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Abstract

Canola is seeded during the early months of spring when temperatures

]

rangr: from 5-10"C in Alberta. Generally, low temperature reduces
qgermination and can result in poor early seedling growth. &s emergerice is
a function of both developmental processes, these factors in turn can lead

Lo asynchronous emergence and poor stand establishment. This can prolong

the growing season, and thereby expose the crop to adverse environmental

11

conditions . g seed maturation and ultimately reduce yield. Th

objective of t::s study was to determine the effects of low temperature on

germination and early seedling growth in Brassica napus cv. Westar. Tw

o]

seedlots representing the extremes in germination potential were tested
against numerous parameters including fresh weight, lipid mobilization,
isocitrate lyase activity, and protein mobilization. The results
indicated proper coordination between storage reserve mobilization,
storage protein utilization, and development are paramount in determining
the success of superior emergence at low temperature. One seedlot,
Lendholm, was chosen for further study to examine the effect of low
temperature on specific stages of germination and early seedling growth,
to determine the cause of delays, to relate delays to seedling physiolegy,
and then to recapitulate seedling emergence to give a clearer picture.
Tests included examining CO2 evolution, chlorophyll accumulation,
isocitrate lyase expression, cruciferin mobilizaticn, oleosin degradation

switches in developmental programs, and endogenous ABA levels.

o

Thereafter, the effect of light during seed maturation was studied t

relate environmental effects encountered during embryogenesis on storage
protein deposition and ultimately on the ability of the seed to germinate.
Poor seedling emergence at low temperature in B. napus cv. Westar is a

uring

function of temrporal delays caused by thermal constraints
germination, and both decreased germination and reduced seedling growth,
resulting from poor coordination of developmental processes. These

effects can be modified by genotype or by the environment under which the



2

matures. In addition, the development of an artificial

to accumulate storage protein was explored.

embryo syatem
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1.0. Introduction.

lants have been utilized for clothing, shelter, medicines, fuel,

Lv]

and have given rise to the unigue atmosphere that has sustained life on
earth (Stoskopf, 1981). Furthermore, it has been estimated that plant
matter constitutes 70% of the human diet (Bewley and Black, 19%4). For
these reasons, plants are man's most important renewable resource.
Bearing these factors in mind scientists' are expressing a growing concern
over the ability to increase agricultural production in the face of
population growth (Bongaarts, 1994; Schmidt, 1995).

Generally, the plant kingdom includes all 1living multicellular
organisms possessing a cell wall and chlorophyll a (Barrett et al., 1986).

These organisms represent a very large, diverse, but specialized group.
The class_fication of the plant used in the present study is Brassica
napus L., commeonly known as cancla. Two cultivars of B. napus L., Westar

and Topas, were selected for the present study. Canola varieties are

based on tests that evaluate seed vield, days to maturity, height,
lodging, disease resistance, percent oil content, percent protein content,

glucosinolate content, and fatty acid composition (Canola Growers Manual,
1991). Westar, developed in 1982 by Agriculture Canada in Saskatoon, is
the industry standard against which all other varieties are measured
(Cancla Growers Manual, 1991), and thereby served as an ideal variety to
measure low temperature germination and early seedling growth in canola.
Topas was developed by Svaleof in Sweden in 1987 (Canola Growers Manual,

1991), and is ideal for tissue culture purposes allowing an unigue

opportunity te study embryogenesis.

1.1. PFhylogsny.
The order Capparales (Crongquist, 1981l) is characterized by plants
possessing alternate leaves, flowers in racemes, calyx {(a collective term

for the sepals) and corolla (a collective term for the petals) with

separate segments, superior ovary, and seeds that are high in oil reserves



Figurs 1-1. The phylogeny of B. napus within the Plantae kingdom and the

classification of the cultivars Westar and Topas. Derived from

phylogenetic classifications according to Cronquist (1981).

Eingdom Plantae
Divigien Magnoliophyta
Class Magnoliopsida

Subeclass Dilleniidaes
Oorder Capparales
Family Brassicaceae
Genus Bragsica
spacias napus

gubspacies oleifara
variety annua
cultivar Wastar

Topas



(Gill et al., 1980). O©Of the five familiez in the order Capparales, the

Brassicaceae family is the largest (3000 species) (Crongquist, 1981), and

four petals, six tetradynamous stamen, an exalbuminous seed, and a two
carpellete ovary divided by an outgrowth of the placentas (Gill et al.,
1980; Cronguist, 1981). Canocla pnssesses all of the aforementioned

characteristics, and its phylogeny is shown in Figure 1.

1.2. Historical Parepective.

Brassicas date from the Oligocene era, 30-36 miliien years ago
{Cronguist, 1988), and were cultivated as early as the 20% century B.C.E.
in India (Canola Growers Manual, 1991). B. napus is an alletetraploid
derived from an interspecific hybridization between B. campestris and B.
oleracea, and therefore its existence must have originated in regions
where these two species co-existed (Prakash and Hinata, 1980). From the
geographic distribution of wild B. campestris and B. oleracea it is now
believed that B. napus origirated in the Seuth-West European Mediterranean

region (Prakash and Hinata, 1980).

| =

:3. Current Status.

Canola generates the most revenue, second to only wheat, amengst the
major agronomic crops in Canada (Anonymous, 1994). On average,
approximately 7 million acres are planted annually (Anonymous, 1994), and
the large scale production in Canada ranks third in the international
market behind China and India (Aﬁényméus, 1990). 1In order fer B. napus or
B. campestris seed to be designated canola, it must first meet the

requirements set out by the Canadian General Standards Beoard. Canola seed

Mmoles/g of any mixture of glucosinolates in the solid component

(Anonymous, 1990). Canola o0il accounts for 63% of all vegetable oils

processed annually in Canada (McDonald, 1990). The oils are net only used



extensively in edible products because of the low levels of saturated fats
(6%) (McDonald, 19%0), but are also used in cosmetics, industrial
lubricants, plastics and for other commercial products (Anonymous, 1994}).
Likewise, the meal is also processed for use in livestock feeds because of
the high protein content (37.7%) containing essential amino acids, in

addition to minerals, vitamins, and fibre (Bell, 1993).

First, a general review of the structure and function of the various

seed parts will give a macro-scale perspective of the whole seed

environment. Next, an introduction to embryogenesis, followed by a
section on germination and early seedling growth is required to attain the
necessary background as it relates to the present study. Finally a brief

description of artificial embryo systems will be reviewed.

2.0. Introduction to the Brassica napus sgeed.
A major adaptation to fertilization in the absence of an agqueous

environment was the evolution of the seed. Not only did the seed protect

the developing embryo during maturation, but it allowed the mature seed to

subsist during adverse environmental conditions {(Barrett et al., 1986).

Cnce favorable environmental conditions were met the seed (specifically

I

the cotyledons in dicots) provided the necessary nutrients to the growing

enmbryo until autotrophic grewth could be maintained. A true seed has been
defined as a fertilized mature ovule that contains an embryonic plant,

with or sometimes without stored material, and is surrounded by a

protective coat or coats (Kozlowski, 1972).

2.1. 8iliqua.

In B. napus the seed matures within a silique (Latin for pod) formed
from the remnantsz of the ovary. The silique consists of two carpels
joined margin to margin, separated by a false partition, called the

replum, which developed from the parietal placentae (Cronquist, 1981).

The replum divides the one locule in two halves. Each sili Lgque varies in



the number of seeds it bears, but usually there are 14-40 seeds per

silique (Downey et al., 1975). The number of seeds per siligque is
correlated to the percentage of ovules with complete embryo sacs during
fertilization (Bouttier and Morgan, 1993).

At maturity, the siligues undergo dehiscence, separating along the
suture holding the carpels together, exposing the seeds attached to the
replum (Esau, 1977). During seed maturation, large leosses in seed yield
result if excessive dehiscence occurs. This problem is known as
shattering and provides one area for potential crop impre
Generally, farmers swath crops prematurely in order to synchronize seed
dehydration during maturation to reduce shattering (Cenkowski et al..
1993; Coupe et al., 1993), but this practice can result in green seed,
which is economically undesirable (Ward et al., 1992; Endo et al., 1992).
Biochemical and genetic mechanisms involved in dehiscence are currently
under study (Coupe et al., 1993; Coupe et al., 1994).

During maturation the embryo reguires nutrients such as nitrogen,
phosphate, and sulphur for the biosynthesis of amino acids, nucleotides
{for RNA and DNA synthesis), and oils. Two sources of mineral nutrients

and assimilates for developing seeds are; (1} leaves or senescing

o7

vegetative organs and (2) fruit structures enclosing the seed (Hocking an
Mason, 1893). 1In B. napus, Zhang et al. (1991) followed the translocation
of labelled nitrogen proceeding ifam the old leaves te younger leaves, and
eventually from younger leaves intoc the seeds. Nitrogen transportation
within the silique occurred basipetally, and was translocated to the seeds
in the same manner. Kullmann et al. (1%91) found that the application of
exogenous phosphorus and sulphur prometed nitrogen assimilation frem the
siliqua to the seeds inside. The siligue not only serves as an important

source of phosphorus and nitrogen, but has also been found te centribute

Apparently, the siliqua serves an important function, especially in

situations where uptake of key nutrients ceases during seed f£illing, such



as drought. Evidence suggests the silique temporarily stores and
subsequently redistributes nutrients to its developing seed (Hocking and
Mason, 1583).

The siliqua are also capable of photosynthesis and are an important
source of assimilates to the developing seeds (Chapman et al., 1984: Rood
et al., 1984). The seeds also receive photosynthate from the leaves and
stems, but the allocation of fixed carbon is variable in relation to
reproductive development (Rood et al., 1984 and references therein).
During flowering, CO, assimilation is primarily derived from the leaves.
Subsequently, the stem in conjunction with the leaves and siliqua,
contribute photosynthate to the immature seeds. The siliqua become
increasingly important as leaf senescence begins, and eventually during

seed ripening, the silique is the principal site of CO. assimilation.

2.2. Seed Structure.

The mature seed of B. napus is relatively small, ranging in size
from 2-3 mm. It usually has a brown seed coat. The seed is spherical
with a reticulum along the median portion, and the surface is covered with
microscopic pits (Musil, 1963; Berggren, 1981). The hilum, a scar marking
the point at which the seed was attached to the mother plant via the
funiculus (Bewley and Black, 1994), is concave, often 400-850 um in
diameter, and is covered around or above by smooth brownish grey cells
similar to those of the testa (Berggren, 1981). A micropyle is also
distinguishable near the hilum (Berggren, 1981). A cross section through
a mature dry seed would reveal a multicellular seed coat, a relatively non
existent endosperm (exalbuminous), and a large dicot embryo occupying the

majority of the area.

2.2.A. Seed Coat.
The seed coat is the tough almost skin-like layer completely

enclosing the embryonic tissue. The seed coat is often employed to



distinguish between genera and species (Bewley and Black, 19%9%94), and the

Brassicas are no exception (Downey et al., 1975). The bitegmic seed coat
is approximately 75 um thick (Berggren, 1981), and is of maternal origin
with the outermost cell layers (2-5) constituting the outer integument and
the inner cell layers (up to 10) constituting the inner integument
(BEhojwani and Bhatnagar, 1986}). The outer tegument consists of an
epidermal layer and a palisade layer (Downey et al., 1975). The outer
epidermal layer is filled with mucilaginous material, consisting of pectin
and cellulose, that will swell and tear when it comes inte centact with
water (Esau, 1977). The palisade layer is filled with heavy lignin
deposits on the inner tangential and radial walls making this the
strongest layer of cells in the seed coat (Esau, 1877; Bhojwani and
Bhatnagar, 1986). The inner integument consists of a thin layer of
crushed parenchyma that forms the pigment layer (Downey et al., 1975), and
therefore determines the color phenotype of the seed coat. The next cell
layer is the aleurone layer, which is the outermost layer of the endosperm
(Esau, 1977).

The seed coat is present early during embryogenesis, forming a
partial boundary between the maternal and embryonic tissues. Some seeds
possess a seed coat which can act as a barrier to the uptake of water
(Omari, 1992; Todari and Negi, 1992; Serrato-Valenti et al., 1993). In B.
napus, the seed coat provides mechanical protectien for the mature embryo.
Unfortunately, the seed coat has not been extensively studied in canola,

and therefore, other functions can only be speculated. However, in the

legumes there are a number of functions aside from mechaniecal protection

LL

{Bhojwani and Bhatnagar, 1986; Bewley and Black, 1994) including, nutrient
and assimilate transport to the developing embryo (Wang and Zheng, 1992;
Offler and Patrick, 1993), nitrogen and carbon metaboli

regulation of water and gas exchange (Murray, 1987), and even pathogenic
protection (Gijzen et al., 1993). As the outermost layer of the seed it

is the first tissue to come into contact with the envirenment.



Finkelstein (1994) reports that maternal effects have been
documented in several species, including Arabidopsis (Korneef and Karssen,
1994), Nicotiana tabacum (Kasperbauer, 1968) and Lycopersicon esculentum
(Taylor, 1979). Maternal influences, such as the delivery of plant growth

regulators on the seed, could be derived from the mature seed coat or from

material supplied to the developing embrvo via the maternal vascular
connection.

polar nuclei (Lopes and Larkins, 1993) in B. napus (Groot and VanCaeseels,

1993). 1In B. napus, endosperm formation is initially free nuclear (Groot

and VanCaeseele, 1993; Yadegari et al., 1994), which means that nuclear

FHhy

divisions (karyokinesis) occur in the absense ell wall formation

(cytokinesis} (Esau, 1977; Lopes and Larkins, 1993). Compartmentation of

the nuclei by cellularization occurs at approximately 16 DAP, and the

endosperm has filled the embryo sac by 22 DAP except for a small central

region (Groot and VanCaeseele, 1993). The endosperm cells contain lipids
and starch, but also are a source of nitrogen, sulfur, phosphorus, and
other minerals vsually present as phytin (Greenwood, 1989) that are
utilized by the developing embryc during maturation (Lopes and Larkins,
1993).

At seed maturity the outermost layer of the endosperm, the aleurone,

arge and small lipid droplets surrounding

is filled with a matrix of 1
proteinaceous bodies (Groot and VanCaeseele, 1993). Brassica is an
exalbuminous seed, and therefo the endosperm is abserbed by the

developing embrve during maturation. Unlike most exalbuminous seeds, the

\m\

aleurone layer persists until the seed matures, and this has raised
questions about its function. Generally, in albuminous seeds the aleurone
provides enzymes necessary to mobilize stcred polysaccharides in the

endosperm after germination (Ashford and Gubler, 1984). The endosperm

[¥s]



restrictz germination in tomato (Leviatov et al., 1994). Two other
suggested functions may be control of oxygen uptake and/or control of

water uptake or leakage from the embryo (Groot and VanCaeseele, 1993).

Therefore, the aleurone layer in canola and/or the seed coat may possess
GAs that help break germination by initiating mobilization of stored

carbohydrates. This is unlikely for Brassicas which lack an endosperm at

maturity.

2.2.C. Embryo.
According to Martin's (1946) classification of seeds, B. napus

embryos are classified as total (with respect to embryo/endosperm ratio),

bent axile (with respect to embryo size, shape and position). Dicot

apical meristem at both the shoot and root apex (Raven et al., 1986). The
entire embryo is bilaterally symmetrical, and its morphological
organization can be divided into three domains (West and Harada, 1993).

The apical domain includes the cotyledons, the shoot apex, and the upper

1

portion of the axis. The central denain is comprised of the majority of
the axis, and the basal domain includes the root apex. The shost apical

meristem terminates the epicotyl (also called the plumule), and the root

apical meristem marks the end of the hypocotyl (also called the radic le)
with the root cap terminating the root (Bhojwani and Bhatnagar, 1986;

Raven et al., 1986). These domains have been genetically delineated in
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each domain (Mayer et al., 1991). Cross sections throug
reveal three different cellular zones organized spatially alon ng a radial
axis; (1) the outer epidermal layer of the embryo, (2) followad inwardly
by the ground meristem or storage parenchyma (3) and the vascular

procambium located centrally (Goldberg et al., 1989, 1994).
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2.3. Seed Reserves.

Embryos are filled with macro-molecules and nutrients that
accumulate during development, and are stored in the desiccated embryo
until the proper environmental conditions for germination are met. After
germination, the storage products are utilized to support seedling growth
until photosynthesis and autotrophiec growth can be maintained. The major
forms of storage products are carbehydratas, lipids, proteins, and to a
small degree phytin (Bewley and Black, 1994). The amounts of these
constituents in canola seed vary, but on average carbohydrates account for
approximately 0.2-10%, lipids 42%, protein 37%, and phytin 3-6% (Rell,
1993). Canola seeds also include glucosinolates (14 umoles/g), tannins

(1.6-3.1%), sinapine (0.6-1.8%), and a host of minerals (Bell, 1993).

2.3.A. Carbohydrates.
Carbohydrates are most commonly stored as two forms of starch,
amylose and amylopectin (Bewley and Black, 1994). Amylose is a straight

chain polymer, consisting of 300-400 glucose molecules linked by an o-1.,4
glucosidic bond. Amylopectin consists of amylose chains linked via a-1,6

glucosidic bonds to produce branched molecules. Carbohydrates are not the
major storage product in canola (Tykarska, 1987; Bell, 1993), compared to

cereal grains or legumes, which contain 50-80% carbohydrates (Bewley and

Black, 1994), and therefore, will not be discussed further.

2.3.B. Lipids.

Lipids represent an efficient form of stored energy, containing
twice as much stored energy on a per-weight basis as stér;h or protein
(Huang, 1992). The main storage form is TAGs, which are esters of
glycerol and fatty acids (Bewley and Black, 1994). Greenhouse grown
Brassica napus embryos contain approximately 95% TAGs, 1.2% DAGs, and 3.7%

polar lipids (Perry and Hardwood, 1993). TAGs are stored in oil bodies

11



Huang, 1992), which are spheres averaging 0.65 um in diameter (Tzen et.

1., 1993). 1Isolated oil bodies are composed of 92-98% neutral lipids
TAGs), 1-4% phospholipids, and 1-4% proteins (Huang, 1992). The TAG
raction is a mixture of 6% saturated FACs {(primarily palmitic acid), 58%

onosaturated FACs (primarily oleic acid), and 36% polyunsaturated FACs

linolenic and a-linolenic acid) (Anonymous, 1994). The phospholipid and

rotein fraction form a half unit membrane (2-4 nm) around the stored oil
ith the proteins (oleosins) embedded in the o0il body (Lee and Huang,

391; Huang, 1992).

,3.C. Proteins.

In B. napus two types of storage proteins, albumins and globulins,
rovide the necessary amino acids required after germination. According
> Osborne's <lassification of storage proteins, albumins are water
»luble, whereas globulins are soluble in salt solutions (Bewley and
.ack, 1994). 1In B. napus the 12S globulins are called cruciferin, and
i 1.75 albumins are called napin (Lonnerdal and Janson, 1972; Finlayson,
76; Crouch and Sussex, 1981; Rodin and Rask, 1990a).

Cruciferin accounts for approximately 50-60% of the total seed
otein (Crouch and. Sussex, 1981; Hoglund et. al., 1§92) with a molecular
ight of 300 kD (Crouch and Sussex, 1981). It is characterized as a

utral glycoprotein (Dalgalarrondo et al., 1986) composed of six subunits

lietz et. al., 1987), with each subunit composed of a heavy o-
lypeptide (ranging frem 29-37 kD) disulfide bound to a lighter B-

lypeptide (ranging from 22-24 kD) (Dalgalarrondo et. al., 1986; DeLisle
d Crouch, 1989; Rodin and Rask, 1990a). Both proteins are sequestered
d 1localized to protein bodies (Murphy et. al., 1989b) deposited
roughout the embryo (Hoglund et. al., 1992).

Napin accounts for approximately 20-30% of the total seed protein

rouch and Sussex, 1981; Murphy et. al., 1989b; Blundy et. al., 1991).
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a2 heavy chain (9 kD) and a light chain (4 kD), bound together by a
disulfide bridge (Crouch et. al, 1983; Ericson et. al., 1986; DelLisle and

Crouch, 1989).

2.3.D. Phytin.

Phytin is an important source of phosphate and minerals in the seed
{Dalling and Bhalla, 1984; Bewley and Black, 1985). Phytin is an
insoluble mix of potassium, magnesium. and calcium salts of phytic aeid
{myo-inositol hexakisphosphoric acid) (Greenwood, 1989). Phytin is
localized within some of the protein bodies throughout the embryo, but
phytic acid and its conjugates can display differential depositioen in the
embryo, for example caleium is highest in the protein bodies of the axis
(Bewley and Black, 1394). Phytin represents anywhere from 50-90% of the
total phosphorus reserve in the mature seed. It is catabelized by phytase

nositol to the developing

-

(E.C. 3.1.3.286), releasing phosphorus and myo-

seedling during germination (Greenwood, 1989).

To date there are approximately 100 naturally occurring
glucosinolates identified in the Brassicaceae (Hoglund et. al., 1991).
Glucosinolates are thioglucosides linked to amino acid derivatives
(Hoglund et. al., 1991; Lenman et. al., 1993 a and b), and are derived
from methionine, phenylalanine, or tryptophan (Chavades et al., 1994). 1In
2-hydroxy-3-butenyl glucosinolate, and 2-hydroxy-4-pentenyl glucosinoclate
(Anonymous, 1990). Glucosinolates are present in 2-5% of cells in the
mature seed throughout the embrvo (Hoglund et al., 1991) especially in the
outermost cellular layers (Drozdowska et al., 1992), and are localized in

hin these cells (Lenman et al., 1993 a and b).

™

myrosin grains wi

Glucosinolates are hydrolized by myrosinase (thioglucosids
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glycohydreolase E.C. 3.2.3.1) to evolve sulfate and numercus products

including isothiocyanates, thiocyanates, nitriles, and others; some
products are toxic. Although glucosinolate concentration in eanola is

relatively low because of traditional breeding, it is worth mentioning
because of the role it may play in insect/plant interactions (Bodnaryk,
1992). It may function as a defence mechanism (Bones et al., 1991;
Bodnaryk, 1994), but the evidence for this is circumstantial (Bodnarvk,

1992),
3.0. Embryogenasis.

All vascular plants undergc an alteration from a haploid generation
to a diploid generation to complete the life cyecle (Barrett et al., 1986).
h d or gamete-producing generation is called the gametephyte, and

the diploid or spore-producing generation is called the sporophyte (Raven
et al., 1986). 1In vascular plants (such as Brassica) the sporephytic
generation predominates (Goldberg, 1888). The sporophytic generation
leads to the development of gametophytes throucgh sporic meiosis.

The microgametophyte produces the male gametes (sperm) housed in the

pollen grain, and the megagametophyte produces the female gamete (egg

cell) housed in the ovule (Bhojwani and Bhatnagar, 1986; Goldberg, 1988).

In Brassicas, prior to the event of double fertilization (Goldberg, 1988;

Lopes and Larkins, 1993), the male gametophyte (pollen tube) delivers the
sperm to the egg cell through the style and stigma of the ovary via a
process called “penetrative siphonogamy” (Bell, 1995), and will reach the
ovary unless arrested by a mechanism of self-incompatibility (Guilluy et
al., 1991; Chasan, 1994) as displayed in Brassica species that outcress.
One sperm cell fuses with the egg cell to result in the formation of a
diploid zygote. The other sperm cell fuses with the endosperm nuclei (2n)
to result in the formation of a triploid endosperm.

Once double fertilization is complete the resulting dipleid zygote

14



will remain quiescent for a few days (Wilen, 1992) before undergoing
further development. The period of zygote quiescence may involve
polarization of the zygote within the embryo sac (West and Harada, 1993
and references therein) prior to the first division, and thereby
predetermine the cellular fates of subsequent divisions. Indeed, in B.
napus Tykarska (1976) describes polarization of the zygote with the
nucleus embedded in dense cytoplasm at the apical end in comparison t¢ the
weakly vacuolated cytoplasm in the basal end.

Embryogenesis encompasses the period immediately after the fusion of
gametes until the embryo has undergone desiccation and is developmentally
arrested. During this period an array of morphological, cellular, and
biochemical processes occur that establish the organization of the
immature plant body and prepare the embryo for events leading to
germination (West and Harada, 1993; Bewley and Black, 1994).

Embryogenesis can be delineated into three phases (Goldberg et al.,
1989; Rermode, 1990; West and Harada, 1993; West et al., 1994). Early on,
morphogenesis occurs, during which cellular divisions result in
morphologically defined stages. The mid-stage of embryogenesis,
maturation, is marked by cellular expansion and storage reserve
deposition. During late embryogenesis the embryo undergoes desiccation

and developmental arrest.

3.2, Morphogenesis.

During morphogenesis, (the first 20-24 DPA in B. napus) (Crouch and
Sussex, 1981), the shoot and root apices are defined and cellular
differentiation results in the formation of the embryonic tissue and
organs (West and Harada, 1993). The zygote undergoes a sequence of
defined cellular divisions (Tykarska, 1976, 1979). The initial transverse
division results in the formation of a small chalazally oriented apical
cell and a large elongated micropylarly situated basal cell (Tykarska,

1976). The apical cell will give rise to the embryo proper and the basal
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ell will form part of the root apex and suspensor cell (Yeung and Meinke,

1

)

93).

The development of the suspensor precedes that of the embryo proper

(Yeung and Meinke, 1993). Prior to any further r divisiens, the basal cell

elongates by redistributing the tonoplast (vacuolar membrane) to the cell

lasma membrane (Tykarska, 1976). Next, the large basal cell undergoes a

P
series of transverse divisions to result in the form ati of the

hypophosis and suspensor (Tykarska, 1976; West and Harada, 1993). The
hypophosis is the precursor to the root cortex initials {Tykarska, 1979).
The suspensor is a long filamentous structure 6-11 cells leng (Tvkarska,

1976), and forces the embryeo proper into the nutrient rich endesperm (Wes

[ng

b

and Harada, 1993; Yeung and Meinke, 1293). The suspensor functions as
site of hormone synthesis and transports nutrients to the developing

embryo proper (Yeung and Meinke, 1993, and refer ces therein). 1ie
suspensor reaches maximal cell number by the early globular stage, and
senesces after the heart staged embryo in Arabidopsis (Mansfield and

riarty; 1991, 1992), a related crucifer.

]

The growth of the B. napus embryoc from the apical cell is tri-modal,
with rates of cell division increasing dramatically then diminishing
(Tykarska, 1980). Durinyg stage 1, the apical cell divides to result in
the formation of two tiers of octants (Tykarska, 1980). The apical cell
undergoes two longitudinal divisions to produce a four-celled embrye (3-4
DPA), subsequently followed by a transverse divisien producing an octant
(4 DPA) (Tykarska, 1976, 1980). Cells of the upper gquadrant will form the
cotyledonary region and embryo stem tip, while the hypocotyl will arise
from cells in the lower quadrant (Tykarska, 1976). Next, cells within the

ctant undergo a perielinal divisien resulti ing in the formation of the

U\

protoderm (Tykarska, 1976) at the 1l6-celled embryo stage (5-6 DPA)

]

(Tykarska, 1980). The protoderm is the precursor of the epidermis, an
the histological detection of the protoderm marks the establishment of the

globular staged embryo (West and Harada, 1993; Yadegari et al., 1994) at

|
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6-7 DPA (Tykarska, 1980).

The cells that comprise the young giobular embryo contain the
initials of all the histogens of the embryo axis (Tykarska, 1976).
Further cellular divisions, including anticlinal cellular divisions of the
protoderm and longitudinal and later transverse divisions of the internal
cells, results in the transition from the globular stage (radially
symmetrical) to the heart staged (bilaterally symmetrical) embryo. This
marks the end of the second stage of embryo growth (Tykarska, 1980). This
change consistently occurs around 18 DPA in canola (Fernandez et al.,
1991). Cell divisions in both the axis and developing cotyledon

20 DPA (Fernandez et al., 1991). The cotyledons and axis can now b

H,
m

discerned, and histological differentiation reveals the procambium {(which
gives rise to the vascula; tissue) and the ground meristem (which gives
rise to the pith).

Stage 3 of embryo growth encompasses the period of growth from the
heart staged embryo to the end of embryogenesis (Tykarska, 1980). After
the formation of the heart staged embryo there is a perigé of uniform
growth throughout the embryo. This is, however, followed by a period of
cell divisions and rapid growth along the axis and cotyledons, in which
the embryo elongates and results in the formation of the torpedo shaped
embryo (Tykarska, 1979). During this stage, cells in the cotyledons and
axis divide at different rates (Tykarska, 1979), with cells in the axis
dividing rapidly leading to the formation of the torpedo stage embryo at
25 DPA, followed by cell expansion leading to the formation of the
cotyledonary shaped embryo at approximately 30 DPA {(Fernandez et al.,

1991). Concurrently, during maturation, storage reserve deposition takes

place.

3.3. Embryo Maturation and Storage Reserve Deposition.

3.3.A. Lipid Biosynthesis.
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Lipids, mainly in the form of "“AGs, are derived from assimilates
through an elaborate enzymatic pathway. Generally, reduced carbon is
delivered to the seed via the phloem from other parts of the plant. In
plants the biosynthesis of TAGs is carried out intracellularly within
different organelles (Ohlrogge and Browse, 1995). The compartmentation of
the substrates allows for some level of control over the rate of assembly
of the TAGs. The onset of lipid deposition in B. napus occurs at
approximately 21 DPA, increasing rapidly between 28 and 42 DPA, and levels
off thereafter (Murphy et al., 1989b; Kater et al., 1991; Cummins et al..
1993; Perry and Hardwood, 1993).

Within the proplastids, short 2 and 3 carbon precursors are

complex (Slabas and Fawcett, 1992). ACP regulation in Brassica is tissue
and temporally specific, appearing in the seed just prior to the onset of
storage lipid biosynthesis (de Silva et al., 1992; Slabas and Fawcett,
1992). ACP is nuclear encoded (Slabas and Fawcett, 1992) by a multigene
family (some exhibit differential expression in the embryo) (de Silva et
al., 1990; Scherer et al., 1992). Upstream sequencing of the ACP
reveals palindromic sequences and an ABRE, which suggests trans-acting
factors and responsiveness to ABA, respectively (de Silva et al., 1992).
The rate limiting step in fatty acid synthesis is controlled by the
enzyme Acetyl-CoA:ACP transacylase (Stumpf, 1987). This, therefeore,
provides one focal point for genetic engineering. By increasing or
optimizing the activity of Acetly-CoA:ACP transacylase perhaps TAGs

synthesis and deposition could be increased. Another peint of regulation

is controlled in part by ACC. The accumulation of its substrate, Acetyl

ACP, in the dark, is consistent with the light/dark controcl of fatt& acig
biosynthesis (Post-Beittimiller et al., 1991; Ohlrogge and Browse, 199%).
During embryogenesis in Brassica, ACC activity increases relative to the
amount of lipid bidsynthesis (Turnham and Northcote, 1983). However, once

maximum lipid accumulation is reached, ACC is rapidly reduced (Turnham and
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Northcote, 1983), and therefore, may centrally requlate the cessation of

ipid synthesis (Slabas and Fawcett, 1992) by greatly reducing the

substrates required for further lipid biosynthesis. Experiments designed
to quantify the aetivity of ACC in the presence of ABA have not been

carried out, but may provide some insight inte the control of AcCC

expression during embryogenesis.

Other fatty acid synthesis enzymes have also been studied in

Brassica including B-ketoacyl-ACP reductase (Sheldon. 1988), enoyl-ACP

reductase (Slabas et al., 1986; Kater et al., 1991; Rafferty et al.,

1994), Acyl-ACP thiocesterase (Loader et al., 1993), and stearoyl-ACP

desaturase (Hellyer et al., 1992; Knutzen et al., 1992; Slocombe et al.,

oy

8992; Cummins et al., 1993; Slocombe et al., 199%94). By defining the
expression and kinetics of these enzymes, the overall role that each
enzyme plays in fatty acid synthesis will be elucidated. This will
provide researchers with an opportunity to manipulate fatty acig

synthesis, and thereby alter the end products, resulting in the

diversification of the oil seed crops (Ohlrogge, 1994 and references

Fatty acids are delivered within the cell to the RER where they are
covalently linked to a tri -glycerol backbone to produce DAGs required for

phospheolipid production, or converted to TAGs by diacylglycerol
acyltransferase (E.C. 2.3.2.20; (Weselake et al., 1991; 1993; Ohlrogge and
Browse, 1995). As the TAGs are sequestered within the membrane of the
RER, oleosin is helieved to be co=translationally integrated initially
into the bilayer of the RER, and subsequently transferred into the

nolayer of the oil body, where the folding to the proper conformational

structure takes place (Loer and Herman, 1993).

