second
strand cDNAs were synthesized using the RiboClone c¢DNA
synthesis kit (Promega, Madison, WI) and an Xba I primer-
adaptor. The cDNA was size fractionated as in Sambrook et
al., (1989). Eco RI adaptors were ligated to the size-
fractionated cDNA and the resulting products simultaneously
phosphorylated with T4 polynucleotide kinase and digested
with Xba I as outlined in the Promega instruction manual.

The size fractionated c¢DNA was purified on a Sephacryl $-400



74

spun column. The resultant cDNA was directionally cloned
into Eco RI, Xba I double digested LambdaGEM-4 arms as
described by the manufacturer (Promega, Madison, WI). Phage
DNA was packaged using the Packagene extract system

(Promega, Madison, WI).

2.10.2 Screening of Library

Aproximately 33,000 plaque-forming units were mixed with
500 pl of E. coli LE392 cells (ODgpg = 0.6) and incubated
for 30 min at 37 ©C. The mixture was added to 25 ml of
molten top agar (47 ©C) and spread onto a 20 X 30 cm Pyrex
dish containing 300 ml LB agar. The top agar was allowed to
harden and the plate incubated overnight at 37 ©C. Following
incubation the plate was placed at 4 ©C for at least one
hour prior to making duplicate nylon lifts (Hybond-N;:
Amersham, Oakville, ON). The membranes were transferred,
phage side up, to filter paper (Whatman 3MM) soaked in
denaturing solution (1.5 M NaCl, 0.5 M NaOH) for 10 min, in
neutralizing solution (1.5 M NaCl, 0.5 M Tris-HCl) for 2 X 5
min and then in 5X SSC for 5 min. The DNA was immobilized on
the membrane by UV irradiation for 3 min on a
transilluminator. Agarose particles were washed off the
membrane by gently rubbing it in 5X SSC.

Lifts were hybridized overnight at 50°9C to 1 x 106 cpm/ml
of random primed PN2 cDNA insert, as per the mgnufacturers
instructions. Following hybridization the lifts were washed

twice at room temperature (15 min each) in 2X SSC, 0.1%,
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once at room temperature (15 min) in 0.1X SSC, 0.1% SDS, and
then once for 30 min at 50 ©C in prewarmed 0.1X SSC, 0.1%
SDS.

Twenty positive plaques were picked, using the large end
of a Pasteur pipette, transferred to 500 pl of modified SM
buffer (10mM Tris-HCl, pH 7.4, 10mM MgSO4, 0.5% (w/v) NaCl,
0.1% gelatin) and left to elute for 30 min. The sample was
spun (3 min, 30009, 4 ©C) to remove the debris and the
supernatant mixed with 100 pl of an overnight culture of E,
coli WAB02. 2.5 ml of top agar {(at 45 OC) was added, the
mixture poured onto small plates containing LB agar and the
plates incubated overnight at 37 ©C. Plates containing well
spaced plaques were lifted and hybridized to the PN2 cDNA
probe as described above. A single positive plaque was
picked from each of the plates , using the narrow end of a
Pasteur pipette, and then subjected to¢ a third round of
screening (as above).

Lambda DNA was isolated from each of the twenty plaques as
described in section 2.4.3. DNA from each of the lambda
clones was digested with Spe I (Spe I digestion removes the
pGEM1 vector containing the cDNA insert), religated
(Maniatis et al., 1982) and used transform E. coli DHSa

competent cells.

2.11 Sequencing
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Cesium chloride purified double stranded DNA was sequenced
using the dideoxy chain termination method of Sanger et al.
(1977) with kits purchased from either USB (Cleveland, OH)
or Promega (Madison, WI). [a-353]dATP (specific activity,
1,000 Ci/mmol) was used as the radioactive label. DNA
inserted into pGEM4Z was sequenced from either end using the
vector based SP6 and T7 primers, and internally with
synthetic primers. All primers were synthesized by J.
Hattori (Plant Research Centre, Agriculture Canada, Ottawa).

Sequencing reactions were resolved on 6% denaturing
polyacrylamide gels using 0.5 to 1X TBE (1X TBE: 89 mM
Trizma base, 2.5 mM EDTA, pH 8, 89 mM boric acid) as the
running buffer. Gels were dried under vacuum (80 ©C, 1.5 hr)
on Whatman 3MM filter paper and exposed to Kodak X-Omatic AR
film at room temperature.

DNA sequence information was manipulated using IBI Pustell

sequence analysis software (New Haven, CT).

2.12 Plant Transformation

2,12.1 Vector Construction

Vector construction was carried out by C. Baszczynski,
Pioneer Hi-Bred International Inc. Based on the sequence of
the genomic clone, BngNAPl1 (Baszczynski and Fallis, 1990),
two synthetic oligonucleotides were made and used to amplify

by PCR, 796 nucleotides of 5' sequence- directly upstream of
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the BngNAPl1 ATG polypeptide translation start site. These
oligonucleotides also contained Xba I and Bam EI restriction
sites near the 5' and 3' ends, respectively, of the
amplified promoter region. A single PCR product of the
correct size was obtained, digested with both Xba I and Bam
HI, purified using GeneClean (BIO1l0l1l Inc. LaJdolla, CA) and
ligated to purified Xba'l and Bam HI digested pBI10l1l.1
(Jefferson et al., 1987; Clonetech Laboratories, Inc., Palo
Alto, CA) directly in front of the P-glucuronidase (gusa)
coding region, generating the vector pALLNAPG. The Hind III-
Sstl insert, containing the BngNAPl promoter and gusA coding
sequences from pALLNAPG was digested, purified and ligated
to Hind III and Sst I digested pALLTKRep vector DNA (C.
Baszczynski, unpublished data) to generate pALLTKNAPG.
pALLTKRep differs from pBI101.1 by having the CaMV 35S
promoter, rather than the nos promoter, driving the nptII
selectable marker gene. The 35S promoter yielded higher
nptll expression and allowed selection at higher levels of
kanamycin. pALLTKNAPG was transferred from E. coli to
Agrobacterium tumefaciens strain GV3101 (pMP90; Van Larebeke,

1974) .

2.12.2 B, napus Transformation

The BngNAP1-GUS construct was transferred to Brassica
napus cv. Westar by Agrobacterium tumefaclens-mediated
transformation. Transformation was carried out by Bin Huang

(Pioneer Hi-Bred International) according to the method of
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Moloney et al., 1989. A number of independent primary
transformants, exhibiting a similar histochemical pattern of
BngNAP1l directed GUS expression, were obtained (C.
Baszczynski, personal communication); however, only the
results obtained from the selfed progeny of one

transformant, designated C18D, are presented here.

2.12.3 Tobacco Transformation

Agrobacterium-mediated transformation of N. tabacum cv.
Petit Havana SRl was carried out by Héléne Labbé (Plant
Research Centre, Agriculture Canada) according to the method
outlined by Horsch et al (1985). Three independant primary

tobacco transformants were made available for this study.

2.12.3.1 Tobacco Segregation Analysis

Seeds from individual capsules were placed in small
envelopes made from Whatman 3MM filter paper and sterilized
by dipping the packets in 70 % ethanol (1 min) and then in
undiluted Javex (6% sodium hypochlorite) containing a few
drops of Tween 20 (25 min). The packets were rinsed with
sterile dH,0 (3 x 30 min) and dried overnight in a laminar
flow hood.

Seeds from individual packets were germinated on MS salts
(Murashige and Skoog, 1962) containing B5 media, 1% sucrose,
6 g/l agarose and 100 pg/ml kanamycin. The ratio of bleached
(kanamycin sensitive) to green (kanamycin resistant)

seedlings was determined approximately 6 weeks after
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germination. Seeds from transgenic and untransformed plants

were also germinated on control plates containing no

kanamycin.

2.13 B-Glucuronidase Assays

Fluorogenic and histochemical GUS assays were performed

based on methods outlined by Jefferson (1987).

2.13.1 Fluorogenic Assays

Samples were removed from -80 ©C and placed in liquid
nitrogen. Samples were placed on ;ge one at a time and
ground until homogeneous in 3 volumés of ice-cold extraction
buffer (50 mM NaPQ4 buffer, pH 7, 10 mM B-mercaptoethanol,
10 mM EDTA, pH 8, 0.1% (w/v} N-laurosarcosine, 0.1% (v/v)
Triton-X-100) using an OMNI 1000 hand-held homogenizer (OMNI
International, Waterbury, CT). The cellular debris was
removed by centrifugation (4 ©C, 10 min). The supernatant
was transferred to a fresh tube, frozen in liquid nitrogen
and stored at -80 ©C until use.

Frozen tissue extracts to be assayed were thawed on ice
and then vortexed. Five to 50 ul of tissue extract was added
to 500 pl of prewarmed assay buffer (extraction buffer
containing 1 mM 4-methyl umbelliferyl-f-D-glucuronide [MUG;
Sigma, St. Lois, MO]) and incubated in a 37 ©C water bath.

100 ul aliquots were removed at various time points,
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including time "0", and added to 1.9 ml stop buffer (0.2 mM
NazCO3) . Fluorescence was measured using an Hitachi F2000
fluorescence spectrophotometer calibrated with known
methylumbelliferone (MU) standards. The excitation and
emission wavelengths were set to 365 and 455 nm
respectively. Activity is expressed in nmol MU produced per
min per mg protein (nmol/min/mg protein) or log pmol/min/mg
protein. The protein content of the extracts was determined
with the Bio-Rad Protein Assay kit (Bio-Rad Laboratories,

Richmond, CA) using bovine serum albumin as a standard.

2.13.2 Histochemical Assays

All microspore and embryo samples were rinsed in 0.1 M
NaPO4 buffer, pH 7-8 prior to staining. Samples were
incubated in histochemical assay buffer containing 100 mM
NaPO4 buffer, pH 7-8, 10 mM EDTA, pH 8, 0.5 mM K3[Fe(CN)gl,
0.5 mM Kgq[Fe(CN)gl:H»0, 20% methancl and 0.5 to 1.0 mg/ml 5-
bromo-4-chlorc-3-indolyl-B-D-glucoronide (X-gluc: Clonetech
Laboratories Inc., Palo Alto, CA) at 37 ©C until no further
development in colour was detected (a few hours to
overnight). Some samples were cleared of chlorophyll using

several washes in 70% ethanol.
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CHAPTER THREE

RESULTS

3.1 1Isclation and Characterization of Napin Clones
Expressed in Embryogenic Microspores

B. napus cv. Topas microspores at the late uninucleate and
early binucleate stages of development can be induced to
undergo embryogenesis by culturing them at 32.5 ©C for 4
days. Previously, we had shown that this switch in
developmental pathways was accompanied by the induction of
high level napin seed storage protein gene expression. Napin
gene expression was shown to be a marker for the induction
of microspore embryogenesis as changes in the plant growth
or microspore culture conditions were not, by themselves,
sufficient to induce napin expression.

The napin proteins of B. napus are encoded by a small
multigene family that is estimated to contain 10 to 16
members (Joseffsen et al., 1987; Scofield & Crouch, 1987).
Sequence analysis of eight published napin clones indicates
that the coding regions of these genes are all very highly
conserved, exhibiting 90 to 97% similarity at the nucleotide
- level. Probes derived from these sequences should detect,
under moderately stringent conditions, mRNAs corresponding
to any expressed member of the napin multigene family. Thus
the moderately stringent hybridization conditions used to

detect napin mRNA in embryogenically-induced microspores
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reflects the sum of all the napin genes expressed at that

time.

3.1.1 Screening of cDNA Library for Napin Clones

To identify the specific members of the napin multigene
family expressed in embryogenically-induced microspores, a
cDNA library was constructed with poly (A)" mRNA from a
population of B. napus cv. Topas microspores at the late
uninucleate and early binucleate stage of development that
had been induced to undergo embryogenesis by culturing them
for 4 days at 32.5°9C.

The library was screened, under low stringency, using the
napin c¢cDNA N2 (Crouch et al., 1983) as a probe. Twenty
hybridizing plaques were obtained from approximately 33,000
lambda clones after three rounds of plaque purification. DNA
gel-blot analysis was performed under higher stringency on
Eco RI/Xba I digests of lambda DNA isolated from each of the
plaques to confirm that the clones contained a napin insert.
This analysis indicated that each plaque contained a single
napin insert ranging in size from approximately 450 to 2000
bp in length {data not shown).

The LambdaGEM-4 vector used in this study contains a
complete copy of the pGEM 1 plasmid. During the cloning
procedure, the cDNA is inserted into the multiple cloning

site of the plasmid. The napin cDNAs were subcloned by Spe I
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digestion and religation of the pGEM 1 plasmid contained

within LambdaGEM-4.

3.1.2 Characterization of Napin Clones

Due to the large number of napin clones obtained from the
library a sequencing strategy was devised that would allow
for an initial characterization of these clones. This
strategy involved partial sequencing of the 5' and 3' ends
of the napin clones using the SP6 and T7 promoter primer
sites present within the pGEM1 vector. Extensive stretches
of poly(A) residues in the 3' ends of a number of the clones
prohibited sequencing through this region. Therefore, in
order to obtain 3'-end sequence data for these clones a 17-
nt primer, complementary to a region approximately 200 nt
upstream of the site of poly(A) addition was synthesized
(see Figure 5). The primer was designed to contain sequence
information that was common to all the napin clones from the
induced microspore library and to other previously published
napin clones. At least 150 nt of sequence data were obtained
from the 5' and 3' ends of each of the 20 clones using these
two approaches.

Rased on this information the napin c¢DNA clones were

organized into groups of similar sequences (Table II). Two



TABLE II Classification of Napin ¢DNA Clones Expressed

in Embryogenically Induced B. napus Microspores

menber? no. clones clone identityb
BnmNAP2 6 3, 4, 5, 8, 9, 12
BnmNAP3 8 11, 13, 14, 1s, 17, 18, 20, 21
BnmNAP4 4 1, 6, 7, 10,

gNa 1 2

napA/napl 1 19

napin cDNAs were organized into groups of similar sequences based

sequence data obtained from the 5' and 3' ends of the cDNA clones.

each cDNA clone was given a numerical designation prior to being

organized into groups of similar sequences



85

of the isolated napin clones showed significant nucleotide
similarity to previously published napin clones (data not
shown). Clone 2 was 96% similar over the sequenced region to
the napin cDNA clone pNAPl (and its genomic counterpart,
NapA) (Ericson et al., 1986). Clone 19 showed similarity to
the 3' end of the napin genomic clone Na but the 5' end of
clone 19 appears to have been replaced by another
unidentified, non-napin sequence. The napl/naphA- and Na-like
clones isolated in this study were not sequenced in full so
it is not known how similar they are to their homologues in
the other B. napus cultivars.

The remaining 18 napin cDNA clones were organized into a
single subfamily consisting of three, highly similar members
or subgroups of napin clones. This subfamily has been
designated BnmNAP and the representative members within this
group BnmNAFP2, BnmNAP3 and BnmNAP4.