3.3.B. Oleocains
Oleosins account for approximately 10% of the total seed protein

(Huang, 1992; Cummins et. al., 1993). Oleosins are a group of proteins
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that confer special properties to the oil bodies (reviewed in Huang,
1892). These proteins are characterized by an amphipathic demain at the
N-terminus, a long central hydrophobic domain, and a amphipathic alpha-

al domain situated at the C-terminus (Lee and Huang, 1991; Huang,

helic : L g
1992). The three structural domains result in a conformational state in

which the C- and N-termini lie on the surface of the 0il body and the

highly conserved central region penetrates the oil bedy as an anti-

parallel beta-strand, terminating in a proline knot (Huang, 1992). The
observation of maize (a monocot) oleosin correctly being targeted teo oil
bodies in transformed Brassica (a dicot) (Lee et al., 1991) suggests that

the targeting element lies within the highly conserved central region

t
w
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(Tzen et. al., 1990; Huang, 1992). The functien of the oleosin:
from providing structural stability during desiccation in the mature dry

seed (Cummins et. al., 1993), is postulated to act as a docking site for

lipases during germination (Huang, 1992). To date, three isoforms exist

in B. napus, and these seed isoferms are differentially expressed in a
spatial manner within the embryo tissue in relation te the cotyledons and
radicle (Cummins et. al., 1993).

Oleosin accumulation has been shown to closely follow the
accumulation of lipids in maize and B. napus (Tzen et al., 1993), however,
it has also been shown that storage oils accumulate prior to oleosin

accumulation (Cummins et al., 1993). These discrepancies reflect the need

improve the methodology in discerning differences in the expression

i

between the oleosin isoforms in B. napus (Cummins et al., 1993). Only
then will further research delineate whether there is a concomitant
integration of oleosin into the oil body during oil body formation (Hills
et al., 1593; Loer and Herman 1993) or the oleosins are imported inte the
o0il bodies after formation, as suggested by Cummins et al. (1993).
Olecsins range in size ffém low to high molecular weight spec

(16-26 kD) (Tzen et al., 1990) and are temporally specific, bein

‘"ﬂl

expressed exclusively during seed maturation (Lee and Huang, 1991; Huang,
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1992; Cummins et al., 1993). However, an oleosin-like protein is also

expressed in rapeseed pollen (Roberts et al., 1993) reflecting its
importance in the packaging of oils. Sequence compariseons based on
nucleotides and amino acids between oleosins from varying species suggests
that the isoforms are the result of a duplication event that took place
prior to the divergence of monocots and dicots (Tzen et al., 1990).
Brassica oleosin contains putative regulatory elements in the §° upstream
region that are characteristic of seed-specific motifs and ABRE sites (Lee
and Huang, 1991; Keddie et al., 1994). The upregulation of oleosin
expression by ABA is supported by observations of Wilen (1992), Keddie
(1994), and Zou et al. (1995), in which oleosin transeripts increased in
response to exogenously applied ABA and/or osmoticum. In carrot, two AT-
rich upstream sequences of an oleosin gene were observed to interact with

nuclear protein, and were also highly upregulated by ABA (Hatzopoulos er

al., 1990).

3.3.C. Storage Protein Biosynthesis.

During embryogenesis, storage proteins accumulate and are deposited
in membrane bound organelles called protein bodies. These proteins will
serve as a source of amino acids for the de novo synthesis of proteins
during germination and early seedling growth (Callis, 1995). The two
classes of protein prevalent in B. napus are the 25 albumin, napin, and
the 12 S globulin, cruciferin (Crouch and Sussex, 1981; Rodin and Rask,
1990a).

Another class of proteins found in the cotyledons and axis of
embryos, that accounts for up to 10% of the total seed protein in some
seeds (Bewley and Black, 1994), are the seed proteinase inhibitors. These
prevent the premature degradation of the stored nitrogen reserves. The
function of the seed proteinase inhibitors is disputed (Dalling and
Bhalla, 1984; Bewley and Black, 1994), however, these may serve as (1) a

form of storage protein which is mobilized after germination (2) regulate

%]
=



endogenous proteolytic enzymes during maturation, and (3) to protect or

inhibit the seed tissue from insects or pathogens. One serine proteinase
inhibitor has recently been isoclated from 3. napus seed (Ceciliani et al.,
1994), but its function remains to be defined. Furthermore, the overall
percentage of seed protienase inhibitors in B. napus has not been
determined to date.

Cruciferin is encoded by a gene family, and via transcription an
translation, results in precursor peptides (Breen and Crouch, 1992).
Based on immunological detectien, the three precursors (Pl, P2, and P3)
range in size from 48 to 54 KD (Rodin and Rask, 1990 a and b). Each
precursor is then processed to evolve its corresponding peptide chains.
Pl gives rise to ol (35-37 kD) and Bl (24 kD), P2 gives rise to «2/3 (31-
29 kD), B2 (23 kD), and B3 (22 kD), and P3 gives rise to ad (28 kD) and 34
{18 kD) (Rodin and Rask, 1990 a and b). Therefore, each precursor gives
rise to a subunit pair (an acidic o-chain arcund 30 kD and a basic p-c

around 20 kD) (Rodin and Rask, 1990 a and b), which are bound to each

other by disulphide linkages during pr ssing (Dalgalarrondo et al.
1986). Six subunit pairs bind via electrostatic and hydrophobic

interactions (Rodin and Rask, 1990a) to complete the gquantenary structure

nd form the mature hexameric protein (Dalgalarrondo et al., 1986; Plietz

o

t al., 1987). The orientation of the subunits is proposed to be such

g

surface of the molecule, whereas the hydrophobic C-terminal of the B-chain

would face inward near the centre of the molecule (Plietz et al., 1987;

s

Robin et al., 1991). Therefore, the hydrophilie exterior would protec
the domains from the external aqueous environment, and the hydrephobic

interior would stabilize the molecule by hydrophobic interactions betwee
the six subunits.

The cruciferin cDNA clones pCRUL, pCl, and pC4 are thought to encode
Pl, P2, and P3, respectively (Simon et al., 1985; Sjodahl et al., 1991;
Rodin et al., 1992). Characterization of the P2 subfamily via Southern
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blot analysis revealed the subfamily is encoded by a small gene family of
five members (Breen and Crouch 19582). All members of the family exhibit
high sequence homology extending into the 5' and 3° untranslated regions,
and display similar restriction sites and intron positions. This suggests
that the five member family is the result of gene duplication and net

functional specificity (Breen and Crouch, 1892). Upstrzam sequence

analysis revealed that all members contain a concensus promoter element

(TATAAATA) 57 bp upstream of the initiation codon, and a concensus
translation start site (AACAAUGGC).

In contrast to other species such as Vicia faba, Glycine max, and
Gossypium hirsutum, which have only two types of globulin genes (Chlan et

al., 1986; Wobus et al., 1986; Nielsen et al., 19

e w]

9), the Brassicaceae
have three different cruciferin genes or gene subfamilies (Sjodahl et al.,
1991). Based on the alignment of deduced amino acid sequences in
comparison to these other species the 128 gleobulin genes of the
Brassicaceae's evolved in two steps (Sjodahl et al., 1991). Initially the
ancestral 12S genes were duplicated to give rise to the present-day pCRU1

genes, and to a common ancestor of the pCl and pC4 genes (Sjodahl e al.,

[ad
i

1991). The latter ancestor underwent another duplicatien event te result
in the present subfamilies encoding the P2 and P3 precursor proteins.
Genes encoding napin give rise to a 20 kD precursor polypeptide
containing a signal sequence that is removed during transfer of the
protein into the endoplasmic reticulum (Ericson et al., 198B6). Twoe highly
negatively charged regions, 7-8 residues long, that are common te the
napin genes are located just before the small subunit at the amino-
terminal end and within a stretch of residues between the small and large
subunit (Ericson et al., 1986; Josefsson et al., 1987). These two repeats

carry nearly all of the negative charges that are contained in the
processed regions of the precursor, and thus are believed to plary a role
in processes associated with translocation, intracellular transport and\er

deposition into protein bodies. These regions may also serve as signals
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in the proteolytic steps necessary in the generation of the mature napin.
Once processing is complete the heavy and light polypeptide chains are
bound to each other by two disulfide bridges (Ericson et al., 1986).

Napin is encoded by a gene family consisting of at least 16 members
{Scofield and Crouch, 1987; Blundy et al., 1991). The napin gene family
can be split into two expression classes; products arising from the gNa
class peak at 27-33 DPA and the other major class peaks at 37 DPA (Blundy
et al., 1991). Published napin sequences show a high degree of homology in
both the coding and flanking regions (Ericson et al., 1986: Scofield and
Crouch, 1987). Napin genes cloned to date lack introns and contain a
major transcription initiation site located 33-37 nucleotides downstream
of a TATA box consensus seguence (Josefsson et al., 1987; Scofield and
Crouch, 1987).

Cruciferin and napin are detected only in the axis and cotyledons of
maturing embryos, and therefore their expression is restrieted to
embryogenesis (Crouch and Sussex, 1981). Their deposition is not organ
or tissue specific. However, it has recently been discovered that
cruciferin and napin mRNA accumulate in the many different cell types at
distinetly different times in different spatial distributions throughout
the embryo (Fernandez et al., 1991). The patterns of storage protein mRNA
accumulation seem to reflect early events associated with the
establishment of the apical meristems. The studies suggest that the total
storage protein mRNA observed in Northern analysis is the sum of three
distinct wavés, each wave associated with mRNA accumulation in specific

cell types (Fernandez et al., 1991). The regulation of these waves is

controlled in part by an internal clock that is set to respond to a

\m‘

spatial gradient of some factor situated at a eritical point in tim
during early development.

The £agt that both storage proteins are similar in their temporal
and spatlal regulation would suggest that the regulation of the genes is

accomplished through similar controls and mechanisms. However, based on



the available sequence data, cruciferin and napin have little homology
between each other (Crouch et al., 1983; Simon er al., 1985; Ericson et
al., 1986; Scofield and Crouch, 1987). Furthermore, cis-acting elements
that regulate the expression of globulin like genes have been found in

other systems such as the Leg box in Vicia faba (Baumlein et al., 1986),
Glycine max (Kitamura et al., 1990), and Pisum sativum (Lycett et al.,
1985) have not been observed in the uptream regions of cruciferin.
Earlier investigations revealed no sequence homology to publ ished
cis-acting elements in the 5'-upstream region of the napin genes (Scofield
and Crouch 1987), however, alternating purine-pyrimidine nucleotides were
observed that have also been observed in a viral enhancer (Lusky et al.,

1983). Sequences related to AT-rich sequence, RY-repeats, and G-box like

motifs are present, but remain to be characterized (Stalberg

(3%
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1993). Furthermore, upstream analysis of napin has demonstrated nuclear

factors binding promoter regions (Ericson et al., 1986; Josefsson er al.,
1987), and deletion analysis has revealed important regions necessary for
proper regulation (Stalberg et al., 1993).

One line of evidence suggesting that cruciferin and napin expression

application of transgenic technology. Altenbach and co-workers (1992)
observed a high level of expresssion and accumulation of a Brazil nut
albumin in seeds of transgenic canola. 1In these experiments a chimeric
contruct consisting of a phaseolin promoter linked to a methionine-rich
Brazil nut albumin (Altenbach et al., 1989) was expressed correctly both
temporally and spatially in transgenic canola plants (Altenbach et al.,

1952) . Furthermore, a napin promoter linked to a pea seed 2S albumin

in the

iy

resulted ion of the message in transgenic tobacco plants at

‘W

exXpres
the proper developmental period in developing seed (Stayton et al., 1991),
Goldberg et al. (1989), after studying 5'deletion mutants of seed storage
proteins in transgenic tobacco plants, concluded that the sequences

necessary for temporal and tissue-specific expression lie in the 5' region



of the structural gene, and separate DNA elements in the 5° region are
responsible for the control of the quantitative level and temporal/spatial
regulation of these genes. The positioning of these elements differs
between genes and species. These results taken together suggest that
functional conservation of regulatory mechanisms exists between the szeed
storage protein promoters even though they display divergence in their
promoter segquences.

Although the specifics of storage protein regulation have not been
elucidated to date, one of the most likely mediators of regulation has
been shown to ke ABA. The application of exogenous ABA has been shown to
promote the synthesis of storage protein messages and proteins in soybean
(Bray and Beachy, 1985; Eisenberg and Mascarenhas, 1585), rice (Stinissen
et al., 1984), and wheat (Williamson et al., 1985; Raikhel and Quatrano,
1986; Raihkel and Wilkins, 1987). These effects have also been
demonstrated in B. napus {(Crouch and Sussex, 1981; Crouch et al., 1985;
Finkelstein et al., 1985; DeLisle and Crouch, 1989; Wilen et al., 1991).
There is a strong correlation between endogenous ABA levels and cruciferin
mMRNA levels (Finkelstein et al., 1985). Endogenous ABA levels peak at
approximately 35 and 38 DPA (Finkelstein et al., 1985). The same pattern
of ABA levels in embryonic tissue has also been observed in Phaseolus
vulgaris (Hsu, 1979), wheat (King, 1976), barley (Naumann and Dorffling,
1982), and in a related crucifer, Arabidopsis (Karssen et al., 1983). 1In
Arabidopsis, the initial peak is maternal in origin, while the secondary
peak is derived from the embryonic tissue (Karssen et al., 1983). Other

asmonic acid (Anderson et

(W)

effectors of storage protein synthesis include
al., 1989; Mason and Mullet, 1990; Wilen et al., 1991) and osmotica
{(Finkelstein and Crouch, 1986).

Although both cruciferin and napin are similar in their
developmental and spatial expression they deviate slightly in their
temporal expression. Cruciferin mRNA is detected at 23 DPA, accumulates

to peak levels at 38 DPA (representing about 11% of the total embrve
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mRNA)}, and thereafter declines to barely detectable levels in the mature
dry seed (Finkelstein and Crouch, 1984; Finkelstein et al., 1985; Delisle
and Crouch, 1989). Napin transcription is detected at 18 DPA and
increases to high levels until 33 DPA (representing about 8% of the total
embryo mRNA), afterwhich the mRNA levels fall off (DeLisle and Crouch,
1989).

Cruciferin and napin are controlled differently at the
transcriptional and post-transcriptional levels. After 38 DPA cruciferin
mRNA steady state levels remain the same whereas the transcription rate
decreases. Napin mRNA transcription, on the other hand, remains high, but
the mRNA levels decline after 33 DPA (DeLisle and Crouch, 1989). Since
mMRNA levels are dependent upon both mRNA synthesis and degradation rates,
it follows that cruciferin mRNA is more stable than napin mRNA. This
phenomenon has also been observed for storage protein synthesis in other
species including Pisum sativum (Evans et al., 1984), Phaseolus vulgaris
(Chappel and Chrispeels, 1986) and Glycine max (Walling et al., 1986) .

Based on immunoelectrophoresis, cruciferin is present at 25 DPA

(0.26 pg/antigen/embryo), and accumulates at a rate of 2.5 Hg/day until
day 30. Maximum accumulation occurs between days 30 and 50 (26 Hg/day)

before decreasing to 3 ug/d during maturation (50-60 DPA) (Crouch and -

Sussex, 1981). Based on SDS-PAGE, Coomassie stained polypeptides
corresponding to napin accumulated at the same rate as cruciferin until 42
DPA when accumulation stops (Crouch and Sussex, 1981).
Immunolocalization of cruciferin and napin has provided insight into
the deposition of storage protein within the .-211. Both cruciferin and
napin are deposited together around the edge: f protein bodies\vacuoles
in young cotyledon cells (Murphy et al., 198%%,. Deposition continues
centripedally, filling the protein body, and precipitating to form
“globuloid” inclusions by 56 DPA (Gifford et al., 1982; Murphy et al.,

1989b). In the mature seed, protein bodies are located within the center
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of the cell (Kuras, 1984). This indicates that both cruciferin and napin
are deposited together by the same mechanism. The mechanism is believed
to involve the direct insertion of the newly synthesized proteins into the
protein bodies derived from fragmentation of the central vacuole. The

processing of the precursor forms into the mature oligomeric structures is

believed teo occur within the protein bedy or immediately prior to its
insertion with the assistance of the RER and\or the Golgi apparatus
(Murphy et al., 1989b). In many seeds it has been demonstrated that
storage proteins are initially synthesized on the RER in an unprocessed or
precursor form (Larkins, 1981; Higgins, 1985; Bewley and Black, 1994} and

transported intracellularly via vesicles through the Golgi apparatus

(Greenwood and Chrispeels, 1985; Higgins, 1985; Fukasawa et al., 1988;

Chrispeels, 1991; Nakamura and Matsuoka, 1993; Shewry et a

st

., 1985},
Immunocytochemical localization of cruciferin and napin throughout

-he embryo has also been studied in detail. Hoglund et al. (1992)

rr

observed the initiation of napin deposition at 20 DPA and crueciferin
deposition at approximately 25 DPA. The accumulation patterns of the

torage proteins progressed in a manner closely reflecting previous
immunological studies (Crouch and Sussex, 1981; DeLisle and Crouch, 1989).
Both proteins were detected initially at the tip of the axis with
continued deposition occurring through the axis to the base of the ocuter

otyledon and towards its tip (Hoglund et al., 1992). This was follewed
by depesition in the inner cotyledon. Little or no deposition was
observed in myrosinase containing cells or procambium. This observation

suggests that there might be some slight tissue specificity in accordance

with the findings of storage mRNA accumulation studied by Fernandez and

co-workers (1991).

3.4. Desiccation
The final phase of embryogenesis is desiccation. During this peried

of development embryogenesis ceases as the seed begins to lose water until
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a period of developmental arrest is attained (Finkelstein and Crouch,
1984). Embryo maturation is separated from post-germinative growth
temporally by the process of desiccation, a physiological state of
quiescence, and the processes of imbibition and subsequent germination
(Bisgrove et al., 1995).

In B. napus, excised zygotic embryos taken from the predesiccation
stage (30-35 DPA) and late desiccation stage (45-50 DPA) will germinate
precociously when cultured on basal media (Finkelstein and Crouch, 1984)
by passing later stages of embryogeny {Crouch et al.,1985).
Predesiccation embryos display morphological characteristics of
germination (root growth and hypocotyl extension), however they also
retain biochemical characteristics of embryogenic growth (cruciferin
expression and accumulation). On the other hand, precociously germinated
desiccation staged embryos gradually degrade storage protein over a period
of several weeks, and exhibit normal seedling development. Exogenous
application of ABA to excised embryos in the predesiccation prhase leads to
increased storage protein expression and accumulation, and inhibition of
germination (Finkelstein et al.,1985). During the desiccation phase,
similar concentrations of ABA applied to excised zygotic embryos did not
result in increases in storage protein expression and accumulation
(Finkelstein et al., 1985). Osmotica produced similar results; however,
it was observed that embryos cultured on 12.5% sorbitol maintain high
cruciferin mRNA levels during the desiccation phase (Finkelstein and
Crouch, 1986). This has led to the hypothesis that the maturation process
is the result of two distinct stages (Finkelstein and Crouch, 1985;
Finkelstein et al., 1985; Finkelstein and Crouch, 1986). In this
scenario, ABA is important during early embryogeny by regulating the
expression of storage proteins genes and preventing precocious
germination. The high levels of ABA also prevent the uptake of water
during the deposition of solutes from the maternal tissue (Finkelstein and

Crouch, 1985; Finkelstein et al., 1985). During later stages of
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embryogenesis the embryos become insensitive to ABA and desiccation then
becomes the main factor preventing precocious germinatien. This is
supported by the fact that desiceation is necessary for the developmental
transition from embryogeny to developmental arrest.
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These observations have been often cited to
embryogenesis and germination N programs are mutually exclusive and a simple
switch controls their progression. However, in a follow up study using
excised zygotic embryos at the same predesiccation and desiccation stages
as Finkelstein and Crouch (1984), Bisgrove et al. (1995) observed that
mMRNAs characteristic of embryo maturation (N2: napin, Cl: cruciferin;
Crouch et al., 1983, 1985; LEA76; Harada et al. 1989) were segregated from
mMRNAs characteristic of germination and post-germinative growth (COT1;
CA25; CAB; AX92; Harzda et al., 1988). When messages were present
simultaneously they were segregated by organ specificity with accumulation
in the hypocotyl precedi ing accumulation in the cotyledons. Sets of

developmental messages occurring in any given organ accumulated in a

sequential pattern and not simultaneously. Furthermore, studies employving

desiccation down-regulated a reporter gene, suggesting that the regulation

of napin may be contrelled by processes occurrin ng during desiceation

(Jiang et al., 1995). There ore, the apparent overlap of developmental
programs observed in previous studies (Finkelstein and Crouch, 1985;
Finkelstein et al., 1985; Finkelstein and Crouch, 1986) has been
misleading, and the current results are in agreement with the hypothesis
that embryo maturation and postgerminative growth are mutually exclusive,
occurring sequentially, with developmental switches in place (Kermode,
1990).

In cotton, events during late embryogenesis have been further
delineated into postabscission, predesiccation, desiccation and mature
embryo stages (Galau et al., 1891). By following molecular markers

throughout these stages they concluded that excision of the ovule induces



the postabscission program and desiccation followed by imbibition then
turns on the germination program (Hughes and Galau, 1991). In this

scenario desiccation did not play any role in the control of gene

expression, and, therefore, did not serve as the signal for switching from

the embryogeny to germination programs. Rather, abscission is the
criterion for the developmental switch, with excision-induced expression

being enhanced by exogencus ABA application and precocious desiccation.

When these experiments were performed on B. napus similar results were

1
obtained (Jakobsen et al., 1994). However, unpublished results (Dr. A.M.
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gan personal communication) implicated that abscissien is not
part of the developmental process in Arabidopsis seed. The observation of

simultaneous induction ef the postabsecis

m\
-

sion and germination programs i
excised Brassica embryos was believed to reflect stress reponses of the
germinating embrycs and not the effects of endogenous growth regulators
(Jakobsen et al., 19%4). It has been proposed that a number of
developmental processes or physiological conditions serve as the switeh in
turning the developmental programs from embryo maturation te germination
and postgerminative growth. These include the growth regulator ABA,
abscission of the embryo, and desiccation. The nature or mechanism of the
switch is still under intense investigation. A number of techniques are
currently being empleyed to generate mutants (Young and Phillips, 1994).
The characterization of these mutants will provide information in
delineating developmental processes and programming during embryogenesis.
For instance, characterization of the Arabidopsis raspberry mutant
revealed that histodifferentiation occured in the absence of norma 1
morphogenic development, and early embryonic cells regulate their proper

gene sets in the correct temporal and spatial context independent of

normal morphogeniec events (Yadegari et al., 1994). These mutants and

ot

ocbular stage appear to be arrested enly

others arrested at the g
morphologically, and, therefore, some may posszess altered genes involved

in the biosynthesis and transport of auxin, which has been shown to play
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a role in cotyledon initiation and hypocotyl elongation {Cooke and Ceahen,
1993; Liu et al., 1993). Another Arabidopsis mutant expresses
postgerminative characteristics precociously during embryogenesis, and
therefore, the normal gene product of the mutation is believed to play a
role in regulating late embryogenesis (West et al., 1594). Two other
Arabidopsis mutants, abi3 and fus3, also exhibit disruptions in
developmental programming during late embryogenesis (Keith et al., 1994;
Parcy et al., 1994). These and other studies suggest that during
embryogenesis there are a number of concurrently operating regulatory
pathways that are independent of each other. Each regulatory pathway
would be contolled by different cis-acting DNA sequences and trans-acting
factors under the direct or indirect control of different environmental
cues and\or growth regulating factors. A more definitive model proposed
by Thomas (1993) suggests developmental gene regulation is bipartite.
Proximal promoter regions would specify seed-specific expression and more
distal regions would refine and\or enhance the expression patterns
conferred by the proximal regions (Thomas, 1993). In addition, other

elements would maintain hierarchical control over the distal elements.

3.5. The Mature Embryo.

There are two separate classes of mRNAs within the mature rape
embryo: residual mRNAs and conserved or stored mRNAs (Kermode, 1990).
Residual mRNAs are produced during seed development and persist through
late maturation and desiccation. These messages are not necessary to the
germination process and may be degraded quickly upon imbibition.
Conserved or stored messages are produced during seed development and are
available for translation upon hydration. These messages are an integral
part of germination and can be further subcategorized into mRNAs for (a)
essential enzymes required for intermediary metabolism not unique to
germination, and (b) proteins necessary for successful germination (these

will be dealt with in the next section).
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During the maturation phase, a group of residual mRNAs derived from

the Lea genes (Galau et al., 198B6) increasse. In Brassica napus thes

1]

during germination (absent after 16-24 HAI) (Harada et al., 1989). This

species of message has been observed in cotton (Baker et al., 1988),

carrot (Choi et al., 1987), barley (Hong et al., 1988), and rice {(Mundy

From the deduced amine acid sequences the highly hydrophilic LEA

Loy

proteins have been grouped into three classes (Dure et al., 1989). LEA7
cloned from B. napus, (Harada et al., 1989) belongs to class 3 LEAs and is

characterized as containing a repeating tract of 11 amine acids that

possibly exists in an alpha-helix with twisting amphiphilic surfaces (Dure

et al., 1989). Another LEA message, B86, clened from a related erucifer,

radish, belongs to class 1 LEAs and hybridizes to a 850 bp message in the

i

napus (Raynal et al., 1989). Although the function of LEA proteins has
not been empirically demonstrated they are believed te serve as

There is also a small group of conserved or s=tored mRNAs activated
during late embryogenesis that are induced during germination and seedling

development (Harada et al., 1988; Goldberg et al., 1989). 1In B. napus

embers of this class were expressed in a spatial manner related to the

=]

cotyledons and axis. One clone, pCOT44 was present in low amounts during
high during postgermination in the cotyledons (Harada et al., 1988;
Dietrich et al., 1989). The deduced amino acid sequence of COT 44 is
homologous to cysteine proteinases (Dietrich et al., 1989). Conversely
another clone, pAX92, was expressed in a similar manner temporally, but
exhibited higher expression in the axis of germinating seedlings (Harada

et al., 1988; Dietrich et al., 1989).
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These events of seed development culminate in the formation of a

and

n

mature seed packed with storage products throughout the cotvleden
axis (Kuras, 1984). The mature embryo cells also possess nearly all the
organelles present in active cells except Golgi bodies (Kuras, 1984). All
cellular constituents are densely packed as a consequence of the low
hydration level. The proximity of the organelles to each other allows for
the basic metabolic processes to occur during quiescence. The cells with
the highest degree of similarity to that of active eells are those of the
columella of the root cap {(Kuras, 1984). The columella are the cells that
give rise to the root cap. This is not surprising because these cells are
the first to enter the external environment after extension of the radicle

during germination, and are the first to provide nutrients, water and

minerals to the seedling during emergence.

4.0. Germination.
Desiccation marks the end of embryo maturation and completes the

embryogenesis program. B. napus seeds do not enter true dormancy but

the appropriate environmental conditions. 1In many annuals, such as B.
napus, dormancy has been bred out to acquire more uniform germination
(Adler et al., 1993 and references therein).

Germination is the developmental period that begins with water
uptake and ends with radicle emergence through the seed coat ({Bewley and
Black, 1994). Prior to imbibition, canola seed have a very low hydration
level and low metabolic activity (Kuras, 1984). Canola seed requires 60-
75% relative moisture content between the temperatures of 2-25°C, in the
presence of oxygen, to germinate (Canola Growers Manual, 1991). Often the
early stages of germination are reversible, i.e. seeds that are partially
hydrated can been lyophilized and are still viable when hydrated again.
This process can be repeated until a later stage when the seed is

committed to continuing the process of germination (Mayer and Marbach,
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1981). Thereafter, drying down the seed will result in the death of the
seed.

The process of germination is subdivided into three phases (Tissaoui
and Come, 1975; Simon, 1984; Vertucci, 1989; Bewley and Black, 19%4).
During phase I, rapid hydration (imbibition) ef the seed occurs and
metabolism begins. During phase II, a lag follows while major metabolic
events take place in preparation for radicle emergence. The final event,
phase III, is characterized by radicle elongation, and marks the end of

germination and the beginning of se '‘dling growth.

4.1. Phases of Germination.

Mature canola seeds have a low moisture content, generally less than
10%, and therefore are considered "orthodox" seed {(Bewley and Black, 1994)
as opposed to "unorthodox" or recalcitrant seed. The water potential of
a seed is a combination of three components: the osmotic potential, th
matrix component, and the pressure potential (Bewley and Black, 1994).
0il seeds generally have a lower water content relative to species with
high starch content (Simon, 1984), and therefore have a negative matrix
component (<0} and a highly negative osmotic potential (<0). In addition,
small seeds, such as B. napus, produce mucilage in the seed coat and are
relatively smooth with a high surface area/volume ratio, resulting in a
slightly positive pressure potential (>0). Therefore, in B. napus the
first phase of imbibition proceeds rapidly because of the low water
potential of the seed (on the order of -100 MPa) (Shaykewich and Williams,
1971; Shaykewich, 1973). As the uptake of water increases the farce of
water from the external environment into the seed decreases
logarithmically (Shaykewich and Williams, 1971; Shaykewich, 1973; Bewley
and Black, 1994). The seed coat affords some protection during this time
as it slows the rate of imbibition (Simon, 1984). As the seed takes up
water the gradient diminishes until the uptake of water slows and enters

a lag period.
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Respiration begins rapidly after imbibition commences and increases

]

he progressio

o

as the water potential rises in the seed (S5imon, 1984).

\IU

of respiration is also triphasic, inecreasing rapidly upon imbibitien,
plateauing after a variable duration, then increasing again (Simon, 1984;
Bewley a:nd Black, 1994). The initial rise is associated with hydration of
the seed and activation of the mitochondrial enzymes (Mayer and Poljakoff-
Mayber, 1989; Bewley and Black, 1994). The second increase in respiration
is associated with cell division during the third phase of germination
(Simon, 1984).

Directly related to the increase in respiration, is the increase in
energy charge as defined by Atkinson (1877). ATP production increases
rapidly through both substrate level phosphorylation followed later by
oxidative phosphoryv“ation, providing energy tec the metabolic machinery
necessary to support germination (Mayer and Marbach, 1981; Simon, 1984).
In a closely related crucifer, Sinapsis alba, tritium from tritiated water
was incorporated rapidly into oxo-acid intermediates of the Krebs cycle
(Spedding and Wilson, 1968). It was concluded that incorporation was the
result of amino acid metabolism, probably deaminations followed by
transaminations. The researchers postulated that metabolism of the Krebs
cycle organic acids occurred shortly after the initial amino aci
metabolism (30 min) either in the Krebs or glyoxylate cycle to produce the
necessary energy needed for the rapid changes occurring in the embryo.
Furthermore, the energy-producing cycles are supplied later (3 hrs) with
acetyl-CoA necessary for the degradation of the lipid reserves. In B.
napus, starch grains appear within 3 hours of imbibition in the columella
of the root cap (Kuras, 1986). This indicates a very early initial
enzymatic transformaticn of storage 1lipids inte carbohydrates
Furthermore, starch is observed to accumulate in the embryonic cells just

prior to germination (Kuras, 1986), providing the energy for intensified

respiration during germination. These starch grains disappear soon after

germination (Kuras, 1986).
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Protein synthesis also commences at the start of imbibition,
producing proteins, such as enzymes of glycolysis, that are essential to
intermediary metabolism (Bewley and Black, 1994). Shortly after the loss
of residual mRNA during imbibition (Kermode, 1990}, new messages are
produced, some that encode novel proteins involved in the mobilization of
storage reserves after germination (Simon, 1984; Sanchez-Martinez et al.,
1986; Lane, 1991; Bewley and Black, 1994). In rape seeds, RNA synthesis
is detected in the outermost cells of the embryo two hours after
imbibition, followed by synthesis in other cells (Payne et al., 197R8).
DNA synthesis (endoreduplication) lags behind RNA and protein synthesis,
just prior to the start of cell division and after radicle elongation
(Mayer and Marbach, 1981; Simon, 1984; Kuras, 1986; Bewley and Black,
1994} . The speed of these events all play a role in controlling the
length of the lag phase. These events may be delayed by factors such as
inadequate product accumulation, lack of cell preparation (organellar
synthesis and/or maturation, ie. mitochondria and glyoxysomes), or lack of
structural reorganization (cell wall loosening) all of which are necessary
for radicle extension.

Only germinating seeds enter phase III (Bewley and Black, 1994),
which is concurrent with radicle protrusion through the seed coat.
Initially, the radicle elongates slowly by cell expansion, followed by
rapid growth and cell division. Eventually the radicle breaks through the
testa to end germination (Esau, 1977; Kuras, 1986; Kuras, 1987; Bewley and
Black, 1994). After germination, water uptake increases and the storage
reserves are utilized to support seedling growth until photosynthesis and

autotrophic growth can be maintained.

4.2. Low Temperature Effects During Germination.
Intrinsic factors influencing the success of germination include
mucilage content (Eskin, 1992), testa thickness (Teran et al., 1994),

genotype (Wilson et al., 1992), seedlot (Perry, 1972; Barber et al.,
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19391}, storage conditions (Frisbee et al., 1988; Bernal-Lugo and Leopold,
1992; Filho and Ellis, 1992; Vertucci, 1592), seed age (Dawidowicz-
Grzegorzewska and Podstolski, 1992), seed pre-treatments (Nelson et al.,
1984; Anritphale et al., 198%; Basra et al., 1989; Coolbear and McGill,
1990; Omari, 1992; Todari and Negi, 1992), seed injury (Buntin et al.,
1395), and conditions under which the seed matures (Gray and Thomas, 1982;
Taylor et al., 1991). The enviromment also has a very large influence on
the rate and success of germination.

Generally, temperatures below the optimum result in progressively
poorer germination (Liptay and Schopfer, 1983; Liengsiri and Hellum, 1988;
Mohapatra and Suggs, 1989; Steiner and Jacobsen, 1992; Leviatov et al.,
1994; O'Conner and Gusta, 1994). Low temperature slows the rate of
imbibition (Vertucci, 1989), and may damage embryos, preventing
germination (Bramlage et al., 1979; Bradbeer, 1988; Woodstock, 1988).
This in turn may result in slow, asynchronous germination, leading to poor
stand establishment (Stewart et al., 1990; Barber et al., 1991), and
ultimately, reduced yield (Phillips and Youngman, 1971; Hobbs and
Obendorf, 1972).

In tobacco, cucumber, and mustard, low temperature also increases
the period of the lag during phase II (Simon et al., 1976). 1In addition,
low temperature results in raduced radicle growth and lower respiration
rates. Failure to germinate at low temperature may be the result of an
inability to complete phase II or an inablility to enter phase III of
germination because of the denaturation of proteins (Simon et al., 1976).
Another possible explanation for the failure to germinate, is that the
cellular membranes of the seed are disrupted and are unable to
reconstitute properly at low temperature, resulting in the leakage of
cellular components and restricting compartmentation of the organelles
(Mayer and Marbach, 1981 and references therein; Bewley and Black, 1994).

In B. napus, low temperature germination studies have been limited

to assessing germination rates under low temperature regimes (Acharya et
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al., 1983; Kondra er al., 1983; Livingstone and deJong. 1990; Barber er
al., 1991; Mills, 1993). As with other species (Mohaptra and Suggs, 1989;
Addae and Pearson, 1992), Brassica genotypes (cultivars) display

differences in germination rates at low temperatures (Acharya et al.,

1983; Wilson et al., 1992; Mills, 1993). Acharya et al. (1983) determined
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was the best temperature to select for superior low temperature
germination in Westar; however, selection feor rapid germination at this
temperature produced inconsistent results. Similarily, King er al. (1986)
found that such selections did not necessarily lead to improved
performance. These results suggest complex control of germination and

In tomatoes, cutting the seed coat may increase germination
percentage and rate at low temperature (Singer et al., 1989). While, this
has not been assessed in B. napus, seed priming has been shown to result
in more uniform and rapid low temperature germination (Rao and Dac, 1987;
Zheng et al., 1994). Priming with PEG increased the synchronization and
rate of germination at low temperature in wheat, oats {Akelehiywot and
Bewley, 1977), soybean (Knypl and Khan, 1981), parsley (Akers et al.,
1987), maize (Basra et al., 1988), éarzét; celery and onion (Szafirowska
et al., 1981; Brocklehurst and Dearman, 1983a, 1983b). In four seedlots
of leek, priming improved the rate and synchronicity of seed germination

in the slower germinating lots (Brocklehurst and Dearman, 1984). 1In all

[s]
ity

these studies, the hydration level of the seed is raised under
controlled conditions, followed by dehydrating the seed to original

moisture levels (Heydecker and Gibbons, 1978; Heydecker and Coolbear,

=

979; Brocklehurst and Dearman, 1984; Fujikura et al., 1993).

Primed seeds have enhanced metabolic activity (respiration rates)
(Fu et al., 1987; Yan, 1987), enzymes involved in the mobilization of seed
reserves are activated (Khan et al., 1978), there is improved synthesis of

RNA and protein (Khan et al., 1978; Coolbear and Grierson, 1979; Knypl et

Lo
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or synthesized (Burgess and Powell, 1984; Fu et al., 198B7; Basra et al.,

5

1988) . Priming in B. napus is believed to improve germination b
initiating metabolic events and/or the leaching of germination inhibitors
(Zheng et al., 1994). The presence of a water soluble germination
inhibitor in EB. napus, modulated by low temperature and light has been
postulated (Bazanska and Lewak, 1986). Additionally, the inhibitory
effects of ABA (Schopfer and Plachy, 1984; Schopfer and Plachy, 1985;
Sharma et al., 1992) and phenolics (Nandakumar and Rangaswamy, 1985) on B.

lemonstrated. These studies are

\m‘

napus germination have also been
interesting, but fail to demonstrate any of the underlying biochemical or

molecular processes occurring during low temperature germination.

5.0. Early Seedling Growth.

Whereas maturing embryos increase in size through both cellular
division and expansion throughout the embryo, germinating seedlings grow
by cellular division followed by subsequent expansion basipetally in the
localized regiens of tha meristems (Finkelstein and Crouch, 1984).
Seedling growth in B. napus proceeds in an epigeal fashion, in which the
cotyledons are raised by expansion and growth in the hypocotyl (Bewley and
Black, 1994). During this period the stored reserves of the embryoc are
utilized by the seedling to suppert growth until autotreophic growth can be

maintained.

5.1. Storage Regerve Mobilization.
5.1.A. Lipid Mobilization.

Germinating oll seeds rapidly mobilize storage lipids (Doman et al.,
1982; Murphy et al., 198%9%a; Qouta et al., 1991) and convert them to
sucrose, the primary nutrient during heterctrophic growth (Beevers, 1979;
Trelease, 1984). In B. napus, total lipids steadily decrease between day
1 through to day 10 in germinating seedlings (Lin and Huang, 1983). Prior

to this conversion, enzyme synthesis and organelle assembly is required to
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produce glyoxylate cycle enzymes, such as ICL and MS, and the glyoxysomes

where these enzymes are localized (Breidenbach and Beevers, 1967; Gerhardt
and Beevers, 1970).
The cells in the mature B. napus seed are packed with oil bodies

(Kuras, 1984). The conversion of lipids to sucrose involves the oi

—

bodies themselves, glyoxysomes, mitochondria, and the cytosol (Trelease
and Doman, 1984; Bewley and Black, 1994). Associated with the oil bodies
are lipases (Lin and Huang, 1983), which convert the TAGs to FFAs. The
FFAs then enter the glyoxysome, and via f-oxidation result in the
formation of acetyl-CoA (Lin and Huang, 1983; Mathews and van Holde,
1990) . The high energy form of acetate (acetyl-CoA) then enters the
glyoxylate cycle to eventually result in the formation of succinate
{Kornberg and Beevers, 1957; Breidenbach et al., 1967). Succinate is
converted to malate in the mitochondria (Beevers, 1982) via the Krebs

cycle, and finally converted to sucrose through gluconeogenesis in the

cytosel (Mathews and van Holde, 1990).

5.1.A.a. Lipases.
The 1lipids contained within the o0il bodies 'are hydrolyzed to
glycerol and fatty acids by lipase(s) (glycerolester hydrolase, EC

3.1.1.3) (Huang, 1882). In Brassica, lipase activity is absent in the

1

mature seed, and increases during germination and postgerminative growth

(4 day old seedlings), concomitant with decreases in oil reserves (Theimer
and Rosnitschek, 1978; Lin and Huang, 1983; Hills and Murphy, 1988; Huang,
1892). Although the factors involved in initiating lipase induction are
unknowni, gibberellins have been shown to increase lipase activity while
abscisic acid reduces activity in germinated B. napus seeds (Imeson et
al., 1993). Lipase inhibitors, present in the 2-45 subcellular protein
fraction, were found to decrease in soybean cotyledons after germination
(Wang and Huang, 1984). Furthermore, the inhibitor reduced 1lipase

activity in rape and mustard; however, the presence of lipase inhibitors
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is likely not a factor in determining the rate of lypolysis in rape, as
lipase activity is high.

In B. napus, two lipases are expressed during lipid mobilizatien.
One lipase is loosely associated with the oil bodies, has a pH optimum
around 6.5, and is most active towards TAGs (Lin and Huang, 1983).
Presumably the lipase attaches to the membrane of oil bodies after its
synthesis (Huang, 1992). The recognition site of the lipase is unknown,
but oleosins have been suggested to serve in this capacity (Huang et al.,
1987; Lee and Huang, 18991). Another lipase is found in the microsemal
fraction (Theimer and Rosnitschek, 1978; Hills and Murphy, 1988) and
displays a pH optimum between 7.5 and 9.0. Both lipases correspond to a
56 kD protein detected in both the 0il body and micresomal fractions
{(Murphy et al., 1989%a). There is some debate in the literature whether or
not the microsomal lipase represents a newly synthesized enzyme or
represents the remnants of degraded oil bodies {(Murphy et al., 198%ia;
Huang, 1992).

A long chain acyl-CoA synthase (E.C. 6.2.1.3) has been detected in
B. napus dry seeds. It increases during imbibition and declines after two
days of germination (Olsen and Lusk, 1994). This erzyme was recovered
from the lipid body membrane preparations, requires cofactors including
ATP, and is believed to play a rele in the processing of fatty acids
stored in oil bodies. This is further supported by the detection of an
ATPase associated with o0il body membranes that displays maximal activity
concurrently with lipase activity (Olsen and Weatherman, 1992).

During the course of postgerminative growth in B. napus, the storage

cotyledons synthesize chlorophyll and carry out photosynthesis after the
depletion of the storage reserves (Huang, 1992). After the TAGs have been
depleted, "ghosts" of the o0il bodies remain in the cytosol (Wanner and

Theimer, 1978) and their fate remains unknewn (Huang, 1992).

S5.1.A.b. Glyoxyasomes.
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Glyoxysomes were first isolated from castor bean endosperm
(Breidenbach et al., 1967; Breidenbach and Beevers, 1967; Cooper and
Beevers, 1969). Later it was observed that the protein content from
isolated glyoxysomes and glyoxysome specific enzyme activity (MS and ICL)
increased over the first 4 to 5 days of germination (Gerhardt and Beevers,
1970} . Since that time there has been an intense study of glyoxysome
biogenesis and characterization of the ICL and MS enzymes.

Peroxisomes are dense (1.25 g/cm’) non-autonomous (do not self
replicate) single membrane bounded organelles containing catalase and
H.;0,-producing oxidases. Their matrix 1is finely granular, sometimes
containing paracrystalline or dense amorphous inclusions (Trelease, 1984;
Olsen and Harada, 1995; Bewley and Black, 1994). Glyoxysomes represent a
specialized group of peroxisomes found during postgerminative growth in
oilseed plants (Trelease, 1984), but have also been observed in senescent
organs (cotyledons, leaves and petals) {(Olsen et al., 1993, Zhang et al.,
1994; Olsen and Harada, 1995). In addition to the aformentioned
characteristics, glyoxysomes also possess the B-oxidation enzymes and
glyoxylate cycle enzymes (Trelease, 1984; Vanni et al., 1990).

The appearance of glyoxysomes increases dramatically after
germination (Gerhardt and Beevers, 1970). The formation of glyoxysomes
has always been an area of intense debate leading to the proposal of
different models (see Trelease, 1984; Chapman and Trelease, 1991).
Currently, peroxisomes are believed to originate by growth and division of
pre-existing peroxisomes (Olsen and Harada, 1995), and not from budding of
the ER (Trelease, 1984). Growth of the glyoxysomes is accomplished
through post-translational import of proteins and the addition of lipids
from other sources (Chapman and Trelease, 1991; Keller et al., 1991;
Olsen and Harada, 1995). If this theory is correct, then the non-
autonomous glyoxysomes in the germinating seed are derived from the
gamete(s) in the same way as mitochondria and chloroplasts. Two markers

of glyoxysomal function, ICL and MS, have been demonstrated to be
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transcriptionally active in Brassica pollen (Zhang et al., 1994). In
addition, microbodies are present in the vegetative cell of mature pollen
(Charzynska et al., 1989). While this supports the hypothesis of parental
inheritance, it raises serious questions as to the evolution of
peroxisomes. Unfortuneatly, there is no mention of microbodies in the egg
cell within the current literature, although concievably they could be
present via the germ cells from which they are derived from. Regardless
of their origins further research is required to assign a direct 1link

between the presence of microbodies and their transformation into

glyoxysomes.

5.1.A.c. Glyoxylate Cycle Enzymes: Isocitrate Lyase and Malate Synthase.

Isocitrate lyase (threo-D,-isocitrate glyoxylate-lyase, E.C. 4.1.3.1)
is a glyoxylate cycle enzyme responsible for converting isocitrate to
glyoxylate and succinate (Vanni et al., 1990). This reaction occurs at a
branch point diverting isocitrate into the carbon conserving glyoxylate
cycle, enabling the synthesis of one mole of succinate from two moles of
acetate (as acety-CoA) (Vanni et al., 1990). Isocitrate lyase is
suspected to be one of the regulatory enzymes in the mobilization of lipid
reserves (Malhotra et al., 1984; Vanni and references therein, 1990)
because the substrate isocitrate is partitioned between two competing
cycles (Glyoxylate cycle and Krebs tricarboxylic acid cycle).

After isocitrate is cleaved to form glyoxylate and succinate, the
glyoxylate re-enters the cycle, accepting another acetate molecule
(acetyl-CoA) from B-oxidation. Malate synthase (L-malate glyoxylate-lyase
[CoA-acetylating], E.C. 4.1.3.2) is the enzyme responsible for condensing
the glyoxylate molecule with acetyl-CoA to form malate (Trelease and
Doman, 1984; Mathews and van Holde, 1990; Bewley and Black, 1994).

ICL and MS have historically been used as biochemical markers of
glyoxysomal function (Beevers, 1979; Breidenbach et al., 1967; Gerhardt

and Beevers, 1970; Trelease, 1984), but like glyoxysomes their expression

44



is not restricted to only germination and post-germinative growth; ICL is

detected late in embryogenesis, in senescing organs, and pollen (Zhang et

al., 1994). The presenc

[ ]
w

f ICL and M5 transcripts during late embryogeny
is puzzling. Both ICL and MS activity is detectable during late
embryogeny and in the mature seed of B, napus (Ettinger and Harada,
1990). This suggests that both enzymes are functional during embryo
maturation, but the mobilization of lipid reserves is prevented,
Therefore, an inhibitor may be present that can block ICL activity and/or
biochemical steps prior to the evolution of the substrates in the
glyoxylate ecycle. ixtracts from ripening seeds have been shown to

strongly inhibit ICL activity (Allen et al., 1988). However, this is not
believed to be the case in Brassica (Ettinger and Harada, 1990), rather
gene activation may occur in response to distinct physiological signals or

metaboliec factors at different developmental stages {(embryogenesis versus

postgermination) (Comai et al., 1992; Zhang et al., 1993). An alternative

hypothesis suggests genes may be regulated by a common mechanism at each
stage of development, but distinect regulatory pr ams are in operation

ICL and MS transeripts are initially detected during late embryogeny
35-40 DPA (Comai et al., 1989b). Upon imbibition, the transcripts
increase dramatically and remain high over the first six days of
imbibition (Comai et al., 198%b). Thereafter, the mes sages decline and
are no longer detected in non-senescing organs or leaves (Comai et al.,
1989b; Ettinger and Harada, 1990; Comai et al., 1992). In B. napus, the
accumulation of ICL and MS mRNA is transcriptionally controlled, but post-
transcriptional processes lead to quantitative differences (Comai et al.,
1989h). Both transcripts display qualitatively similar temporal and

spatial distributions, and both accumulate more in the cotyledons in

comparison to the axis (Comai et al., 1989b; Deitrich et al., 1989).

ICL is encoded by at least six genes, and based upon divergences in

the 5' and 3' untranslated regions, represents two subfamilies {Zhang et



al., 1993). mRNAs from both subfamilies accumulate during late maturation
and during postgermination (Zhang et al., 1993). Expression of the ICL
genes results in at least three classes of mRNA (2.3 kb) during late
embryogenesis and postgerminative growth, and therefore ICL accumulation
is not believed to result from alternative expression of distinct members
of the gene family (Zhang et al., 1993).

Malate synthase is encoded by a small gene family (Comai et al.,
1989a) consisting of at least four classes (Comai et al., 1992). Each
class recognizes a 2.1 kb mRNA transcript, but the temporal distribution
of each class differs with respect to developmental stage (late
embryogenesis versus postgermination) (Comai et al., 1992). Furthermore,
one class (MS-C), either does not encode functional proteins or only
contains parts of the genes (based on its genomic length) (Comai et al.,
1992).

ICL and MS are synthesized on free polysomes and are transferred
post-translationally into glyoxysomes during biogenesis (Olsen and Harada,
1395) and/or following detachment of the vesicles from ER (Trelease, 1984;
Vanni et al., 1990). Tri-peptide consensus motifs, SRM and SRL, located
at the carboxyl terminus of ICL and MS, respectively, target these enzymes
to the glyoxysomes (Olsen et al., 1993). These results suggest that
functional glyoxysomes arise as a result of the synthesis of the
glyoxysomal proteins, and, therefore, peroxisomal classes are most likely
determined by gene regulation and not protein import (Olsen et al., 1993).

Translation of the ICL and MS transcripts results in the formation
of 62 kDa and 60 kDa subunits, which in turn are processed to the mature
tetrameric (257 kDa) and octameric (510 kDa) proteins that are reponsible
for the enzyme activities of ICL and MS in vivo, respectively (Ettinger
and Harada, 1990). Both enzymes are active in the mature seed, and upon
imbibition increase dramatically over the first 3-4 days. Thereafter,
activity declines and is no longer detected in young leaves (Ettinger and

Harada, 1990). The loss in activity is associated with the transition of
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glyoxysomes into leaf-like peroxisomes, which lack the glyoxvlate cycle

enzymes (Zhang et al., 1993 and reference

(V7]

therein). Again the
qualitative patterns of accumulation are similar with respect to temporal
and spatial distributions, but differences in mRNA to protein levels

between ICL and MS suggest that translational or post-translational

proteins (Ettinger and Harada, 1990). This result is further supported by
the loss in enzyme activity later during imbibition (after 4-6 DAT),
without a proportionate decrease in proteins (Ettinger and Harada, 1990).

During phototropic transformation of the cotyledons, the
mobilization of reserves is promoted by light; cotyledons grown in the
light exhibit rapid removal of the stored materials in comparison to dark
grown cotyledons (Allen et al., 1988) in cotten. This allows the

conservation of nutrients in the cotyledons until they are exposed to

light. The same may also be true for B. napus., but this has not been

5.1.B. Storage Protein Mobilization.

According to Mikola (1983) the proteolysis of storage proteins
occurs in three stages: (1) firstly, hydrolysis provides aminc acids for
the synthesis of hydrolytic enzymes required to breakdown the stored

reserves (2} secondly, hydrolysis of the storage proteins provides amino

acids to the growing seedling (3) and lastly, the mobilization system

itself is broken down to provide the last ration of amine aeids, just

prior to the onset of autotrophic growth.

=

he breakdown of the stored nitrogen reserves is achieved by two
main sub-groups of peptide hydrolases, endopeptidases (E.C. 3.4.21-E.C.
3.4.24.) and exopeptidases (E.C. 3.4.11-E.C. 3.4.17) (Dalling and Bhalla,
984; Callis, 1995). Endopeptidases are further subdivided intoc ether
classes, and carry out cleavages at partieular amino acid(s) within

polypeptides. The exopeptidases are also further subdivided inte six
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major classes, and carry out cleavages of one or two amino acids from the

m

ends of polypeptides. Those enzymes that cleave at the amino-terminus ar
referred to as aminopeptidases; those that cleave at the carboxy-terminus
are called carboxypeptidases (Bewley and Black, 1994). Relatively few of
these enzymes have been characterized. One previously mentioned putative
peptidase, COT 44 (Dietrich et al., 1989), has homology to a cysteine
proteinase, and therefore may serve as a endopeptidase after germination.

A leucine aminopeptidase (exopeptidase) from Arabidopsis has been cloned

(Bartling and Weiler, 1992), and may provide some insight inte protein

\l‘—'

ation during this period.
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mobili
Once the amino acids have been liberated from the storage proteins,

they are generally converted to asparagine and glutamine, and are

(1]

translocated teo areas of active growth (Bewley and Black, 1994). In

napus, the breakdown of protein beodies occurs first in the radicle, then
in the hypocotyl, and finally in the cotyledons (Kuras, 1987; Hoglund et

al., 1992). 1In B. campestris, the initiation of protein body digestion in

20

different tissues is suggested to be triggered simply by imbibition
(Bhandari and Chitralekha, 1984).

In B. napus, mature seed germinated in culture degraded cruciferin

within one week (Finkelstein and Crouch, 1984). One mechanism is believed
to be involved in the mobilization of cruciferin and napin (Murphy et al.

198%hb) . In immunocytochemical studies, rapid mobilization of storage
proteins occurs within the protein bodies two days after germination
(Murphy et al., 1989b; Hoglund et al., 1992). Western blotting shows the
breakdown continues 2-3 days after germination, with only small inclusions
of both cruciferin and napin remaining (Murphy et al., 1989b). By six
days after germination both cruciferin and napin could no longer be
detected (Murphy et al., 1989b). After the mobilization of the storage
proteins is completed, the remnants of the protein bodies fuse to form the
central vacuole (Murphy et al., 1989b; Hoglund et al., 1992).

[n B. oleracea, the mobilization of proteins precedes the breakdown

=
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of lipids (Qouta et al., 1991). This probably invelves the de nove
synthesis of enzymes required for the breakdown of the lipid reserves.
Murphy et al. (1989b) also observed the breakdown of storage proteins (3
days after germination) preceding that of lipid beodies in B. napus.
Oleosins, which represent up to 10% of the total protein in the mature

seed, rapidly disappear concommitant with lipid depletion (Huang, 1992).

6.0. Artificial Embxyogeneis.
6.1. Historical Perspective.

The use of tissue culture has developed over the years from humble
beginnings. Hannig (1904) from Germany was the first to successfully
culture excised embryos from crucifers. In the 1920's Dr. Lewis Knudson
(1922) devised a formula (Knudson "C" formula) to combine plant nutrients
with sugar, as a carbohydrate source, and agar. These mixtures are still
available today, and are used to germinate sterile seedlings and propagate
whole plants from tissue. The advent of callus culture in 1939
(Gautheret, 1939; Nobecourt, 1939; White, 1939) was soon followed by the
induction of organogenesis from callus into shoots and roots with the use
of plant growth hormones by Skoog and Tsuii (1948) . Later, technigques
were devised to propagate whole plants from single cells (protoplast
culture) (Muir et al., 1954; Miller et al, 1955; Skoog and Miller, 1957),
from pith of tobacco, soybean, carrot and other dicets (Murashige and
Skoog, 1962; Gray and Purohit, 1991) , from cell suspension cultures
(Steward, 1958; Zimmerman, 1993 and references therein), and from anthers
and microspores (Guha and Maheshwari, 1964).

Since its inception, tissue culture techniques (Wetter and
Constabel, 1982; Kyte, 1987; Pierik, 1987) have been utilized by both
commerce and the scientific community as a productive means of propagating
plants and plant organs. It is now possible to propagate millions of

identical plants (clones) from one small piece of plant tissue (explant)
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(Pruski, 1994). 1In theory, any plant can be propagated by tissue culture
because many plant cells are totipotent (Goldberyg, 1988; Goldberg et al.,

some plant cells have the ability to regenerate complete
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1988).
In the current study, haploid embryes produced from microspores are
employed to study the accumulation of storage proteins during
embryogenesis. For these reasons the review of artificial embryogenesis

will be limited to MDEs in B. napus.

The processes involved in microsporogenesis have been well defined
in angiesperms (Shivanna and Johri, 1975; Fabijanski et al., 1992).

Haploid embryo production is achieved through the isolation of microspores

from the pollen sac at the uninucleate stage (at the first pollen mitosis
prior to the formation of a binucleate microspore) (Fan et al., 1988).

Sterile isolation followed by in vitro culture leads to the formation of

short exposure to heat

W

haploid embryos. Embryogenesis is induced by
(Telmer et al., 1993; Binarova et al., 1994; Custers et al., 1994). 1In B.
napus cv. Topas, tissue culture technigques have been developed to produce
large quantities of embryos (Lichter, 1982; Orr et al., 1990; Takahata et
al., 1991; Lo and Pauls, 1992; Telmer et al., 1992; Hansen and Svinnset,
1993; Igbal et al., 1994). These advances have enabled researchers to

compare MDE to the zygotic embryos in biochemical and molecular terms.

6.3. Morphological, Biochemical, and Molecular Aspects.
Microspores, undergoing embryogenesis in culture, divide and grow in
very similar patterns to those observed in Zygotic embryos (Wilen, 1992).
Embryogenesis has been reported to proceed through the sam® morphological
stages (globular, heart, torpedo, and cotyledonary) displayed during

50



normal zygotic embryogenesis (Wilen, 1992; Yoon et al., 1993). A few
exceptions have been reported including the timing of the transitions in
embryo growth and the overall size of the MDE at the cotyledonary stage
(Wilen, 1992).

MDEs mimic the zygotic system in relation to lipid biosynthesis and
accumulation (Taylor et al., 1990: Chen and Beversdorf, 1991; Pomeroy et
al., 1991; Taylor et al., 1992). Further, it has been shown that oilbody-
associated proteins (oleosins) accumulate similarly to that in zygotic
embryos (Wilen, 1992). MDEs also accumulate glucosinolates when cultured
under proper conditions (McClellan et al., 1893). Cruciferin and napin
gene expression have been reported to be similar in zygotic and MDEs
(Wilen, 1992), however, the MDEs do not accumulate these gene end products
(Taylor et al., 1990; Wilen, 1992), nor has the temporal development been
studied. However, in a recent study Kennedy (1993) observed that under
certian culture conditions in the presence of light, MDEs did accumulate
protein bands corresponding to the molecular weights of cruc;ferin and
napin. Therefore, by using these same culture conditions and confirming
the presence of cruciferin and napin via western anaylsis, this same sytem
could be utilized to study storage protein accumulation in MDEs.

MDEs are an ideal system to apply external factors as maternal
influences are removed. Studies of exogenously applied ABA demonstrate
accumulation of both cruciferin and napin transcripts (Wilen et al., 1990;
Wilen, 1992). ABA application to excised zygotic embryos in B. napus also
induces cruciferin and napin transcription (Crouch et al., 1985;
Finkelstein et al., 1985; DeLisle and Crouch, 1989; Blundy et al., 1991).
Other factors such as osmotica (Finkelstein and Crouch 1986; Wilen et al.,
1990) and jasmonic acid (Wilen et al., 1991) also induced cruciferin and
napin transcript levels in MDEs in comparison to untreated MDEs. In all
cases, the proteins accumulate in the =zygotic embryos and do not
accumulate in the MDEs (Crouch and Sussex, 1981; Finkelstein et al., 1985;

DeLisle and Crouch, 1989; Wilen et al., 1990; Blundy et al., 1991; wiien,
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1992). Thus, while MDE systems have been widely used to determine
biochemical and molecular changes that may be occurring im vive during
zygotic embryogenesis, further studies are required. By using the culture
conditions employed by Kennedy (1993) the study of storage protein

accumulation in MDEs could be assessed further.

7.0. Objectives.

The processes of germination and early seedling growth are very
complex. These processes are further compounded by environmental factors
such as low temperature. In B. napus, low temperature results in lower
germination rates and longer emergence periods (Mills, 1993). Although
selection criteria for low temperature growth has been attempted for
tomato (Hoek et al., 1993) and Brassica (Nam and Park, 1992), the only

morphological characteristic tested to date is seed size. Barber et al.

(1991) determined that seed size is not a selection marker for seed vigor
at low temperature within the Westar cultivar.

Although B. napus displays genotypic variation there is little room
for improvement in nearly isogenic cultivars such as Westar. Indeed
selection for enhanced low temperature germination resulted in 1little
success (Barber et al., 1991; Wilson et al., 1992). When dealing with a
commercially popular cultivar new means of improving low temperature
germination need to be found to increase the length of the growing season
and to increase geographic distribution to more northern latitudss.

The environmental effects on low temperature germination have
received little attention. No attempt has been made to study underlying
biochemical and molecular processes during low temperature germination.
The present study is the first known attempt to define some of these
processes with the ultimate hope of discerning any biochemical and/or
molecular markers that could be used to enhance low temperature
germination.

The events during embryogenesis play an important role in the
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deposition of reserves (Taylor et al., 1993). variation in seed meal

L)

{Bell and Keith, 1991) and oil content (Shafii et al., 1992) are caused by
regional environmental and cultivar differences. These differences would
be expected to impact on germination and seedling growth.

Emergence is comprised of segquential developmental processes;
germination and early seedling growth. By studying each process
independently by traditionally defined morphological, biochemical and
molecular markers we hope te gain a better understanding of the underlying
processes that contribute to successful germinaticn and subsequent early
seedling growth at low temperature. Therefore, our first goal was to
determine wether Westar displayed seedlot differences with repect to low
temperature germination. Thereafter, physiological, biochemical, and

molecular processes were studied during low temperature germination and

early seedling growth. In addition, an artificial seed system was
employed to study the expression of storage protein genes and accumulation

of their end products.

(¥
Lad



8.0. Bibliography.

Acharya, E.N., J. Dueck, and R.K. Downey. 1983. Selection and
Heritability Studies on Caﬁala/Rap seed for Low Temperature
Germination. Canadian Journal of Plant Science 63:377-384.

Adler, L.S., K. Wikler, F.S. Wyndham, C.R. Linder, and J. Schmitt. 1993.
Potential for Persistence of Genes Escaped from Canola: Germination
Cues in Crop, Wild, and Crop-wild Hybrid Brassica rapa. Functional

Ecoleogy 7:736-745.

Addae, P.C. and C.J. Pearson. 1992. Thermal Requirements for Germination
and Seedling Growth of Wheat. Australian Journal of Agricultural
Research 43:585-594.

Akalehiywot, T. and J.D. Bewley. 1977. Promotion and synchronization of
cermal grain germination by osmotic pre-treatment with polyethylene
gly 20l. Journal of Agricultural Sciences 89:503-506.

Akers, S.W., G.A. Berkowitz, and J. Rabin. 1987. Germination of parsley
seeds 7r;m ed in aerated solutions of polyethylene glycol.
Hortscinece 22:250-252,

Thomas . 1988. Regulation of

Allen, R.D., R.N. Trelease, and . T
nn in Sunflower. Plant Physiology

T.
Isocitrate Lyase Gene ExXpressi
86:527-532.

E;ﬁ

Altenbach, S5.B., K.W. Pearson, G. Meeker, L.C. Starci, and 5.5.M. Sun.
1989. Enhancement of the Methinoine Content of Seed Proteins by the
Expression of a Chimeric Gene Encoding a Methonine-rich Protein in

Transgenic Plants. Plant Molecular Biology 13:513-522.

Altenbach, 5.B., K. Chiung-Chi, L.C. Staraci, K.W. Pearson, A.G.
Wainwright, and J. Townsend. 1992. Accumulation of a Brazil Nut
Albumin in Seeds of Transgenic Canola results in Enhanced Levels of
Seed Protein Methienine. Plant Molecular Biology 18:235-245,

Storage Temperature on Seed Germination in Hygrophila auriculata
(Schumach.) Haines. Journal of Seed Technology 13:39-44.

Amritphale, D., §. Lyengar, and R.K. Sharma. 1989, Effect of Light and

Anderson, J.M., S5.R. Spilatro, S.F. Kiauer, and V.R. Franceschi. 1989.
Jasmonic ac;d dependent Increase in the Level of Vegetative Storage
Proteins in Soybean. Plant Science 62:45-52.

Anonymous. 1990. Canola 0il and Meal Standards and Regulations. Canela
Council of Canada, Winnipeg, Canada.
4. Canada's Canola. Canola Council of Canada, Winnipeg,

Anonymous. 199
Canada.

Ashford, A.E. and F. Gubler. 1584. Mobilization of Polysaccharide
Reserves from Endosperm. In Seed Physiology. Volume 2. Germinatien
and Reserve Mobilization. D.R. Murray editor, Academic Press, New
York, pp. 117-162.

Atkinson, D.E. 1977. *“Cellular Energy Metabolism and its Regulation".
Academic Press, New York

Baker, J.C., C. Steele, and L.S. Dure III. 1988. Sequence and

54



Characterization of 6 Lea Proteins and Their Genes from Cotton.
Plant Molecular Biology 11:277-291.

Barber, S.J., G. Rakow, and R.K. Downey. 1991. Laboratory and Growth
Room Seed Vigor Testing of Certified Canola Seed. GCIRC Rapeseed
Congress, C-09, pp. 727-733.