Two representative cDNAs from each of the BnmNAP2, BnmNAP3
and BnmNAP4 subgroups were fully sequenced in both
directions using synthetic primers based on sequence
information obtained from the previous round of sequencing
{Figure 5). The complete nucleotide and predicted aminc acid
sequences of these representative cDNA inserts are shown in
Figures 5 and 6 respectively.

The BnmNAP2, 3 and 4 nucleotide sequences are 26 to 99%
similar at the nucleotide level and have no insertions or
deletions relative to each other. The majority of the

representative sequences are approximately 715 nt in length
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Figure 5 Sequencing Strategy and Nucleotide Sequence

Alignment for the B. napus BnmNAP Napin cDNAs.

DNA sequences are numbered at the right. Identical bases
shared between BnmNAP2 and the two other cDNAs are shown by
dashes. The translational start and stop codons are shown in
bold and the putative polyadenylation signal is boxed. The
location and direction (5' to 3') of synthetic primers used
to obtain overlapping BnmNAP sequence information are
depicted by arrows below the corresponding sequence.
*represents the synthetic primer complementary to all
cloned B. napus genes that was used to sequence BnmNAP genes

with long poly(A) tails.
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excluding the poly(A) tail: owever one of the BnmNAP4 group
clones contains an extra 45 bp of sequence in the 3'
untranslated region of the clone. All three representative
BnmNAP sequences contain putative translational start and
stop codons as well as the conserved poly(A) addition signal
sequence AAUAAA (Proudfoot and Brownlee, 1976). The BnmNAP4
gene presumably contains an alternative polyadenylation
signal sequence; however, it does not appear to be favoured
as only one of the four BnmNAP4 sequences exhibited this
feature.

Each of the BnmNAP2, 3 and 4 inserts can potentially
encode a 180 aminc-acid-protein (Figure 6). The aminc acid
sequence of the BnmNAP2 and BnmNAP3 proteins is identical,
while that encoded by BnmNAP4 differs from BnmNAPZ and

BnmNAP3 by only 4 amino acids.

3.1.3 Comparison of the BnmNAP Subfamily with Other
Napin Genes

Comparison of the BnmNAP sequences to published napin
sequences from B. napus (Figure 7) indicates that the BnmNAP
sequences are most similar to the previously described napin
genomic clone BngNAPl, which was isolated from B. napus cv.
Westar (Baszczynski and Fallis, 1990). In fact, BngNAPl
differs from BnmNAP4 by only one nucleotide at position 661

in the 3' untranslated region of the gene (G in BnmNAP4 and
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Figure 6 Alignment of the Predicted Amino Acid Sequence of

the B. napus BnmNAP Napin cDNAs.

The amino acids are numbered at the right. Identical amino
acids shared between BnmNAPZ2 and the two other cDNAs are

shown by dashes. NAP2 = BnmNAP2, NAP3 = BnmNAP3, NAP4 =
BnmNAP4 .
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A in BngNAPl). BnmNAP4 and BngNAPl may therefore represent
the same gene in cultivars Topas and Westar. BngNAP1
represents a fourth member of the BnmNAP subfamily of napin
genes and is hereafter be referred to as such.

The nucleotide sequences of BngNAPl, BnmNAP2, BnmNAP3,
BnmNAP4 as a group are more similar to each other than they
are to the other members of the B. napus napin multigene
family. Comparison of the coding regions of the BnmNAP
sequences with other available napin sequences indicates
that while all of the napin sequences share extensive
nucleotide similarity, they differ in the length of the
primary translation product (Figure 7). For example, the
BnmNAP sequences encode a 180 amino acid protein while the
other napin genes encode protein products that are either
shorter (napR, napB, N1, pN2)} or longer (Na) than the BnmNAP
sequences. The differences at the amino acid level among the
various napin clones support the observations of Lonnerdal
and Janson (1272) who were able to isclate four discrete
isoforms of napin protein from mature seeds of B. napus.

The sequence divergence between the BnmNAP sequences and
the other members of the napin multigene family is greatest
in the 3' untranslated region of the gene. The BnmNAP
sequences exhibit a number of nucleotide substitutions in
addition to a number of specific deletions and insertions
which distinguish them from other members of the napin gene

family (Figure 7).
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Figurae 7. Comparison of the Nucleotide Sequence of the
Protein Coding and 3' Untranslated Regions of the

B. napus Napin Genes

All sequences were compared with BnmNAP2. A dash was used to
indicate where a nucleotide was the same as that in BnmNAP2.
The nucleotide is indicated in positions where the sequence
differed from BnmNAP2. Positions where gaps were introduced
are indicated with an asterisk. The translational start and
stop codons are underlined. The position spanning the BnmNAP
subfamily oligonucleotide probe is indicated in bold. The
numbering is for the BnmNAP2 sequence. Gene nomenclature as

in Table I.
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If the proportion of each of the napin clones isolated is
representative of the relative abundance of each transcript
in the original mRNA population then approximately 95% of
the napin clones expressed in embryogenically induced
microspores correspond to a new, highly similar subfamily of
napin genes.

A preliminary study was also undertaken to identify
additional genes that are co-expressed with napin in
embryogenically-induced microspores. The results of this

study are presented in Appendix III.

2.1.2. DNA Hybridization

Nucleotide sequence alignment suggests that the BnmNAP
sequences constitute a distinct subfamily within the larger
napin multigene family. To determine the number of sequences
in the BnmNAP subfamily, an oligonucleotide probe was
designed that would specifically detect members of this
subfamily. A redundant 39-mer oligonucleotide probe was
constructed, comprising the reverse complement of the
nucleotide sequence spanning positions 632 to 670 of the
BnmNAPZ2, BnmNAP3 and BnmNAP4 sequences and the homologous
region of the BngNAPl scquence (in u.ld, Figure 7B) . The
sequence of this oligonucleotide is given in section 2.7.2
of the Materials and Methods.

To estimate the number of BnmNAP genes in the B. napus

genome B. napus cv Topas genomic DNA was digested with Eco
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RI, run on agarose gels and the gels either blotted or dried
under vacuum. None of the published B. napus napin sequences
contains Eco RI restriction sites within the coding region
of the gene. Therefore, digestion with Eco RI should give a
minimum estimate of the number of napin genes in the B.
napus genome. The oligonucleotide probe was hybridized in
situ to dried gels rather than to gel blots to increase the
sensitivity of detection.

Figure 8 shows that under conditions of low stringency the
full length cDNA probe pN2 detects 14 hybridizing fragments
of varying intensities (Figure 8B). Among these 14 fragments
are five that are specifically detected by the BnmNAP
subfamily oligonucleotide probe (Figure 8A). The same
pattern of hybridizing bands was detected for B. napus cv.
Westar, and suggests that the two cultivars are highly
similar (data not shown).

Three of the fragments detected by the oligonucleotide
probe are of the same intensity (fragments 1, 2 and 5) while
two of the fragments are lighter (fragments 3 and 4). A
number of hypotheses can be invoked to explain this
observation. The three darker fragments may correspond to
comigrating, duplicate alleles, i.e. alleles that are
homozygous for the Eco RI restriction site, while the two
lighter fragments may correspond te individual alleles that
are polymorphic for the Eco RI restriction site. These
alleles would migrate as different-sized restriction

fragments and, because they contain only half as much DNA,
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Figure 8 Detection of the BnmNAP Subfamily

B. napus cv. Topas genomic DNA (10 png) was digested with Eco
RI and separated on agarose gels. The bands hybridizing to
the BnmNAP subfamily specific oligonucleotide probe are

indicated (1-5). The molecular size markers are lambda Hind

III restriction fragments.

(A) dried gel hybridized directly with the 32p_1abeled

oligonuclecotide probe

(B) DNA gel blot hybridized with the 32p-labeled pN2 cDNA

probe.
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would appear less intense on the autoradiograph. An
alternative explanation is that the lighter fragments
represent napin genes with a lower similarity to the BnmNAP
subfamily probe. However when the gel was washed at higher
temperatures, all five fragments were removed
simultaneously, making this alternative less likely.

The pN2 cDNA probe hybridizes only weakly to fragment 3,
but hybridizes to fragment 4 with an intensity that is at
least double the intensity of the next strongest hybridizing
bands. Fragment 4 therefore, may contain comigrating napin
restriction fragments, one of which corresponds to a BnmNAP
gene.

Attempts to distinguish the bands corresponding to the
individual BnmNAP members using gene-specific probes that

differ by a single nucleotide were unsuccessful.

3.2 Developmental Expression of the BnmNAP Subfamily

The BnmNAP subfamily of napin genes was found to be highly
and predominately expressed during the induction of
microspore embryogerasis; however, it was not known if
BnmNAP expression was restricted to embryogenically-induced
nicrospores or whether the BnmNAP genes were also expressed
during subsequent stages of embryo development. Therefore,
the temporal pattern of BnmNAP gene expression was examined
during microsporic and zygotic embryo development. RNA gel

blot analysis, using the BnmNAP-subfamily specific
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oligonucleotide probe, was carried out on total RNA isocolated
from microspores, developing microsporic embryos, zygotic
embryos and scmatic tissues.

Figure 9 shows the temporal pattern of BnmNAP expression
detected in microspores and developing microsporic embryos.
High levels of BnmNAP mRNA were present in microspores that
had been induced to undergo embryogenesis (Mi sample), but
not in microspores that were cultured to develop as pollen
(Mu sample). BnmNAP gene expression in microsporic embryos
was very low during the globular, heart and torpedo stages
and could usually only be seen in heart and torpedo stage
embryo samples after a long exposure of the blots. BnmNAP
mRNA was not detected in Qhe Mu sample after the same long
exposure. BnmNAP expression increased substantially at the
cotyledon stage and remained high for the duration of the
culture period.

The BnmNAP subfamily specific oligonucleotide probe
detected a similar developmental pattern of napin mRNA
accumulation as the non-specific pN2 cDNA probe (Appendix I,
Figure 1) . However, the level of napin mRNA detected by the
BnmNAP oligonucleotide probe appears to be higher in
microspores induced to undergo embryogenesis than in
developing embryos, whereas the level of napin mRNA detected
by the pN2 cDNA probe appears to be higher in embryos as
compared to embryogenically induced microspores. This may

reflect the specificity of the oligonucleotide probe for the
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Figure 9 Detection of BnmNAP mRNA in Microspores and

Developing Embryos of B. napus

(A) RNA gel blots containing 5 pg of total RNA per lane from
microspores and developing microsporic embryos probed with
the 32p-labeled BnmNAP subfamily-specific oligonucleotide
probe |

RNA was isclated from late uninucleate and early binucleate
microspores, collected from preconditioned deonor plants
grown at 10°9/5°C (day/night), after 4 days in culture at
32.50C (Mi) or after 4 days in culture at 25°C {Mu) and
microsporic embryos at the globular (G), heart (H), torpedo
(T), 2l-day cotyledon (C), 28-day cotyledon (4), 35-day
cotyledon (5}, 42-day cotyledon (6) and 49-day cotyledon (7)
stage of development

(B) RNA gel blots containing 5 pg of total RNA per lane from
somatic tissues and developing zygotic seeds probed with the
32p.1labeled BnmMAP subfamily specific oligonucleotide probe

Total RNA was isolated from leaf (L), stem (S) and root (R)
tissues as well as from seeds containing developing embryos
at the following points in development (DAP): 7, early
globular stage; 14, heart stage; 18, torpedo stage; 28,
early cotyledon stage; 35, mid-cotyledon stage; 42, late
cotyledon stage; 45, late cotyledon stage
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BnmNAP subfamily, which appears to comprise the majority of
napin gene expression in embryogenically induced
microspores.

The expression of the BnmNAP subfamily was also examined
during zygotic embryo development. Whole seeds, rather than
excised embryos, were used for RNA isolation as the small
size of the developing embryo prior to the early cotyledon
stage made it impossible to isolate sufficient numbers of
embryos for RNA gel blot analysis,

The temporal pattern of BnmNAP expression during zygotic
embryc development is shown in Figure 9B. A low level of
BnmNAP mRNA was first detected at the torpedo stage (18 DAP)
of development. BnmNAP mRNA levels peaked between 28 and 35
DAP and then dropped off by 45 DAP. BnmNAP mRNA was not
detected in leaf, stem or root tissues (Figure 9B).

This temporal pattern of BnmNAP mRNA accumulation in
zygotic embryos is similar to that previously reported for
the napin subfamily as a whole (DeLisle & Crouch, 1989), but
differs from the pattern of BnmNAP gene expression observed
in developing microsporic embryos. While it is possible that
the expression of the BnmNAP subfamily is regulated
differently in microsporic and zygotic embryos it is also
possible that the observed differences relate to the manner
in which the RNA samples were collected. RNA samples were
collected from whole seeds. The developing embryo initially
comprises only a very small portion of the seed prior to the

cotyledon stage and therefore only a small portion of the
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total seed RNA. In contrast, RNA samples collected at later
stages of development, when the embryo comprises the
majority of the total seed tissue, contain significantly
more embryo RNA. Thus although the BnmNAP subfamily ({(and
other napin genes) may be expressed prior to 18 DAP, the
amount of embryo RNA present in the samples may be too small
to detect BnmNAP gene expression. This second possibility is

supported by the results presented below.

3.3 Analysis of the BngNAPl Promoter in Transgenic Plants

To characterize the temporal and spatial regulation of one
member of the BnmNAP subfamily in greater detail a 796-bp
fragment of the BngNAPl promoter was fused to the GUS
reporter gene and to the 3' nos terminator (C. Basczcynski,
Pioneer Hi-Bred International) and introduced into B. napus
cv. Westar (Bin Huang, Pioneer Hi-Bred ;p;gnnational) and N.
tabacum cv. Petit Havana SR1 (Héleéne Labbé, Plant Research
Centre, Agriculture Canada) by Agrobacterium-mediated
transformation. The pattern of GUS expression directed by
the BngNAPl promoter was examined using both histochemical

and fluorogenic assays.

3.3.1 Expression of the BngNAP1-GUS Fusion in Transgenic

B. napus

3.3.1.1 Gel Blot Analysis
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A fragment containing 796 nucleotides of 5' sequence lying
directly upstream of the BngNAP1 ATG polypeptide translation
start site was fused to the coding region of the GUS
reporter gene and introduced into B. napus cv. Westar by
Agrobacterium tumefaciens-mediated transformation (Moloney
et al., 1989). A number of independently transformed lines
were provided by B. Huang (Pioneer Hi-Bred International);
however, only one line, C18D, was used in this study.

Gel blot analysis, using the GUS coding region as a probe,
was carried out on DNA isolated from the selfed progeny of
the original transformants. The isolated DNA was digested
with either Hind III or Eco RI. As shown in Figure 10, Hind
IIT cuts once within the the T-DNA, adjacent to the GUS
gene, and outside the T-DNA insert, within the plant genome.
The size of the Hind III fragment will vary depending on the
proximity of the first Hind III site flanking the integrated
T-DNA. Digestion with Hind III therefore, can be used to
determine the number of T~DNA inserts, while digestion with
Eco RI, which removes the entire GUS coding region of the T-
DNA insert, can be used to determine if this region has

undergone any gross rearrangements.
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Figure 10 pBngNAPl-~gusA-3'nos Vector Construct Used to

Transform B. napus and N. tabacum

796 nucleotides of 5' sequence directly upstream of the
BngNAP1l ATG polypeptide translation start site (pNAP) was
ligated directly in front of the B-glucuronidase (gusA)
coding region and the nopaline synthase terminator (nos3').
The cauliflower mosaic virus promoter (p358) was used to
drive the nopaline synthase (nptII) selectable marker gene.