Barrett, J.M.,'P. Abramoff, A. Krishna Kumaran, and W.F. Millington.
1986. Biology. Pretntice-Hall. Englewood Cliffs, New Jersey,
U.S.A.

Bartling, D. and E.W. Weiler. 1992. Leucine Aminopeptidase from
Arabidopsis thaliana. Molecular Evidence for a Phylogenetically
Conserved Enzyme of Protein Turnover in Higher Plants. European
Journal of Biochemistry 205:425-431.

Basra, A.S., S. Bedi, and C.P. Malik. 1988. Accelerated germination of
maize seeds under chilling stress by osmotic priming and associated
changes in the embryo phopholipids. Annals of Botany 61:653-659.

Basra, A.S., R. Dhillon, and C.P. Malik. 1989. Influence of Seed Pre-
treatments with Plant Growth Regulators on Metabolic Alterations of
Germinating Maize Embryos Under Stressing Temperature Regimes.
Annals of Botany 64:37-41.

Baumlein, H., U. Wobus, J. Pustell, and F.C. Kafatos. 1986. The Legumin
Gene Family: Structure of a B-type Gene of Vicia faba Gene and a
Possible Legumin Gene Specific Regulatory Element. Nucleic Acids
Research 14:2707-2720.

Bazanska, J. and S. Lewak. 1986. Light Inhibits Germination of Rape
Seeds at Unfavourable Temperatures. Acta Physiologiae Plantarum
8:145-149.

Beevers, H. 1979. Microbodies in Higher Plants. Annual Review of Plant
Physiology 30:159-193.

Beevers, H. 1982. Glyoxysomes in Higher Plants. Annals. New York
Academy of Sciences 386:243-253.

Bell, J.M. 1993. Composition of Canola Meal. In Canola Meal Feed
Industry Guide. Canola Council of Canada, Winnipeg, Canada

Bell, J.M. and M.0O. Keith. 1991. A Survey of Variation in the Chemical
Composition of Commercial Canola Meal Produced in Western Canadian
Crushing Plants. Canadian Journal of Animal Science 71:469-480,

Bell, P.R. 1995. Incompatibility in Flowering Plants: Adaptation of an
Ancient Response. The Plant Cell Vol. 7:5-16.

Berggren, G. 1981. Atlas of Seed and Small Fruits of Northwest-European
Plant Species with Morphological Descripticns. Part 3. Berlings.
Arlov, Sweden.

Bernal-Lugo, I. and A.C. Leopold. 1992. Changes in Souble Carbohydrates
During Seed Storage. Plant Physiology 98:1207-1210.

Bewley, J.D. and M. Black. 1994. Seeds Physiology c<f Development and
Germination. 2nd edition. Plenum Press, New York.

Bhandari, N.N. and P. Chitralekha. 1984. Degradation of Protein Bodies
in Germinating Seeds of Brassica campestris L. va. sarson Prain.

55



Annals of Botany 53:793-801.
Bhojwani, §.5. and S.P 191
New Printindia PVT LTD., Sahibabad, U.P. (India).

. Bhatnagar 1986. The Embryelogy of Angiosperms.

Binarova, P., K. Straatman, B. Hause, G. Hause, and A.A.M. VanLammeren.
1994. Nuclear DNA Synthesis During the Induction of Embryogenesis
in Cultured Microspores and Pollen of Brassica napus L. Theoretical
and Applied Genetics 87:9-16.

Bisgrove, S.R., M.L. Crouch, and D.E. Fernandez. 1995. Chimeric Nature
of Precocieusly-germinating Brassica napus embryos: mRNA
Accumulation Patterns. Journal of Experimental Botany Vol. 46:27-
33.

expression of members of ﬁhgﬁﬁépin storage protein gene family
during embryogenesis in Brassica napus. Plant Molecular Bioclogy
17:1099-1104.

Blundy, K.S., M.A.C. Blundy, and M.L. Crouch. 1991. Differential

Bones, A.M., 0.P. Thangstad, 0.A. Hlaugen, and T. Espevik. 1991. Fate of
3 i : haracterization of Monoclonal Antibodies Against
Myrosinase. Journal of Experimental Botany 42:1541-1510.
Bodnaryk, R.P. 1952, sffects of Wounding on Glucosinolates in the
Cotyledons of Oilseed Rape and Mustard. Phytochemistry 31:2€71-

vk . Effect of Jasmonates on Indole
Glucosinolates in Oilseed Rape and Mustard. Phytochemistry 35:301-

Bongaarts, J. 1994. Can the Growing Human Population Feed Itself?
Scientific American 270(3):36-42.

Bouttier, C. and D.G. Morgan. 1993. Ovule Development and Determination
of Seed Number Per Pod in Oilseed Rape (Brassica napus L.). Journal
of Experimental Botany 43:709-714.

lackie and Son

[n]

Bradbeer, J.W. 1988. Seed Dormancy and Germination.
Ltd., Bishopbriggs, Glasgow.

Bramlage, W.J., A.C. Leopold, and J.E. Specht. 1879. Imbibitional
Chilling Sensitivity Among Soybean Cultivars. Crop Science 19:811-
g14.

Bray, E.A. and R.N. Beachy. 1985. Regulation by ABA of B-conglycinin
Expression in Cultured Developing Soybean Cetyledons. Plant
Physiology 79:746-750.

Breen, J.P. and M.L. Crouch. 1992. Molecular Analysis of a Cruciferin
rage Protein Gene Family of Brassica napus. Plant Molecular

Stor
Biology 19:1049-1055.

Breidenbach, R.W. and H. Beevers. 1967, Association of the Glyoxylate
Cycles Enzymes in a Novel Subcellular Particle From Castorbean
Endosperm. Biochemiecal and Biophysical Research Communications
27:462.

Breidenbach, R.W., A. Kahn, and H. Beevers. 1967. Characterization of

Glyoxysomes from Castor Bean Endosperm. Plant Physiology 43:705-

713.

(]
o



Brocklehurst, P.A. and J. Dearman. 1983a. 1Interactions between seed
priming treatments and nine seed lots of carrot, celery and onion.
I. Laboratory germination. Annals of Applied Biology 102:577-584.

Brocklehurst, P.A. and J. Dearman. 1983b. Interactions between seed
priming treatments and nine seed lots of carrot, celery and onion.
ITI. Seedling emergence and plant growth. Annals of Applied Biology
102:585-593.

Brocklehurst, P.A. and J. Dearman. 1984. A comparison of different
chemicals for osmotic pre-treatment of vegetable seeds. Annals of
Applied Biology 105:391-398.

Buntin, G.D., J.P. McCafferey, P.L. Raymer, and J. Romero. 1995. Quality
and Germination of Rapeseed and Canola Seed Damaged by Adult Cabbage
Seedpod Beevil, Ceutorhynchus assimilis (Paykull) (Coleoptera:
Curculionidae). Canadian Journal of Plant Science 75:539-541.

Burgess, R.W. and A.K. Powell. 1984. Evidence for repair processes in
invigoration of seeds by hydratien. Annals of Botany 55:753-757.

Callis, J. 1995. Regulation of Protein Degradation. The Plant Cell Vol.
7:845-857.

Canola Growers Manual. 1881, Canola Council of Canada. Winnipegq,
Canada.

Ceciliani, F., F. Bortolotti, E. Menegatti, S. Rochi, P. Ascenzi, and S.
Palieri. 1994. Purification, Inhibitory Properties, Amino Acid
Sequence and Identification of the Reactive Site of a New Serine
Proteinase Inhibitor from Oil-rape (Brassica napus) Seed.
Federation of European Biochemical Societies Letters 342:221-224.

Cenkowski, S., D.S. Jayas, and J.K. Duan. 1993. Potential of In-field
and Low Temperature Drying for Reducing Chlerophyll Contents in
Canola (Brassica napus L). Journal of the Science of Food and
Agriculture 63(4):377-383.

Chapman, J.F., R.W. Daniels, and D.H. Scarisbrick. 1984. Field Studies
on C Assimilate Fixation and Movement in 0Oil-seed Rape (B. napus).
Journal of Agricultural Seience, Camb. 102:23-31.

Chapman, K.D. and R.N. Trelease. 1991. Acguisition of Membrane Lipids by
Differentiating Glyoxysomes: Role of Lipid Bodies. The Journal of
Cell Biology 115:995-1007.

Charzynska, M., M. Murgia, and M. Cresti. 1989. Ultrastructure of the
Vegetative Cell of Brassica napus Pollen with Particular Reference
to Microbodies. Protoplasma 152:22-28.

Chappel, J. and M.J. Chrispeels. 1986. Transcriptional and
Posttranscriptional Control of Phaseolin and Phytohemagglutinin Gene
Expression in Developing Cotyledons of Phaseolus vulgaris. Plant
Physiology 81:50-54.

Chasan, R. 1994. Pollen: Arresting Developments. The Plant Cell, Vol.
6:1693-1696.

Chavades, S., N. Brisson, J.N. McNeil, and V. De-Luca. 1994. Redirection
of tryptophan leads to production of low indole glucosinolate
canola. Proceedings of the National Academy of Scisnces 91(6):2166-
2170.

n
)



Chen, J.L. and W.D. Beversdorf. 19391. Evaluation of Microspore-derived
Embryos as Models for Studying Lipid Biosynthesis in Seed of
Rapeseed (Brassica napus L.). Euphytica 58:145-155.

Chlan, C.A., J.B. Pyle, A.B. Legocki, and L. Dure III. 19B8%.
Developmental Biochemistry of Cottonseed Embrvogenesis and
Germination. XVIII. <cDNA and Amine Acid Sequences of Members of
the Storage Protein Famalies. Plant Molecular Bioleogy 7:475-489.

Choi, J.H., L. Liu, C. Borkird, and Z.R. Sung. 1987. Cloning of Genes
Developmentally Regulated Durlﬁg Plant Embryogenesis. Proceedings
of the National Academy of Science USA Vol. 84:1906-1910.

Chrispeels, M.J. 1991. Sorting of Proteins in the Secretory System.
Annual Reveiw of Plant Physieolegy and Plant Molecular Biology 42:21-

53.

Comai, L., C.S. Baden, and J.J. Harada. 1989a. Deduced Sequence of a
Malate Synthase Polypeptide Encoded by a Subclass of the Gene
Family. Journal of Biological Chemistry 264:2778-2782.

Comai, L., R.A. Dietrich, D.J. Maslyar, C.S. Baden, and J.J. Harada.
1989b. Coordinate Expression of Transcrlpt;anally Regulated
Isocitrate Lyase and Malate Synthase Genes in Brassic napus L. The
Plant Cell 1:293-300.

Comai, L. K.L. Matsudaira, R.C. Heupel, R.A. Dietrich, and J.J. Harada.
1992. Expression of a Brassica napus Malate Synthase Gene in
Transgenic Tomato Plants During the Transition from Late Embryvogeny
to Germination. Plant Physiology 98:53-61.

Cooke, T.J. and J.D. Cohen. 1993. The Role of Auxin in Plant
Embryogenesis. The Plant Cell 5:1494-1495,

Coolbear, P. and D. Grierson. 1%79. Studies on the changes in the major
nucleic acid components of temate seeds (Lycopersicon esculentum
Mill.) resulting from osmotic pre-sowing treatment. Journal of
Experimental Botany 30:1153-1162.

Coolbear, P. and C.R. McGill. 1990. Effects of a Low-temperature Pr
sowing Treatment on the Germination of Tomato Seed Under Temperatu
and Osmotic Stress. Scientia Horticulturae 44:43-54.

Mﬂ

Cooper, T.G. and H.Beevers. 1969. Mitechondria and Glyoxysomes from
Castor Bean Endosperm. The Journal of Biological Chemistry
244:3507-3513.

obe

Coupe, S.A., J.E. Taylor, P.G. Isaac, and J.A. rts 1993.
Identlflcatlon and Characterization of P 1lﬂE rich mRNA that
accumulates during pod development in oilseed rape {(Brassica napus
L.). Plant Molecular Biolegy 23(6):1223-=1232

Wm\
Hw

Coupe, S.A., J.E. Taylor, P.G. Isaac, and J.A. Roberts. 1994,
Characterlzarlon of a mRNA that Accumulates during Development of
Oilseed Rape Pods. Plant Molecular Bioclogy 24(1):223-227.

Cronquist, A. 1981. BAn integrated system of classification of flowering
plants. Columbia University Press, New York.

Cronquist, A. 1988. The Evolution and Classification of Flowering
Plants, 2™ Ed. New York Botanical Garden, Bronx, New York.

un
o



Crouch M.L. and I.M. Sussex. 1981. Development and storage-protein
synthesis in Brassica napus L. embryos in vivo and in vitro. Planta
153:64-74.

Crouch, M.L., K.M. Tenbarge, A.E. Simon, and R. Ferl. 1983. ¢DNA clones
for Brassieca napus seed Storage proteins: evidence from nucleotide
sequence analysis that coth subunits of napin are cleaved from a
precursor polypeptide. Journal of Molecular and Applied Genetics
273:273-283.

» M.L., K. Tenbarge, A. Simon, R. Finkelstein, §. Scofield, and s.
Solberg. 1985. Storage Protein mRNA Levels Can Be Regulated By
Abscisic Acid in Brassica Embryos. In L. Vloten Doting, G.S.P. van
Groot, and T.C. Hall, editors, Molecular Form and Function of the
Plant Genome. Plenum Press, New York, pages 555-566.

L

Cummins, I., J.H. Hills, J.H.E. Ross, D.H. Hobbs, M.D. Watson, and D.J.
Murphy. 1993. Differential, temporal and spatial expression of
genes involved in storage oil and oleosin accumulation in developing
rapeseed embryos: implications for the role of oleosing and the
mechanisms of oil-body formation. Plant Molecular Biology 23:1015-
1027.

M., J.H.G. Cordewener, Y. Noellen, H.J.M. Dons, and M.M. Van
ren-Campagne. 1994. Temperature Controls Both Gametophytic
and Sporophytic Development in Microspore Cultures of Brassica
napus. Plant Cell Reports 13:267-271.

Dalgalarrondo, M., J-M. Robin and J-L. Azanza. 1986, Subunit composition
of the globulin fraction of rapeseed (Brassica napus L.). Plant
Science 43:115-124,

Dalling, M.J. and P.L. Bhalla. 1984. Mobilization of Nitregen and
Phosphorus from Endesperm. In Seed Physiology. Volume 2.
Germination and Reserve Mobilization. D.R. Murray editor, Academic
Press, New York, pp.163-199.

Dawidowicz-Grzegorzewska, A. and A. Podstolski. 1992, Age-related
Changes in the Ultrastructure and Membrane Properties of Brassica
napus L. Seeds. BAnnals of Botany 69:39-46.

DeLisle, A.J. and M.L. Crouch. 1989. Seed storage protein transcription
and mRNA levels in Brassica napus during development and in response
to exogenous abscisic acid. Plant Physiology 91:617-623.

w

o)
M

Silva, J., N.M. Loader, C. Jarman, J.H.C. Windust, 5.G. Hughes, and R.
Safford. 1990. The isolatien and sequence analysis of two seed-
expressed acyl carrier protein genes from Brassica napus. Plant
Molecular Biology 14:537-548.

de Silva, J., §.J. Robinson, and R. Safford. 1992. The isolatien and
functional characterisation of a B. napus acyl carrier protein 5'
flanking region involved in the regulation of seed storage lipid

synthesis. Plant Molecular Biology 18:1163-1172.

Dietrich, R.A., D.J. Maslyar, R.C. Heupel, and J.J. Harada. 1989.
Spatial Patterns of Gene Expression in Brassica napus Seedlings:
Identification of a Cortex-specific Gene and Localization of mRNAs
Encoding Isoecitrate Lyase and a Polypeptide Homologous to

Proteinases. The Plant Cell 1:73-80.

59



Doman, D.C., J.C. W,lk,f. R;N. Trelease, anﬂ B.d. Moore. 1982,
ism erves in Germinated Cotton

Downey, R.K., G.R. Stringam, D.I. McGregor, and B.R. Stefansson. 1975.
Breeding Rapeseed and Mustard Crops. In Oilseed and Pulse Crops in
Western Canada. Western Co- operative Fertilizers Limited. Calgary,
Alberta, Canada.

Drozdowska, L., 0.P. Thangsrad, T. Beisvaag, K. Evjen, A. Bones, and T.H.
Iversen. 19592. Myrosinase ard Myrosin Cell Development During
Embryogenesis and Seed Maturation. Isreal Journal of Bo tany 41:213-
223,

Dure, L.S. III, M. Crouch, J. Harada, T-H. David He, J. Mundy, R.
Quatrano, T. Thomas, and Z.R. Sung. 1989. Comméen Amino Acid
Sequence Domains Among gh LEA Proteins of Higher Plants. ©Plant
Melecular Bioleogy 12:475-

Eisenberg, A.J. and J.P. Mascarenhas. 1985. Abscisic Acid and the
Regulation of Synthesis of Specifie Seed BProteins and Their
Messenger RNAs During Culture of Soybean Embryos. Planta 166:505-
514.

Endo, Y., C.T. Thorsteinson, and J.K. Daun. 1992. Characterization of
Chlaraphyll Pigments Present in Canola Seed, Meal and 0il. Joeurnal

of the American 0il Chemists' Society 69:564-568.

Erieson, M.L., J. Rodin, M. Lenman, K. Glimelius, L-G. Josefs sson, and L.
Rask. 1986. Structure of the rapeseed 1.7S storage protein, napin
and its precursor. Journal of Biological Chemistry 261:14576-14581,

Esau, K. 1977. BAnatomy of Seed Plants. 32nd edition. John Wiley and

Sons, Inc. Teoronto, Canada.

Eskin, N.A.M. 1992. Effect of Variety and Geographical Location of the
Incidence of Mucilage in Canola Seeds. Canaﬂiam Journal of Plant
Science 72:1223-1225,

Ettinger, W.F. and J.J. Harada. 1990. Translational or Post-
translational Processes Affect Differentially the Accumulation of
Isocitrate Lyase and Malate Synthase Proteins and Enzyme Activities
in Embryos and Seedllngs of Brassica napus. Archives of

Biochemistry and Biophysics 281:139-143.

Evans, M., J. Gatehouse, R.D. Croy, and D. Boutler. 1984. Regulation of
the Transcription of Storage-protein mRNA in Nuclei Isolated from
Developing Pea (Pisum sativum L.) Cotyledons. Planta 160:559-568.

Fabijanski, S.F., D. Albani, L.S. Robert, and P.G. Arnison. 19982,
Characterization of Genes Expressed During the Development of
Brassica napus pollen. 1In Vitro Cellular & Developmental Biology
Plant 28P:46-52,

Fan, 2., K.C. Armstrcng, and W.A. Keller. 1988. Development of
Microspores In vive and In vitro in Brassica napus L. Protoplasma
147:191-199.

Fernandez, D.E., F.R. Turner, and M.L. Crouch. 1991. 1In situ
Lgﬁallzaﬁlgn of Sgafage Protein mRNAs in Developing Meristems of
Brassica napus Embryos Development 111:299-313.

60



Filho, C.P. and R.H. Ellis. 1992. Estimating the Value of the Seedlot
K;) of the Seed vi
e

_the = ability Equation in Barley and Wheat.
and Technolegy 20:93-99,
Finlayson, A.J. 1976. The Seed Protein Contents of Some Cruciferae. In
J.G. Vaughan, J.G. McLeod, B.M. Jones, editoirs, The Biology and
Chemistry of the Cruciferae,Academic Press, New York, pp. 279-306.

Finkelstein, R.R. 1994. Maternal Effects Govern Variable Dominan
Two Abscisic Acid Response Mutations in Arabidopsis thaliana.
Physiology 105:1203-1208.

L o] "]
et
i

Finkelstein, R.R. and M.L. Crouch. 1984. Precociously Germinating
Rapeseed Embrvos Retain Characteristics of Embryogeny. Planta
162:125-131.

Finkelsteia, R.R. and M.L. Crouch. 1985. Control of Embrye Maturatien in
Rapeseed. In "Plant Geneties." U.C.L.A. Symposium on Molecular and
Cellular Biolegy, New Series, Volume 35. A.R. Liss, Inc.., New York,
pgs. 157-165.

tein, R.R., K.M, Tenbarge, J.E. Shumway, and M.L. Crouch. 198%.

> of ABA in Maturation of Rapeseed Embryos. Plant Physiology

‘rouch. 1986. Rapeseed Embryo Development in
ticum is Similar to That in Seeds. Plant

Frisbee, C.C, C.W. Smith, L.E. Wiesner, and R.H. Lockerman. 1988, Short
Term Storage Effects on Dormancy and Germination of Chickpea (Cicer
arietinum). Journal of Seed Technology 12:16-23.

i

Fu, J. - Lu, R.Z. Chen, B.Z. Zhang, Z.S. Liu, Z.H. Liu, Z.Y. Li, and
i. 1987. Effects of osmoconditioning with PEG on the vigour
siological and biochemical processes in groundnut seeds. 0il
f China 3:1-9.

., X.H
Y. ca

y
o)

o

and ph
rops o

N

Fujikura, Y., H.L. Kraak, A.S. Basra, and

Hydropriming, a Simple and Inexpénsiv Priming Method. Seed Science
and Technology 21:639-642.

m Y
=
bl
s
a]
]
]
[y
o
=
o
LT
L

Fukasawa, T., I. Hera-Nishimura, and M. Nishimura. 1988, Biosynthesis,

Intracellular Transpert and in vitro Processing of 115 Glebulin

Precursor Proteins of Developing Castor Bean Endosperm. Plant Cell
Physiology 29:339-345.

Galau, G.A., D.W. Hughes, and L. ITI Dure. 1986. Abszcisie Acid Induction
of Cloned Cotton Lat Embryogenesis-abundant (Lea) mRNAs. Plant
Molecular Biology 7:155-170.

Galau, G.A., K.S. Jakobsen, and D.W. Hughes. 1991. The Controls of Late
Dicot Embryvogenesis and Early Germinaiton. Physiologia Plantarum
81:280-288.

Gautheret, R. 1939. Sur la Possibilite de Realiser la Culture Indefinie
de Tissus de Tubercules de Carotte. Comptes Rendus. Academie des
Sciences 20B8:118-120,.

Gerhardt, B.P. and H, B
Glyoxysomes in R
44:94-102.

eevers. 1970. Developmental Studies on
icinus Endosperm. The Journal of Cell Biology

61



Greenwood, and J.D. Bewley. 1982, Crystalloid

] J.8. e
protein synthesis in castor bean. Plant Physiology 69:1471-1478.

Gijzen, M., R. Van Huystee, and R.I. Buzzell. 1993. Soybean Seed Coat
Peroxidases: A Comparison of High-activity and Low-activity
Genotypes. Plant Physiology 103(4):1061-1066.

Gill, N.T., K.C. Vear, and D.J. Barnard. 1980. Agricultural Botany.
Garden City Press Limited. Letchworth, Hertfordshire, Great
Britain.

Goldberg, R.B. 1988. Plants: Novel Developmental Processes. Science
Vel. 240:1460-1467.

Goldberg, R.B., 5.J. Barker, and L. Perez-Grau. 1989. Regulation of Gene
Expression During Plant Embryogenesis. Cell Vol.56:149-160.

Goldberg, R.B., G. de Paiva, and R. Yadegari. 1994. Plant Embryogenesis:
Body Plan Elaboration and Preparation for Life After the Seed.
Science 266:605-614.

Gray, J.G. and A. Purchit. 1991. Somatic Embryogenesis and Development
of Synthetic Seed Technology. Critical Reviews in Plant Science
10:33-61.

Gray, D. and T.H. Thomas. 1982. In "The Physiology and

B L=
Seed Development, Dormancy and Germination," A.A. Khan

Elsevier Biomedical Press, New York.

Greenwood, J.S§. 1989. Phytin Synthesis and Deposition. In
Advances in the Development and Germination of Seeds, R.B.
Taylorson, ed. New York, Plenum Press, pp. 109-125.

Greenwood, J.S5. and M.J. Chrispeels. 1985. Immunocytochemical
Localisatien of Phaeseslin and Phytohaemagglutinin in the
Endoplasmic Reticulum and Golgi Complex of Developing Bean
Cotyledons. Planta 164:295-302.

Groot, E.P. and L.A.VanCaeseele. 1993. fThe Development of the Aleur
Layer in Canola (Brassica napus). Canadian Journal of -
71:1193-1201.

Guha, S. and 5.C. Maheshwari. 1964. TIn vitro Production of Embryos from
Anthers of Datura. Nature 204:497-499.

Guilluy, C-M., M. Trick, P. Heizmann, and C. Dumas. 1991. PCR Detection

of Transcripts Homologous to the Self-incompatibility Gene in

Anthers of Brassica. Theoretical and Applied Genetics 82:466-

rr
"
')
]

Hannig. 1904. Botanische Zeitung 62:45-80.

Hansen, M. and K. Svinnset. 1993, Microspcre Culture of Swede (Brassica
napus ssp. rapdifera) and the Effects of Fresh and Conditioned
Media. Plant Cell Reports 12:496-500.

Harada, J.J., C.S. Baden, and L. Comai. 1988. Spatially Regulated Genes
Expressed During Seed Germination and Postgerminative Development
are Activated During Embryogeny. Molecular and General Genetics
212:466-473.

Harada, J.J., A.J. DelLisle, C.8 Baden, and M.L. Crouch. 1989. Unusual
Sequence of an Abscisic Acid-inducible mRNA Which Aecumulates Late

62



in Brassica napus Seed Development. Plant Molecular Bielogy 12:395-
401. )

Hatzopouleos, P., G. Franz, L. Choy, and R.Z. Sung. 1990. Interaction of
Nuclear Factors with Upstream Sequences of a Lipid Bedy Membrane
Protein Gene from Carrot. The Plant Cell 2:457-467.

Hellyer, A., P.F. Leadlay, and A.R. Slabas. 1992. Inductioen,
Purification and Characterization of Acyl-ACP Thioesterase from
Developing

g
Biology 20:763-780.

eeds of 0il Seed Rape (Brassica napus). Plant Molecular

Heydecker, W. and P. Coolbear. 19739. Seed treatment for improved
performance-Survey and attempted prognosis. Seed Science and
Technology 5:535-=7

Heydecker, W. and M. Gibbins. 1978. The priming of seeds. Acta
Horticulturae B83:213-223.

Higgins, T.J.V. 1985. Synthesis and Regulation of Major Protein in
Seeds. Annual Review of Plant Physioclogy 35:191-221.

Hills, M.J. and D.J. Murphy. 1988. Characterization of Lipases from the
Lipid Bodies and Microsomal Membranes of Erucic Acid-free Oilseed-
rape (Brassica napus) Cotyledons. Biochemical Journal 249:687-693.

Hills, , M.J, M.D. Watson, and D.J. Murphy. 1993. Targetting of Oleosins
to the 0il Bodies of Oilseed Rape (Brassica napus L.). Planta
189:24-29,

Hobbs, P.R. and R.L. Obendorf. 172, Interaction of initial seed
moisture and imbibitienal temperature on germination and
productivity of soybean. Crop Science 12:664-667.

Hocking, P.J. and L. Mason. 1993, Accunulatieon, distributien and
Redistribution of Dry Matter and Mineral Nutrients in Fruites of
Canola (Oilseed Rape), and the Effects of Nitrogen Fertilizer and
Windrowing. Australian Journal of Agriecultural Research 44(6):1377-
1388.

Hoek, I.H.S., C.H.H. Ten-Cate, C.J. Keijzer, J.H. Schel, and H.J.M. Dons.
1993. Development of the Fifth Leaf is Indicative for Whole Plant
Performance at Low Temperature in Tomato.

Hoglund, A-S., M. Lenman, A. Falk, and L. Rask. 1991. Distribution of

Myrosinase in Rapeseed Tissues. Plant Physiology 95:213-221.

Hoglund, A-S., J. Rodin, E. Larsson, and L. Rask. 1992. Distribution of
napin and cruciferin in developing rape seed embrvos. Plant
Physielogy 98:509-515.

Hong, B., S5.J. Uknes, and T-H.D. Ho. 1988. Cloning and Characterization
of a cDNA Encoding a mRNA Rapidly Induced by ABA in Barley Aleurone
Layers. Plant Molecular Biology 11:495-506

Hsu, F.C. 1979. Abscisic Acid Accumulation in Developing Seeds of
Phaseclus vulgaris L. Plant Physiology 63:552-556. :

Huang, A.H.C. 1992. O0il bodies and oleosins in seeds. Annual Review of
Plant Physiology and Plant Molecular Bielogy 43:177-200.

Huang, A.H.C., R. Qu, 8.M. Wang, V.B. Vance, Y.Z. Cao, and Y.H. Lin.

63



1987. Synthesis and Degradatlcn of Lipid Bodies in th
Maize. In The Metabolism, Structure, F i
Plenum Press, New York, pp. 2385- 24,;

Hughes, D.W. and G.G. Galau. 1991. Developmen
Induction of Lea and LeaA mRNAs and the o] o} Yol
During Embrye Culture. The Plant Cell Vol. 3:605-618.

Imesen, H.C., S.B. Rood, J. Weselake, K.P. Zanewich, B.A. Bullock, K.E.
Stobbs, and M.G. Kocsis. 1993. Hormonal Control of Lipase Activity
in Oilseed Rape Germinants. Physiologia Plantarum B9:476-482.

Igbal, M.C.M., C. Moellers, and G. Roebbelen. 1994. Increased
Embryogenesis After Colchicine Treatment of Migrospore Cultures of
Brassica napus L. Journal of Plant Physiology 143:222-226.

Jakobsen, K.S5., D.W. Hughes, and G.A. Galau. 1934. Simultan
Induction of Postabscission and Germination mRNAs in Cultured
Dicotyledonous Embryos. Planta 192:384-39%4.

Jiang, L., W.L. Downing, C.L. Baszecynski, and A.R. Kermode. 1935. The
5'Flanking Regions of Vieilin and Napin Storage Protein Genes are
Down-regulated by Desiccation in Transgenic Tobacco. Plant
Physiology 107:1439-1449.

Josefsson, L-G., M. Lenman, M.L. Ericson, and L. Rask. 1987. Structure
of a Gene Encoding the 1.75 Storage Protein, Napin, from Brassica
napus. The Journal of Biological Chemlsgry Vol. 262(25):12196-
12201.

Karssen, C.M., D.L.C. Brinkhorst-Van Der Swan, A.E. Breekland, and M.
Koornneef. 1983, Induction of Dormancy During Sé d Development by
Endogenous Abscisie Acid: Studies on Abscisic Acid Deficient

Genotypes of Arabidopsis thaliana (L.) Heynh. Planta 157:158-165.

al Hybrid Seed from

Kasperbauer, M. 1968. Dark-germinatior ipr C
‘erent 9 taba;um; Physiologia

Light-requiring and -indif
Plantarum 21:1308-1311.

Kater, M.M., G.M. Koningstein, H.J. Nijkamp, and A.R. Stuitje. 1991,

¢DNA cloning and Expf3551an of Brassica napus enoyl-acyl carrier
protein reductase in Escherichia coli. Plant Molecular Biology

17:895-909.

Keddie, J.5., M. Tsiantis, P. Piffanelli, R. Cella, P. Hatzopoulos, an
D.J. Murphy. 1994. A Seeﬂ-spe:;flz Brassica napus Oleosin Promoter
Interacts with a G-box-specific Protein and may be Bi-directional.

Plant Molecular Biology 24:327-340.

Ho

hronic Mutation Affecting Late Embrye Development in

Keith, K., M. Kraml, N.G. Dengler, and P. McCourt. 1994. fuscai:

o
o~
(s
L]
H
o]
U‘

A ] s i
Arabidopsis. The Plant Cell 6:589-600.

Keller, G-A., S. Krisans, §.J. Gould, J.M. Sommer, C.C. Wang, W. Schliebs,
W. Kunau, S Efady, and S Subfmaﬁi. 1991 Evglutignary

to Eerax;sames, Glygxysames and Glygasames. The Journal of Cell
Biology 114:893-904.

Kennedy, J.W. 1993. Biochémical and Molecular Control of Degreening in
Microspore-derived Edmbryos of Brassica napus cv. Topas. Msc.

Thesis., University of Alberta, Edmonton.

64



Rermode, A.R. 1990. Regulatory Mechanisms Involved in the Transition
From Seed Development to Germination. Critical Reviews in Plant
Sciences Vel. 9(2):155-155.

Osmotic conditioning of seeds: physiologica
) 5. Acta Horticulturae 83:267-278.

Khan, A.A., K.L Tao, J.5. Knypl, B. Borkowska, and L.E. Powell. 1978
1 : hemic

King, Kondra, and M.R. Thiagarajah. 1986. Selection for Fast

n in Rapeseed (Brassica napus L. and B. campestris L.).
35:835-842,

King, R.W. 1976. Abscisic Acid in Developing Wheat Grains and its
Relationship to Grain Growth and Maturation. Planta 132:43-51.