RB, T-DNA right border; LB, T-DNA left border



50U 14003
1SS
<C
w
-
1))
o
% — 140924
Q.
[lIPUiH
L£50U
a

200 bp



101

The results obtained from 10 selfed progeny of C18D are
shown in Figure 11. All 10 plants showumultiple hybridizing
bands. The observed pattern of bands is very similar to that
derived from the parental line C18D (B. Huang, personal
communication). A number of the hybridizing bands have been
inherited by all of the progeny, suggesting that these
fragments are tightly linked and therefore do not segregate
in the offspring. None of the sizes of the observed
fragments correspond to either direct (predicted size- 4.8
kb) or inverted (predicted size- 5.2 kb) repeats of the
integrated T-DNA. However, the intensity and size of the 9.5
and 7.8 kb fragments suggests these fragments contain tandem
or inverted repeats of the integrated T-DNA that have also
been accompanied by a large plant DNA duplication.
Supporting this is the observation that the same 9.5 and 7.8
kb fragments were detected when a probe derived from the
nptII coding region was hybridized to the blot. The
duplication of large regions of plant target DNA can be
accounted for by the current model of T-DNA integration
{(Gheysen et al., 1990}.

Digestion of the same DNA with Eco RI gave a single
hybridizing band of approximately 2.6 kb for each sample
(Figure 11), suggesting that the GUS gene has not undergone

any major rearrangements.
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Figure 11 DNA Gel Blot Analysis of Transgenic B. napus

Plants Carrying the pBngNAPl-gusA-3'nos

Construct

DNA samples were digested with either HindIII (left) or Eco
RI (right) and hybridized with a 32P-labeled probe derived
from the gusA coding region. The individual plants listed
across the top are: UT, untransformed B. napus cv Westar;
1A-E and 2A-E, progeny planté derived from transgenic line
Cl8D. The molecular size markers are lambda Hind III

restriction fragments.
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3.3.1.2 Choice of Plants for Further Analyses

Each of the 10 plants analysed above was used as a donor
for both microspore embryo culture (with assistance from
Nancy Long and Keith Pomeroy, Plant Research Centre,
Agriculture Canada) and for collection of zygotic embryos.
All plants were initially assayed histochemically for GUS
activity. While all ten plants exhibited the same temporal
and spatial pattern of GUS expression, they differed in
their ability to form embryos in culture. Three plants that
gave consistently high embryo yields (1D, 2C and 2E} were
chosen for further analysis. These plants were selfed and
three progeny from each selfed plant were chosen for
subsequent studies. Each plant was originally used as a
donor for microspore embryogenesis and then the flowering
stalks were cut back and the same plants transferred to the

greenhouse for seed collection.

3.3.1.3 Fluorogenic Analysis of BngNAP-GUS Activity

Fluorogenic GUS assays were only performed on zygotic
seeds due to limited amounts of microspore-derived material.

The temporal pattern of GUS expression directed by a 796-
bp fragment of the BngNAPl1l promoter was examined during B.
napus seed development. The time points analysed span the
first two phases of seed development, i.e. the period of
major morphological changes and the period of reserve

accumulation, but do not include fully-mature, dry seeds.
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Seeds from untransformed plants were analysed at some, but
not all of these timepoints. Somatic tissues including leaf,
stem and root from transformed and untransformed plants were
also analysed.

Figure 12 shows the time course of GUS accumulation during
B. napus seed development. GUS activity was initially low
during the globular and heart stages (7-10 DAP), but
increased during the torpedo to early cotyledon stages (18
to 21 DAP). GUS activity began to level off by the mid-
cotyledon stage (28 to 35 DAP) and remained steady for the
duration the time points analysed. GUS activity in
untransformed seed tissues and in somatic tissues from
transformed plants was less than 0.03 nmol MU/min/mg protein
and was considered to be negligible (Appendix II, Table I).

The GUS reporter gene was a sensitive marker for detecting
BnmNAP promoter activity. GUS activity was detected in whole
seeds as early as the globular stage of development whereas
total napin and BnmNAP mRNA were not detected until the late

torpedo/early cotyledon stage.
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Figure 12 GUS activity in Developing Seeds of B. napus cv.
Westar Plants Transformed with the pBngNAPl-gusa-

3'nos Construct

Seeds from one or more siliques at variocus timepoints
throughout development were collected and pooled. Three
samples were collected for each timepoint from three selfed
progeny of lines C18D-1D, C18D-2C and-Cl8D-2E. Samples were

assayed in duplicate and the average value plotted.

MU, 4-methylumbelliferone

DAP, days after pollination
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3.3.1.4 Histochemical Analysis of BngNAP-GUS Expression

The spatial pattern of GUS activity directed by the
BngNAPl promoter was also examined by histochemical analyses
of microspores and developing microsporic and zygotic
embryos of B. napus.

Figure 13 shows the pattern of GUS accumulation in
microspores and developing microsporic embryos. Late
uninucleate/early binucleate microspores from preconditioned
plants were isolated (Mo sample) and either induced to
undergo embryogenesis by culturing them for 4 days at 32.5
OC (Mi sample) or allowed to continue pollen development by
culturing them for 4 days at 25 ©C (Mu). Low levels of GUS
activity were often observed in a small percentage of
freshly isolated microspores (Mo sample, Figure 13a). In
general, the highest yields of microsporic embryos were
obtained from microspores that exhibited GUS activity at the
time of collection; however the validity of this observation
was not rigorously tested.

The BngNAPl promoter was highly expressed in samples of
microspores that had been induced to undergo embryogenesis
(Figure 13b) but was not expressed in samples of microspores
that were allowed to undergo pollen development in culture
{(Figure 13c). GUS activity was predominantly present in
microspores that had taken on a slightly swollen appearance
(Figure 13b). This swelling response is characteristic of
microspores that are most likely to develop into embryos

(Kott et al., 1988). These results parallel the original



107

observations made by Northern blot analysis and further
suggest that the BngNAPl promoter is activated specifically
in microspores that have the greatest potential for
developing into embryos in culture.

The spatial pattern of BngNAPl-directed GUS activity was
also examined in developing microsporic embryos. GUS
activity waé detected as early as the globular stage (Figure
13d). Initially, GUS activity was confined to the basal
region of the globular embryo, but spread part way up the
lower axis during the heart {(Figure 13e) and torpedo (Figure
13f) stages. During the early cotyledon stage staining was
observed in the cotyledons but was still absent from the
uppermost region of the axis (Figure 13g). As embryo
development proceeded GUS activity was observed throughout
the embryo (Figure 13h). At the latest stage of embryo
development, the entire embryo stained a homogeneous dark
blue (Figure 13i). These results are consistent with the
temporal expression pattern obtained by RNA gel blot
analysis using the BnmNAP subfamily oligonucleotide probe.

The same spatial pattern of GUS expression was observed
for developing zygotic embryos (Figure 14). In zygotic
embryos GUS activity was first)detected in globular stage
embryos in the region corresponding to the micropylar pole
of the embryo (Figure l4a). GUS activity was also detected
in the lower region of the suspensor at this and later
stages. BngNAPl-GUS exXpression remained restricted to the

axis during the heart (Figure 1l4b) and-torpedo stages
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(Figure 14c); however, cells corresponding to the future
root apical meristem did not exhibit GUS activity. Zygotic
embryos begin to exhibit GUS activity in the vascular tissue
of the cotyledons during the early cotyledon stage, but
expression in the axis was still restricted to the lower
regions {Figure 14d). During subsequent stages GUS staining
spread throughout the cotyledons and the axis (Figure l4e),
so that by the mid-cotyledon stage the entire embryo stained
dark blue (Figure 14f). During development small amounts of
blue precipitate were often observed in the liquid
endosperm, but not in leaf, stem or root tissues. GUS
staining was often observed in the nectaries which lie at
the base of tﬁe style (data not shown).

The spatial patterns of GUS activity directed by the
BngNAPl promoter are almost identical in microsporic and
zygotic embryos. This observation suggests that the factors
directly responsible for generating spatial and temporal
patterns of napin expression originate within the embryo
itself and not from the surrounding maternal tissues.

Taken together these results lend support to the
possibility that the inability to detect napin mRNA during
the early stages of zygotic embryo development by RNA gel
blot analysis was due to the dilution of the embryo tissue.

A more sensitive assay, such as RNAse protection, RT-PCR or
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Figure 13 Histochemical Localization of GUS Activity in
Microspores and Microsporic Embryos of Transgenic
B. napus cv. Westar Plants Carrying the

pBngNAPl-gusA-3'nos Fusion.

Late uninucleate and early binucleate microspores isolated
from preconditioned donor plants grown at 109/5°C
(day/night) were assayed for GUS activity at (a) the time of
collection (Mo sample), {(b) after 4 days in culture at
32.50C (Mi sample) and (¢) after 4 days in culture at 25°C
(Mu sample).

Microsporic embryos were assayed for GUS activity at the
globular (d), heart (e), torpedo (f}, 21 d cotyledon {(g), 28
d cotyledon (h) and 35 d cotyledon (i) stage of development.
Scale bars for {a), (b) and (c) = 25 ﬁm, for (d) and {e) =

100 pm, for (f) = 500 pm and for (g}, (h) and (i) = 1000 um
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Figure 14 Histochemical Localization of GUS Activity in

(a)
(b)
(c)
(d)
(e)
(£)

Zygotic Embryos of Transgenic B. napus cv.
Westar Plants Carrying the BngNAP1l Promoter-gusA-

3'nos Fusion

globular stage zygotic embryo (10 DAP)
heart stage zygotic embryo (12 DAP)
torpedo stage zygotic embryo (14 DAP)
cotyledon stage zygotic embryo (18 DAP)
cotyledon stage zygotic embryo (28 DAP)

cotyledon stage zygotic embryoc (35 DAP)






111

in situ hybridization, is required to detect BnmNAP

transcripts during these stages.

3.3.2 Analysis of BngNAPl Expression in Transgenic

Tobacco

Tobacco is frequently used as a heterologous host for gene
expression studies, primarily due to the ease with which it
can be transformed. The expression of a number of seed
protein genes, including those from both monocots and
dicots, has been shown to be developmentally regulated in
tobacco seeds. These results have been used to suggest that
the mechanisms which govern seed-specific gene expression
are highly conserved among evolutionarily diverged plant
species.

Embryo development in tobacco takes place over a shorter
period of time than in B. napus, but still proceeds through
the same major phases (Figure 15). Tobacco seeds also differ
from Brassica seeds in that they contain a persistant
endosperm. Although storage reserves accumulate in both the
embryo and the endosperm, the major storage tissue is the
endosperm.

The BngNAP1-GUS construct was introduced into tobacco to

determine whether the spatial and temporal patterns of
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Figure 15 Embryo Development in N. tabacum

dpa, days post anthesis

Figure adapted from DeMoor (1992)
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BnmNAP gene expression were conserved in a more distantly

related plant species.

3.3.2.1 Gel Blot Analysis and Segregation Analysis

Three independent tobacco transformants, termed 2NAP, 3NAP
and 4NAP, each carrying the same BngNAP1-GUS construct as in
the previous section, were generated by Agrobacterium-
mediated transformation (Horsch et al., 1985). Gel blot
analysis, using the GUS coding region as a probe, was
carried out on DNA isolated from the original transformants.
The isolated DNA was digested with either Sst I of Eco RI.
As shown in Figure 10, Sst I cuts once within the integrated
T-DNA, outside both the gusA and nptII genes, and outside
the T-DNA, within the flanking plant genomic DNA. As with
the Hind III digest, the size of the Sst I fragments
hybridizing to the GUS probe will vary depending on the
position of the first Sst I site flanking the integrated T-
DNAs.

The results of the gel blot analysis are shown in Figure
16. The pattern of T-DNA integration was different for all
three lines. In all cases the size of the bands is larger
than the distance between the internal Sst I site and the
end of the T-DNA. The same banding pattern was observed when

the npt II coding region was used as a probe (data not
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Figure 16 DNA Gel Blot Analysis of Transgenic tobacco
tabacum Plants Carrying the pBngNAPl-gusA-

3'nos Construct

DNA samples were digested with either SstI (left) or EcoRI
(right) and hvbridized with a 32p_-1abeled probe derived from
the gusA coding region. The individual plants listed across
the top are: UT, untransformed N. tabacum cv Petit Havana
SR1; 2NAP, 3NAP, 4NAP, independent transformants of N.
tabacum cv Petit Havana SR1. The molecular size markers are

lambda HindIII restriction fragments.
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shown) . The band sizes do not correspond to either tandem
(5.1 kb) or inverted (0.2 kb) repeats of the integrated T-
DNA. The GUS gene does not appear to have undergone any
major rearrangements as digestion with Eco RI generated a
single band of the correct size (approximately 2.6 kb).
Gene segregation analysis of seeds derived from each of
the three selfed plants was carried out by following the
segregation of the kanamycin antibiotic resistance marker.
Mature tobacco seeds were plated onto a germination medium
containing 100 pg/ml kanamycin sulfate and the numbers of
white, kanamycin-sensitive seedlings as well as the numbers
of green, kanamycin-resistant seedlings were counted and
subjected to chil analysis (Table III). In all cases the
ratios of kmf:km® seedlings did not agree with the predicted
ratios based on the observed number of segregating loci.
However, the x2 values for the 2 NAP and 3NAP segregation
data are not significantly different from a 63:1 ratio (at a
95% confidence level), suggesting that these two lines
contain linked copies of the integrated T-DNAs. In the case
of 3NAP this observation could be accounted for by the
presence of a direct repeat that was accompanied by a 1 kb

insertion of the plant target DNA.



TABLE III Segregation Analysis of Transgenic Tobacco Seeds

Carrying the pBngNAPl-gusA-3'nos Fusion

tranagenic no. T-DNA no. km¥ no. kn®*  km¥:km® km® : km® x2

line copies® progeny® progeny® cbserved expected® value
2NAP 5 388 10 39:1 5 9.4¢
3NAP 2 444 6 14:1 2 18.5¢%
4NAP 1 515 126 4:1 1 8

a

b,c

the number of integrated T-DNA copies was determined by
counting the number of hybridizing bands in Figure 16

Yooy
seeds from individual tobacco capsules were germinated on plates
containing 100 pg/ml kanamycin. The number of kamamycin-resistant
{(km*) and kanamycin-sensitive (kmS) seedlings from at least three
capsules were counted.
the expected segregation ratio is based on the observed number of
integrated T-DNAs.
observed ratioc not significantly different from a 63:1 ratio at

95% confidence level
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3.3.2.2 Fluorogenic Analysis of BngMAP-GUS
Expression

The temporal pattern of GUS expression directed by the
BngNAPl promoter was examined durinyg tobacco seed
development. Three samples, comprising whole seeds from
individual tobacco capsules, from each of the three
transgenic plants were assayed in duplicate for each of the
timepoints.

The results of this analysis are shown in Figure 17. GUS
activity was first detected in young seeds containing
embryos at the early globular stage of development. This
activity continued to increase, peaked in seeds around the
mid-cotyledon stage and then began to decline. Although the
levels of GUS activity differed among the three
transformants, all three exhibited a similar temporal
pattern of expression. The differences in levels of GUS
activity among the transformants does not appear to be
correlated with the number of integrated T-DNaAs. GUS
activity in untransformed seed tissues and in somatic
tissues from transformed plants was neglible (Appendix II,

Table II).
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3.3.2.3 Kistochemical Analysis of BngNAP-GUS

Expression

The spatial pattern of GUS activity directed by the
BngNAP1l promoter was also examined during tobacco zygotic
enmbryo development. Tobacco embryos at the globular, heart,
torpedo and developing cotyledon stages were excised from
seeds and assayed histochemically for GUS activity. GUS
staining was first detected in early heart-stage embryos
where it began to accumulate as a band in the middle of the
embryo, just under the lobes of the emerging cotyledons
(Figure 18a). GUS activity spread rapidly in both directions
as development proceeded through to the torpedo and early
cotyledon stages, but generally remained absent from the
regions corresponding to the cotyledon and root tips (Figs.
18b, 18¢). The embryo stained completely blue by the late
cotyledon stage (Figure 18d).

GUS staining was also detected in the endosperm of
developing tobacco seeds. Although GUS activity was not
detected in globular stage embryos, it was detected in the
endosperm of seeds containing globular stage embryos (Figure
18e). This activity often began at the micropylar end of the
seed, but spread very quickly so that by the time the
embryos reached the early cotyledon stage the endosperm was

evenly stained throughout (Figure 18f). GUS activity did not
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Figure 17 GUS activity in Developing Seeds of N.
tabacum cv. Petit Havana SR1 Plants Transformed

with the pBngNAPl-gusA-3'nos Construct

Seeds from individual capsules at various timepoints
throughout development were collected. Samples were
collected in triplicate for each timepoint from the
independently transformed lines 2NAP, 3NAP and 4NAP. Samples

were assayved in duplicate and the average value plotted.
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Figure 18 Histochemical Localization of GUS Activity in

(a)
(b)
{c)
{(d)
(e)
(£)
(g)

Transgenic N. tabacum Petit Havana SR1
Seeds Carrying the BngNAPl Promoter-gusa

nos3' Fusion

early heart stage embryos (10 DAP)
heart stage embryos (14 DAP)

torpedo stage embryos (16 DAP)

early cotyledon stage embryos (18 DAP)
late cotyledon stage embryos (28 DAP)
whole seeds approximately 10 DAP

whole seeds approximately 28 DAP
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accumulate in the seed coat (Figure 18e,f) or in any other
somatic tissue of the mature plant (data not shown).

These results indicate that although the seed specificity
and timing of induction of BngNAP1-GUS expression in B.
napus and tobacco were maintained, the spatial patterns of
expression differed between the two species. It is unlikely
that the differences observed in this study were the result
of position effects as a number of independent tobacco
transformants, each carrying different numbers of integrated
T-DNAs at different chromosomal loci, gave the same results.
Rather it appears that the results relate to inherent
differences in the modes of seed storage protein
accumulation and embryo development in the two species.

In summary, the results presented above have shown that
napin gene expression in B. napus microspores is correlated
with the induction of microspore embryogenesis and as such
provides the earliest molecular marker for this process.
This work represents the first detailed characterization of
a molecular marker for the transition from pollen to embryo

development.
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CHAPTER 4

DISCUSSION

4.1 Mechanism of Induction of B. napus Microspore
Embryogenesis

Under the appropriate culture conditions isoclated
microspores and pollen from a wide variety of plants can be
induced to form haploid embryos in vitro. In Brassica napus,
the transition from pollen to haploid embryo development can
be separated into three phases. In the first phase,
microspores are made competent for embryogenesis by growing
the donor plants under low temperatures. In the second
phase, a heat-stress treatment is used to block pollen
development and induce embryogenesis. In the third phase,
the induced microspores become irreversibly committed to

embryoe development,

4.1,1 Establishment of Competence

It has been suggested that the pollen grains of a number
of species become competent to form embryos during their
development in the anther and that subsequent culture events
provide an environment for the expression of this
embryogenic potential. This suggestion is based on the
observation that‘many plant species exhibit a phenomenon

known as pcllen dimorphism (Raghavan, 1986). Pollen



123

dimorphism refers to the existence of two populations of
pollen grains within the anther. One population consists of
normal, fertile pollen and the other of smaller pollen
grains that, although viable, are thought to be functionally
sterile. In addition to their small size, these pollen
grains are generally starch-free and display a clear
cytoplasm. This type of pollen grain has been referred to as
S or P pollen (Dunwell, 1985; Raghavan, 1986)., In a number
of species a direct correlation has been observed between
the frequency of microspore/pollen embryogenesis and the
presence of P grains (Dunwell, 1985; Raghavan, 1986).

Although P grains occur naturally, their frequency can be
increased by manipulating the growth conditions of the donor
plants. For example, in tobacco, the proportion of P-grains
can be increased by growing donor plants under short days or
low temperatures, by the application of various feminizing
agents, or by the application of growth substances or
gametocides that are known to increase male sterility
(Heberle~Bors, 1982a; Heberle-Bors, 1982b; Heberle-Bors,
1983). Interestingly, exposure of donor plants to low growth
temperatures and short days also results in an increase in
male sterility (Heberle-Bors, 1982). In all instances the
increase in P grain formation results in an accompanying
increase in the frequency of tobacco pollen embryo
formation.

The observation that many plant species do not exhibit an

obvious pollen dimorphism argues against the generality of
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the theory that P-grains are the direct progenitors of
pollen embryos. Yet many of the plants that do not exhibit
an obvious pollen dimorphism still exhibit an increase in
the frequency of embryogenesis when donor plants are grown
under low temperatures (Raghavan, 1986 and references
therein). It is possible then, that pollen dimorphism does
in fact occur in these species, but that it is more subtle,
and difficult to detect by morphological features alone.
This possibility needs to be further explored through more
refined physiological and cytological analyses.

The mechanisms whereby various donor plant pretreatments,
such as cold chilling, lead to increased P-grain formation
and an accompanying increase in pollen embryogenesis is not
-known. However, it is thought that these effects are
mediated through the destruction of the tapetum. Heberle-
Bors (1882a; 1982b; 1985) has suggested that pollen
embryogenesis is an induced form of apogamy (sporophyte
formation via embryogenesis from somatic cells). He has
suggested that microspores inherit high amounts of
sporophytic determinants in the form of polysomes from the
microspore mother cells during the prophase of meiosis.
These sporophytic determinants may reactivate the
sporophytic gene program in pollen grains making them
competent for sporophytic embryogenesis in culture. This
early switch toward a sporophytic mode of development blocks
further gametophytic development, leaving the pollen grains

viable, but functionally sterile. Interestingly, a shift in
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the sex balance of flowers toward femaleness is correlated
with the reinforcement of sporophytic competence of
gametophytes.

A similar mechanism may be occuring during the low
temperature preconditioning treatment required to induce
embryogenesis in B. napus. Although B. napus does not
exhibit any obvious pcllen dimorphism (Raghavan 1986),
recent flow cytometry studies carried out with microspores
from donor plants grown under different growth temperatures
suggest that cytological differences do exist between
microspores from low versus higher temperature-grown plants
(Lo and Pauls, 1992). In particular, microspores isolated
from plants grown under lower temperatures appear more
translucent than microspores from higher temperature grown
plants. It was suggested that this dimorphism may result
from a reduction in the cytoplasmic granularity and/or exine
density of the microspores. Most importantly, the frequency
of microspore embryogenesis was found to be higher when
there was a high proportion of this type of microspore in
the cultures. Interestingly, higher frequencies of
microspore embryogenesis have been reported for certain
male-sterile lines of B, napus (Seguin-Swartz, 1984; Chuong
et al., 1988) suggesting that the establishment of
embryogenic competence involves a shift away from the normal
pollen developmental pathway.

Interestingly, both napin mRNA and BngNAPl-driven GUS

activity were also often observed at lew levels in
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preconditioned microspores grown under low temperatures but
not in same stage microspores from plants grown at higher
temperatures. This observation suggests that some type of
shift toward an embryogenic pathway is occuring at this
early stage and that napin gene expression, in addition to
being a marker for the induction process, may also provide a
marker for the embryogenic competence of microspores. In
this respect, it may be possible to utilize napin gene
expression, in conjunction with cytological and
physiological techniques, as a tool to characterize specific

cell types that acquire embryo-forming competence in the

anther.

4.1.2 Induction Phase of Microspore Embryogenesis

The critical step in the indﬁction of B. napus microspore
‘émbryogenesis is the application of a heat-stress treatment
at or near the time of microspore mitosis. The mechanism
whereby heat stress blocks pollen development and induces
embryogenesis is not presently known. In most organisms,
exposure to high temperatures has the following effects (1)
the transient synthesis of heat stress mRNAs and proteins
(HSPs) (2) the suppression of the majority of normal RNA and
protein synthesis and (3) the preservation of most pre-
existing mRNAs (Brodl, 1991; Vierling, 1991). Thus heat
stress may act to block pollen development by interfering
with developmental processes that are essential for

continued pollen de?elopment. This interference may occur
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through the inhibition of pollen mRNA or protein synthesis
or through the rapid turnover of preexisting pollen
proteins.

Changes in in-vitro-translated mRNA and 2-D gel protein
profiles have been observed during the induction phase of
microspore embryogenesis (Pechan et al., 1991). In
particular there is general reduction in the number of
pfoteins expressed in embryogenically-induced microspores
(8h, 32.5 ©C), as compared to microspores continuing pollen
development in vitro (8h, 25 ©C). Furthermore, many of the
proteins which are normally expressed during subsequent
stages of pollen development are absent from or severely
reduced in embryogenically-induced microspores. Results from
our lab indicate that the expression of at least one pollen-
specific gene, Bnml, which is normally highly expressed
during the binucleate and trinucleate stages of pollen
development, decreases substantially during the induction of
nicrospore embryogenesis (Brian Treacy, personal
communication).

Interestingly, exposure to nonheat stresses such as
ethanol, arsenite, heavy metals and glucose starvation can
also induce a heat stress response (Vierling, 1991). In B.
napus exposure to ethanol and gamma irradiation can also be
used to induce microspore embryogenesis, suggesting that the
induction process is mediated through the same pathway. This

further suggests that the model presented above also applies
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to other systems, such as tobacco, that use non-heat
stresses to induce embryogenesis.

If heat stress inhibits or eliminates the specific gene
expression and/or protein synthesis programs of the
gametophyte then gametic development will not continue and
an alternative, sporophytic developmental program may
nroliferate. In most species, including B. napus, this new
developmental program is driven by the sporophytic
vegetative cell (Fan et al., 1988; Kott et al., 1988). The
heat—-stress treatment may act to release the vegetative
nucleus from its arrested state by reactivating cell
division activity. It has been suggested that the
reinitiation of vegetative cell proliferation takes place
through de novo sporophytic gene expression or through the
translation of stored sporophytic mRNAs (Garrido et al.,
1993). However, results with napin, and preliminary results
obtained from the analysis of subt¥raction library clones,
suggest the former is more likely, i.e. that a new, embryo-
based program of gene expression is initiated (Appendix IV).
At present, it is not known whether the mRNAs corresponding
to these newly-expressed genes are translated or whether, as
in tobacco, the messages are stored for translation at a
later point in development.

The induction of microspore or pollen embryogenesis bears
a number of similarities to the phenocopy-induced mutations
of Drosophila. Phenocopies are defined as nonheritable

developmental defects which are induced by exposure to
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environmental stresses such as chemicals or high
temperatures (reviewed in Peterson and Mitchell, 1991).
Phenocopies in Drosophila are generally induced during
periods of rapid change in gene expression and/or cell
shape. Each specific phenocopy is induced at a different
point in development within a very narrow developmental
window. The observation that phenocopies can be prevented,
through thermoprotection, by a brief exposure to a mild heat
shock, supports the theory that some gene or protein
essential for develcopment at that time is inactivated.

The induction of microspore/pollen embryogenesis in plants
is strikingly similar to the phenoccopy-induced mutations of
Drosophila in that microspore embryogenesis can only be
induced during a narrow developmental window and appears to
result from an inactivation of normal pollen developmental
processes. The analogous "developmental defect" that may
occur during microspore/pollen embryogenesis appears to be
much more extreme in that it involves a switch from a
gametophytic to a sporophytic mode of development. This is
not completely surprising given the phenotypic plasticity of
plants. One area that must be addressed, especially in plant
systems that use heat stress to induce embryogenesis, is the
role that thermotolerance plays in the prevention of

developmental defects.

4.1.2.1 Mechanism of Induction of Napin Gene Expression in

Embryogenically-Induced Microspores
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The induction of napin gene expression in heat-stressed
microspores does not appear to be a typical heat-stress
response in that napin gene expression remains elevated for
a prolonged period of time. Previcus experiments have shown
that the heat-stress response in plants is transient, with
HSPs generally declining within 4 to 10 hours after the
initiation of heat stress treatment, even during prolonged
exposure to high temperatures {(Cooper and Ho, 1983; Barnett
et al., 1980; Altschuler and Mascarenhas, 1982).

Exposure of developing seeds to heat stress has previously
been shown to result in increases in seed storage mRNAS
and/or proteins in other species (Altschuler and
Mascarenhas, 19285; Chrispeels and Greenwood, 1987;
Blumenthal et al., 1990, 1993). For example, in isolated
soybean embryos, the mRNA and protein for the 75 storage
proteins are preferentially synthesized in seeds under heat-
stress conditions (Altschuler & Mascarenhas, 1985;
Mascarenhas & Altschuler, 1985). Similarly, in wheat, heat
stress has been shown to result in the increase of o- and B-
gliadins in grains as well as in roots and leaves
(Blumenthal et al., 1990). Examination of gliadin promoters
indicates that the conserved heat stress consensus element,
HSE (CTNGAANNTTCNAG), can be detected in the promoters of
these genes (Blumenthal et al., 1990). No sequences matching
this consensus element or the more recently refined HSE
NGAANNTTCN (Xiao and Lis, 1988) could be found in the

BngNAP1 promoter or in the promoter region of any other B.
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napus napin gene. This suggests that if napin gene
expression is induced by heat stress then this response must
be mediated by other cis-acting elements.

A more likely possibility is that it is not heat stress
per se that induces napin expression in microspores, but
rather the induction of embryogenesis by heat stress may
lead to some secondary event which then results in the
induction of napin gene expression. This possibility is
supported by previous experiments in our lab which suggested
that napin gene expression may be induced by elevated
temperatures, but only in embryos and microspores with
embryogenic potential (Appendix II). Heat stress may lead to
the expression of a protein factor that, in conjunction with
embryo-expressed factors, may then result in the elevation
of napin gene expression in embryogenic tissues.