Kitamura, Y., M. Arahiara, Y. Itch, and C. Fukazawa. 1990. The Complete
Nucleotide Sequence of Soybean Glycinin A,B,, Gene Spanning to Another

Glycinin A,B;, Gene. Nucleic Acids Research 18:4245,

Kondra, Z.P., D.C. Campbell, and J.R. King. 1983. Temperature Effec
Germination of Rapeseed (Brassica napus L. B tris
Canadian Journal of Plant Science. 63:106

Kornberg, H.L. and H. Beevers. 1957. The Glyoxylat
the Conversion of Fat to Carbohydrate in Cas
et Biophysica Acta 26:531.

C. Sommerville, E. Meyerowitz, eds, Arabidopsis. Cold Spring
Harbor, New York (in press).

Korneef, M. and C.M. Karssen. 1994. Seed Dormancy and Germination. In

Kozlowski, T.T. 1972. Seed Biology. Volumes 1 and 11, Academic Press,
New York.

Knudson, L. 1922. Nonsymbiotic Germination of Orchid Seeds. Botanieal
Gazette 73:1-25. :

Knutzon, D.S., G.A. Thompson, S.E. Radke, W.B. Johnson, V.C. Knauf,
and J.C. Kridl. 1992, Modification of Brassica seed oil by
antisense expression of a steroyl-acyl carrier protein desaturase

gene. Proceedings of the Natiocnal Academy of Science. U.S5.A. Vol.

: L. an. l. Osmoconditioning of soybean seeds to
improve performance at suboptimal temperatures. Agronomy Journal
73:112-116.

Knypl, J.S., K.M. Janas, and A. Radziwonowska-Jozwiak. 1980. Is enhanced
vigour in soybean (Glycine max) dependent on activation of protein
turnover during controlled hydration of seeds? Physiologie Vegetale
18:157-161. .

Kullmann, A., Q.Z. zZhang, and G. Geisler. 1991. Effects During Period of
Siligua Developing of Potassium Phosphate, Monobasic Acid Magnesium
Sulfate Application on Nitrogen Transportation in Pods of Oilseed
Rape (Brassica napus L). Journal of Agronomy and Crop Science
167(5):294-298.

Kuras, M. 1984. Activation of Rape (Brassica napus L.) Embryo During

Seed Germination. III. Ultrastructure of Dry Embryo Axis. Acta
Societatis Botanicorum Poloniae Vol. 53:171-186.

65



Kuras, M. 1986. Activation of Rape (Brassica napus L.) Embryo Durinc
Seed Germination. IV. Germinating Embryo. The First Zones o
Mitoses, Starch and DNA Synthesis and Their Expansion Pattern. Act
Societatis Botanicorum Poloniae Vel. 55:539-563.

[ TVe]

Kuras, M. 1987. Activation of Rape (Brassica napus L.) Embryo During
Seed Germination. V. The First Zones of Ultrastructural Changes
and Their Expansion. Acta Societatis Botanicorum Peloniae Vol.
56:77-91.

Kyte, L. 1987. Plants from Test Tubes. An Introducti
Micropropagation. Revised Edition, Timber Press,
USA.

Lane, B. 1991. Cellular Desiccation and Hydration: Developmentally
Regulated Proteins, and the Maturation and Germination of Seed
Embryos. Biogenesis 5:2893-2901.

Larkins, B.A. 1981. Seed Storage Proteins. In The Biochemistry of
Plants, 6. Merias, A., ed., Academic Press, New York, pp.  450-490.

Lee, K. and A.H.C. Huang. 1991. Genomic nucleotide sequence of a
Brassica napus 20-kilodalton oleosin gene. Plant Physiology
96:1395-12597.

Lee, W.s., J.T.C. Tzen, J.C. Kridl, S.E. Radke, and A.H.C.
Maize oleosin is correctly targeted to seed oil bodies i <
napus transformed with the maize oleosin gene. Proceedings o
National Academy of Science. U.S5.A. Vol. BB:6181-6185.

Lenman, M., A. Falk, X. Jiaping, and L. Rask.. 1993a. Characterization of
a Brassica napus Myrosinase Pseudogene: Myrosinases are Members of
the BGA Family of B-Glycosidases. Plant Molecular Eiology 21:463-

474 .
Lenman, M., A. Falk, J. Rodin, A-S. Hoglund, B. Ek, and L. Rask. 1993b.
Differential Expression of Myrosinase Gene Families. Plant

Physiology 103:703-711.

Leviatov, S., O. Shoseyov, and S. Wolf. 1994, Roles of Different Seed
Components in Controlling Tomato Seed Germination at Low
Temperature. Scientia Horticulturae 56:197-206.

Lichter, R. 1982. Induction of Haploid Plants from Isolated Pollen of
Brassica napus. Zeitschrift fuer Pflanzenphysiol 105:427-434,

Liengsiri, C. and A.K. Hellum. 1988. Effects of Temperature on Seed
Germination in Pterocarpus macrocarpus. Journal of Seed Technology
12:66-75.

o}

Lin, Y-H. and A.H.C. Huang. 1983. Lipase in Lipid Bodies of Cotyledons

of Rape and Mustard Seedlings. Archives of Biochemistry and
Biophysics 225:360-369.

Liptay, A., and P. Schopfer. 1983. Effect of Water Stress, Seed
Restraint, and Abscisic Acid Upon Different Germination Capabili
of Two Tomato Lines at Low Temperature. Plant Physiclogy 73:
938.

Liu, C-M., 2-H. Xu, and N-H. Chua. 1993, Auxin Polar Transport is
Essential for the Establishment of Bilateral Symmetry During Early

Plant Embryogenesis. Plant Cell 5:621-630.

66



Livingstone, N,j,iani_E- deJong. 1550. Matrie and Osmotic Potential
Effects on Seedling Emergence at Different Temperatures. Agronomy
Journal 82:995-998.

Lo, K-H. and K.P. Pauls. 1992. Plant Growth Environment Effects on
Rapeseed Microspore Development and Culture. Plant Physiology
99:468-472.

Loader, N.M., E.M. Woolner, A. Hellyer, A.R. Slabas, and R. Safford.

1993. Isolatiocn and characterization of two Brassica napus embryo
acyl-ACP thioesterase cDNA clones. Plant Molecular Biology 23:769-
778.

Loer, D.S. and E.M. Herman. 1993, Cotranslational
(Glycine max) o0il body membrane proteij

membranes. Plant Physielogy 101:993-99

integration of soybean

i
n oleosin into mierosomal

b

C e
1. The Low Molecular Weight Proteins in Rapeseed. I
Characterization. Biochemical and Biophysical Acta 27

Lonnerdal, B. and J.C. Janson. 1972. Studies en Brassica See

Lopes, M.A. and B.A. Larkins. 1993. Endosperm Origin, Development, and
Funiction. The Plant Cell Vol. 5:1383-1399,

Lusky, M., L. Berg, H. Weiher, and M. Botchan. 1983. Mol. Cell. Biology
3:1108-1122.

Lycett, G.W., R.R.D. Croy, A.H. Shirsat, D.M. Richards, and D. Boulter.
1985. The 5'-flanking Regions of Three ‘Pea Legumin Genes:
Comparison of the DNA Sequences. Nucleic Acids Research 13:6733-
6743.

Malhotra, O.P, U.N. Dwivedi, and P.K. Srivastava. 1984. Steady State
Kinetics and Negative Cooperativity in the Action of Isocitrate
Lyase. Indian Journal of Biochemistry and Biophysics 21:99-105,

Mansfield, 5.G., and L.G. Briarty. 1991. Early Embryogenesis in
Arabidopsis thaliana. 1II. The Developing Embryo. Canadian Journal
of Botany 69:461-476.

Mansfield, S.G., and L.G. Briarty. 1992. Cotyledon Cell Development
Arabidopsis thaliana During Reserve Deposition. Canadian Jeurnal
Botany 70:151-164.

O
=]

Martin, A.C. 1946. The Comparative Internal Morphology of Seeds. Amer.
Midl. Nat. 36:513-660.

Mason, H.S. and J.E. Mullet. 1990. Expression of Twe Soybean Vegetatitve
Storage Protein Genes During Development and in Response to Water
Deficit, Wounding, and Jasmonic Acid. Plant Cell 2:569-579.

Mathews, C.K. and K.E. van Holde. 1990. Biochemistry, Benjamin/Cummings
Publishing, New York.

Mayer, A.M. and I. Marbach. 1981. In "Progress in Phytochemistry" Volume
7. d, L. Harborne, J.B., and T.Swain editors, Pergamon
Press, New York. pp 95-136.

Reinhold

>er. 1989. The Germination of
Pergamon Press, New York.

Mayer, U., R.A. Torres Ruiz, T. Berleth, §. Misera, and G. Jurgens. 1991.

67



Mutations Affecting Body Organization in the Arabidopsis Embryo.
Nature 353:402-407.

lan, D., L. Kott, W. Beversdorf, and B.E. Ellis. 1993.
Glucosinolate Metabolism in Zygotic and Microspore-derived Embryos
of Brassica napus L. Journal of Plant Physioleogy 141:153-159.

McDonald, B.E. 192390. Canola 0il Nutritional Properties. Canola Council
of Canada, Winnipeg, Canada.

Mikola, J. 1983. 1In "Seed Proteins." J. Pa
Vaughan, eds. Phytochemical Seciety c
Acedemic Press, London.

Miller, C.B., F. Skoog, F.S. Okumura, M.H. VonSaltza, and F.M. Strong.
1955. Strueture and Synthesis of Kinetin. Journal of the American
Chemical Society 77:2662-2663.

Mills, P.F. 1993. The Effects of Low Temperatures on the Germinatien and
Emergence of Caneola. Project: 83-0036, Alberta Agriculture Farming
for the Future. Beaverlodge, Alberta.

Mchapatra, S.C. and C.W. Suggs. 198%. Cultivar Differences in Tocbacco
15e  to Germlnatlan Temperature. Seed Science and

andt, and A.J. Riker. 1954, Plant Tissue
ells. Science 119:877-878.

U"

Muir, W.H., A.C. Hildebr
ultur luced From Single Isoclated

c
Mundy, J. and N-H. Chua. 1988. Abscisie Acid and Water Stress Induce the
I sion of a Navel Rice Gene. European Molecular Biology

Ela Assays w1ﬁh chaccg Tlssué Culﬁures, Phy51élagla Plantarum
15:473-497

Murphy, D.J., I. Cummins, and A.S. Kang. 1989%a. Immunological
Investigation of Lipases in Germinating Oilseed Rape, Brassica
napus. Journal of the Science of Food and Agriculture 47:21-31.

Murphy, D.J., I. Cummins, and A.J. Ryan. 1989b Immunocytochemical and
biochemical study of the biosynthesis and mobilisation of the major
seed storage proteins of Brassica napus. Plant Physiology and
Biochemistry 27:647-657.

Murray, D.R. 1984. Seed Physioclogy Germination and Reserve Mobilization.
Volume 2. Academic Press, New York.

Murray, D.R. 1987. Nutritive Role of Seedcoats in Developing Legume
Seeds. American Journal of Botany 74:1122-1137.

Musil A.F. 1963. 1Identification of Crop and Weed Seeds. Agriculture
Handbook 219, U.S. Department of Agriculture, Washington, D.C.

Nakamura, K. and K. Matsuoka. 1993. Protein Targeting to the Vavuole in
Plant Cells. Plant Physiology 101:1-=5.

Nam, M.H. and W.C. Park. 1992. Biochemical Analysis of Screening Cold
Tolerance in Brassic Seedling. Research Reportsz of the Rural

Develapmenﬁ Administration (Suweon)34:15-20.

68



Nandakumar, L. and N.S. Rangaswamy. 1985. Effect of Some Flavonoids and
Phenolic Acids on Seed Germination and Rooting. Journal of
Experimental Botany 36:1313-1319,

Naumann, R. and K. Dorffling. 1982. Variation of Free and Conjugated
Abscisie Acid, Phaseic Acid, and Dihydrophaseic Acid Levels in
Ripening Barley Grains. Plant Science Letters 27:111-117.

Nelson, J.M., A. Jenkins, and G.C. Sharples. 1984. Soaking and Other
Seed P:etréatmenﬁ Effects on Germination and Emergence of Sugarbeets
at High Temperature. Journal of Seed Technology 9:79-86.

Nielsen, N.C., C.D. Dickson, T-J. Cho, V.H. Thanh, B.J. Scallon, R.L.
Fisher, T L. Sims, G.N. Drews, and R.B. Galéberg 1989.
Characterization of the Glycinin Gene Family in Soybean. The Plant

Cell 1:313-328.

Cultures de tissues vegetaux. Conmptes Rendus de Seances. Soc
de Biologie 130:1270-1271.

Nobecourt, P. 1939. Sur la Perennite et L'augmentation de Volume de
let

\m\ U.h

O'Conner, B.J. and L.V. Gusta. 1994. Effect of Low Temperature and
Sead;ng Depth on the Germinatien and Emérgencé of Seven Flax (L;num
us;taﬁisgimum L.) Cultivars. Can ur

WD-'

Offler, C.E. and J.W. Patrick. 1993. Pathway of Photosynthate Transfer
in the Developing Seed of Viecia faba L. A Structural Assessment of
the Role of Transfer Cells in Unlaaalng From the Seed Coat. Journal
of Experimental Botany 44:711-724.

gge, J.B. 1994. Design of New Plant Products: Engineering of Fatty
Acid Metabolism. Plant Physiology 104:821-826.

Ohlrogge, J. And J. Browse. 1995. Lipid Biosynthesis. The Plant Cell
7:957-970.

Olsen, J.A. and K.R. Lusk. 1994. Acyl-CoA Synthetase Activity Associated
with Rapeseed Lipid Body Memhranes Phytochemistry 36:7-9.

Olsen, J.A. and R.V. Weatherman. 1992. Characterization of an ATPase
Associated With the Lipid Body Membrane of Germinating Rapeseed.
Phytochemistry 31:411-412.

Olsen, L.J. and J.J. Harada. 1995. Peroxisomes and Their Assembly in
Higher Plants. Annual Review of Plant Physiology and Plant
Molecular Bioleogy 46:123-146.

Olsen, L.J., W.F. Ettinger, B. Damsz, K. Matsudaira, M.A. Webb, and J.J
Harada. 1993. Targeting of Glyoxysomal Proteins to Peroxisemes in
L

eaves and Roots of a Higher Plant. The Plant Cell 5:941-952.

Omari, M.A. 1992. Effects of temperature and seed tr reatment on
germination of five Acacia species. Dirasat Series B Pure and
Applies Sciences 19(1):297-315.

Orr, W., A.M. Johnson- Fianagan, W.A. Keller, and J. Sing. 19580.
Induction of Freezing Tolerance in Microspere-derived Embryos of
Winter Brassica napus. Plant Cell Reports B8:579-581.

Parcy, F., C. Valon, M. Raynal, P. Gaubier-Comella, M., Delseny, and J.
Giraudat. 1994. Regulation of Gene Expression Programs During

69



of the ABI3 Locus and of

Arabidopsis Seed Development: Roles
ant Cell Vel. 6:1567-158Z.

Endogenous Abscisic Ac;d, The Plan

Payne, P.I., M. Dobrzanska, P.W. Barlow, and M.E. Gordon. 1978. Journal
of Fxperlmental Botany 29:77-8B.

Perry., D.A. 1972. Seed Vigour and Field
Abstracts 42:334-342.

Perry, H.J., and J.L. Hardwood. 1993. Changes in the lipid content of
developing seeds of Brassica napus. Phytochemistry 32:1411-1415.

Phillips, J.C. and V.E. Youngman. 1971. Effect of initial seed moisture
coritent on emergence and yield of grain sorghum. Crop Science

11:354-357.

E;e,;k, R.L.M. 1987. In vitro Culture of Higher Plants. Third Edition.
luwer Academic Publishers, Hingham, MA, USA.

plietz, P., B. Drescher, and G. Damaschun. 1987. Relationship between
the amino acid sequence and the domain structure of the subunits of
the 115 seed globulins. International Journal of Biological
Macromolecules 9:161-165.

Pomeroy, M.K., J.K.G. Kramer, D.J. Hunt, and W.A. Keller. 1991 Fatty
Acid Changes During Development of Zygotic and Micrc spazé-dérived
Embryos of Brassica napus. Physiologia Plantarum 81:447-454,.

Post-Beittenmiller, M.A., J.G. Jaworski, and J.B. Ohlrogge. 1991. In
vivo Pools of Free and Acylated Acyl Carrier Protein in Spinach
Evidence for Sites of Regulation of Fatty Acid Synthesis. J¢
of Biological Chemistry 266:1858-1865

Prakash, S. 'nd K. Hinata. 1980. Taxonomy, cytogenetiecs and origin of
crop Brassicas, a review. Opera Botanieca 55:1-57.

Pruski, K.W. 1994. A Cultural Experience. Prairie Roots Vol.3 No. 5:26-
31.

Qouta, L.A., K.W. Waldron, E.A-H. Baydoun, and C.T. BRett. 1991. Changes
in Seed Reserves and Cell Wall Composition of Component Organs
During Germinaﬁian Df Cabbage (Brassica oleracea) Seeds. Journal of

=t
£

Rafferty, J.B., J.W. Simon, A.R. Stuitje, A.R. Slabas, T. Fawcett and D.V.

Rice. 1994. Crystallization of the NADH~specific Enoyl Carrier
Protein Reductase from Brassica napus. Journal of Molecular Biology

237:240-242.
Raikhel, N.V. and R.S5. Quatrano. 1986. Localization of Wheat-germ
Agglutinin in Developing Wheat Embryos and Those Cultured in

Abscisic Acid. Planta 168:433-440.

Raikhel, N.V. and T.A. Wi ns 1987. 1Isolation and Characterization of
a2 cDNA Clon 7En sding Wheat Germ Agglutinin. Proceedings of The
National Academy of Science USA 84:6745-6749.

Rao, S5.C. and T.H. Dao. 1987. Soil Water Effects on Low-temperature
Seedling Emergence of Five Brassica Cultivars. Agronemy Journal
79:517-519.

Raven, P.H., R.F. Evert, and S.E. Eichorn. 1986. Biology of Plants. Von

70



Hoffmann Press Inc. New York, New York.

Raynal, M., D. Depigny, R. Cooke, and M. Delseny. 1989. Characterization
of a Radish Nuclear Gene Expressed During Late Seed Maturation.
Plant Physiology 91:829-836.

Roberts, M.R., R. Hodge, J.H.E. Ross, A-M. Sorensen, D.J. Murphy, Draper,
J., and R. Scott. 1993. Characterisation of a New Class of
Oleosins Indicates a MMale Gametophyte-specific Lipid Storage
Pathway. Plant Journal 3:629-636.

Robin, J.M., V. Inquello, B. Mimouni, and J.L. Azanza. 1991.

Relationship Between Immunological Properties and Structural Medel
o

f 115 Rapeseed Globulin. Phytochemistry 30:3511-3514.

Rodin, J. and L. Rask. 1990a. Characterization of the 12§ storage
otein of Brassica napus (cruciferin): disulfide bonding between
ubunits. Physiologia Plantarum 79:421-426,

Their Precursors of Crufiferin, the 128 Storage Protein of Brassica

napus. Plant Science 70:57-63.

Rodin, J. and L. Rask. 1990b. The Relationship Between Mature Chains and

Rodin, J., 5. Sjodahl, L-G. Josefsson, and L. Rask. 1992,
Characterization of a Brassica napus Gene Encoding a Cruciferin
Subunit: Estimation of Sizes of Cruciferin Cene Families. Plant
Molecular Biolegy 20:559-563.

Rood, S.B., D.J. Major, and W.A. Charnetski. 1984. Seasonal Changes in
%CO, Assimilation and ¢ Translocation in Oilseed Rape. Field Crops

Research B:341-348,

Salisbury, F.B, and C.E. Ross. 1985 Plant Physielegy. Third edition,
Wadsworth Publishing Company, Belmont, Califernia.

Sanchez-Martinez, D. P. Puigdomenech, and M. Pages. 1986. Regulation of
Gene Expression in Developing Zea mays Embryos. Protein Synthesis
During Embryogenesis and Early Germination of Maize. Plant

Physiology 82: 15

B
un
i
Lt )3
1
u
Ire
w

Scherer, D., A. Sato, D.W. McCarter, S.E. Radke, J.C. Kridl, and V.C.
Knauf. 1982. ©Non-essential repeats in the promoter region of a
Brassica rapa acyl carrier protein gene expressed in developing
embryos. Plant Molecular Biology 18:591-594,

Schmidt, K. 1995, Whatever Happened to the Gene Revolution? New

Scientist Vol. 145 No. 1959:21-25.

Schopfer, P. and C. Plachy. 1984. Contol of Seed Germination by Abscisic
Acid. II. Effect on Embryo Water Uptake in Brassica napus L.
Plant Physiology 76:155-160.

Schopfer, P. and C. Plachy. 1985. Contol of Seed Germination by Abscisic
Acid III. Effect on Embryo frowth Potential (Minimum Turgor

Pressure) and Growth Coefficient (Cell Wall Extensibility) in
Brassica napus L. Plant Physiology 77:676-686.

Scofield, S.R. and M.L. Crouch. 1987. Nucleotide Seguence of a Member of
the Napin Storage Protien Family from Brassica napus. The Journal
of Biological Chemistry Vol. 262(25):12202-12208.

Serrato-Valenti, G., L. Cornaras, M. Ferrando, and P. Modenesi. 1993.

71



Structural and histochemical features of Stylosanthes scalra
(Leguminosae:Papilionaceae) seed coat as related to water entry.
Canadian Journal of Botany 71(6):834-840.

Shafii, B., K.A. Mahler, W, j Price, aﬁé D.L. Auld. 1552! Genétype X

Content. Crag SELEEEE 32: 922 527

Sharma, 5.5., 5. Sharma, and V.K. Rai. 1992. The Effect of EGTA, Calcium
Channel Blockers (Lanthanum Chloride and Nifedipine) and Their
Interaction With Abscisic Acid on Seed Germination of Brassica

juncea cv. RLM-198. BAnnals of Botany 70:295-299.

Shaykewich, C.F. 1973. Proposed Method for Measuring Sw lli ng Pressure
of Seeds Prior to Germination. Journal of Experimental Betany

Shaykewich, C.F. and J. Williams. 1971. Resistance to Water Absorptien

in Germinating Rapeseed (Brassica napus L.). Journal of
Experimental Botany 22:19-24.

Sheldon, P.S. 1988. A Study of Plant Plastid NADPH Dependent B-ketoacyl-
(acyl carrier protein) Reductase. Ph.D. thesis, University of
Birmingham, UK.

Shewry, P.R., J.A. Napier, and A.S. Tatham. 1995. Seed Stroage Proteins:
Structures and Biosynthesis. The Plant Cell 7:945-956.

Shivanna, K.R. and B.M. Johri. 1975. The Angiosi
and Function. Wiley Eastern, New Delhi, Inéia.

Simon, E.W., A. Minchin, M.M. McMenamin, and J.M. Smith. 1976. The Low
Temperature Limit for Seed Germination. New Phytelegist 77:301-311.

Simon, E.W. 1984. Early Events in Germination. In "Seed Physiology.
Volume 2. Ger m ination and Reserve Mobilization". Murray, D.R.
editor, Academic Press, New York.

Simon, R.E., K.M. Tenbarge, &.R. Scofield, R.R. Finkelstein, and M.L.
Crouch. 1985. Nucleotide Sequence of a cDNA Clone of Brassica
napus 125 Storage Protein Shows Homology with Legumin from Pisum

sativum. Plant Molecular Bielegy 5:191-201.

Singer, S.M., §.0. El-Abd, H.M.E. Saied, and A.F. Abou-Hadid. 1989.
Influence of tomato seed coat restraints on germination - performance
under suboptimal temperatures. Eygptian Journal of Horticulture
16(2):127-132,

Sjodahl, S., J. Rodin, and L. Rask. 1991. Characterization of the 128
Globulin Complex of Brassica napus. Evolutienary Réiatig ship teo
other 11-125 Storage Globulins. European Journal of Biochemistry

196:617-621.

Skoog, F. and Tsuii. 1948. Chemical Control of Growth and Bud Formation
in Tebacceo S;em Segments and Call us Cultured In vitro. American
Journal of Botany 35:782-782.

Skoog, F. and C.B. Miller. 1957. Symp Soc Exp Biol no.1ll The Bioleogical
Action of Growth Substances 118-131.

Slabas, A.R. and T. Fawcett. 1992, The biochemistry and molecular
biology of plant lipid biesynthesis. Plant Molecular Biology

72



19:1659-191.

Slabas, A.R., C.M. Sidebottom, A. Hellyer, R.M.J. Kessell, and M.P.
Tombs. 1986. Induction, Purification and Characterization of NADH-
specific Enoyl-acyl Carrier Protein Reductase from Developing Seeds
of Oil Seed Rape, (Brassica napus). Biochimica et Biophysica Acta
877:271-280.

Slocombe, S.P., I. Cummins, R.P. Jarvis, and D.dJ. Murphy. 1992,
Nucleotide Seguence and Temporal Regulatien of a Seed-specific
Brassica napus cDNA Encoding a Stearoyl-acyl Carrier Protein (ACP)
Desaturase. Plant Meolecular Biology 20:151-155.

e

Slocombe, S.P., P. Piffanelli, D. Fairbairn, S. Bowra, P. Hatzopoulos, M
Tsiantis, and D.J. Murphy. 1994. Temporal and Tissue-specifi
Regulation of a Brassica napus Stearoyl-acyl Carrier rot
Desaturase Gene. Plant Physiology 104:1167-1176.

i+
e

b N

er =58

i

Spedding, D.J. and A.T. Wilson. 1968. Studies of the Early Reactiens in
the Germination of Sinapsis alba Seeds. Phytochemistry 7:897-901.

Stalberg, K., M. Ellerstrom, L-G. Josefsson, and L. Rask. 1993. Deletion

Analysis of a 2S Seed Storage Protein Promoter of Brassica napus in
Transgenic Tobacco. Plant Molecular Biology 23:671-683.

Stayton, M., M. Harpster, P. Brosio, and P. Dunsmuir. 1991. High-level,
Sees-specific Expression of Foreign Coding Sequences in Brassica
napus. Australian Journal of Plant Physiology 18:507-517.

Steiner, J.J. and T.A. Jacobsen. 1992. Time of Planting and Diurnal Soil
Temperature Effects on Cotton Seedling Field Emergence and Rate of
Development. Crop Science 32:238-244.

Steward, I.C. 1958. Growth and Organized Development of Cultured Cells.
IITI. Interpretations of teh Growth from Free Cell to Carrot Plant.
American Journal of Botany 45:709-713.

Stewart, C.R., B.A. Martin, L. Redding, and S. Cerwick. 1990. Seedling
Growth, Mitochondrial Characteristics and Alternative Respiratory
Capacity of Corn Genotypes Differing in Cold Tolerance. Plant
Physiology 92:761-766.

Stinissen, H.M., W.J. Peumans, and E.
Promotes Lectin Biesynthesis i
Embryos. Plant Cell Rep 3:

E. DeLanghe. 1984, Abscisic Acid
in Develeoping and Germinating Rice

Stoskopf, N.C. 1981. Understanding Crop Production. Resten Publishing
Company, Ine. Reston, Virginia.

Stumpf, P.K. 1987. The Biosynthesis of Saturated Fatty Acids. In The
Biochemistry of Plants, vol. 9. Stumpf, P.K., Conn E.E., eds.
Academic Press, New York, pp.121-136.

Szafirowska, A., A.A. Khan, and N.M. Peck. 1981. Osmo-conditioning of
carrot seeds to improve seedling establishment and yield in cotten
soil. Agronomy Journal 73:549-

Takahata, Y.,; D.C.W. Brown, and W.A. ..-i..r, 1991, Effect of Doner
Plant Age and Inflorescence Age or Mierospore Culture of Brassica
napus L. Euphytica 58:51-55.

I

Tayleor, A.J., C.

h

Smith, and I.B. Wilson. 1991. Effect of Irrigation

73



and Nitrogen Fertilizer on Yield, 0Oil Content, Nitrogen Accumulation
and Water Use of Canola (Brassica napus L.). Fertilizer Research
29:249-260.

Taylor,I. 1979. The Effect of the Lateral Suppressor Gene on Seed
Germination in the Tomato. Euphytica 28:93-97

Taylor, D.C., D.L. Barton, K.P. Rioux, S.L. MacKenzie, D.W. Reed, E.W.
Underhill, M.K. Pomeroy, and N. Weber. 1992. Biosynthesis of Aecyl
Lipids Containing Very-long Chain Fatty Acids in Microspore-derived
and Zygotic Embryos of Brassica napus L. cv. Reston. Plant

Physiology 99:1609-1618.

Taylor, D.C., N. Weber, E.W. Underhill, M.K. Pomeroy, W.A. Keller, W.R.
Scowcroft, R.W. Wilen, M.M. Moloney, and L.A. Holbrook. 1990.
Storage Protein Regulation and Lipid Accumulation in Microspore
Derived Embryos of Brassica napus L. Planta 181:18-26.

Telmer, C.A., D.H. Simmonds, and W. Newcomb. 1992, Determination of
Developmental Stage to Obtain High Fregquencies of Embryogenic
Microspores in Brassica napus. Physiologia Plantarum B4:417-424.

Telmer, C.A., W. Newcomb, and D.H, Simmonds. 1993. Microspore
Development in Brassica napus and the Effect of High Temperature on
Division in vivo and in vitro. Protoplasma 172:154-165,

Theimer, R.R. and I. Rosnitschek. 1978. Development and Intracellular
Localization of Lipase Activity in Rapeseed (Brassica napus L.)
Cotyledons. Planta 139:249-256.

Teran, S.G., R.K. Maiti, and J.L. Hernandez-Pinero. 1994. Seed
Ultrastructure of Six Horticultural Species in Relatien to their
Germination Capacity. Phyton 55:123-128.

Thomas, T.L. 1993. Gene Expression During Plant Embryogenesis and
Germination: An Overview. The Plant Cell 5:1401-1410.

Tissaoui, T. and D. Come. 1975. Mise en Evidence de Trois Phases
Physiologiaues Defferentes au Cours de la Germination de L'embryon
de Pommier Nondormant, Grace a la Mesure de L'activite Respiratoire.
Physiologie Vegetal 13:95-102.

Todari, N.P. and A.K. Negi. 1992. Pretreatment of Some Indian Cassia
Seeds to Improve their Germination. Seed Science and Technology
20:582-588.

Trelease, R.N. 1984. Biogenesis of Glyoxysomes. Annual Review of Plant
Physiology 35:321-347.

Trelease, R.N. and D.C. Doman. 1984. Mobilization of 0il and Wax
Reserves. In "Seed Physiology. Volume 2. Germination and Reserve
Mobilization". Murray, D.R. editor, Academic Press, New York.

Turnham, E. and D.H. Northcote. 1983. Changes in the Activity of Acetyl
CoA Carboxylase During Rape-seed Formation. Biochemical Journal
212:223-229.

Tykarska, T. 1976. Rape Embryogenesis. I. The Proembryo Development.
Acta Societatis Botanicorum Poloniae 45:3-=1§.

Tykarska, T. 1979. Rape Embryogenesis. IT. Development of Embryo
Proper. Acta Societatis Botanicorum Poloniae 48:391-421.

74



Tykarska, T. 1980. Rape Embryogenesis. III. Embryo Development in
Time. Acta Societatis Botanicorum Poloniae 49:369-385.

Tykarska, T. 1987. Rape Embryogeneis. V. Accumulation of Lipid Bodies.
Acta Societatis Botanicorum Poloniae 56:573-584.

Tzen, J.T.C., Y-K. Lai, K-L. Chan, and A.H.C. Huang. 1990. Oleosin
isoforms of high and low molecular weights are present in the oil
bodies of diverse seed species. Plant Physiology 94:1282-1289.

Tzen, J.T.C., Y. Cao, P. Laurent, C. Ratnayake, and A.H.C. Huang. 1993.
Lipids, proteins, and structure of seed oil bodies from diverse
species. Plant Physiology 101:267-276.

Vanni, P., E. Giachetti, G. Pinzauti, and B.A. Mcfadden. 1990.
Comparative Structure, Function and Regulation of Isocitrate Lyase
an Important Assimilatory Enzyme. Comparative Biochemistry and
Physiology 3:431-458.

" Vertucci, C.W. 1989. In "Seed Moisture". C.S.S.A. Special Publication
Number 14, pgs.93-115.

Vertucci, C.W. 1992. A Calorimetric Study of the Changes in Lipids
During Seed Storage Under Dry Conditions. Plant Physiology 99:310-
316.

Walling, L., G.N. Drews, and R.B. Goldberg. 1986. Transcriptional and
Post-transcriptional regulation of Soybean Seed Protein mMRNA Levels.
Proceedings of the National Academy of Science USA 83:2123-2127.

Wang, S.M. and A.H.C. Huang. 1984. 1Inhibitors of Lipase Activities in
Soybean and Other 0il Seeds. Plant Physiology 76:929-934.

Wang, X.D. and H Zheng. 1992. Translocation and Unloading of Carbon-14
Assimilates in Broad Bean Seed. Acta Phytophysiologica Sinica
18:329-336.

Wanner, G. and R.R. Theimer. 1978. Membranous Appendices of Spherosomes
(Oleosomes). Planta 140:163-169.

Ward, K., R. Scarth, and J.K. Duan. 1992. The Effect of Freezing on the
Analysis of Chlorophyll content of Canola Seed (Brassica napus L) .
Journal of the American 0il Chemists' Society 69(10):1039-1040.

Weselake, R.J., M.K. Pomeroy, T.L. Furukawa, J.L. Golden, D.B. Little, and

A. Laroche. 1983. Developmental Profile of Diacylglycerol
Acyltransferase in Maturing Seeds of Oilseed Rape and Safflower and
Microspore-Derived Cultures of Oilseed Rape. Plant Physiology
102:565-571.

Weselake, R.J., D.C. Taylor, M.K. Pomeroy, S.L. Lawson, and E.W.
Underhill. 1991. Properties of Diacylglycerol Acyltransferase from
Microspore-Derived Embryos of Brassica napus. Phytochemistry
30:3533-3538.

West, M. and J.J. Harada 1993. Embryogenesis The Plant Cell Vol.
5:1361-1369.

West, M.A.L., K.M. Yee, J. Danao, J.L. Zimmerman, R.L. Fischer, R.B.
Goldberg, and J.J. Harada. 1994. LEAFY COTYLEDONl is an Essential
Regulator of Late Embryogenesis and Cotyledon Identity in
Arabidopsis. The Plant Cell 6:1731-1745.

75



Wetter, L.R. and F. Constabel. Eds. 1982, Plant Tissue Culture Methods.
Second Revised Edition. Nutional Research Council of Canada,
Prairie Regional Laboratory, Saskatoon, Saskatchewan.

White, R.R. 1939. Potentially unlimited Growth of Excised Pla
in an Artificial Nutrient. American Journal of Botany 26

. Gene Expression in Microspore Embryos. Ph.D. Thesis, U
Y. Calgary, Alberta, Canada.

» R.W., R.M. Mandel, R.P. Pharis, L.A. Holbrook, and M.M. Moloney.
1990. ~ Effects of Abscisic Acid and High Osmoticum on Storage
Protein Gene Expression in Microspore Embryocs of Brassica napus.

Wilen, R.W., G.J.H. van Rooijen, D.W. Pearce, R.P. Pharis, L.A. Holbrook,
and M.M. Moloney. 1991. Effects of Jasmonic Acid on Embryo-
Specific Processes in Brassica and Linum Oilseeds. Plant Physioclogy
95:399-405.

Williamson, J.D., R.S. Quatrane, and A.C. Cuming. 1985. E_-polypeptide
and its Messenger RNA Levels are Modulated by Abscisic Acid During
Embryogenesis in Wheat. European Journal of Biochemistry 152:501-
507.

Jensen, and G.C.J. Fernandez. 1992. Seed Germination
Eleven Forage Cultivars of Brassica to Tempertature.
ny Journal 84:200-202

Wobus, U., H. Baumlein, R. Bassuner, U. Heim, R. Jung, K. Muntz, G.
Saalbach, and W. Weschke, W. 1986. Characteristics of Two Types of
Legumin Genes in the Field Bean (Vicia-Fabs L. Var Minor) Genome as
Revealed by cDNA analysis. Federation of European Biochemical
Societies Letters 201:74-80.

codst

=

ock, L.W. 1988. Seed Imbibition: A Critical Period for Successful
Germination. Journal of Seed Technology 12:1-15.

Yadegari, R., G.R. de Paiva, T. Laux, A.M. Koltunow, N. Apuya, J.L.
immerman, R.L. Fischer, J.J. Harada, and R.B. Goldberg. 1994.
11 Differentiation and Morphogenesis are Uncoupled in Arabidopsis
1spberry Embryos. The Plant Cell Vol. 6:1713-1729.

nmM
M b
»—I

Y.T. 1987.  Effect of PEG priming in preventing imbibitional

chilling injury in soybean seeds. Plant Physiology Communications

4: -27.

Yeung, E.C. and D.W. Meinke. 1993. Embryogenesis in Angiosperms:
Development of the Suspenser. The Plant Cell Vol. 5:1371-1381.

Yoon, S5.J., S.H. Sohn, and K.W. Lee. 1993. Morphology and Protein
Pattern During Microspore-derived Embryogenesis of Brassica napus.
Korean Journal of Botany 36:399-406.

Young, N.D. and R.L. Phillips. 1994. Cloning Plant Genes Known Only by
Phenotype. Plant Cell September:1193-1195.

Zhang, J.Z., M. Gomez-Pedrozo, C.S. Baden, and J.J. Harada. 1993. Two
Classes of Isocitrate Lyase Genes are Expressed During Late
Embryogeny and Postgermination in Brassica napus L. Molecular and

General Genetics 238:177-184.

76



Zhang, J.2., D.L. Laudencia-Chingcuanco, L. Comai, M. Li, and J.J. Harada.
1994. Isocitrate Lyase and Malate Synthase Genes from Brassica
napus L. are Active in Pollen. Plant Physiology 104:857-864.

Zhang, Q.2Z2., A. Kullmann, and G. Geisler. 1991. Nitrogen Transportation
in Oilseed Rape (Brassica napus L) Plant During Flowering and Early
Siliqua developing. Journal of Agronomy and Crop Science
167(4):229-235.

Zheng, G-H., R.W. Wilen, A.E. Slinkard, and L.V. Gusta. 1994.
Enhancement of Canola Seed Germination and Seedling Emergence at Low
Temperature by Priming. Crop Science 34:1589-1593.

Zimmerman, J.L. 1993. Somatic Embryogenesis: A Model for Early
Development in Higher Plants. The Plant Cell 5:1411-1423.

Zou, J. G.D. Abrams, D.L. Barton, D.C. Taylor, M.K. Pomeroy, and S.R.
Abrams. 1995. 1Induction of lipid and oleosin biosynthesis by (+)-
abscisic acid and its metabolites in microspore-derived embryos of
Brassica napus L cv. Reston. Flant Physiology 108:563-571.

77



Chapter 2. Germination and Early Seedling Develcpment Under Low

Temperature in Brasgica napus cv. Wesatar.



1.0. Introduction.
Seedling emergence is comprised of both germination and early
seedling development. Temperature, 1light, and water are the major
environmental factors determining the success of germination and early

seedling development (Murray, 1984; Bewley and Black, 1994). Generally,

temperatures below the eptimum result in progre vely poorer germination
(Liptay and Schopfe 1983; Liengsiri and Hellum, 1988; Mohapatra and

Suggs, 1989; Steiner and Jacobsen, 1992). Imbibition ocecurs at low

g

-emperature, but damage to embryos or seedlings may prevent germination

and growth (Bradbeer, 1988). Suboptimal temperatures may also impair

'?L'Zl

orotein synthesis (Meza-Basso et al.,1986), limiting the coordinatien of
metaboliec processes required for proper germinatioen and early seedling
development.

Recommended soil temperatures for planting canola (B. napus cv,
Westar) are between 15 and 20°C (Anonymous, 1980); however, the mean soil
temperature during planting in Alberta ranges from 5 to 10°%. Such
temperatures can result in slew and asynchronous seed germination, leading

to poor stand establishment and irregular maturation (Stewart et al.,

1990; Barber et al., 1991). Further, slow germinatien increases the time

from planting to mat ty, predisposing the crop to disease and adverse
environmental conditieons (Acharya et al., 1983). eedling growth is alse
adversely affected by 1low temperature, further reduecing stand

establishment (Stewart ef al., 1990).
Successful germination at lew temperature is not solely a function of
temperature. Genotype, growth conditions during seed ma ation, storage
conditions (Bernal-Luge and Leopold, 1992; Vertucei, 1992), and seed

pretreatment (Nelson et al., 1984; Frisbee et al., 1988; Amritphale et

i1}

a
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o
v
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asra et al., 1989) also influence germination.
Germinating oil seeds rapidly mobilize storage lipids and convert

them to sucrose, the pr imary nutrient during heterotrophic growth

(Beevers, 1979; Doman et al., 1982; Trelease, 1984). Prior to this
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conversion, enzyme synthesis and organelle assembly is required to produce

glyoxylate cycle enzymes, such as MS and ICL, and the glyoxysomes where

these enzymes are localized (Breidenbach and Beevers, 1967; Gerhardt and

Beevers, 1970). Mobilized storage proteins provide aminc acids required

for the synthesis of enzymes and structural proteins during germination
and early seedling development (Bhandari and Chitra lekha, 1584). In
Brassica, the major storage proteins are napin and cruciferin, whiceh at
seed maturity account for 20-30% and 60% of the total protein,
respectively (Crouch and Sussex, 1981; DeLisle and Crouch, 1989).

To date, research on low temperature germination in canola has been
limited to assessing germination rates under low temperature regimes
(Acharya et al., 1983; Kondra et al., 1983; Barber et al., 1991). Acharva
et al. (1983) determined that 10°C is the best temperature to selsct for
superior low temperature germination in Westar; however, selection for
rapid germination at this temperature produced incensistent results.
Similarly, King et al. (1986) found that such selections did not
necessarily lead to improved performance. These inconsistencies sugge

complex control of germination and emergence. 1In the present study, we

characterized physiological changes during seed germination and early
seedling development under low temperature in B. napus cv. Westar. To
this end, seedlots that exhibited extremes in germination potential at 10,

6 and 2°C were selected. ICL activity, lipid mobilization and protein

mobilization were studied during beth germinatien and early seedling

[L\

elopment in these seedlots.
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2.1. Plant material. Certified seed (Allard, 19f0) of canola (B. napus
cv. Westar), labeled to germinate to 55% at 25%, was obtained from six
different seed grewers in Alberta. From germination tests at 10%, 6°C and

2%, two seedlots were selected for further study and are denoted as L and

. Seed quality was high in both seedlots; out of one hundred seed:

i

-3+0.4 were damaged in L and 2.0+0 were damaged in H.

2. BSesd germinatioen. Germination w18 measured at four temperatures:

5] 28 I

22°c, 10°C, €C, and 2C. One hundred seeds were placed in 50 mL flasks
containing a piece of nylon mesh and 3.5 mL double distilled water. This
allowed for 50% coverage of the seed, thereby allowing for unhindered gas
exchange while providing adequate water for germination and early seedling

growth. The flasks were plugged with cotton to allow for gas exchange

with the external air. Germination tests were performed from the onset of
imbibition until 95% germination had occurred in the 10°C sample.
Germination was defined as occurring once the radicle had emerged lmm

through the seed coat. Percent germination was determined according to

2.3, Igocitrate lyase assay. Isocitrate 1lyase (threo-Ds-isocitrate
glyoxylate lyase; EC4.1.3.1, ICL) was assayed at 22% according to the
methods of Cooper and Beevers (1969). Individual seeds representing

specific stages of seedling development (based on measured radicle
lengths) and DAI were collected from both seedlots. Single seeds were
ground in 300 uL ice cold grinding buffer (Cooper and Beevers, 1969). The

***** in in a microfuge at 13000 rpm,
and 225 uL of the supernatant was drawn off and centrifuged for an
additional 5 min at 4%, The formation of glyoxylate phenylhydrazone
(Dixon and Kornberg, 1959) was assayed at 324 nm with a Cary 2149 (vVarian
associates, Palo Alto) spectrophotometer. The molar extinction
coefficient was 1.7 x 10% (Cooper and Beevers, 1969).

2.4. Lipid determination. Total lipid was determined gravimetrically
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(Johnson-Flanagan et al., 1951)., Sixty seeds per sample were dried in a

vacuum oven for moisture determination. Samples of 20 seeds we

H
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heptane:ethanol (3:1, v/v). The slurry was vortexed and spun for 20 = at

400 x g, the upper organic phase was removed to a preweighed test tube,

and the lower organic phase was re-extracted with 2X volume heptane. The
upper organic phases were then pooled, dried at B0°C in a vacuum oven and
weighed.

2.5. Protein determination. Single seeds were ground in 0.4 M sucrose,
0.165 M Tricine buffer {(N-tris (hydroxymethyl)methylglycine, Sigma),

adjusted to pH 7.5, 0.1 M KC1l, 10 mM MgCl,, and 10 mM dithiothreitol. The

buffer solubilized proteins (both cruciferin and rnapin were extracted in
E against Laemmli (1970) buffer) were
then quantified according to the method of Bradford (1976) using BSA as a
2.6. Protein analysis. Gradient (7.5-12%) sDS polyacrylamide gels were
run for 1 hr at 180 volts in the Bio-Rad Mini-Protean cell electrophoresis
apparatus according te the method of Laemmli (1970). Samples of three
seeds were ground in 300 uL of warm (65°C) sample buffer (12% glycerol
(w/v), 5% 2Z-mercaptoethanel (v/v) and 2% SDS (w/v) in 62.5 mM Tris-HCl, pH

X g at room temperature. The supernatant was collected and 10 ML loaded

er lane, which was egual tc 1/10th the amount of total protein in 1

o

seeds. The gels were stained with 0.5% Coomassie R-250 in glacial acetic

w

acid:isopropancl:water (1:3:6, v/v/v) and destained in 40% methanol and
10% acetic acid.

2.7. Statistical analysais. Seeds were randomly collected from a
population of dry seed and germinated as above. During the experiments,
seeds representative of the average developmental stage for each
combination of DAI, temperature, amd seedlot were selected for use. In

experiments where specifiec developmental stages were used, seeds were
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seedlot. A t-test was used to derive the statistical difference between
seedlot sample means with P=0.05 and n=3. Correlation coefficients (r)
were generated by plotting a linear least squares fit line through values
for the same DRI using Kaleidagraph 2.1 (Synergy Software, Reading) .

Unless otherwise noted, all values represent the mean of three independent

replicates + 1 SD.
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3.0. Results
3.1. Seed germination. Both L and H seedlots were certified to exhibhit
95% germination at 25°C. Under control conditions of 22C, both seedlots
reached 95% germination by day 4. At 10°C, germination of L increased
rapidly, reaching appro ximately 95% by day 8 (Fig. 2-1 , in comparison to

d which increased gradually between 2 and 8 d then increased rapidly
between day 8 and 10 reaching a maximum of B80% by day 12. Germination
rates were Jlow in both seedlots at 6 and 2°C. During germinatien and

seedling growth, visible fungal infection was absent from all samples

3.2. Seedling growth. H dry seed was larger than L dry seed: 3844 ma
and 3103 mg, respectively (based on 100 seeds). Plots of fresh weight
increases show L growth was similar to H under optimal conditiens (22°%)

and at 10°C, but L attained a higher mean f:=sh wt. by day 10 (Fig. 2-2).

samplesj. Increases in fresh weight were correlated with increases
in germination. Correlation coefficients (r) for L were 1.0 at 22°C, 0.96
at 10°C, 0.99 at &C, and 0.68 at 2¢C. In comparison, the r values for H
were 0.99 at 22°C, 0.97 at 10°C, 0.63 at 6°C, and 0.43 at 2C.

3.3. Extractable imsocitrate lyase activity. Under control conditions of
22%, both seedlots displayed similar increases in ICL activity, reaching

high levels by 2 toe 3 DATI. At 10%, ICL activity in the L seediot
increased gradually over the first 4 DAI, then increased rapidly from day
4 to 8 (Fig. 2-3). There was an approximate three-fold increase in ICL
activity in both the 6°C samples relative to the initial ICL activity 1in
the mature seed (0 DAI). By day 6, ICL activity in L at both 10 and &“C

was significantly higher than that measured in the H seedlot at 10 and &'C
(P=0.05) respectively. At 10% in H, ICL activity increased gradually from
day 8 until day 12 (Fig. 2-3). The 6°C sample showed slight increases over

the same time frame. When the best fit lines were caleulated for hoth the

L and H data, it was found that differences between 22 and 10°C resulted
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Figure 2-1. Percent germination at different germination temperatures in

B. napus cv. VWestar. Seed sources tested were L seedlot: (H) 10°%C, (@)

£'C, and () 2'C. H seedlot; ([0) 10°C, (O) 6°C, and (s) 2°C. Each value
represents the mean of three independent replicates + 1 SD. Analysis

proceeded until 35% germination was attained at 10°C for each seadlot.

100 ” T

. P
ﬁ _ &
.2
=
5
£ 10-=
=l -

% Ge

0 2 4 6 8 10 12 14
Days After Imbibition

85



Figure 2-2. Changes in fresh weight during germination and early seedling
growth at optimal and suboptimal germination temperatures in two seedlcts
of B. napus cv. Westar. L seedlot; (%) 22°C, (M) 10°C, and (®) 6C. H
seedlot; (0) 22°c, (O) 10°C, and (O) é°C. Each value represents the mean
+ 1 SD increase in fresh wt. for 100 seeds of three indspendent

replicates.
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Figure 2-3. Extractable ICL activity during germination and early
seedling development in two seedlots of B. napus cv. Westar under optimal
and suboptimal germination temperatures. ICL activity was assaved at 22°%C.
L seedlot; (&) 22°C, (W) 1Fc, and (@) 68C. H seedlot: (0¢) 2z2cC, (O
10°¢, and (O) 6C. Each value represents the mean of three independent

replicates + 1 SD. Analysis proceeded until 95% germination was attained

at 10'C for each seedlot.
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from a temporal shift in activity while differences between 22 and 6°C
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resulted from both a temporal shift and a reduction ir
line for H (slopes for L at 22, 10 and 6°C were 0.95, 0.88, and 0.90
respectively, and for H at 22, 10, and 6°C were 0.832, 0.82, and 0.57

respectively).

ICL activities were alsoc assayed at different stages of development
le

es display higher

during early seedling growth (Table 2-1). The 6°C samp

levels of ICL activity relstive to the 10°C samples. In addition, 22 C

There were, however, no significant differences in ICL activity between
the two seedlots during seedling growth at all temperatures (P=0.05).
Slopes for ICL activity during stages of seedling growth revealed that
between 22 and 10°C differences resulted from a temporal shift in activity,
while differences between 22 and 6°C resulted from both a temporal shift

and a reduction in the slope of the lines of both L and H (slopes for L at

Ej

(B

22, 10, and 6°C were 0.93, 0.94, and 0.65 respectively, and for H at

[CL

=

10 and 6&°C, were 0.99, 0.82, and 0.74 respectively). Since the
activity in H peaks at 0.2 cm radicle length, and thereafter slowly
declines in activity the calculated slope was derived from the initial
increase from mature seed to 0.2 cm radicle.

3.4. Lipid mobilization. Mature seed from both seedlots contained
approximately the same amount of total lipid (Fig. 2-4). In all cases,

lipid content dropped within the first day of imbibition. At 22%, lipid

mobilization was similar in L and H until day 6, after which H leveled off

and L continued to decrease in total lipid. In the L seedlot both the 10
and 6°C samples decreased in total lipid after 6 DAI. These differences
were not noted at 10 and €°C in H. Decreases in total lipid were inversely
proportional to increases in ICL activity. Correlation coefficients (r)
for L were -0.86 at 22°%C, -0.90 at 10°%C, and -0.73 at 6°C. In comparison,

the r values for H were -0.72 at 22%, -0.42 at 10°C, and -0.85 at 6&°C,



Table 2-1: Isocitrate lyase specific activity in seedlings from -wo

seedlots, L and H, at optimal and suboptimal temperatures, Values
represent the means of three separate samples + 1 §D. * denotes a
significant difference between seedlots with P=0.05. $ these values

represent the mean of twe independert samples.

Temperature Radicle Length Seedlot
L H
_ _ _—cm- . nmol min"‘j@g’ proteiri -
22°C 6.1 12 + 1 48 + 6+
0.2 53 + 10 78 + 4
0.5 68 + 5 68 + 2
1.0 95 + 2 61 » 7+
10°%C 0.1 6 + 1 4 + 1
0.2 7+ 1 8 + 2
0.3 B + 2 8 +1
0.5 8 x 2 B +1
1.0-1.5 17 + 3 11 + 2
6%C 0.1 13 + 2 12 + 2
0.2 12 + 4 12 + 2
0.3 15 + 2 9 + 3
0.5 15 + 3 9%
1.0-1.5 15 + 1 174
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growth under optimal and suboptimal germination temperatures in two
seedlots of B. napus cv. Westar. Total lipid * was determined
gravimetrically. L; (4) 22°C, (B) 10°C, and (@) €c. H; (0) 22 c, (O

10°C, and (Q) % cC. Each value represents the mean + 1 8D of three

independent replicates.

d/g dry wt
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3.5. Total soluble protaim. Total buffer-scluble pretein for 100 seeds

L]

from each seedlot are compared in Table 2-2. It is apparent that H and L
possess similar amounts of protein in the mature seed. At 23C there was
an initial rzpid breakdown of protein in both seedlots, followed by a
steady decrease until day 6. At 1n°C and 6C, buffer-soluble protein
steadily decreased. Similar gradual decreases in protein were noted at 2C
in both seedlots (data not shown).

3.6. Storage protein mobilization. Cruciferin, the major storage

M

protein in canola, is composed of six subunits with molecular weight

b

between 29 to 37 kD and 22 to 24 kD. Changes in cruciferin (5 subunits
can be reliably discerned) were first noted in L after day 3 at 22'C, day
£ at 10°C and day 8 at 6C (Fig. 2-5A, 2-6A, and 2-7A). In comparison,
there was little cruciferin mobilization by day 4 and day 8 for H at 22°¢C
and 10°C, respectively (Fig. 2-5A and 2-6A). No cruciferin breakdown was
discernable in the 6°C H sample (Fig. 2-7A), nor were changes noted in
either seedlot over a 10 day period at 2°C (Fig. 2-8).

Protein profiles were alsoc compared at different stages of seedling
development, with L mobilizing cruciferin protein at 5 mm in the 22°% and
the 10°C samples, and at 3 mm in the 6T sample (Fig. 2-5B, 2-6B and 2-7B).
In comparison, there was little or no mobilization in any of the H samples
(Fig. 2-5B, 2-6B, and 2-7B). 1In each of these profiles, L was observed to
decrease in cruciferin to a greater extent in comparison te H. The 2'C
condition was not tested for cruciferin mobilization at different stages

of postgerminative growth.
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Table 2-Z. Total buffer soluble protein content for 100 se=ds of two
seedlots, L and H, of B. napus cv. Westar during germination and early

seedling growth at optimal and subuptimal temperatures. Each value is the

average of three independent determinations + 1 5D. * denotes significant

difference between seedlots with P=0.05.

Temperature DAI Seedlot
L H
cm 7 mg _
Control (22°C) 0 52 + 9 62 » 2
1 23 + 4 42 + 3*
2 20 = 2 28 + 4
3 11 = 1 23 x5
4 10 = 3 22 2 6
6 17 = 3 11 = 8
10‘C 0 52 + 9 62 + 2
1 47 + 13 69 = 4
2 30 + 6 53 + 8
4 20 = 4 38 + &6*
6 17 £ 7 38 + 4~
26 + 6 22 + 5
6°C 0 52 + 9 62 + 2
1 37 + 14 66 + 7
2 38 = 2 46 + B
4 46 + 2 29 + 4~
6 22 = 3 27 £ 8
8 24 + 7 34 + 3
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Figure 2-5. Protein profiles of 5. napus cv. Westar seed from two
seedlots, L and H, germinated ac 22°C SD5-soluble protein was extracted
and gels were loaded on a per seed basis. Molecular weight markers (M)
were from top to bottom: 97.4 kD, 66.2 kD, 42.3 kD, 31.1 kD, 21.5 kD, and
14.4 kD. (A) At 0 to 4 days after imbibition (DAI) (B) At 0 to 5 mm

radicle protrusion. { * ) denotes

cruciferin subunits.
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Figure 2-6. Protein profiles of B. napus cv. Westar seed from two
seedlots, L and H, germinated at 10°C. SDS-soluble protein was extracted
and gels were loaded on a per seed basis. Molecular weight markers (M)
were from top to bottom: 97.4 kD, 66.2 kD, 42.3 kD, 31.1 kD, 21.5 kD, and
14.4 ¥D. (A) At 0 to B days after imbibition (DAI). (B) &t 0 to 5 mm

radicle protrusion. ( <« ) denotes cruciferin subunits.
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FPigure 2-7. Protein profiles of B&. napus ecv. Westar seed from two

and gels were loaded on a per seed basis. Molecular weight markers (M)
were from top to bottom: 57.4 kD, 66.2 kD, 42.3 kD, 31.1 kD, 21.5 kD. and
14.4 kD. (A) At 0 to 8 days after imbibition (DAI). (B) At 0 to 5 mm

radicle protrusion. ( + ) denotes cruciferin subunits.
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igure 2-B. Protein profiles of B. napus cv. Westar seed from two

y

seedlots, L and H, germinated at 2°C over the course of imbibitien (DAT) .
SD3-soluble protein was extracted and gels were loaded on a per seed
basis. Molecular weight markers (M) were from top to bottem: 97.4 kD,

66.2 kD, 42.3 kD, 31.1 kD, 21.5 kD, and 14.4 kD.
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4.0. Discussion.

Studies show that canola can germinate in temperatures ranging from
2 to 25°C (Canola Growers Manual, 1991); however, temperatures below 10°C
result in low germination (Acharya et al., 1983; Barber et al., 1991), and
longer germination times (Kondra et al., 1983; King et al., 1986). In the
present study, both seedlots germinated to completion (95%) within 4 days
under control conditions (22°C). At 10C, both seedlots reached high
levels of germination, but germination rates were slower. At temperatures
below 10°%C, germination was low. A similar relationship between seedling
growth and temperature was noted. For Westar, the baseline growth
temperature has been determined to be about 5°C (Morrison et al., 1989).
From the seedlots tested it is apparent that differences in germination
and seedling growth exist within the cultivar Westar. L displayed a
higher and faster germination rate at 10°C. These results were mirrored
by the increases in fresh weight with L growing at a faster rate in
relation to H during early seedling growth. These observations are
reflected in high correlation coefficients between germination potential
and fresh weight in the L over the temperature range studied, but only at
22°C and 10°C in H, suggesting that L has better seedling growth at the
suboptimal temperatures in comparison to the H seedlot.

Germinating oil seeds rely on reserves (around 60% of total seed
weight) of lipids until growth can be maintained through photosynthesis.
The glyoxylate cycle enables germinating oil seeds to bring about a net
conversion of oils (triglycerides) to carbohydrates (Trelease, 1984;
Mathews and Van Holde, 1990). ICL'is a glyoxylate cycle enzyme that
converts isocitrate to glyoxylate and succinate (Vanni et al., 1990).
Therefore, by monitoring the ICL activity we were able to estimate the
overall extractable cell free activity of the glyoxylate cycle during and
after germination.

ICL activity in Qunflower and cotton is present in the mature seed

and increases activity within 2 to 3 DAI (Allen et al., 1988); whereas, in
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castor bean the ungerminated seed has low levels of ICL (Gerhardt and

Beevers, 1970). In Brassica, ICL activity is low in the mature seed

e

Johnson-Flanagan et al., 1992), and upon imbibition reaches high levels
of activity at 3 DAI (Comai et al., 1989: Dietrich et al., 1989) then
decreases by 4 to 6 DAI (Ettinger and Harada, 1990) in seedlings. In the
present study both L and H reached high levels of ICL activity at 22°%
between 2 to 3 DAI. and, therefore, followed the same temporal pattern of
accumulatien (Fig. 2-3). Under suboptimal conditions (10 and 6 ’cy,
however, ICL activity (assayed at 22°C) was much lower, but appears to
follow a pattern that mirrored increases in germination rates. Because
the assay for ICL was performed in vitre at 22°C it is important Lo
ééﬁsidér that in vivo the enzyme activity could be lower at the suboptimal
temperature. Polanowski and Obendorf (1991) demonstrated that purified
ICL from soybean, which shares a high amino acid homology to B. napus,
maintained activity in vitro between the temperatures of 50 To -12 ‘C.
Therefore, in the present study it is concievable that the ICL activity
displayed at the suboptimal temperatures in vitro reflects the ICL
activity in vivo. Lower temperatures cause a temporal shift in the ICL
activity at 10°C in both seedlote, but at 6C the activity is reduced as
well as temporally delayed in the H seed.

ICL activity was also monitored during seedling growth. Germination

an be defined as radicle protrusion through the seedcoat (Kondra et al.,

1]

1983). Radicle emergence ends germination {Bewley and Black, 1994), and
therefore, may be considered the first visible sign of seedling growth and
development. Once again, high levels of ICL activity we:enreacheﬂ at 22%
suboptimal temperatures (Table 2-1). L displayed similar levels of ICL
activity during seedling growth at the suboptimal conditions. This
suggests that once germination has occurred, ICL activity in the two
seadlots is comparable when based on seedling develepment.

There is a known relationship between ICL activity and 1lipid
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mobilization. At 30°C, the utilization of lipid reserves in cetten seeds

begins at approximately 16 hours after imbibition, concurrent with an
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increase in ICL activity (Doman et al., 1982). In EB. o.
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germinated at 25°C, lipid mobilizatien occurs 2 DA

then leveling off (Qouta et al., 18%91). Cotyledons from B. napus, L. var.

and Huang, 1983). In our study, teotal lipid was mobilized rapidly after

imbibition at 22° and decreased steadily in both the L and H seedlots

|..u
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{Fig. 2=4). These decreases in total lipid were concurrent with the ra api
increase in ICL activity at 22°C in both seedlots (Fig. 2-3) r=-0.85 fer
L and r=-0.72 for H, and therefore, were consistent with the findings of
Lin and Huang (1983). At suboptimal temperatures, lipid meobilization in
the L seedlot was delayed until 6 DAI; at which time there was a large

decrease in lipid (Fig. 2-4). 1In the H seedlot this decrease in the total

nd &°%C. Therefore, L

]

lipids did not ocecur even up to 8 DAI at 10
displayed an increase in ICL activity at 4 DAI followed by a decrease in
lipid reserves & DAI at 10°C (r=-0.90). The 6°C sample followed this =ame
trend, but the correlation (r=-0.73) was not as good as in the 10°C sample.
Comparatively, ICL activity in H increased gradually, and this increase
was not followed by large decreases in lipid reserves at 10°%C (r==0.42}).

At 6°C ICL activity gradually increased and lipid reserves slightly

decreased thereby maintaining a high correlation (r=-0.84). Thus, there
was an inverse relationship between IC nd lipid mobilization except at

10°C in H, where there was less lipid mobilized than was predicted from the
ICL activity. This may suggest that lipid mobilization is impaired in H,
or that ICL is inhibited in vive, and may contribute to the observed

decrease in germination potential at low temperature. These results may
also suggest that metabolite transfer between organelles (glyoxysomes and
mitochedria) and their transfer through the cytoplasm may be restricted at

low temperature, and diffesrences may exist between the seedlots in re sspect
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to metabolites and\or necessary eénzymes are limited.

Further, Qouta et al. (1991) found that decreases in lipids were

preceded by a decrease in total protein. Decreases in buffer-seoluble

proteins ocecured prior to lipid degradation in the 10°C and 6°C samples for

both seedlots. In B. oleracea, total protein began to decrease 1 day

after imbibition and continued to drop throughout early seedling growth

(Qouta et al., 1991). In the present study, there was a direct
relationship between buffer-soluble protein mobilizatien and temperature,
but enly L displayed decreases in buffer-soluble proteins prior to lipid
degradation (Table 2-2).

In order to study the mobilization of specific storage proteins we

examined protein changes by SDS-PAGE. The major storage protein in

Brassica is cruciferin, a 128 globulin holoprotein composed of 6 subunits,

with a molecular weight of 300 kD (Rodin and Rask, 1990). There are 4 o

polypeptides which range in molecular weight from 29 kD to 37 kD, and 4 [

polypeptides which range from 22 kD to 24 kD (Dalgalarrondo et al., 1986;

Rodin and Rask, 1990). The other major storage protein in Brassica is
napin (DelLisle and Crouch, 1989).
Cruciferin accounts for approximately 60% of the total protein in the
mature seed, and therefore its degradation can be followed via SDS-PAGE
[

“rouch and Sussex, 1981). Cruciferin mobilizatien ececurs a
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oceeds rapidly under optimal conditions (Murphy et al.,
1989; Hoglund et al., 1992). In the present study mobilization oceurred
rapidly under control (22°) conditiens (Fig. 2-5A), but was delayed
temporally under the suboptimal conditiens (Fig. 2-6A, 2-7A) in both
seedlots. There was, however, no variation in the pattern of breakdown,
i.e., the higher m@iezula: weight subunits were preferentially degraded.
This observation is consistent with proposed orientation of the
hydrophilic c-terminus of the alpha-subunit situated at the surface of the
cruciferin molecule (Pleitz et al., 1987: Robin et al., 1991), and

therefore would undergo mobilization prior to the internal hydrophobic
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regions of the beta-subunits. Cruciferin breakdewn in the L seedlot was

correlated with the other metabolic processes occurring during early
seedling growth such as lipid meobilization and increases in ICL activity.
Again, the H seedlot did not display the same correlations. These

differences may suggest that amino acids necessary for proper early

seedling development are not available in the H seedlot, and therefore,
the germinating seed is neot supplied with essential proteins required

during this essential stage of development.