It should be possible then, to identify the cis- and
trans-acting factors that direct this response. One approach
that could be used to narrow down the DNA regions involved
in this response is to construct deletion derivatives of the
BngNAP1l gene, reintroduce them back into B. napus, and then
assay for napin gene expression. Once the DNA region
involved in this response has been more precisely defined,
it should be possible to use DNase footprinting and South-
Western analysis to identify the specific cis-acting DNA
sequences and trans-acting protein factors involved.

The profile of napin gene expression in embryogenically-

induced microspores and microsporic embryos is similar to
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that of the carrot lea genes ECP31 and ECP40 (Kiyosue et
al., 1992, 1993). ECP31l and ECP40 mRNA accumulates in
proembryogenic masses (PEMs) that give rise to somatic
embryos in culture and to a lesser extent in somatic embryos
up to the torpedc stage. It has been suggested that ECP31
and ECP40 expression in PEMs occurs in response to the high
levelé of abscisic acid (ABA) found in these cultures and is
supported by the observation that ABA can also lead to
elevated ECP31 and ECP40 expression in developing somatic
embryos. However, ECP31 and ECP40 gene expression could not
be induced in ABA-treated seedlings {(Kiyosue et al., 1992,
1993) . The response to ABA is therefore embryo specific. The
expression of these specific carrot lea genes during somatic
embryocgenesis is similar to napin gene expression during
Brassica napus microspore embryogenesis in that both napin
and lea genes appear to be sensitive to induction by

environmental stresses, but only in embryogenic tissues.

4.2 The Utility of Napin Gene Expression as a Marker for
Microspore Embryogenesis

Histochemical analysis of transgenic microspores
containing a GUS marker gene fused to the promoter of one
member of the BnmNAP subfamily illustrated that this
promoter was strongly induced in microspores that possessed
the morphological characteristics associated with the
induction of embryogenesis. This suggests that napin is

predominantly expressed in those microspores that have
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initiated embryo development in culture. In general, 10 to
30% of heat-stressed microspores exhibit the swelling
response; however, only 1 to 10% of the cells in a given
culture go on to form embryos (K. Pomeroy, personal
communication). The morphological and cytological
characteristics of embryogenic microspores that develop past
the swelling stage have not been examined in detail. Assays
for BnmNAP gene expression could prove useful in this
respect. Unfortunately, the GUS assays used in the
preceeding analyses were lethal to the cells and thus cannot
be used to follow the developmental fate of these.swollen
microspores. An alternative approach may be to use a non-
lethal marker gene, such as luciferase, in conjunction with
the BngNAPl promoter, to assay for napin gene expression in
embryogenic microspores. Using this approach it may be
possibly to identify, and to follow the fate of individual
cells as they become competent, induced and then committed
to forming embryos in culture.

The BngNAP1-GUS construct used in this study also has
potential application as a marker for embryogenic capacity
and induction in a variety of B. napus cultivars (and in
other Brassica species) that have been identified as being
recalcitrant in terms of their ability to form embryos in
culture. Although this approach requires the development of
transgenic populations, it may prove to be worthwhile in the
long run as this reporter gene construct can be used to

quickly (and relatively inexpensively)® assess the effect of
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various plant growth and culture conditions on
embryogenicity well in advance of the appearance of actual
embryos.

It is also possible, despite differences in the nature of
the donor tissue and culture conditions used to induce
embryogenesis, that common mechanisms operate for the
induction of embryogenesis from cultured plant tissues. If
this is true, then napin gene expression may also have
utility as a marker for the induction of embryogenesis in
other pollen/microspore systems or even in a number of
somatic embryo culture systems. In fact, preliminary
experiments, using microprojectile bombardment, indicate
that the BngNAP1-GUS construct is expressed in embryogenic
alfalfa calli, but not in non-embryogenic soybean calli; a
.CaMV 358 promoter-GUS fusion construct is expressed in both
embryogenic and nonembryogenic callus tissues (L. Tian and
D.C.W Brown, personal communication). Although these results
are preliminary they do suggest that napin gene expression
'is correlated with the ability to form embrycs in somatic
cell cultures.

Tobacco pollen culture represents a highly efficient
system for the study of in vitro embryogenesis; however, no
molecular markers for the induction of tobacco pollen
embryogenesis have been characterized. During the course of
this thesis I attempted to determine if the BngNAPl promoter
was also a marker for the induction of tecbacco pollen

embryogenesis. Initially, pollen from transgenic tobacco
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plants carrying the BngNAP1-GUS construct was analysed
histochemically for GUS activity. Unfortunately, high levels
of endogenous GUS activity were observed in pollen from both
transformed and untransformed plants (data not shown).
Neither increasing the pH of the assay buffer (Martin et
al., 1992) nor the addition of 20% methanol (Kosugi et al.,
1990) were sufficient to eliminate background activity and
the experiments were not carried any further. High-level GUS
activity in tobacco pollen has previously been observed
(Plegt and Bino, 1989). Nonetheless, it would be interesting
to determine if BnmNAP gene expression occurs in tobacco P-
grains, prior to culture, and during the starvation
treatment used to induce embryogenesis. The use of a
different reporter gene, such as luciferase, would
facilitate such a study.

A recent report by Koning et al. (1992) provides support,
although indirectly, that napin gene expression may be a
marker for the embryogenic competence of tobacco pollen.
This group observed that expression of a construct
containing the promoter region of a B. rapa napin gene fused
to the coding region of the cytotoxic Psuedomonas aeruginosa
exotoxin A gene lead to male sterility in transgenic
tobacco, but not in transgenic B. napus (Koning et al.,
1992)., Interestingly, this B. rapa napin gene, BcNAl, is
orthologous to the previously described B. napus Na gene,
which was also isolated from the embryogenically induced

microspore cDNA library. The discrepancy between expression
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profiles in Brassica and tobacco may be explained by
assuming that the Na gene is also expressed in
embryogenically-competent, tobacco pollen. Embryogenically-
competent pollen grains occur naturally in tobacco (as P
grains), but are possibly only seen in B. napus when donor
plants are grown under low temperatures., If the napin=-
exotoxin A construct is expressed in embryogenically-
competent microspores/pollen it may lead to male sterility
in tobacco, but would only lead to male sterility in
Brassica when the donor plants are grown under low
temperatures. This is an intriguing possibility that should

be examined in more detail.

4.3 BnmNAP Expression in Developing Microsporic and Zygotic
Embryos

A number of studies have examined the temporal and spatial
patterns of total napin gene expression in developing
zygotic embryos of B. napus. However, relatively little is
known about napin gene expression during microsporic embryo
development. Furthermore, in both embryo systems, the
spatial and temporal expression profiles of specific napin
gene family members during development has not been examined
in detail. In this study, the éxpression profile of the
BnmNAP subfamily of napin genes has been examined in both
developing microsporic and zygotic embryos of B. napus. The
expression of the BnmNAP subfamily was examined by RNA gel

blot analysis, using a subfamily-specific probe, and by
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histochemical and fluorogenic analysis of transgenic plants
expressing a BngNAPl promoter-f-glucurconidase gene fusion.

The temporal pattern of BnmNAP expression detected by the
BnmNAP subfamily oligonuéieotide probe was shown to differ
between microsporic and zygotic embryos with respect to the
developmental stage at which napin mRNA is first detected.
In microsporic embryos napin mRNA can be detected by RNA gel
blot analysis as early as the globular stage, but is only
detected at the early cotyledon stage of zygotic embryo
development. This difference in the temporal pattern of
napin gene expression between microsporic and zygotic
embryos is likely due to the dilution of zygotic embryo
tissue in seed samples. Both GUS fluorogenic and GUS
histochemical assays indicated that the promoter of one
BnmNAP family member, BngNAPl, is active in globular stage
zygotic embryos.

Nonetheless, these results suggest that at least one
member of the BnmNAP subfamily of napin genes, BngNAPl, is
expressed earlier, and in a different spatial pattern than
that reported for the entire napin gene family. Fernandez et
al (1991) have shown that total napin mRNA begins to
accumulate in late heart/early torpedo stage of development
throughout the cortical cells of the axis, and to a lesser
extent in the outer face of the cotyledons. During the
torpedo and cotyledon stages, napin mRNA synthesis
progresses in a wave-like fashion from the outer to the

. inner faces of the cotyledons. Napin mRNA cannot be detected
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in the cells of either the shoot or root apical meristems
during the early stages of embryo development. However,
during the maturation stage, high levels of napin mRNA
accumulate in the shoot apical meristem and its associated
leaf primordia and wascular tissue, but not in the cells.of
the root apical meristem. In this study, GUS expression
directed by the BngNAP1l promoter was detected in both
microsporic and zygotic embryos as early as the globular
stage of development. GUS activity was initially confined to
the lower region of axis (excluding the root cap) and
remained absent from the upper region of the axis until the
cotyledon stage. GUS activity was also detected in the
vasculax tissue at a slightly earlier stage of development
than in the study by Fernandez et al. Together these results
suggest that the BngNAPl promcter is activated earlier and
is initially restricted to a subset of the cells expressing
napin,

Fernandez and co-workers (1991) have suggested that in B.
napus an internal clock, set in response to one or more
factors that exist in a gradient centered on the apex,
determines when storage protein gene expression begins in
different parts of the embryo. Cells exposed to low
concentrations of this factor, such as those in the axis,
begin storage protein synthesis earlier than cells exposed
to increasingly higher levels of the factor, such as the

cotyledons and the epiphysis respectively.
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The observation that at least one member of the BnmNAP
subfamily directs a pattern of expression that differs from
other members of the napin multigene family indicates that
individual members within a multigene family respond
differently, both in time and in space, to these spatial
gradients. The widespread observation that individual
members within seed storage protein multigene families are
often differentially expressed within the embryo (Guerche et
al., 1990; sjsdahl et al., 1993) supports this hypothesis.
Alternatively, the expression of individual genes, in
addition to being controlled by a single gradient of spatial
factors, may also be influenced by additional smaller sub-
gradients of factors,

Gene specific probes were not used to differentiate among
BnmNAP subfamily members, so the relative contributions of
each member to the total cannnot be determined. Furthermore,
it is difficult to make any quantitative statements about
the pattern of BnmNAP expression during development as an
internal standard was not used to ensure that equal amounts
of poly(A)" were present in each of the total RNA samples.
It is also difficult to quantify with the GUS fluorogenic
assays due to the stability of the GUS protein (Martin et
al., 1992).

It is likely, given the results obtained from the cloning
of napin cDNAs from the induced microspore library, that
other napin genes may are also expressed early in Brassica

embryo development. At least two other napin genes, an Na-
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like and a napl/napA-like gene, were also found to be
expressed at this time. A previous study by Blundy et al.
(1991) demonstrated that expression of one of these genes,
Na, peaked and declined earlier in embryo development than
the other members of the napin multigene family.
Unfortunately, seed samples earlier than 27 DAP were not
analysed so it cannot be determined when Na gene expression
begins. No detailed expression studies have been carried out
with the Napl/napA gene in B. napus; however, the napA gene
has been shown to be expressed at the torpedo stage of
embryo development in transgenic tobacco. The possibility
that these genes are also expressed early in development
cannot be excluded.

The pattern of BngNAPl1-GUS expression was shown to differ
between embryos of Brassica napus and tobacco. Although the
seed specificity and timing of induction were maintained,
the spatial patterns of expression differed significantly
between the two species. As in B. napus, the BngNAP1
promoter appears to be activated early in tobacco seed
development; however, BngNAPl directed GUS expression was
first detected in the endosperm of tobacco seeds containing
globular stage embryos, rather than in the embryo. BngNAP1
expression did not begin in the embryo until the early heart
stage of development. BngNAPl-directed GUS expression in B.
napus embryos began in the lower axis and spread upward,
whereas in tobacco, GUS expression began in the middle of

the embryo, just under the lobes of the developing
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cotyledons and spread outward in both directions. Similar
spatial and temporal patterns of expression have been
observed in transgenic tobacco for the Arabidopsis thaliana
2S5 albumin storage protein gene, At2S81 (DeMoor, 1992) and
the soybean Kunitz trypsin inhibitor gene, KTi3 (Perez-Grau
and Goldberg, 1989). In Arabidopsis, the At2S1 gene is
expressed specifically in the axis of the embryo (Guerche et
al., 1990). In soybean, KTi3 gene expression begins at the
globular stage, in the micropyle end of the axis, spreads
throughout the axis from the heart to the cotyledon stage
and then accumulates in a wave-like fashion from the outer
to the inner margins of the developing cotyledons during the
maturation phase (Perez-Grau and Goldberg, 198%). Taken
together, these results suggest that the expression of seed
protein genes, although confined to similar tissues, is not
spatially regulated in the same manner in other species.

The results presented in this thesis describe the
isolation and characterization of napin cDNA clones
expressed during the induction phase of B. napus microspore
embryogenesis. Three members of a subfamily of napin seed
storage protein genes (BnmNAP) were shown to be highly
expressed in embryogenic microspores, but not in microspores
undergoing pollen development. Other, as of yet
unidentified, clones have also been shown to be
differentially expressed during the induction phase. This

work represents the first detailed characterization of
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molecular markers for the induction phase of microspore

embryogenesis.
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APPENDIX I

SEED ~TORAGE PROTEIN GENE EXPRESSION IN MICROSPORES AND

MICROSPORIC EMBRYOS

The results presented in Appendix I were obtained by M.-J.
Gines and J. DeMoor and provide the experimental basis for
my Ph.D thesis. These results, together with results
presented in Appendix II and elsewhere in this thesis, have
been accepted for publication.

B. napus cv. Topas microspores were collected at the late
uninucleate and early binucleate stages of development and
either induced to undergo embryogenesis by culture at 32.5°C
for 4 days (Mi sample) or allowed to continue pollen
development by culture at 25°C for the same amount of time
(Mu sample). Heat-treated microspores were transferred to
259C and microsporic embryos were collected at the globular,
heart, torpedo and cotyledon stages of development. The
expression pattern of seed storage protein genes in
microspores and developing microsporic embryos was
determined by Northern blot analysis using napin {pN2;
Crouch et al., 1983) and cruciferin (pCl; Simon et al.,

1885) cDNA probes. Figure 1 shows that both napin and
cruciferin mRNA accumulated throughout the cotyledon stage
and were either low or undetectable during earlier stages of
embryo development. Cruciferin gene expression was initiated

at a slightly later stage of development and cruciferin mRNA



accumulated to a lower level than napin mRNA. The lower
intensity of the 6-week cotyledon samples could be due to a
smaller amount of mRNA in these lanes. Hybridization with a
2653 rRNA probe indicated that the 6-week samples contained
slightly less rRNA than the other samples (results not
shown). In zygotic embryos, cruciferin gene expression is
also initiated later in development; however, cruciferin
mRNA accumulates to higher levels than napin mRNA
(Finkelstein et al., 1985; Delisle and Crouch, 1989).
While cruciferin mRNA was absent from both microspore
samples, we detected high levels of napin mRNA in
microspores that had been induced to undergo embryogenesis
(Mi sample), but not in microspores that were cultured to
develop as pollen {(Mu sample). The amount of napin mRNA

declined considerably by the globular stage.
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Figure 1. Seed Storage Protein mRNA Accumulation in

Microspores and Microsporic Embryos

RNA gel blots containing 5 pg of total RNA per lane were
probed with 32p-labeled napin (pN2) or cruciferin (pCl)
cDNAs. Exposure times were identical for the napin and
cruciferin blots. Total RNA was isolated from late
uninucleate and early binucleate microspores, collected from
preconditioned donor plants grown at 10°9/59C (day/night),
after 4 days in culture at 32.5°C (Mi) or after 4 days in
culture at 25°C (Mu) and from microsporic embryos at the
globular (G), heart (H), torpedo (T}, 21 day cotyledon (C),
28 day cotyledon (4), 35 day cotyledon (5), 42 day cotyledon

(6) and 49 day cotyledon (7) stage of development.
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APPENDIX II

RELATIONSHIP BETWEEN NAPIN GENE EXPRESSION AND MICROSPORE

EMBRYOGENESIS

The possibility that napin gene expression is an early
marker for the induction of B. napus microspore
embryogenésis was further explored by examining the
relationship between the induction of napin gene expression
and the developmental stage of donor microspores, the plant
growth conditions, and the microspore culture conditions.

This work was also carried out by M.-J. Gines and J. DeMoor.

Correlation with Stage of Pollen Development

The frequency of B. napus microspore embryogenesis has
been shown to vary with the stage of microspore development
(Kott et al., 1988; Fan et al., 1988; Pechan and Keller,
1988; Telmer et al., 1992). Particular stages of microspore
development can be greatly enriched by collecting flower
buds of specific lengths. We examined the relationship
between napin mRNA accumulation, the stage of microspore
development and the induction of embryogenesis.

Small flower buds, 1.5 to 3 mm in length, contained
approximately equal amounts of microspores in tetrad and

early uninucleate stages (E samples). Embryo yvields of
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approximately 4% were obtained when these microspores were
isolated and induced to undergo embryogenesis in culture (Ei
sample) . Under nonembryogenic culture conditions (Eu sample)
microspore development continued and some pollen-like
structures were observed. Figure 1A shows that napin mRNA
accumulated to high levels when microspore embryogenesis was
induced (Ei sample, Figure 1A), but was present at very low
levels in microspores that were allowed to develop as pollen
(Eu sample, Figure 1A}. Small amounts of napin mRNA could
often be detected in microspores at the time of collection
(Eo sample, Figure 1A). The low levels of napin mRNA
detected in freshly isclated microspores suggests that napin
genes are transcriptionally active prior to the induction of
embryogenesis, and that expression is greatly enhanced upon
induction.

Flower buds, 3 to 5 mm in length, contained microspores at
the late uninucleate and early binucleate stages of
development (M samples). Upon induction of embryogenesis,
this sample (Mi sample, Figure 1A) vyielded the highest
percentage of embryos (approximately 20%). When the
microspores were cultured at 25°C (Mu sample), approximately
40% of the microspores developed through the first
asymmetric division typical of pollen development (Kott et
al., 1988) and embryo formation was not observed. Napin
transcripts accumulated in microspores induced to undergo
enmbryogenesis (Mi sample, Figure 1A) but not in microspores

that developed as pollen in culture (Mu sample, Figure 1A).
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Again, small amounts of napin message were present in
microspores at the time of collection (Mo sample, Figure
1A).

Large flower buds, 5 to 9 mm in length, contained a
mixture of microspores from the late binucleate to late
trinucleate stages (P samples). All microspore samples,
whether induced to undergo embryogenesis (Pi sample) or
allowed to continue pollen development (Pu sample) became
elongated and swollen and eventually burst. A very low level
of napin gene expression was observed in microspores induced
to undergo embryogenesis (Pi sample, Figure 1A), but not in
microspores cultured at 25°C (Pu sample, Figure 1A} or in
microspores at the time of isolation (Po sample, Figure 1lA).
Embryos were not obtained from any of these samples.

The data indicate that the induction of high levels of
napin gene expression i1s developmentally regulated in
microspores and coincides with the stages of microspore

development that are optimal for embryogenesis.

Correlation with Induction of Embryogenesis

The induction of B. napus microspore embryogenesis by heat
is also dependent on the preconditioned growth of donor
plants at low temperatures (10°C day/5°C night) (Keller et
al., 1987). Omission of either the low temperature growth of
donor plants or the heat treatment of isolated microspores
leads to a severe reduction in or abolition of embryo

formation. We examined the relationship between the donor
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plant growth temperatures, microspore culture temperatures
and the induction of napin gene expression in late
uninucleate and early binucleate microspores.

The induction of napin gene expression and subsequent
embryo formation were both eliminated when microspores from
donor plants grown on a 25°9C/20°C day/night temperature
cycle were heat treated (mi sample, Figure 1B) or allowed to
continue pollen development (mu sample, Figure 1B).
Furthermore, microspores from donor plants grown under low
temperatures simultaneously lost the ability to form embryos
and express napin if cultured for 24 hours at 25°C prior to
the heat treatment (Mx sample, Figure 1B). Napin gene
expression was only induced in microspores under conditions
that resulted in microspore embryogenesis (M1 sample, Figure
1B).

Microsporic embryos which usually express low levels of
napin mRNA revealed small increases in napin gene expression
when the culture temperature was increased from 25° to
32.5°C. Torpedo-stage embryos from 12-day cultures treated
at 32.5°C for 2 days showed elevated napin mRNA levels (Ti
sample, Figure 1B} relative to torpedo stage embryos that
were cultured at 25°C (T sample, Figure 1B). The same result
was observed for heart stage embryos {(data not shown). Heat
treatment of other tissues, including leaf, stem and root,
collected from donor plants grown under either low or normal
temperatures, failed to induce napin gene expression (data

not shown). These results suggest that-the induction of
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napin gene expression is not a direct response to the plant
growth or microspore culture conditions alone. Napin gene
expression may be induced by elevated temperatures, but only

in embryos and microspores with embryogenic potential.
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Figure 1 Relationship Between Microspore Stage, Microspore

Culture Conditions and Napin mRNA Accumulation

RNA slot blots containing 6 pg of total RNA per slot were
hybridized to a 32p-labeled napin (pN2) cDNA.

(A) Effect of microspore developmental stage on the
induction of napin gene expression.

Microspores were collected from flower buds 1.5 to 3.0 mm
(E}, 3.0 to 5.0 mm (M) and 5.0 to 9.0 mm (P} in length from
preconditioned donor plants grown at 109/5°C (day/night).
Total RNA was isolated from these microspores either at the
time of microspore collection (Eo, Mo, Po), after 4 days in
culture at 25°C (Eu, Mu, Pu) or after 4 days in culture at
32.5°C (Ei, Mi, Pi). Total RNA from 28 days post anthesis
zygotic embryos (+} was used as a hybridization control.

(B) Effect of plant growth and culture conditions on the
induction of napin gene expression.

Late uninucleate and early binucleate microspores were
collected from preconditioned donor plants grown at 109/59C
(day/night) (M) or from donor plants grown under
nonembryogenic temperatures {259/20°C, day/night) {(m). Total
RNA was isolated from these microspores either at the time
of microspore collection (Mo, mo), after 4 days in culture
at 25°C (Mu, mu), after 4 days in culture at 32.59C (Mi, mi)
or after 24 hrs in culture at 259C, followed by 3 days at
32.50C (Mx). Total RNA was also isolated from torpedo stage
microsporic embryos growing at 25°9C (T) or 32.5°9C (Ti).
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APPENDIX III

GUS ACTIVITY IN UNTRANSFORMED SEEDS AND TRANSFORMED SOMATIC

TISSUES OF B. NAPUS AND TOBACCO



TABIE I GUS Activity in Developing Seeds and Somatic
Tissues of Untransformed B. napus cv. Westar and
Transgenic B. napus cv. Westar Carrying the

pBngNAPl-gusA-3'nos Construct

GUS activity

(nmol /MU/min/mg protein)

untransformed tranagenic

sample C18D-1D cisp-2C C18D-2E

LEAF - 0.011 0.008 0.023

STEM - 0.002 0.002 0.009
SEEDS-10 DAP? 0.003 - - -
-14 DAP 0.001 - - -
-18 DAP 0.002 - - -
-21 DAP 0.001 - - -
-28 DAP 0.001 - - -
-35 DAP 0.001 - - -
-42 DAP 0.002 - - -
-49 DAP 0.003 - - -
-56 DAP 0.011 - - -

4 DAP, days after pollination




TABLE II GUS Activity in Seeds and Somatic Tissues of

Untransformed N. tabacum cv. Petit Havana SRl

Transgenic N. tabacum cv. Petit Havana SRl

Carrying the pBngNAPl-gusA-3'nos Construct

GUS activity

{nmol/MU/min/mg protein)

untransformed transgenic
sample 2NAP 3NAP 4NAP
LEAF - 0.008 0.026 0.029
STEM - 0.015 0.030 0.0le
SEEDS-10 DAPZ 0.025 - - -
~-14 DAP 0.005 - - -
-18 DAP 0.014 - - -
-22 DAP 0.013 - - -
~26 DAP 0.005% - - -
-28 DAP 0,007 - - -
@ DAP, days after pollination

and



APPENDIX IV

ISOLATION AND CHARACTERIZATION OF MARKER GENES FOR THE

INDUCTION OF B. NAPUS MICROSPORE EMBRYOGENESIS

Appendix IV describes the preliminary characterization of
additional molecular markers for the induction of B. napus
microspore embryogenesis. This work represents the combined
efforts of a number of different researchers including
Thérése Ouellet (construction of subtracted cDNA probe and
screening of embryogenically induced microspore cDNA
library) and Jiro Hattori (subcloning of lambda clones),
both of the Plant Research Centre, Agriculture Canada, and
myself (sequencing, DNA and RNA gel blot analysis}.

Subtractive hybridization is a technique used to isolate
cDNA clones that are differentially expressed in one cell
type as compared to another. In this method, poly (A)* RNA
from one cell type is used as a template to synthesize
radiolabelled first strand cDNA which is then hybridized to
an excess of poly(A)T mRNA isclated from the second cell
type in which the gene(s) of interest is not expressed.
¢cDNAs and mRNAs common to both cell types will form DNA:RNA
hybrids that can be separated from the unhybridized single

stranded cDNAs by hydroxyapatite column chromatography.
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Single stranded cDNA will pass through the column while the
cDNA-mRNA hybrids, as well as any unhybridized mRNA, will
remain bound to the column. The unhybridized cDNAs represent
an enriched peopulation of sequences expressed in the cell
type of interest. The single stranded subtracted probe can
then be used to screen a cDNA library for the gene(s) of
interest. Using this technique it is possible to detect rare
cDNAs that comprise only 0.005 to 0.01% of the total mRNA
population (Sambrook et al., 1989). However, this technique
is not well suited for the detection of differentially
expressed members of multigene families; nor can it be used
to isolate genes whose level of expression is either up- or
down-regulated in one of the two cell types.

The subtractive hybridization technique outlined above was
used to identify genes that were expressed in microspores
undergoing embryo development in culture, but absent from
nonembryogenic microspores. Poly(A)* mRNA was extracted from
two cell types. The first sample consisted of a population
of late uninucleate microspres/early binucleate pollen,
isolated from donor plants grown under low temperatures,
that was cultured for 4 days at 32.5 ©C to induce
embryogenesis (Mi sample). The second sample consisted of
the same cell population cultured for 1 day at 25 ©C
followed by 3 days at 32.5 ©C (Mx sample). The Mx population
is not embryogenic. Poly(A)* mRNA from the Mi sample was
used to make radiolabelled first strand cDNA that was then

hybridized to an excess of Mx poly(A)*t mRNA. The two RNA
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samples were exhaustively hybridized and then subjected to
hydroxyapatite column chromatography. The resulting
radiclabelled, single stranded cDNA was used as a probe to
screen the previously constructed Mi cDNA library {(section
2.10). Filter lifts, from approximately 100, 000 pfus were
screened with the subtracted probe, as well as a negative
control probe consisting of radiolabelled first strand Mx
CcDNA and a napin cDNA probe. Four plaques, designated 6A1l,
9Al1, 42Al and 60Bl, which hybridized strongly to the
subtracted probe, but not to the Mx or napin probes, were
selected for further analysis. DNA from each of the four
plaques was digested with Eco RI and Xba I. The resulting
fragments, containing the cDNA insert, were purified and
then ligated to EcoR I, Xba I double digested pGEM4Z vector
DNA. DNAR sequencing, DNA probe synthesis and DNA/RNA gel
blot analysis were carried out according to methods

previously described in this thesis.

Clone 6Al1

The sequence of cDNA insert 6Al is shown in Figure 1. The
6Al cDNA clone is 362 bp in length, excluding the poly(A)
tail. The 6Al1 cDNA clone contains an EcoR1 adaptor (used
during the cDNA manipulation procedure) between positions
310 to 325 (in bold, Figure 1) suggesting that it is a
chimera of two cDNA sequences. Examination of the Eco RI,
Xba I double digest of DNA isolated from the original lambda

clone indicates that a single insert of approximately the
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Figure 1 DNA Sequence of the 6Al1 cDNA Insert

The nucleotides are numbered on the left. The position of

the Eco R1 adaptor sequence is indicated in bold.



51
101
151
201
251
301
351

ACATTGATTT CAACAACGGA TGCAAACTGA
AAAAGTAGAA ATACTTCTAA TTCATGTTTC
CAATAACACT TTGAGGCTAC CAAGTACCAA
ATGATGATTA TTGATTRATA CTGARATTGG
GGGAGGCTTT CCTAGTGGTT CTTCTTIGTGG
CTTTTCGAGT TTGGGTTCTT GAGAAAGCCA
CGATAACATC GACAGCAACG GAATTCTGCA

ATTTTTCCCC AC

GCAAATAAGA
ATATTCATAG
ACRATAACAA
ACGTGTTGAA
TTTATACTGC
AGGCCRCCAC

CATTCARACAT

AACGTTAATA
CATCATCAAR
AAACTATGGA
TGCAGGATAT
ATGGGTTTCC
TTTCTATCAC

ATCATTTATT
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same size as the 6Al cDNA Eco RI/Xba I fragment was
obtained. This suggests that the observed r-zarrangement
occured during prior manipulation of the induced'microspore
cDNA. Incomplete digestion with EcoRI during the subcloning
procedure would account for the persistence of this
fragment.