In the present study we have shown that variations in germination
rates and early seedling growth exist under low temperatures in Westar.

that perhaps proper coordination between storage reserve mobilization,

storage protein utilization and development are paramount in determining
the success of superior germination at low temperature within the cultivar
Westar. In addition, even if these processes are fully coordinated the
entire process may be simply delayed. Alternatively there may be other
rate limiting reactions or processes involved which were not revealed in
the present study. Finally, the fact that seedlots are certified to have
95% germination at 25% does not indicate that they will all perform the

same at suboptimal temperatures.
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Chapter 3. Storage Reserve Mcbilization During Low
Temperature Germination and Early Seadling Growth

in Brassica napus cv. Westar.



1.0. Introduction.
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al., 1983; Kondra et al., 1983; Barber et al., 19%1; Wilson et al., 1892;

Mills, 1993) under low temperature regimes. Generally, these studies

reveal that germination rates are reduced at low temperiature. The present

study was designed to examine the effect of low temperature on specific
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delays (whether thermal or developmental), to relate delays to seedling
physioclogy, and to then recapitulate seedling emergence to give a clear
picture of the effect of low temperature at specific developmental stages.

Germination is the developmental period that begins with water
uptake and ends with radicle emergence through the seed coat (Bewley and
Black, 1994). Prior to imbibitien, canola seeds have a very low hydration
level and low metabolic activity (Kuras, 1984). Canola seed requires 60-
75% moisture content between the temperatures of 2-25°%, in the presence
of oxygen, to germinate (Canola Growers Manual, 1931).

The process of germination is subdivided into three phases (Simen,
1984; Vertueeci, 1989; Bewley and Black, 1994). During phase I, rapid
hydration (imbibition) of the seed occurs and metabolism begins. 2 lag
follows during phase II, while major metabolic events take place in
preparation for radicle emergence. The £inal event, phase III, is
characterized by radicle elongation, and marks the end of germination.

Liow temperature slows the rate of imbibition (Vertucci, 1989), and

may damage embryos, preventing germination (Bramlage et al., 1979;

Bradbeer, 1988). This in turn may result in slow, asynchronous
germination, leading to poor stand establishment (Stewart et al., 1330;

Barber et al., 1991), and ultimately, reduced yield.

Germination ends as the radicle elongates slowly by cell expansion,
followed by rapid growth and cell divisioen (Esau, 1977; Furas, 1986;
Kuras, 1987; Bewley and Black, 1994). After germination, water uptake
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increases and storage reserves are utilired to support seedling growth.

Once the efficient breakdown of the storage reserves is underway the
energy is utilized to produce the photosynthetic machinery necessary to
support and maintain autotrophic growth. This includes the synthesis of
chlorophyll (Callis, 1995).

In canola, there are two types of storage protein, albumins and
globulins. These provide the necessary amino acids required for the de

novo synthesis of proteins after germination such as those require for

cellular housekeeping and those involved in the further breakdown of

[

storage reserves. The 1.75 albumins are called napin, and the 125
globulins are called cruciferin (Lonnderal, 1972: Crouch and Sussex, 1981;
Rodin and Rask, 1990). The major storage protein, cruciferin, accounts
for approximately 50-60% of the total seed protein (Crouch and Sussex,
1981; Hoglund et al., 1992), and is composed of six subunits (Plietz et
al., 1987). Each subunit is composed of a heavy o-polypeptide (ranging
from 29-37 kD) disulfide bound to a lighter B-polypeptide {ranging from
22-24 kD) (Dalgalarronde et al., 1986; DeLisle and Crouch, 1989; Rodin and
Rask, 1990).

In canola, lipids are mobilized and converted teo sucrose, which
serves as the primary nutrient ssurce during heterotrophic growth

(Beevers, 1979; Doman et al., 1982; Trelease, 1984). As lipids are
degraded they are shunted through the glyoxylate cycle eventually giving
rise to glyoxylate and succinate (Trelease, 1984; Mathews and Van Holde,
1990). Succinate is converted to sucrose via the TCA cycle and
gluconeogenesis (Mathews and Van Holde, 1990). The sucrose can then be
utilized by the germinated seed to provide ATP through both substrate
level and oxidative phosphorylation (Mathews and Van Holde, 1990). Via
these processes decarboxylations in the TCA cycle result in the evolution
of CO,.

The enzyme ICL in the glyoxylate cycle converts isocitrate to

glyoxylate and succinate (Vanni et al., 1990) as free fatty acids from

116



the lipid reserves are mobilized. Concomitant with the depletion of the
oil reserves from oil bodies is the degradation of the o0il body proteins
(oleosins) (Huang, 1992).

Previously we suggested that improper coordination of storage
reserve mobilization could account for the observed delays and reductions
in germination and early seedling growth (see chapter 2). In the present
study germination and early seedling growth are assessed in B. napus cv.
Westar. Thereafter, specific developmental stages of early seedling

growth were studied in relation to storage reserve mobilization.
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2.0. Materials and Mathods:

2.1. Plant material. Certified seed (Allard, 1960) of canola (B. napus
L. var. oleifera cv. Westar), previously designated Lendholm {(chapter 2),
was used for the study. Lendholm displayed superior low temperature
emergence in comparison to Holmstrom at low temperature, and therefore
developmental processes involoved in storage reserve mobilization may
reveal limiting processes that could be altered to increase low
temperature emergence. The seed was of high quality with only 2.3+0.4%
broken seed coats and exposed embryos. The mature seed had a low moisture
content (1.63+0.34 %), and was bagged and stored at 4°C in a bell jar.
2.2, Seed germination and seedling growth. Germination tests were
carried out according to the protocol outlined in chapter 2. This
involved imbibing populations of 100 seed in 50 mL flasks containing a
piece of nylon mesh and 3.5 mL of double distilled water. This allowed
for unhindered gas exchange while providing adequate water for germination
and early seedling growth to occur. The flasks were plugged with cotton
to allow gas exchange with the external air. Seeds were maintained at
constant temperatures of 22, 10, 6, and 2°C in constant temperature water
baths in a 12 hr light/dark photoperiod. Germination was scored as
radicle protrusion through the seedcoat, and germination percentage was
determined according to Wilson et al. (1992). Fresh weight increases were
also recorded.

Previously we observed no germination or seedling growth at 2°C
(Figure 2-1; chapter 2). The lowest temperature limit for germination in
B. napus is 2°C (Canola Growers Manual, 1991; Bedi and Basra, 1993), and
therefore, 2°C served as the baseline temperature for germination and
seedling growth. This enabled us to standardize thermal time for each
condition by the following equation: DD={X-2°C) (DAI), where DD=Degree days,
X=temperature conditions (22, 10, or 6°C), and DAI=Days After Imbibition.
Radicle lengths of individual seed (from sample sets of 100 seed) were

also measured to provide an index of seedling growth for each day after
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imbibition (DAI}. These values were then converted to DD and tabulated

o]

(Table 3-1). From the obtained values we interpolated and derived
corresponding values for equivalent DD at each of the temperatures. This
allowed another estimation of seedling growth at the different
temperatures in relation to thermal degree days. By standardizing thermal
time differences between the temperature conditions would reflect
differences in processes dependent on temperature. Thereafter, individual
seedlings at specific radicle lengths were studied to verify the validity
of the preliminary comparisons, thus allowing us to examine specific
developmental stages after germination. Seedlings possessing a 15 mm
radicle length were chosen as the upper limit because thereafter seedlings
exhibit epicotyl growth and greening. During the germination tests, all
samples were free of visible fungal infection. Sampling of the 10 and 6°C
seed ceased at 64 and 40 DD, respectively, as seedling growth was slow.
2.3. CO; determinatioms. Samples were collected from the flasks with a
lcc syringe. After drawing off 1.lcc from the flask, the loss of air or
exchange of gas with the ambient air was prevented by placing a plunger on
the end of the needle. Samples were then analyzed on a 5880 Series Gas
Chromatograph (Hewlett-Packard) against a 350 ppm CO2 standard. The total
area of the peaks with a retention time of 1.440 were collected and
averaged.

2.4. Chlorophyll determinations. Seed (100 from each DAI) was collected
from each temperature condition and chlorophyll extracted and determined
according to the methods of Moran and Porath (1980), using purified Chl a
and Chl b (Sigma) as a standard. Samples were ground in liquid N,
trahsferred to 15 mL Corex tubes containing 5 mL of N,N-Dimethylformamide
and stored for 24 hrs in the dark at 4°C. Prior to spectrophotometry,
samples were centrifuged at 10 000xg for 10 min at 4°¢ in a Sorval
centrifuge with a S$34 Sorval rotor and the supernatant collected. Chl a

and b were then determined specrophotometrically at 649 and 665 nm,

respectively, on a Cary 219 spectrophotometer (Varian Associates, Palo
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Alto, CA.). All operations were carried out under a green safelight to
avoid chlorophyll photo-degradation.

2.5. Im vivo labelling. Samples were randomly selected from seed at each
temperature at 1,4,8, and 10 DAI. The samples were imbibed in double
distilled water containing 7.4x10° Bg ¥S-labelled methionine (Amersham).
Mature seed was labelled at 22°C. Labelling was allowed to proceed for 40
degree hours to standardize thermal time between the temperature
conditions (ie. 2hrs, Shrs, and 10hrs for seed imbibed at 22, 10, and 6°%C,
respectively). *5-methionine incorporation was ﬁerminated by rinsing
samples with double distilled water, and placing them in liquid N..
Samples were then ground in Laemmli (1970) buffer (see SDS-PAGE section)
on ice, microfuged for 5 min at 13 (00 rpm, and the supernatant cellected
and placed in a sterile tube. Incorporation was quantified by spotting
10uL aliquots on Whatman glass micro fibre filters (GF\C) air drying for
30 min, and washing in cold 10% TCA, followed by boiling in 5% TCA and
0.2% casein hydrolysate for 15 min. Thereafter, the disks.were rinsed
three times in c¢old 95% ethanol. After samples had air dried,
incorporation was measured by fluorescence on an Isocap\300 (Des Plaines,

Illinois) liquid scintillation counter by placing spotted samples in 5 mL

Econofluor (DuPont, Boston, Massachusetts). DProtein concentrations were
obtained as described in SDS-PAGE section. Values were converted to
degree days for the different temperatures. Thereafter, interpolated

values were derived enabling comparisons between the different
temperatures on the basis of equivalent DD. Sampling of the 10 and &°C
samples ceased after 80 and 40 DD, respectively, as seedling growth was
slow.

2.6. SDS~-PAGE. Mature seed and seedlings were collected frem each
temperature during specific stages of development (20-30 seedlings for
each stage). Samples were ground in 300 uL hot (65°) Laemmli (1970)
buffer (120mL L' glycerol, 50 mL°'L 2-mercaptoethanol, .0.05% (w/v)

bromophenol blue, and 20g L*! SDS in 62.5 mM Tris-HCl, pH 6.8) in a nortar
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and pestle on ice. Samples were then microfuged (13 000 rpm) for 5 min at

4*C, the supernatant retrieved, and placed in a sterile microfuge tube

[a]
]

ice.

Total protein concentration was determined by precipitating a 25 uL
aligquot of the supernatant with 50 ulL of celd TCA (10%) in a sterile
microfuge tube. The samples were microfuged (13 000 rpm) for 10 min, the
supernatant was removed, and the pellets were air dried for 10 min. The
pellets were then resuspended in 25 pL 0.1 M NaOH and the protein

concentration was determined according to Bradferd (1976) using BSA as a

standard.® Subsequently, equal amounts (on the basis of total protein)

were loaded on 15% SDS-PAGE mini gels (Hoeffer Mighty Small IT Slab Gel
Electrophoresis Unit SE 250, San Fransisco, CA). Gels were run at 180 V

for 1 h.

[ilg

2.7. Western blots. Total protein was separated on 15% SDS-PAGE gels a

s

above. Gels were electroblotted onto nitrocellulese membranes for 1 h a
a constant 70 V according to Dunn (1986), and blocked overnight in 3% fish
skin gelatin (in 1X PBS) (White and Green, 1987). Membranes were
subsequently incubated with antibody directed against either ecrueiferin
(1:500 dilution [obtained from Dr. M.L. Crouchl]), oleosin (1:3000 dilutien
(obtained from Dr. A. Huangl), or ICL (1:100 dilution [obtained from Dr.
J.J. Haradal) for 1 h at room temperature. Membranes were washed in 1X
PBS/0.05% Tween 20 for 10 min three times, 1X PRBRS for 10 min, and
incubated with Geat Anti-Rabbit IgG (Sigma) (1:3000 dQilutien in 3% fish
skin gelatin in 1X PBS) linked to an alkaline phosphatase for cruciferin
and ICL, or incubated with Goat Anti-Chicken IgG (Sigma) linked to an
alkaline phosphotase for oleosin blots. Membranes were washed as above
and developed according to White and Green (1987).

2.8. Data analysis. Seed was randomly collected from a population of dry
seed and germinated as above. During the experiments, samples of 100 seed
from each combination of DD or DAI and temperature were used. In

experiments where specific developmental stages were used, seedlings of

121



specific radicle lengths were collected randomly. In the labelling

Lot

experiment, seeds and/eor seedlings representative o the average
developmernital stage for eaeh combination of DAI and temperature were
selected as per Table 3-1. Unless otherwise noted, all values represent

the mean of at least three independent replicates +1 SD.
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3.1. Sead germination. The use of DD (degree days) enabled us to
uncouple thermal constraints from developmental impairments. By pletting
the germination potential from each of the temperature conditions on the
basis o©0f eguivalent heat units recieved by seed, differences in
germination would then reflect differences as a result of processes
involved in germination and not temporal differences in these processes.
At 22°C, percent germination increased rapidly and reached the maximum by
60 DD (see Fig. 3-1). There was an initial lag at 10°%C, then germinatioen

increased rapidly after 15 DD, reaching 98.7% germinatien by 64 DD.
Germination was lower at 6°. Again, there was a lag up to 15 DD and
germination increased slowly thereafter. In order to determine which
phases of germination were affected by low temperature, fresh weights of
100 seed were measured over a 24 hour period and fresh weights of
germinatédrseed up to 160 DD. Increases in fresh weight over the first 24
hours after the onset of imbibition (HAI) are shown in Fig. 3-2. At 22°%C
the seed took up water rapidly, and was fully imbibed by 6 hrs,. The

10 and 6°C was initially more gradual, but

the seed was fully imbibed after 20 and 24 hrs, respectively.

3.2. seedling growth. The fresh weight of germinated seed was calculate
(change in fresh weight=[increase in fresh weight - fresh weight of fully
imbibed seed] X % germination), and these values were used to measure
increases only in seedling growth (Fig. 3-3). This formula shows the
seedling growth of only germinated seed and therefore uncoupled the effect
of processes inhibiting germinaiton in the ungerminated population. After
15 DD at 22°C, fresh weight increased gradually and seed entered phase IIT
of germination. Thereafter, rapid increases in fresh weight were observed

he onset of

t

after 60 DD concurrent with the end of germination and
seedling growth. Seed imbibed at 10°C entered phase III at approximately
30 DD, and exhibited a similar uptake in water until &4 DD, after which,

fresh weight increased gradually. The rapid increase after germinatien
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Figure 3-1. Germination percentage under various temperature conditions

in B. napus cv. Westar on the basis of equivalent degree days (thermal

time). Temperatures tested were (4) 22°C, (M) 10°C, and (®) €C. Erach

value represents the mean of three independent replicates + 1 SD.
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Figure 3-2. Changes in fresh weight during the first 24 hours after
impibition (HAI) under different temperature conditions in B. ndpus cv.
Westar. Temperatures tested were (¢) 22°C, (M) 10°C, and (@) 6°C. Each

value represents the mean of three independent replicates + 1 5D.
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Figure 3-3. Changes in fresh weight during germination and early seedling

growth under different temperature conditions in B. napus cv. Westar on
the basis of thermal time. Temperatures tested were (¢) 22°C, (W) 10°,

and (@) 6°C. Each value represents the mean of three independent

H

replicates + 1 SD.
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was not observed. The increase in fresh weight was low at 6°C, with phase
II1 of germination entered after 40 DD.

Radicle lengths of germinated seed were measured and averaged to
provide an index of seedling growth for each DAI. The results from this
experiment are chown in Table 3-1. By interpelating values from Table 3-1
we could ascertain that the initial rate of seedling growth in germinated
seed was delayed at 10°C when based on thermal time. At % C, seedling
growth in germinated seed was delayed and lower in comparisen to both the
22 and 10°C conditions.

3.3. CO, determinations. (O, levels increased steadily after imbibition
at 22°C (Fig. 3-4). At 10 and 6°C CO, levels increased gradually over the
first 16 and 8 DD, respectively. Thereafter levels remained relatively
constant until 24 DD, increasing steadily afterwards in the 10°C sample.
However at 6°C the levels declined bLack down to initial levels.

3.4. Chlorophyll accumulation. Increases in total chlorophyll occurred
rapidly under optimal conditions after 40 DD (Figure 3-5). However,
chlorophyll accumulation was lower at both 10 and 6°C. The 10C sample
accumulated chlorophyll after reaching 120 DD, increasing at about the
same rate as the 22°C sample suggesting the onset of chlorophyll
accumulation was temporally delayed. The accumulation of chlorophyll at 6°C

was vary low. Testing was not carried out after 120 DD, as there was

o]

little increase in fresh weight (Fig. 3-3),

3.5. In vive labelling. The rate of protein synthesis indicated by
methioine incorperation demonstrates storage protein degradation (Table 3-
2). Samples were labelled for 40 degree hours to standardize thermal
times for each temperature. The 22°C samples displayecd increasing rates
of protein synthesis, with high rates of methionine incorporation at 200
DD. Protein synthesis in both the 10 and 6°C samples were higher than the
22°C samples at 40 DD and at 80 DD in the 10°C sample.

3.6. Western analysis. Markers of storage reserve breakdown were

studied. Polyclonal antibodies directed against cruciferin were employed
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Table 3-1. Mean radicle lengths (mm) of seeds germinated at each
temperature condition for days after imbibition (DAI). Mean radicle
lengths were obtained as outlined in materials and methods. Degree days
(DD} provide similar thermal timelines between the temperature conditions
with respect to DAI. Each value represents the mean of at least three
independent replicates + 1 SD. Values in parentheses represent
interpolated values calculated from the empirically measured values.

Values in brackets represent DAI.

DD 22°C [DAT] 10°c [DAI] 6°C [DAI]
0 0 [0] 0 [0] 0 (0]

4 (0.04) (0.01) 0.02+0.01 (1]

8 (0.1} 0.02+0.01 [1] 0.0240.01 [2]

16 (0.18) 0.03+0.01 [2] 0.04+0.01 (4]

20 0.22+0.1 (1] (0.10) (0.09)

24 (0.60) 0.16+0.1 [31] 0.1410.1 [6]

32 (1.35) 0.85+0.3 [4] 0.49x0.1 (8]

40 2.10+0.6 [2] (2.10) 0.89x0.2 [10]
48 (3.31) 3.30+0.5 [6]

60 5.13+1.0 [3] (6.35)

64 (5.75) 7.4+1.86 [8]

80 8.2+0.3 f4]
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Figure 3-4. The evolution of CO, over the course of imbibition on the

basis of equivalent thermal time in B. napus cv. Westar. Temperatures

tested were (¢) 22°C, (M) 10T, and (®) 6€. Each value represents the mean

+ 1 5.D. of three independent replicates.
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Figure 3-5. Changes in total chlorophylil during germination and early
seedling growth under optimal and suboptimal temperature conditions in B.
napus cv. Westar. Temperatures tested were (¢) 22°, (m) 10°C, and (@)

6°C. Each value represents the mean of three independent replicates + 1

SD.
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Table 3-2. Methionine (**S) incorporation rates (Bgs/mg protein x 107 )
during germination and early seedling growth for optimal and suboptimal
temperatures. The proteins were labelled as outlined in materials and
methods. Sampling at 6°C ceased at 40 DD when it was apparent that further
development was very slow. Each value represents the mean of at least
three independent replicates + 1 SD. Values in parentheses represent
interpolated values calculated from empirically measured values. Values

in brackets represent DAI.

DD 22°C {DAI] 10°C [DAI}] 6°C [DAT]
0 1.410.1 [0] 1.4+0.1 [0] 1.4+0.1 (0]
4 (2.5) (1.4) 1.2x0.6 [1]
8 (3.7) 1.5+£0.6 [1] (1.4)

16 (6.0) (3.6) 1.7+1.2 [4]
20 7.1+1 [1] (4.7) (3.6)

32 (8.9) 7.8x£1.7 [4] 9.446 [8]
40 (10.1) (11.6) 21.3#10 [10]
64 (13.8) 23.0+4 [8]

80 16.2+4 [4] 31.4x6 {10]

160 19.2+6 [8]

200 61.5+23 [10]
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to follow its degradation over the course of postgerminative growth (Fig.
3-6). Cruciferin was not detected in the negative control (lane le; leaf
tissue). At 22 and 10°%, cruciferin was no longer detected after the
radicle had elongated 5 mm. At 6°C, cruciferin was still detected at 5 mm
radicle length, but not at 10 mm. There is an initial increase in
cruciferin detected for mature seed to lmm germinated seedlings. This
initial increase 1is believed to relect slight differences in the
solubility of cruciferin between desiccated seed and germinated seedlings,
and therefore this increase is the result of the methodology used and not
an actual increase.

The implications of delayed protein biosynthesis at low temperature
were studied by determining ICL 1levels. As ICL is critical in 1lipid
mobilization this also provides insight into the effect of low temperature
on 1lipid mobilization (Fig. 3-7). At all three temperatures, ICL
increased from low levels at 1 mm radicle length to higher levels at 15
mm. However, there was more ICL detected at 22°C relative to the lower
temperature conditions. Again ICL was not detected in the negative
control leaf tissue (lane le, Fig. 3-7).

By following the breakdown of oleosin (oil body protein) we can
indirectly follow the mobilization of lipids. Oleosin decreases slightly
after the radicle has elongated 5 mm, but is still detected in seedlings
with a 15 mm radicle in all temperature conditions (Fig. 3-8). Further
analysis using seedlings from 2.0 to 3.0 cm long revealed the
developmental delay in oleosin breakdown (Fig. 3-9). At 22°C, oleosin
quickly diminished once epicotyl growth ensued and seedlings reached 2.5
cm. However, at 10°C oleosin breakdown occurs at 3.0 cm. There was
little or no oleosin breakdown at the same developmental stage in 6°C

seedlings.
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Figurs 3-6. Western blot analysis of cruciferin from tetal protein (10

ug/lane) isolated during early seedling growth (mm radiecle length) under

ilfferent temperature conditions in B. napus cv. Westea
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Figure 3-7. Western blot analysis of isocitrate lyase (ICL) from total

protein (10 pg/lane) isclated during early seedling growth (mm radicle

length) under different temperature conditions in B. napus cv. Westar.

o

The temperatures tested were 22, 10, and 6°C. {+) denotes the 63 k

polypeptide.
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Figure 3-8. Western blot analysis of oleosin from total protein (1
ug/lane) isolated during early seedling growth (mm radicle length) under
different temperature conditiens in B. napus cv. Westar. The temperatures

tested were 22, 10, and 6°C. (+) denotes the 20 kD polypeptide.
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Pigura 3-9. Western blot analysis of oleosin from total protein (1
ug/lane) isolated during seedling growth (mm seedlings including epicotyl
growth) under different temperature conditions in B. napus cv. Westar.

The temperatures tested were 22, 10, and &°C. {+) denoctes the 20 kD

polypeptide.
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4.0. Dimcusgion.
Germination is generally reduced at temperatures below the optimum

-+ 1976; Liengsiri and Hellum, 1988; Mohaptra and Suggs, 1989;

it

{Simon et a

Jacobsen, 1992; Leviatoev et al., 1994). In canola,

]

Steiner an

]

., 1883;

temperatures below 10°C result in poor germination (Acharya et a

Ism
=
‘lu..’l‘

Barber et al., 1991), and longer germination times (Kondra et a 98:

Kinget al., 1986; Wilsen et al., 1992; Mills, 1993). The temperature for

baseline growth in Westar is approximately 5% (Morrisen et al., 1989), and
germination rarely occurs at temperatures below 2% (Canola Growers Manual,

1991; Wilson et al., 1992).

Our results are consistent with previous studies. Seeds imbibed at

both 22°C and 10°C germinate rapidly and completely, requiring 60 and 64

DDs, respectively to attain the same level of germination. The temporal

(Fig. 3-1). 1In other words, the delays observed in germination appears to

result from a prolonged lag (phase II) during germination in which

H

metabolic processes are slowed by exposure to low temperature imbibitien.

5

Thereafter, seedling growth at 10°C is initially similar to seed germinated

at 22°C (Table 3-1). Differences in seedling growth become more apparent

after germination is complete and seedling growth is underway (after 60 DD

2°C and after 64 DD for 10C in Fig. 3-3). At §C, germination was

iy
2%

or

lower and delayed in comparison to both the 22 and 10°C conditions. The

reduction in germination at 6°C not only reflects temporal delays ir

processes involved in germination , but also suggests that these processes

are somewhat impaired at this temperature. Furthermore, seedlin ng growth
was also reduced (Fig. 3-3).
We were interested in determining which phase of germinatien was

affected by low temperature. 1In a related crucifer, Sinapis alba., low

temperature increased phase II, reduced radicle growth, and led to lower
respiration rates (Simen et al., 1976). There was a slight lag in water

uptake during phase I (Fig. 3-=2) at 10 and 6°. This has been observed in
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soybean (Vertucci and Leopold, 1983; Vertucci, 1989), and is expected to
damage the embryo (Simon et al., 1976; Bradbeer, 1988; Bewley and Black,
1994). 1In the present study, the delay did not damage the seed at 10C,
but may have at 6°C as indicated by a prolonged phase II. reduced radicle
growth, and lower respiration rates.

The transition from phase II to phase III has been shown to be most
sensitive to temperature (Simon et al., 1976). During this period,.
metabolic processes such as respiration (Simon, 1984), protein synthesis
(Bewley and Black, 1994), ATP production (Mayer and Marbach, 1981; Simon,
1984), and RNA synthesis (Payne et al.. 1978; Lane, 1991) are occurring
leading up to end of germination after phase III. The delay observed in
germination in the present study appeared to result from a prolonged phase
IT (Fig. 3-2, Fig. 3-3). At 10°C the transition was delayed relative to
the 22°C temperature condition. At® 6 C, the seed entered phase I11
gradually after a prolonged stasis in phase II (Fig. 3-3), resulting in
low rates of germination and low increases in fresh weight.

In canola, seedling growth has been assessed with respect to
different genotypes (cultivars) (Acharya et al., 1983; King et al., 1986)
and seedlots (Barber et al., 1991). These studies reveal low temperature
reduces seedling growth and subsequent emergence. The seedling index
(Table 3-1) shows rapid growth in germinated seed at 22°C and 10°C, and low
seedling growth at 6°%. The reduction in seedling growth was corroborated
by differences in fresh weight increases (see Fig. 3-3). Whereas seedling
growth was rapid at 22°C, it was delayed and lower at 10 C, and further
delayed and reduced at 6°C. Thus, in the present study, both germination
and early seedling growth were affected by reduced growth temperatures.
Our results indicate that low temperature has two effects: a temporal
delay at 10°C and reduced seedling growth thereafter, and a delay and
reduction in both germination and seedling growth at 6°C.

Associated with lipid mobilization is the evolution of CO, (Mathews

and Van Holde, 1990). The respiration rates displayed by seed at 22'C are
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indicative of the processes involved in post germinative growth (i.e.
carbohydrate and lipid mobilization). At 10 and 6°C there is an initial
increase in CO,. This initial rise is most likely the result of stored
carbohydrate (upto 10% total seed weight constitutes amylose and
amylopectin in B. napus) mobilization. - At 10°C we observe a steady
increase in CO, levels after 24 DD, which is concurrent with increases in
germination. At 6°C the levels return down to initial rates {(approximately
450 ppm/100 seed).

Chlorophyll is an essential part of the photosynthetic machinery
that enables a plant to attain autotrophic growth. At low temperature,
there is a temporal lag in chlorophyll accumulation in etiolated rye
seedlings when placed under illumination compared to seedlings grown at
the optimum temperature {Krol and Huner, 1984; Krol et al., 1987). 1In the
present study, we observed a reduction in chleorophyll accumulation at the

suboptimal temperatures. The 10°C seedlings accumulate chlorophyil after

a temporal delay of 120 DD. However, at 6°C, the lack of chlorophyll may

sembled, and

suggest that the photosynthetic machinery cannot be a
therefore post-germinative growth is inhibited. The cbserved increases in
chlorophyll correlated well with the increases in fresh weight for the 22°%
sample (compare Figures 3-3 and 3-5). At 10°C ﬁhé increases in fresh
weight were not accompanied by similar increases in chlorophyll, and this
may be a contributing factor in the observed reduction in seedling growth.
At 6°C there were both low levels of chlorophyll accumulation and low
increases in fresh weight, again indicating poor seedling growth.

Low temperature has been shown to alter protein synthesis (Meza-
Basso et al., 1986; Johnson~Flanagan et al., 1991). 1In the pPresent study
protein synthesis does not appear to be impaired, but is temporally
delayed (Table 3-2). The length of the delay is directly related to the
temperature; ie. the lower the temperature the longer the delay. This
suggests that protein synthesis and/or  deamination followed by

transamination is developmentally delayed at “lower - temperatures.
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Therefore, processes prior to de noveo protein synthesis may also be
delayed. Moreover, these processes are only delayed because of thermal
constraints, as indicated by the DD comparisons.

Developmentally similar seedlings should display comparable rates of
protein mobilization, unless there is a loss of coordination of storage
reserve breakdown. This was examined by following storage reserve
mobilization (Fig. 3-6). Our result
at 10°C is delayed because of thermal constraints, whereas at 6°C there is
a loss of coordination possibly because of lower rates of stor age protein
hydrolysis (compare Fig. 3-6 to Fig. A-1 in the appendix).

After germination, storage proteins are degraded by endo- and
exopeptidases (Murray, 1984; Bewley and Black, 1994). According to
Bhandari and Chitralekha (1989), the initiation of protein degradation in
B. campestris is simply triggered by imbibition. The current study shows

that imbibition alone is not enough to initiate cruciferin mobilizatioen

]
rv

low temperature. Seed that germinated at 6°C, and thereby entered phase

ITII of germination, exhibited low rates of protein meobilization (Fig. 3-
ICL is normally censidered to be a good indicator ef the switeh from
germination to seedling growth (Harada et al., 1988) in addition to being

indicative of lipid breakdown (Trelease, 1984). 1In a previous study

i
£

(=4

observed lower lipid depletion and ICL activity at 10 and 6°C (Figures 2-4

and 2-3, chapter 2). In the present study, lower ICL levels were chserved

at the lower temperatures in comparison to the 22°C sample (Fig. 3-7}.

Therefore, the lower amount of ICL detected in samples from the lower
temperatures suggest that a lack of enzyme biesynthesi rather than
reduced activity results in poor lipid mobilization, as previously
measured. Thus, ICL biosynthesis may contribute to lower seedling growth
at 10°C, and very poor seedling growth at 6°C.

Another marker of lipid mobilization is the degradation of olecsin

during early seedling growth. The present study reveals that the
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breakdown of oleosin appears to be similar at 22, 10, and &°C during early

(]

seedling growth. Therefore, processes associated with the initia

breakdown of o0il bodies, i.e. lipases, and subsegquent breakdown of

oleosins do not appear to be impaired. However, once epicotyl growth
begins, develeopmental delays were observed at 10 and 6°C (Fig. 3-9).

Results from the present study indicate that reduced seedling

Hm

nction of both germination and early

EmEIgEﬁéé at low temperature is a

seedling growth. At 10°%, germination rates slow without reducin ng the

germination success. This appears to be strictly a thermodynamic effect.

On the other hand, there is a large reductien in seedling growth. The

reduced seedling growth as measured by fresh weight is associated with

L]

lower rates of CO, evolution, lower rates of chlorophyll accumulation,

lower rates of ICL synthesis, developmental delays in oleosin depletion,

n protein synthesis. This

e

and temporal, but not thermodynamic delays

does not appear to be caused by decreased storage protein degradation.