Comparison of the nucleotide sequence of 6Al to published
sequences indicates that nucleotides 188 to 309 are highly
similar to the previously described A. thaliana cDNA clones
BKT1 (Sentenac et al., 1992) and KATl (Anderson et al.,

1992) (Figure 2). The AKT1 and KAT1 cDNA clones are 2.65 and
2.2 kb in length, respectively. The two cDNAs were cloned by
their ability to complement Saccharomyces cerevisiae mutants
deficient in K% uptake and appear to encode inward
rectifying K* channel proteins. (Sentenac et al., 1992;
Schachtman et al., 1992; Anderson et al., 1982). Although
similar, ATK1l and KAT1l are not allelic. The predicted amino
acid sequences of AKT1l and KATl share similarity in a region
that includes a cluster of six putative transmembrane
helices (81-S6) with conserved amino acids corresponding to
a presumptive voltage sensing region (S4) as well as a pore
forming region (H5). AKT1l contains additional intracellular
domains consisting of both a cyclic nucleotide binding site
and an ankyrin like region.

Comparison of the nucleotide sequence of 6Al with those of
AKT1 and KAT1 indicates that 6Al cDNA insert is more similar

to AKT1 than to KAT1l. As a group these-three sequences are
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Figure 2 Comparison of the DNA sequence of the 6A1 cDNA
insert with the AKT1 and KATl sequences {(Sentenac

et al., 1992; Anderson, et al., 1992).

The EcoR1l adaptor is shown in bold. The numbering is for the
6Al cDNA insert. A dash was used to indicate where a
nucleotide was the same as that in 6Al. The nucleotide is
indicated in positions where the sequence differed from 6Al.

Positions where gaps were introduced are indicated with an

asterisk.



6Al

KATL

6Al

KAT1

6Al

KAT1

6Al

KAT1

6Al

KAT1

6A1
AKT1
KAT1

6A1
RAKT1
KAT1

53
ACATTGATTTCAACAACGGATG* *CAAACTG* *AGC* * *ARNTAAGAAACGTTAATAAAA

-A-AG--CAAA~-ARAG-A-CCAT-A-~GA-GA-——-CAAG--A--A-——-——- CGG-GATG
GAGC~*-CG---GGG-AAAGATGT ~G-TC* ¥ * * ** TCTTGG-CTC—-——TT-CTTCY***
101

AGTAGAAATACTTC*TAATTC* * * *ATGTTTCATAT* * **TC* *ATRGCAT * CATCAAAC
--AG- -GGGG-~-~TG~T~-GCGGAC~A--CCA-G--GAGA~TGA-C~~~T-T-GAG-G-G
A * K m G TTCHTGCG-COAGGA* # 4 * ¥ * ~— —CARTA-AGACA* ¥ ¥ ¥ *C——-A-— =~

157
AATAA*CACTTTGAGGCTACCA* * AGTACCAAACAATAACARRARCTATGGAATGAT *GA
-G--GT~=T=-=-=-AGTCT~T-T-CTG-A-TTTT~-~CT-C--TTGGTGC-A-A~-G-A--C--
~G*-GT*=G-==-C**CTCT-TGCCGA-CTTCT--CA-CT-TTGG~GCCA-G-TCA-CCA-

205
TTA*TTGA* *TTAA* * * * ¥ * TACTGARATTGGACGTGTT* * * GAATGCAGGATATGGGAG
CG-G-~A-GC-~-GGAGATTCGT-~~~TC-CCTTATGA-CACA~-~A=====—=—-==—-——
-CTAC-A-GC-CCGCRAACAC-TAATCTC-CCTTT-AA-CCACGT-A~—=AGCG~~~——~

265
GCTTTCCTAGTGGTTCTTCTTGTGGTTTATACTGCATGGGTTTCCCTTTTCGAGTTTGGG

ATG-GGC~===RA***TwA~—A~~TA-==-CT-A-~T~-~A---G--AA=--TC~A~=~~CT

324
TTC*TTGAGARAGCCAAGGCCACCAC TTTCTATCACCGATARCATCGACAGCARCGGAAT
Ly T-TG-ACH*¥**=C==
-~—~A-CACCT-TARA--A-A-G-G-T----*-—==TunuCo====T-TTA-TGG-** **~
362
TCTGCACATTCAACAT*ATCATT* TATTATTT *TTCCCCAC
-==T-G-CA~-G-T--C-----GAC---C---G--GGTT-C

---7-G-CA-TG~-T--T~-TC-CACC~--C--CG-CG-TT-T
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most similar in the region comprising the S1 and $2 membrane
spanning regions. The 5' amino terminal ends of all three
sequences are not well conserved.

The 3' portion of clone 6Al does not show significant
nucleotide similarity to any previously identified genes,
suggesting that the two portions of 6Al might not be derived
from the same mRNA.

Two attempts to isolate a full length K* channel cDNA from
the induced microspore cDNA library were unsuccessful. Weak
hybridization signals were obtained when filter lifts from
the induced microspore library were screened with a
radioactively labelled FEcoRI insert from clone 6Al; however,
no subsequent hybridization signals were detected when
individual positive plaques were rescreened. Furthermore,
repeated attempts to isolate a full length 6Al clone from
induced microspore cDNA using PCR were also unsuccessful. An
internal primer, specific to the 5' end of the 6Al1 cDNA, and
a primer complementary to the poly({A) tail of the cDNA
clone, generated PCR products of approximately the same size
as the original 6Al ¢DNA clone (data not shown).

DNA gel blot analysis of EccRI digested B. napus cv. Topas
DNA, using the 5' EcoRI fragment of clone 6ARl as a probe,
indicates that the putative K* channel portion of this cDNA
clone is present once per haploid genome (Figure 3). The
small size of the hybridizing bands suggests that the 6Al
probe may be detecting only the 5' portion of these genes,

either due to the presence of an internal EcoRI site or due
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Figure 3 DNA Gel Blot Analysis of 6Al Related Genes in the

B. napus Genome

B. napus cv. Topas DNA was digested with Eco Rl, separated
electrophoretically on 0.7% agarose gels and transferred to
nylon membranes. The gel blots were hybridized overnight to
a 32p-labeled Eco RI insert from the 6Al cDNA clone. The
final wash was in 0.1X SSC, 0.1% SDS at 50 ©C. The molecular

size markers are lambda-Hind III restriction fragments.
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to the presence of an intron also with an internal EcoRI
site. Alternatively, the genomic fragment corresponding to
6A1 may be closely flanked by EcoRI sites. The 3' non K'
channel portion of clone 6Al has not been used to probe B.
napus genomic DNA.

The temporal pattern of expression of the K* channel
portion of the 6Al cDNA insert was examined by RNA gel blot
analysis of microspores and developing microsporic and
zygotic embryos, however no positive hybridization signals
were obtained. The inability to detect 6Al gene expression
may simply be a consequence of the low abundance of K*
channel proteins (Cao et al., 199%2). A more sensitive assay,
such as reverse transcriptase PCR, RNAse protection or in
situ hybridization could be used to increase the sensitivity
of detection. A second possibility is that the K' channel
portion of clone 6Al1 was derived from a DNA contaminant.
Both reverse transcriptase PCR and/or in situ hybridization

could potentially resolve this problem.

SAl1 and 60Bl

Preliminary nucleotide sequence analysis of the 92Al and
60B1 cDNA clones suggests that they are members of the same
multigene family {(data not shown). SAl and 60Bl are 660 and
880 nt in length respectively. The two clones overlap by
approXimately 620 nt (Figure 4). 9A1 appears to be truncated

at the 5' end and does not contain a poly(A) tail. The 60Bl
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Figure 4 Schematic Representation of The Region of Sequence

Overlap Between the 9Al1 and 60B1 cDNA inserts
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cDMA clone however, dcoes contain a poly(A) tail, suggesting
that alternative polyadenylation addition sites exist for
these two clones. A significant open reading frame has not
been established for either of these clones due to the
incompleteness of the sequencing data. No nucleotide
similarity was found between these two sequences and other
published seguences in the literature.

DNA gel blot analysis of B. napus cv. Topas DNA digested
with EcoRI, using either the .9A1 or 60Bl ¢DNA insert as a
probe, indicates that these two sequences are also present
cnce per haploid genome and are therefore allelic (Figure
5). Rgain, the small size of the hybridizing fragments
suggests that either the genomic fragments corresponding to
these sequences are closely flanked by EcoRI restriction
sites or, the fragments contain an internal EcoRI site.
Clone 60BI does, in fact, contain an EcoRI restriction site
approximately 75 bp from the 3' end of the cDNA clone.

Figure 6 shows the temporal pattern of S9A1 and 60Bl gene
expression detected in microspores, developing microsporic
and zygotic embryos as well as in a number of somatic
tissues. Both cDNA inserts hybridize to a 950 nt message and
both exhibit the same temporal pattern of gene expression.
The 9A1/60Bl1 cDNA clones are expressed in embryogenically
induced microspores, but not in microspores continuing
pollen develoment in culture. Expression of clones 9Al and
60B1l continues during subsequent microspore embryo

development, from the globular through to the 21-day
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Figure 5 DNA Gel Blot Analysis of 9A1/60B1 Related Genes in

the B. napus Genome

B. napus cv. Topas DNA was digested with Eco Rl, separated
electrophoretically on 0.7% agarose gels and transferred to
nylon membranes. The gel blots were hybridized overnight to
a 32p-labeled Eco RI/Xba I double digested insert from the
9A1 cDNA clone. The same pattern of hybridizing bands was
observed when 60Bl1 cDNA insert DNA was used as a probe. The
final wash was in 0.1X SSC, 0.1% SDS at 50 ©C. The DNA size

markers are lambda-Hind-III restriction fragments.
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Figure 6 RNA Gel Blot Analysis of 9A1/60Bl Expression in
Microspores, Microsporic and Zygotic Embryos,

and Somatic Tissues

RNA gel blots containing 5 pg of total RNA per lane were
probed with a 32-p labeled 9A1 Eco RI/Xba I, double digested
cDNA insert. The same pattern of expression was observed
when 60B1 cDNA insert DNA was used as a probe. The final
wash was carried out at 50 ©C in 0.1X SSC, 0.1% SDS.

(A) 9A1/60Bl expression in microspores and developing
microsporic embryos.

Total RNA was isolated from late uninucleate and early
binucleate microspores, collected from preconditioned donor
plants grown at 109/50C (day/night), after 4 days in culture
at 32.59C (Mi) or after 4 days in culture at 25°C (Mu) and
from microsporic embryos at the globular (G), heart (H),
torpedo (T), 21 day cotyledon (C), 28 day cotyledon (4), 35
day cotyledon (5), 42 day cotyledon (6) and 49 day cotyledon
(7) stage of development.

(B) 9A1/60Bl expression in zygotic embryos and somatic
tissues

Total RNA was collected from developing seeds at 7, 14, 18,
21, 28, 35 and 42 DAP and from leaf (L}, stem (S), root (R),
sepal (Se) and pistil (Pi) somatic tissues.
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cotyledon stage (Figure 6A). A lower level of expression was
detected in older cotyledon stage embryos. ﬁo expression was
observed in developing zygotic embryos, however 9A1/60B1
expression was detected in leaf, stem and root somatic

tissues and as well as in whole pistils (Figure 6B).

42A1

The 42Al1 cDNA clone contains a 1.2 kb cDNA insert. The
nucleotide sequence of this cDNA clone has not been
completely determined, but a preliminary search of the DNA
and protein databases suggests that similar sequences have
not been previously characterized.

DNA gel blot analysis of Eco RI digested B. napus cv.
Topas genomic DNA indicates that the 42A1 cDNA insert also
belongs to a small multigene family (Figure 7). One of the
hybridizing bands appears darker than the otheré and may
represent two comigrating fragments., Alternatively, the two
lighter fragments may represent gene family members with
less nucleotide similarity.

The developmental expression of the 42A1 cDNA clone was
also examined by RNA gel blot analysis of microspores,
developing microsporic and zygotic embryos and a number of
somatic tissues (Figure 8). The 42A1 ¢DNA clone hybridizes
to a mRNA that is approximately 2kb in length, suggesting

that the cDNA insert does not represent a full length clone.
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Figure 7 DNA Gel Blot Analysis of 42A1 Related Genes in

the B. napus Genome

B. napus cv. Topas DNA was digested with Eco Rl, separated
electrophoretidally on 0.,7% agarose gels and transferred to
nylon membranes. The gel blots were hybridized overnight to
a 32p-labeled Eco RI/Xba I double digested insert from the
4221 cDNA clone. The final wash was in 0.1X 85C, 0.1% SDS at

50 ©C. The DNA size markers are lambda-Hind III restriction

fragments.
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Figure 8 RNA Gel Blot Analysis of 42Al1 Expression in

Microspores, Microsporic and Zygotic Embryos, and

Somatic Tissues

RNA gel blots containing S pug of total RNA per lane were
probed with a 32-P labeled Eco RI/Xba I, double digested
4271 cDNA insert. The final wash was performed at 50 ©C in
0.1X 8s8C, 0.1% SDS.

(A) 42A1 expression in microspores and developing

microsporic embryos.

(B) 42A1 expression in zygotic embryos and somatic tissues

Legend as in Figure 6.
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42A]1 mRNA was detected in embryogenically induced
microspores, but not in microspores undergoing pollen
development (Figure BA). 42A1 mRNA was alsc observed to
accumulate throughout microspore embryo development, but
appeared stronger up to and including the 21 cotyledon stage
of development (Figure 8A). 42A1 mRNA was not detected

during zygotic embryo development or in any of the somatic

tissues analysed (Figure 8B).

Discussion

A subtracted probe has been used to isclate four cDNA
clones which appear to be differentially expressed in B.
napus microspores that have been induced to undergo
embryogenesis in culture. Preliminary characterization of
these cDNA clones indicates three of the clones are present
once per haploid genome, while one clone is encoded by a
small multigene family. At least three of these clones, 9A1,
60B1 and 4271, appear to mark the induction phase of B.
napus microspore embryogenesis. The expression of these
three cDNAs in enmbryogenic microspores does not appear be a
direct result of the heat-stress treatment used to induce
embryogenesis, as these genes are also expressed during
subsequent stages of microsporic embryo development. Rather,
their expression patterns suggest that they are induced in
response to a new, embryo-based mode of development. All
three cDNA clones appear to be predominately expressed

during the early stages of microsporic embryo development;
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however, expression of these clones was not observed at
similar stages in zygotic embryos. This observation may be
the result of the low levels of embryo mRNA in total seed
RNA collected from samples during the early stages of embryo
development (see section 3.2).

The expression of clones 9Al1 and 60Bl was not restricted
to embryos, suggesting that they encode proteins that
function during other stages of plant development.
Nonetheless, the expression of these clones is still a
useful marker for the induction of microspore embryogenesis.

It is not presently known whether any of these genes are
also expressed in developing microspores and pollen. If they
are expressed in pollen then they are likely to fall into
the "early" class of pollen expressed genes as their
expression was not detected in cultured microspores at the
late binucleate/early trinucleate stage of development (Mu
sample).

Although we have not ruled out the possibility that the
EcoRI fragment of the 621 cDNA clone was isolated as a DNA
contaminant, it is still intriguing to speculate on the role
that this gene plays at such an early stage of microsporic
embryo development.

Potassium channel proteins have been found in a wide
variety of plant cells and tissues {Hedrich and Schroeder,
1989; Tester, 1990). The 'two major classes of potassium
channels that have been identified in plant cells include an

inward-rectifying channel that mediates K* influx upon
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membrane hyperpolarization and an outward-rectifying channel
that mediates K* efflux upon membrane depolarization
(Schroeder et al., 1987). Potassium transport across the
plasma membrane contributes significantly to the control of
turgor pressure, the opening and closing of stomata, leaf
movements, ion uptake and transport and electrochemical
homeostatsis in the cell. Potassium transport across the
plasma membrane has also been implicated in the
establishment of embryo polarity in cultures of carrot
somatic embryos. Gorst et al.(1986) and Brawley et al.,
(1984) have demonstrated that globular stage carrot somatic
embryos exhiﬁit an electrical polarity. Current enters the
presumptive apical pole and exits near the presumptive
radicle pole. This current continues, and increases in
magnitude, during subsequent stages of embryo development.
Potassium influx is likely to be a major component of the
inward current in developing embryos (Rathore et al., 1988).
This electrical polarity precedes the differentiation of the
vascular tissue and cotyledons and it has been suggested
that development of embryo polarity is associated with these
endogenous currents. Similar observations have been made for
the establishment of polarity and polar growth in other
plant, microbial and animal systems (Kropf, 1992).

The possibility that the 6Al cDNA clone may be expressed
in microspores that have been induced to undergo
embryogenesis is intriguing. In analogy with other systems,

the protein encoded by this gene could be involved in the

-~
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establishment of subsequent embryo peclarity, or in the
maintenace of turgor pressure.

In conclusion it has been shown that a number of "embryo-
expressed” genes are differentially expressed during the
induction phase of B. napus microspore embryogenesis.
Further characterization of the DNA sequence of these
clones, as well as a more detailed analysis of their
expression patterns, will be required in order to assign a

functional role to the proteins encoded by these genes.
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APPENDIX V"

EVOLUTION OF THE NAPIN MULTIGENE FAMILY

25 albumin seed storage proteins have been described in a
wide range of species (Youle and Huang, 1981) but have been
most fully characterized in members of the Cruciferae
family. Cruciferae 2S albumin sequence data are available
for Brassica napus, Brassica oleracea, Brassica rapa,
Brassiéa juncea, Rapahanus sativus and Arabidopsis thaliana
(Table I ). The taxonomic relationship among these species
has been inferred from morphological, cytological,
interspecific hybridization, isozyme and molecular analyses
(reviewed in Warwick and Black, 1991, 1993) and is shown in
Figure 1.

The availability of 25 albumin DNA sequence data provides
an opportunity to examine the evolutionary history of the 28
albumin genes, and, in particular, the relationship of the
BnmNAP subfamily to the other members of B. napus napin gene
family. A preliminary phylogenetic analysis of the 28
albumin genes was carried out in collaboration with Bernard
Baum (Centre for Land and Biological Resources Research,

Agricuture Canada) and is presented below.



TABLE I Cloned 2S Albumin Sequences of the Cruciferae
GENE SPECIES TYPE OF ACCESSION REFERENCE
CLONE NUMBER
At251 A. thaliana genomic M22032 Krebbers et
al., 1988
At252 A. thaliana genomic M22034 Krebbers et
al., 1988
At233 A, thaliana genomic M22035 Krebbers et
al., 1988
At254 A. thaliana genomic M22033 Krebbers et
al.,, 1988
napA B. napus genomic J02798 Josefsson
et al.,
1987
Na B. napus genomic J02782 Scofield
and Crouch,
1987
napB B. napus genomic X58142 Baszczynski
and Fallis,
19290
napB' B. papus genomic ¥X14492 unpublished
N1 B. napus cDNA K01544 Crouch et
al., 1983
N2 B. napus cDNA K01545 Crouch et
al., 1983
Bec25c B. rapa PCR X65037 unpublished
amplified
protein
coding
region
Bo2SC B. oleracea PCR Xe5038 unpublished
amplified
protein
coding
region
Bj2sc B. juncea PCR X65040 unpublished
amplified '
protein
coding
region
radnaph R. sativus  CDNA M36630 Raynal et
al., 1991
radniapB R. sativus CcDNA M36629 Raynal et
al., 1991
radnapC R. sativus  cDNA M36630 Raynal et

al., 1991
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Figure 1 Taxonomic Relationship Among Members of the Family

Cruciferae

B. napus and B. juncea are amphidiploid species. B. napus is
derived from an interspecific hybridization between B. rapa
and B. oleracea while B, juncea is derived from an

interspecific hybridization between B, nigra and B. rapa.
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The phylogenetic relationships of the 25 albumin genes
were investigated using the distance matrix method (see
Swofford and Olsen, 1990 for a review). Phylogenetic trees
were generated by separately analyzing the DNA sequence of
the protein coding, 5' flanking and 3' untranslated regions.
However, as indicated in Table I, a number of the 25 albumin
clones do not contain DNA sequence information corresponding
to the 5' flanking and/or 3' untranslated regions and
therefore could not be included in all of the analyses.

The DNA sequences of the 2S5 albumins were aligned using
CLUSTAL V (Higgins et al., 1992) modified to run on the
VAX/VMS (Version 5.3.1). The DNA sequence of the protein
coding region of the 25 albumin genes was aligned using
sequence information located between the putative
translational start and stop codons. The DNA sequence
alignment of the 3' untranslated region of the 2S5 albumin
genes included approximately 140 nt downstream of the
translatoional stop codon. The DNA sequence alignment of the
5'flanking region of the 2S5 albumin genes included
approximately 250 nt upstream of the translational start
codon. Phylogenetic analyses were conducted with the aligned
DNA sequences as follows: Distance matrices were computed
using the Jukes-Cantor model (Jukes and Cantor, 1969) which
assumes the independent changes at all sites with equal
probability. Positions containing gaps in any sequence were
ignored. The matrix of distances obtained was subjected to a

cluster analysis using the neighbour-joining method (Saitou
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and Nei, 1987). Bootstrap analysis (Felsenstein, 1985) was
used to establish the confidence limit of the various

branches of the tree.

Analysis of the Coding Region

The DNA sequence of the protein coding region was used to
determine the phylogenetic relationship among the three
BnmNAP sequences and the other available members of the
napin multigene families in B. napus, B. oleracea, B, rapa,
B. juncea, R. sativus and A. thaliana. The phylogenetic tree
obtained using the neighbour joining method is shown in
Figure 2.

The neighbour joining method generated a tree consisting
of two main groups of 2S albumin sequences. One group
consists entirely of the four Arabidopsis sequences, while
the second group contains all of the Brassica and Raphanus
sequences. The Brassica sequences seem to cluster into three
subfamilies: one subfamily consists of the four BnmNAP
sequences; the second subfamily is composed of one sequence
each from B. napus (Na) and Brassica rapa (Bc2SC); the third
subfamily contains the remaining B. napus sequences as well
as one sequence each from B. oleracea (Bo2SC) and B. juncea
(Bj2SC) .

The analysis supports the existence of two distinct groups
of 28 albumins, with one group containing all the
Arabidopsis sequences and the other group containing all the

Brassica and Raphanus sequences. The ekact relationships of
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Figure 2 Phylogenetic Analysis of the DNA Sequence of the

Coding Region of 2S Albumin Genes.

Neighbour joining analysis of the coding regions of the
Brassica napus, B. rapa, B. oleracea, B. juncea, R.sativus
and A. thaliana napin DNA sequences. Branch lengths are
drawn proportional to the distances. The bars indicate 1%
divergence. Confidence estimates (%) obtained by 1000
bootstrap repeats are shewn for each branch below the fork.

Gene nomenclature is as in Table I.
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the members of each subfamily to each other, however, cannot
~e determined. For example, the confidence level for the
internal node connecting the four B. napus BnmNAP sequences
to the R. sativus sequences is low and indicates that the
position of the node, and therefore the relationship with
the BnmNAP sequences, is not certain. However, when only 2§
albumin sequences from B. napus and Arabidopsis are analysed
the BnmNAP sequences form a distinct subfamily (data not
shown). Similarly, the remaining Brassica sequences in the
second subfamily are clearly different from the other 28
albumin sequences, but the branching order among these
sequences remains unresolved. The inability of the analysis
to resolve these relationships may be due to the high degree
of sequence similarity between members within the same
group.

Interestingly, one 2S5 albumin gene from each putative
parental species of B. napus can be found in each of the two
subfamilies containing B. napus sequences: one subfamily
contains a single B. rapa 2S albumin sequence (Bc2SC) while
the other subfamily contains a single B. oleracea sequence
(Bo2SC) . This observation suggests that each of the putative
parental specles may have contributed a distinct subfamily
of 25 albumin sequences to B. napus. This interpretation is
rather speculative as the 25 albumins of both B. oleracea
and B. rapa are encoded by multigene families (Ericson, 1988
and Kim Boutilier, personal observation). Only a single 2§

albumin sequence is available for each.of the progenitor



132

species and different members of these gene families may
exist that belong to one of the other subfamilies of 28
albumins. Firm conclusions cannot be made until more

sequence data become available.

Analysis of the 3' Untranslated and 5' Flanking Regions

Phylogenetic trees were also constructed for the 3!
untranslated region of the Brassica napus, R.sativus and A,
thaliana 28 albumin genes.

The tree generated using the DNA sequence of the 3'
untranslated region is shown in Figure 3. Many of the B.
napus sequences and all of the A. thaliana sequences remain
clustered in two separate groups. However, the R. sativus
radnapA and the B. napus N1 3' untranslated regions, as
observed for the DNA sequence of the protein coding region,
appear to be evolving separately from the majority of 28
albumin sequences.

Interestingly, the Arabidopsis sequences are joined by a
common node to two of the R. sativus and one of the B. napus
sequences. The observation that the 3' untranslated region
of the B. napus Na sequence and the R. sativus radnapB and
radnapC sequences appear closer to each other than to any of
the other sequences from their respective species suggest
that these three gene regions are orthologous.

Analysis of the 5' flanking and untranslated regions of
the 28 albumin sequences from B. napus and A. thaliana also

generated a phylogenetic tree that differed from those
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obtained using DNA sequence data from both the coding and 3
untranslated regions (Figure 4).

The majority of B. napus and A. thaliana 5' flanking
sequences are clustered into two separate groups, however
the B. napus BngNAPl1 and the A. thaliana At2S1 5' flanking
sequences appear more similar to each other than to
sequences within their own species. In fact, the two
sequences exhibit at least 80% nucleotide similarity
(excluding deletions and insertions) over the region
analysed (data not shown). This high degree of sequence
conservation among two species from different tribes is
surprising considering that this gene region is often quite
variable even within the same species. This result suggest
that these two gene regions are orthologous.

The B. napus Na 5' flanking sesquence, as with the DNA
sequence of the coding and 3' untranslated regions of this

gene, appears to be evolving separately from the other B.

napus sedquences.

Discussion

Phylogenetic analysis of the DNA sequences of the protein
coding, 5' flanking and 3' untranslated regions of number of
2s albumin genes of the Cruciferae has been carried out.
These analyses have shown that the DNA sequence of thé
coding regions within a species are more similar to each
other than they are to the same region in other cruciferous

species. This pattern of evolution, tetmed concerted
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Figure 3 Phylogenetic Analysis of the DNA Sequence of the

3' Utranslated Region of 2S5 Albumin Genes.

Neighbour joining analysis of the 3' untranslated region of
the Brassica napus, Raphanus sativus and Arabidopsis
thaliana napin DNA sequences. Branch lengths are drawn
proportional to the distances. The bar indicates 1%
divergence. Confidence estimates (%) obtained by 1000
bootstrap repeats are shown for each branch below the fork.

Gene nomenclature is as in Table I.
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Figure 4 Phylogenetic Analysis of the DNA Sequence of the

5' flanking Region of 2S Albumin Genes.

Neighbour joining analysis of the 5' flanking region of the
Brassica napus and A. thaliana napin DNA sequences. Branch
lengths are drawn proportional to the distances. Thg bar
indicates 5% divergence. Confidence estimates (%) obtained
by 1000 bootstrap repeats are shown for each branch below

the fork. Gene nomenclature is as in Table I.
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evolution, is frequently observed among members of multigene
families and is thought to result from a variety of gene
conversion events that result in non-reciprocal DNA transfer
within and between homologous and non-homologous chromosomes
(Dover, 1982; 1986). Recombination involving gene conversion
tends to decrease differences between gene family members by
transferring sequence information frcm the donor to the
recipient gene. Gene conversion would therefore eliminate
many of the independent insertions, deletions and base-pair
changes that normally accumulate in duplicated sequences,
with the result that members of a gene family would become
homogenized.

The Brassica sequences appear to cluster into three
subfamilies. These subfamilies could have arisen within the
larger multigene family if they were converted by different
master sequences which had diverged before the first
conversion event. Continued divergence of these subfamilies
may prevent them from being homogenized against the other
duplicated B. napus 2S5 albumin sequences (Smith, 1976).

The coding regions of the majority of 2S5 albumin sequences
appear to be evolving in a concerted fashion. However, a
number of sequences, including the R. sativus radnapA and B.
napus N1 and Na sequences, appear to be evolving separately
from the other members of their respective gene families.
These sequences may have diverged enough to "escape" the
conversion events responsible for their concerted evolution

(Walsh, 1987).
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The results obtained from analysis ¢of the DNA sequence of
the protein coding region appears to contrast with the
results obtained from analysis of the DNA sequence of the 5'
flanking and 3' untranslated regions, where it was shown
that a number of these regions may be orthologous. This
contradiction can be resolved by assuming that, for some
genes, the protein coding sequences, along with the flanking
sequences, have been homogenized as a result of gene
conversion, whereas for other genes, only gene conversion
events involving the protein coding region have occurred.

The similarity between the 5' flanking regions of BngNAPl
(Brassica) and At2S1 (Arabidopsis), and between the 3'
untranslated region of Na (Brassica), radnapB and radnapC
(Raphanus) raises the question as to whether orthologous
flanking regions direct similar spatial and temporal
patterns of gene expression during seed development.

Unfortunately, no detailed studies of this type exist,
however, we have carried out a preliminary study, comparing
the expression patterns directed by the A. thaliana At2S1
and B. napus BngNAPl promoters {DeMoor, 1992; this thesis).
In A, thaliana, the At2S1 gene is expressed in an axis
specific manner (Guerche et al., 1990). In transgenic B.
napus, the BngNAPl promoter, although highly expressed in
the embryonic axis, is not restricted to this structure
(this thesis). Both genes however, are expressed in a
similar manner in developing transgenic tobacco seeds

(DeMoor, 1992; this thesis). It is difficult to draw
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comparisons between the expression patterns of these two
genes due to the differences in the length of promoters used
in each of the analyses. Future studies, aimed at comparing
the expression patterns of these orthologous flanking gene
regions, as well as other orthologous flanking regions
within the 25 albumins genes of the Cruciferae, will require

the construction and reintroduction of deletion derivatives.
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