The low rate of fresh weight increase may indicate a devel elopmental effect.
Seed at 6°C showed poor germination and poor seedling growth. A proportion
of the seed is unable to make the transition from phase II to phase III.
Further, seedling growth was also affected by a loss of developmental co-=
ordination, i.e. a loss of coordination between the breakdown of storage
reserves (cruciferin; and 1lipids wvia ICL synthesis and oleosin

degradation) and their subsequent utilization. We speculate the lack of

coordination between the mobilization of storage proteins and the de novo

synthesis of proteins (compare Fig. 3-6 and Table 3-1) prevents some seed

from germinating and proceeding with growth at 6&°.
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Chapter 4. Gene Expression During Germination and Early Sesdling Growth

Under Low Tempasrature Conditions in Brassica napus cv. Westar.
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1.0. Introduction.
During early sporophytic growth a number of developmental stages
have been delineated. In general terms these are designate

embryogenesis, germination and early seedling growth. In B. napus, these

have been further divided into specific temporal stages that are related
to molecular, biochemical, and morphological changes.

Embryogenesis, the period encompassing the formation of the zygote
until the development of the mature dry seed, has been described in detail
by a number of researchers (Tykarska, 1976, 1979, 1980, 1987; Crouch and
Sussex, 1981; Fernandez et al., 1991; West and Harada, 1993; Jakobsen et
al., 1994). After quiescence there is a developmental switch in the

programs from embryogenesis to germination (Harada et al., 1988; Kermode,

]

1990) initiated by imbibition. Germination is defined as th
developmental period beginning with water uptake and ends with radicle
emergence through the seed coat (Bewley and Black, 1994). This period has
also been studied (Kuras, 1984, 1986, 1987; Harada et al., 1988).
Following germination there is another developmental switch to processes

associated with early seedling growth that lead to autot rophic growth and
development (Harada et al., 1988; Dietrich et al., 1989).

Numerous studies have examined gene expression during late
embryogenesis (35-60 DAF) and early seedling growth (Harada et al., 1988;
Dietrich et al., 1989; Fernandez et al., 1991; Jakobsen et al., 1994). By
following meolecular messages throughout these stages, the timing of the

developmental switches and possible mediators of the switches have been

elucidated.

During the later stages of embryogenesis, mRNAs fall into one of two
classes; residual and conserved mRNAs (Kermode, 1990; Bewley and Black,
1994) ., Residual mRNAs are produced during seed development, persist
through seed maturation and desiccation, and are not necessary to the

germination process and may be degraded upon imbibition. Congerved or

stored mRNAs are produced during seed development, are available for



translation upon hydration, and are an integral part of germination.

One class of residual mRNAs, derived from the late embryogenesis-

abundant (Lea) genes (Galau et al., 1986), have been characterized. Lea

type messages are highly conserved acros
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et al., 1988), carrot (Choi et al., 1987), barley (Hong et al., 1988), and
rice (Mundy and Chua, 1988). 1In B. napus, a number of Lea messages have
been temporally characterized (Harada et al., 1989; Raynal et al., 1989;
Jakobsen et al., 1954). During late embryogenesis LEA 76 messages
increase in abundance (26-35 DAF), persist at high levels during
desiccation (38-42 DAF), are present at high levels in the mature seed {60
DAF), and are degraded rapidly upon imbibitien (absent after 16-24 HAI)
(Harada et al., 1989). Therefore, the loss of these messages signals the
end of embryogenesis and the onset of germination.

The conserved or stored mRNAs are activated during late
embryogenesis and are induced during germination and early seedling growth
(Harada et al., 1988; Goldberg et al., 1989). 1In B. napus, two members
belonging to this class are COT44 and ICL (Harada et al., 1988; Dietrich
et al., 1989; Ettinger and Harada, 1990). COT 44 is present in low
amounts during late embryogeny, increases during the first 24 HAI, and
accumulates to high levels during post-germination in the seedling (Harada
et al., 1988; Dietrich et al., 1989). In a similar manner, ICL message is
present during late embryogeny (35-40 DPA), and increases dramatically to
high levels over the first 6 days of imbibition (Comai et al., 1989).

he onset of germination and post-
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These messages, therefore, ignal
germinative growth.

ABA has been implicated as a mediator of the developmental switches
(Kermode, 1990; Sing and Sawhney, 1992). For example, ABA has been shown

us germination in immature rapeseed embryos

[w]

to prevent precoci
(Finkelstein et al., 1985). However, endogenous ABA levels are low in the
mature dry seed of B. napus (Finkelstein et..al., 1985; Kermode, 1990;

Singh and Sawhney, 1992). In Arabidepsis ABA deficient mutants, seed
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germination was promoted (Karssen et al., 1983). Furthermore, ABA has
been demonstrated to inhibit and reduce germination (Schopfer and Plachy,

1984; Schopfer and Plachy, 1985; Zeevaart and Creelman, 1988; Sing and
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Sawhney, 195%2; Sharma et al., 1992). The
germination has not been empirically defined, but hypotheses include the
inhibition of water uptake during imbibition (Schopfer et al., 1979;
Schopfer and Plachy, 1984) by preventing cell wall extension (Schopfer and
Plachy, 1385). There has been little exploration on the effect(s) of ABA
on seed germination in canola, and no studies with relation to low
temperature germination. Dr. Wilen (personal communication) demonstrated
increases in low temperature germination using ABA antilogs developed by

Dr. Susan Abrams at the Plant Biotechnology Institute in Saskatoon.

Therefore, an ABA synthesis inhibitor, fluridone (Gamble and Mullet, 1986)

via biosynthesis on seed germination at optimal and suboptimal
temperatures.

ABA has been implicated as a mediator of the developmental switches
(Kermode, 1950). Lea messages are upregulated by exogenous ABA (Galau et
al., 1951; Hughes and Galau, 199%1; Jakobsen et al., 1994). Messages
encoding ICL, however, were not affected by exogenous ABA (Jakobsen et
al., 19%4). Other germination specific c¢DNAs from cotton (Hughes and

Galau, 1991) encoding rubisco subunits (RbcS) and chlorophyll a/b binding

protein (Cab), both which can be classified as post-germination specific

messages, were observed to decrease in the presence of ABA in cultured
embryos (Jakobsen et al., 1994). Bisgrove et al. (1995) dem ated that

the expression of LEA 76 and COT 1 (Harada et al., 1988; 1989) is

L1
segquential in excised zygotic embryos. These results lend validity to the

hypothesis that embryogenesis, germination and post-germinative events are

=
mutually exclusive, occurring sequentially, with developmental switches in

place (Kermode, 1590).

Previous to the present study we documented processes associated
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with low temperature germination and early seedling growth (Chapters 2 and

ol

). From these studies we demonstrate

that seedling emergence is a

[

function of both germination and seedling growth at liow temperature. The
delays in germination appear to result from thermedynamic constraints,

11le reduced and delayed seedling growth are a combination of both

g

thermodynamic constraints and developmental impairment. These studies
suggest that the switch in develepmental programs from embryogenesis to

ermination and subsequent early seedling growth may be compromised by

Mw

imbibition and growth at low temperature. The present study examines the
effect of low temperature on the developmental switches from embryogenesis
to germination and from germination to post-germinative growth. In

n, further insight into the coordination of storage reserve
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2.0. Materials and methods.

2.1. Pplant material. The plant material used in the present study is the
same B. napus cv. Westar seed used in chapter 3. 1In addition, B. napus
cv. Westar seed was collected from the University of Alberta Farm for low

temperature germination in the presence of ABA, fluridone, or in the

absence of any exogenous factors to test the hypothesis of whether

endogenous ABA levels delay or reduce germination under low temperature
conditions

2.2. BSeed germination. Seeds were germinated at 22, 10, 6, and 2°C as
described previously (see chapter 3). Entire 100 seed set samples were

Northern blots

bn ]

used for Western blet and Northern blet analysis. I
displaying seedling developmental stages, selected seedlings (20-30) of
specific radicle length were used. For ABA analysis, random sets of eight
seeds were collected from freeze dried populations (100 seed zet) .

2.3. RNA extraction. This procedure has been modified frem Verwoerd et

H

al. (1989). Plant material (100 seed for DAI and 20-30 seedlings fo
specific developmental stages) was frozen in liquid nitrogen in a mortar
on ice. The tissue was ground with a small pestle while maintained on
ice. Motars and pestles were baked at 250°C for four hours and all
glassware used for RNA extraction and analysis was DEPC-treated and
autoclaved prior to use. While grinding, 1 mL hot (80°C) extraction buffer
was added [phenol: 0.1 M LiCl, 100 mM Tris-HCl pH 8.0, 10 mM EDTA, 1% SDS
(1:1)]. The slurry (500 pL) was transfered to a 1.5 mL Eppendorf tube and

the mixtures were homogenized by repeated vortexing for 20 seconds each

(3X), and placed on ice. Next, 250ul chleoreferm: isocamylaleohol (24:1) was
added, and the mixture vortexed for an additional 30 secs. Samples were
microfuged for 5 min at 13 000 rpm. The agueous phase was removed and

placed in a clean sterile tube. To the agueous phase one volume of 4 M
LiCl was added and the RNAs were allowed to precipitate at -20°C overnight.
RNAs were pelleted by microfuging the samples for 15 min at 13 000 rpm.

The supernatant was poured off and the pellet resuzpended in 250 ul of
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DEPC-treated water. The RNAs were then ethanol precipitated with the
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ume 3 M NaOAc (pH 5.2) and two volumes of cold (-20°C)
ethanol. The RNAs were allowed to precipitate on ice for 1 hr. The RNAs
were pelleted by microfuging for 10-15 min at 13 000 rpm. The pellet was

then washed with 70% cold ethanol and microfuged again for an additional

5 min. The ethanol was poured off and the pellet was dried in a speed
vac. The dried pellet was then resuspended in DEPC- ated water (50-100
uL) and guantified by spectrofluorimetry according to the method of Harris
(1987).

2.4. Northern blotting; gel preparation and elsctrophoraesis cenditiona.
The methods of northern blotting were adapted from Fourney et al. (1988).
20 ug of total RNA was seperated on a formaldehyde denaturing gel. The
dissolved in 1X MOPS buffer in DEPC-treated ddH.0 in an RNase-free flask,

the agarose solution was allowed to cool to 50°C, thereafter 5.1 mbL 37%
formaldehyde was added and the agarose solution was gently mixed. Finally,

the solution was poured into a 14x20-cm gel tray. The gel was allowed to

m

8it in a fume hood for 1 hour prior to use. Quantified RNA samples were

lyophilized, dissolved in 5 PLDEPC-treated ddH.,0, and denatured at 65°C for

15 min after the addition of 30 UL electrophoresis sample buffer (0.75 mL

ol

eionized formamide, 0.15 mL 10X MOPS, 0.24 mL formaldehyde, 0.1 mL DEPC-
treated ddH,0, 0.1 mL glycerol, and 0.08 mL 10% [w/v] bromophenol blue).

After samples were denatured they were returned to ice and 1 uL ethidium

bromide (lmg/mL) was added. Samples were then separated on formaldehyde

denaturing gel at 200 V, for approximately 1-2Z hours, in electrophesis
buffer (1X MOPS).

Separated RNA was visualized on a UV transilluminator to ensure
equal loading and separation occurred. In addition, 10 ug of total RNA

from the DAI and stage specific samples was slot blotted onto Zeta~Probe

membrane (Sigma) and tested for equal leading with a cDNA riboscmal probe
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(pMF2 from Dr. K. Eggar). Thereafter total RNA was transferred onto Zeta

Probe membrane (Sigma) via capillary action, followed by crosslinking to
the membrane by UV light (254 nm) for 2 min at 30 cm. Gel was prepared
for transfer by soaking in 10XSSC for 2X 20-min periods, concurrently
Zeta-Probe (Sigma) membrane was soaked 5 min in DEPC-treated ddH,0 followed
by a 10-min soak in 10XSSC. The transfer tock place in RNase-treated

glassware, in 10XSSC buffer, and capillary action was allowed to proceed

2.5, Plasmid imolation. Plasmids containing pLEA 76 (Harada et al.,
1989), pB86 (Raynal et al., 1989), pILl (Dietrich et al., 1989), and

pCOT44 (Harada et al., 1988) were amplified on a large scale basis
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separately in LB with 12.5 Ug/mlL tetracycline for selectiv

{Maniatis, 1981). Plasmids were then isolated according to a modified
procedure of Sambrook et al. (1989). Large scale plasmid preparations (1L
cultures) were pelletted from overnight cultures at 5000 g for 5 min at 4%
in GSA-600 roter (Sorvall). LB supernatant was poured off and cells were
suspended in cold (4°C) 100 mL STE buffer (150 mM NaCl, 10 mM Tris-HCl pH

7.8, 1 mM EDTA). All subsequent operations were carried out on ice.

Cells were pelleted in GSA rotor (Sorvall) (5000 g for 5 min at 4°C) .
Supernatant was decanted and the cells were resuspended in 20 ml in 10%
sucrose buffer (10% sucrose, 50 mM Tris-HC1 PH B.0 at 4°C). Cell lysis was
carried out with the additien of 4 ml of a freshly prepared solution of
lysozyme (10 mg/mL lysozyme in 0.25 M Tris-HCl pH 8.0) and 13.3 mL of 0.3
M Na,EDTA pH 8.0. Samples were mixed by inversion and allowed to sit en
ice for 10 min. Next, 8 ml of 10% SDS was added, samples mixed by
inversion, 12 mL of 5 M NaCl was added, and samples were re-mixed by
inversion. Samples were returned to ice for 1 hour with occasional
mixing. Samples were then transfered to polycarbonate tubes and
centrifuged in an 55-34 rotor (Sorvall) at 18 000 g for 30 min at 4°C to
remove high melecular weight DNA. The supernatant was decanted to a clean

polycarbonate tube. 0.6 volumes of cold isopropanol was added and samples
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were mixed well and place on ice for 10 min. Nucleie acids

<

ere pelleted
by centrifugation in an S5-34 rotor (Sorvall) at 12 000 g for 10 min at
4°C. The supernatant was decanted and the pellets were resuspended in 7
mL of cold ddH,0. Insoluble material was removed by centrifugation in an
§58-34 rotor (Sorvall) at 10 000 g for 5 min at 4°. The supernatant was

ecanted into clean 15 mL Corex tubes. CsCl (1 g/mL) and 600 UL ethidium

ol

bromide (10 mg/mL) was added and samples placed in the dark for 15 min at

I}

oom temperature. Proteins and insoluble material were removed by
centrifugation at 15 000 g for 15 min at 4°C in a §5-34 rotor (Sorvall).
The supernatant was transferred to a clean Corex tube and 500 ML of
ethidium bromide was added (10mg/mL). Samples were transferred te VTi&65
quick-seal tubes and sealed. Samples were then centrifuged for 6 hours at
54 000 g in the VTi65 rotor at room temperature using an ultracentrifuge.

Supercoiled DNA (lower band) was visualized by a UV transilluminator
and collected with a syringe. The ethidium bromide was extracted with
salt-saturated isopropanol and dialyzed against ddH,0 te remove CsCl.
Thereafter, DNA was precipitated with 1/2 volume of 7.5 M NH,Ac pH 7.5 and
2 volumes of cold 95% ethanol for 1 hr at -20°C. Plasmid DNA was
microfuged for 15 min at 13 000 rpm. DNA pellets were washed twice with
70% ethanel and dried on speed vac for 1 heur. Samples were then

resuspended in ddH,0 (50-100 UL), guantified on spectrophotometer (1 A ,#750

Hg/mL of DNA), and aliquots digested with the restrietion enzyme Pstl., 2
Hg of plasmid DNA was digested and fragment sizes were confirmed on

agarose gels.

2.6. Laballing of isoclated cDNA fragments. cDNAs were isolated by
cutting separated fragments from agarose gels and purifying on Spin-X%

columns (Costar). Thereafter, aliquots were collected from Spin-X
(Costar) columns and ethanol precipitated with 1/10 volume 3.0 M NH,Ac pH
5.2 and 2 volumes cold 95% ethanocl. cDNAs were pelleted, washed twice

with 70% ethanol, and dried on a speed vac. Samples were then resuspended
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in 10 uL ddH,0 and quantified on a spectrophotometer. Thereafter 50 ng of

cDNA was radiocactively labelled with a random primer labelling kit

(Amersham) with dCTP?? (Amersham). The activities of the probes used for

northern analysis were as follows: LEA 76, 7.76 x 10° CPM/|lg DNA; B&6, 1.32

x 10° CPM/pg DNA; IL1, 5.61 x 10°CPM/pg DNA; COT 44, 2.64 x 10 °CPM/pg DNA.

2.7. Hybridizing procedure and conditions. The hybidizing procedure was

carried out according to the methods outlined in the Zeta-probe blotting

membrane instruction manual (Bio-Rad). Prehybridization took place in
heat sealable plastic bags in the following solution: 50% deicnized
formamide, 0.25 M NaHPO, pH 7.2, 0.25 M NaCL, 7% (w/v) SDS, and 1 mM EDTA.
Membranes were prehybridized at 43°C for 1 hour. Hybridization took place
in the same solution with the addition of the labelled probe (as outlined
above), simply by cutting a corner of a bag and directly placing the
radio-labelled probe into the solution. Bags were then resealed and
incubated at 43°C overnight. Membranes were washed the following day
briefly in 2 X SSC followed by 15 min washes in 2 X S8C/0.1% SDS at room
temperature with agitation, 0.5 X §5C/0.1% SDS at room temperature with
agitation, and 0.1 X SSC/0.1% SDS at 65°C. Membranes were then exposed for
various periods of time in x-ray cassettes with intensifying screens and
developed. Autoradiograms were developed by washing in GBX (Kodak)
developing solution for 90 sec, followed by 15 sec in stopbath (Kodak),
ard fixed in GBX (Kodak) fixing solution for 3 min. Films were then

washed in water for 10 min and air dried. Membranes were stripped by
washing 2 times, 20 min each, in a large volume of 0.1 X S88C/0.5 % SDS at
95°C. To ensure membranes were clean they were subjected to overnight
exposure and x-ray development as previously described. Clean membranes
were then re-prehybridized and reprobed with a different cDNA.

2.8. SDS-PAGE. Seed and seedlings were collected from each temperature

condition on the basis of DAI (100 seeds for each test). Sample
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the same as the procedures outlined in chapter 3.

2.9. Weatern blots. Total protein was separated on 15% EDS-PAGE gels as

bove. Electroblotting of the gels onto nitrocellulese membranes,

1]

antibody incubation conditions, and subsequent ICL was carried out
according to the protocol outlined in chapter 3.

2.10. ABA Analysis. Samples were collected (100 seeds) for each DAI from
each temperature conditions. Samples were placed in liquid nitrogen then
lyophilized in the dark. Thereafter, eight seeds were collected, weighed,
and ground in liquid nitrogen in the presence of acid washed sea =sand.
The samples were further ground in extracting methanol {methanol
containing 100 mg/L butylated hydroxytoluene and 0.5 g/L ecitric aecid
monohydrate) at a ratie aof 0.01 g dry tissue: 1.0 mlL extraction methanol.
Extracts were covered in tin foil and stirred overnight at 4°C on a rotary
shaker. After 12 hours the samples were centrifuged at 2000 g for 10 min
and the supernatants collected in clean tubes. Supernatants were dried en
a Speed Vac. Dried samples were resuspended in 100uL methanol and 900uL
TBS. Samples were maintained in the dark as much as possible throughout
the entire procedure to prevent photodegradation. From this point en the
samples were analyzed for ABA according to the procedures outlined in the
abseisic acid immunoassay detection kit (Sigma). The ELISA method
employed in the present study has been demonstrated to be as sensitive to
quantification of endogenous ABA levels as HPLC methods (Walker-Simmons,
1987). Endogencus ABA levels were obtained by comparing samples to
prepared standards of isemeric ABA (Sigma) (0, 0.05, 0.1, 0.5, 2.0, aﬁé

100.0 picomole standards).

Endogenous ABA levels were assessed on the basis of fresh weight.
The increases in dry weight during germination and early seedling growth
are minimal (Bewiéyvand Black, 1885) and most increase in weight is
attained through the uptake in water during cell expansion. Therefore,
any changes in ABA concentration would be in relation to the amount of

solvent present in the cells. This is important because if ABA does net
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change during germination or early seedling growth, then the uptake of
water would result in a dilution effect,
2.11. Germination in the presence of ABA or fluridone. Westar seed was

t 22, 10, and 6°C as previously described (Chapter 3). The

[\

germinated

followed by repeated rinses in ddH,0. Replicates were also germinated in

the same manner in the presence of 1 and 10 uM/L ABA, or in the presence

d 10uM/L fluridene (l-meth 1-3-phenyl-5-[3- (trifluromethyl)phenyl]-

of 1 an =

4(1H) -pyridinone) . ABA was delivered to flasks from a 1 mM stock

solution. ABA (13.215 mg) was dissolved in 100pL 0.5 M KOH, and the total

syringe filter into a sterile Falcon tube. Fluridone was delivered to
flasks from a 10 mM stock solution. Fluridone (32.932 mg) was dissolved

in 1 L ddH,0 with gentle stirring overnight under low heat. The solution

T
[
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was stirred and subsequen stored in the dark to prevent

photodegradation.



32.0. Rasults
3.1. B8Sesd germination. Seed germination was remeasured in the present

study to produce consistent and reliable results with respect to the

pbresent experiments. At 22°C germination percentage increased rapidly and
reached the maximum by day 3 (Fig. 4-1). 1In relation, germination was
atu

lower in the suboptimal temperatures. At 10°C germination increased

gradually until day 2, then increased rapidly 4 DAI ::eaching 95%

germination by day 8. Germination was low at 6°C, increasing slowly over
the 8 day test. In comparison seed imbibed at 29C exhibited no

germination.

3.2. Late Embryogenesis Abundant (LEA) Transcripts. The switeh from
embryogeny to germination was followed with two LEA type cDNAs. Over the
course of imbibition (DAI) LEA 76 disappeared rapidly in the 22°C samples
and was absent by 1 DAI (Fig 4-2). At 10°C, the LEA 76 message was low on

1 DAI, but then increased until 6 DAI. Thereafter LEA 76 decreased back
to low levels at 8 DAI. At 6°C the message decreased 1 to 2 DAI and then
increased slightly before decreasing again on 8 DAI.

At specific developmental stages, LEA 76 was absent in the 22°C
tissue as early as 1 mm radicle length (Fig. 4-3). However, small amounts
of transcript were still detected in the 10 and 6°C samples at 1 mm radicle
length under the same hybridizing conditions, but were gone thereafter.
These results have been repeated with the same observations obtained. The
same is true for all observations obtained with the DAI and specific
developmentally staged material for all probes used, and therefore the
results obtained are valid and reliable.

At 22°C, BB6 was undetected after 2 DAI (Fig. 4-2). At 10C, B86 did
not decrease until after 2 DAI. Thereafter, B86 decreased from 4 to §

DAI. At 6°C, B86 was present in large amounts until 6 DAI when there was

a noticeable decrease.

At specific developmental stages, BB86 was only detected in the dry

seed and was undetectable by 1 mm radicle length in all temperature
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Figure 4-1. Germination percentage under the optimal and suboptimal

temper-ture conditions in B. napus cv. Westar over the ‘course o
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2°C. Each value represents the mean of three independent replicates + 1

% Germination




Figure 4-2., Northern blot analysis of the developmental molecular markers

w3

LEA 76, B86, IL1l, and COT 44 over the course of imbibitien at 22, 10, and
6°C. Each lane represents the total extracted RNA (20ug) from one hundred

seed collected on each DAI in each temperature condition from 5. napus cv.
Westar seed. RNA extraction, blotting, and hybridization conditions are
outlined in the material and methods section. 5d denotes total RNA

extracted from mature seed.
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Figure 4-3. Northern blet analysis of the developmental molecular markers
LEA 76, B86, IL1, and COT 44 during specific stages after germination as
measured by radicle length (mm) at 22, 10, and 6°C. Each lane represents

the total extracted RNA (20ug) from populations of 20-30 seedlings

collected from each temperature condition from B. napus cv. Westar seed.
RNA extraction, blotting, and hybridization conditions are outlined in the
material and methods section. Sd, denotes total RNA extracted from mature

seed; le, denotes total RNA extracted from leaf tissue.
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conditions (Fig. 4-3).

3.3. Isoctirate Lyase (ICL) Transcripts. Over the course of imbibition
at 22°C, ICL transcripts were expressad to high levels on 2 DAI, remained
high until 4 DAI, and decreased thereafter to low levels on 6 DAI (Fig. 4-

2). 1In comparison, high levels of expression were delayed until day 6 at

10°C. At 6°C, only 1

o]

w levels of transcript were detected under the same
hybridizing and autoradiogram developing conditions.

Expression at 22 and 10°C was similar at the same developmental

stages, with a rapid increase during growth te 1 mm radicle length,
followed by a gradual increase thereafter (Fig. 4-3). At 6°C, transecript
level increases corresponding with 1 mm radicle length decreasing
gradually thereafter.
3.4. COT 44 transcripts. To follow the onset of early seedling growth a
cDNA recognizing COT 44 messages was employed. At 22°C, COT 44 was not
high until 4 DAI, and then decreased to low levels by 6 DAI (Fig. 4-2).
At 10°C, we observe a gradual increase in COT 44, with high levels on 8§
DATI. In comparison, the 6°C sample displayed low levels of COT 44
throughout the experimental time perioed.

At both 22 and 10°C, COT 44 increased gradually from moderate levels
at 1 mm radicle to high levels at 10 mm radicle length (Fig. 4-3). At 6°C,
T 44 was present in moderate levels at 1 mm radicle and decreased
gradually thereafter.

3.5. Western Analysis. Quantitative changes in ICL protein were followed

under each temperature regime (Fig. 4-4). Under optimal temperature

=

conditions we observed a large increase, peaking at 3-4 DAI, followed by
an immediate decline in ICL to undetectable levels by day 10. In the 10°C
sample, ICL increased to moderate levels by day 4, an. decreased slightly
until day 10. At 6°C ICL varied little over the 10 days.

3.6. ABA Analysis. At 22°C, ABA levels declined in an almost linear

fashion over 6 days (Fig. 4-5). At 10°, ABA levels decreased over the
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Figure 4-4. Vestern blot analysis of isocitrate lyase (ICL) from total
protein (10 ug/lane) isolated 1-10 days after imbibitien (DAI), during
germination and early seedling growth, under the optimal and suboptimal

temperature conditions in B. napus cv. Westar. The temperatures tested
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Figure 4-5. Endogenous ABA levels measured at each temperature ~ondition
((#) 22°C, (M) 10°C, (@) &C) over the course of imbibition (DAI) in B.
napus cv. Westar. The samples were measured on the basis of fresh weight
for the reasons outlined in materials and methods. Each value represents

the mean of three independent replicates + 1 SD.
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first DAI, increased again on 2 DAI and then declined thereafter. A
similar scenario occurred at 6°C, with an initial decline in ABA levels
(2DAI) followed by an increase at 4 DAI with levels decreasing thereafter.
3.7. ABA and fluridone effects during low tampesrature germination. The
interaction between seed germination and ABA content was examined further

by treating seed with ABA or fluridone (Fig, 4-6 A,B,and ). ABA

concentrations of 1 and 10 pM decreased germination rates at all 3
temperatures; 22, 10, and 6°C, with 10 pM being more inhibitory. Fluridone
concentrations of 1 and 10 pM stimulated germination at 6°C , but had

little effect at the higher temepratures.
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Figure 4-6. Germination potential of B. napus cv. Westar seed in
presence of 1 or 10 UM ABA, or in the presence of 1 or 10uM fluridene _iﬂ
comparison to seed imbibed in only ddH,0. Seed germinated éé;grﬁi‘g to the
procedures outlined in materials and methods at A. 22°C, B. 10°C, and C.
6°C. Each value represents the mean of three independent replicates 1
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4.0. Discussion.
Again, seed imbibed in the optimal condition (22°C) germinated
rapidly, reaching 95% by day 3. Seed imbibed at 10°C required 8 days to
attain the same level of germination. At temperatures below 10°%C,

germination was low. At 6°C, germination only reached 10% by day 8, and
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¥ no germination at 2°C. These chservations have been

previously made in several related studies (Acharya et al., 1983; Kondra

et al., 1983; King et al., 1586; Barber et al., 1991; Wilson et al,,

1992). The germination potential of the seed was tested again to ensure
that cv. Westar seed (Lendholm) retained the same germination potential as
seed used in the initial studies (Chapter 2 and 3) and revealed that the
viability of the seed was still the same.

Previous observations may indicate an inability of the seed to

switch developmental programs under low temperature conditions.

Therefore, we employed molecular markers associated with specific
developmental programs. These markers were chosen to sequentially
delineate the changes from embryogenesis to germination to early seedling
growth.

In B. napus, LEA 76 increases dramatically in developing seed (26-35
DAF), remains at high levels in the dry seed (60 DAF), and declines
rapidly upon imbibition during germination (24 HAI) (Harada et al., 1989).

Another Lea message, B86, declines rapi idly after 48 hours (Raynal et al.,

1589). These changes are strictly correlated with germination. As such,

results from the present study indicate that the switch from embryogenesis
to germination is delayed. Both LEA 76 and B86 declined rapidy after
imbibition at 22°C. However, at 10 and 6T we cobserved an initial decrease’
followed by an increase, Thereafter, the messages began to decrease
again. These observations have been obtained in repeated studies using

the same material and probes, and therefore these results are reliable and
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valid as they relate to the present study. These observations suggest

that the steady state levels of these Lea messages actually increased

during the course of low temperature imbibition. This did no

simply

H

reflect lower germination rates in the seed samples, as low levels o
LEA76 were detected in 1 mm radicle seedlings at 10 and 6°C, but not at
22°C.

The peaks in LEA transcripts were preceded by transient increases in

ABA. In previous studies, ABA has been demonstrated to induce LEA

et

expression (Harada et al., 1989; Galau et al., 1991; Jakobsen et a -
1994) . This can be correlated with the attainment of desiccation
tolerance. Therefore, the presence of LEA transcripts and delay in
germination at the low temperature may reflect an inability of the seed to
switch completely from the embryogenesis to germinatien programmes.

Results from Northern and Western blots ef ICL suggest that 10°C
causes a temporal delay in development, while at 6°C there is poor co-
ordination of lipid mobilization. ICL transcripts are present during late
embryogeny and in the mature seed (Comai et al., 1989). Upon imbibitien
the transcripts increase rapidly, remain high over the first =ix days of
imbibition, and decline thereafter to undetectable levels (Comai et al.,
1989; Ettinger and Harada, 1990; Comai et al., 1992). At 6°C, it was
apparent that the seedling must rely heavily on preformed ICL to egrade
lipids. Transcript levels were low and decreased as the radicle elongated
to 10 mm. This may be why germination and seedling growth is poor at 6°C.
In contrast, at 22 and 10°C, ICL transcript levels were high in seedlings
having a 10 mm radicle.

Comparisons between Northern and Western data at 22 and 10°C suggest
that low temperature alters the relative rate of post-transcriptional

processes. At 22°C, ICL protein and riessage levels are correlated, whereas

at 10°C, transcript levels are proportionately higher. This may suggest
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decreased translation or increased turnover of ICL at the lower
temperatures. In B. napus the expression and accumulation of both ICL and
MS have been demonstrated to be under transcriptional control, b:* post-
transcriptional processes lead to quantitative differences (Comai :t al.,
1989). Therefore, post-transcriptional processes may be impaired or
delayed at temperatures below the optimum.

Results from the seedling specific marker. COT 44, were consistent
with the idea that low temperature leads to a temporal delay at 10°C and
poor development at 6°C. COT 44 is present in low amounts during late
embryogeny, increases during germination (24 HAI), and remains high during
postgermination in the cotyledons (Harada et al., 1988; Dietrich et al.,
1989). The same temporal pattern of expression was observed in seeds
imbibed at 22°C with levels peaking on 3 DAI, concurrent with 95%
germination. At 10°C, high levels of COT 44 were delayed until 8 DAI, but
were still concurrent with 95% germination. Decreasing levels of COT 44
during seedling growth at 6°C were indicative of developmental impairmentc.

The delays observed in the developmental switch from embryogenesis
to germination may involve ABA. The results from the present study show
that low temperature germination is associated with an initial decrease
followed by a subsequent increase in endogenous ABA levels. The
experiment employed could not distinguish whether the secondary peak arose
from a re-induction of ABA synthesis or from conjugated storage forms of
ABA present in the dry seed (Salisbury and Ross, 1985), as the ELISA
procedure employed will only detect free cis, trans{+)ABA (Martens et al.,
1983).

Exogenous ABA concentrations as little as 10 UM (Schopfer and

Plachy, 1984) will inhibit the germination of B. napus seeds, and
concentrations ten fold higher will maintain seeds in a quiescent state

for long periods of time (Schopfer and Plachy, 1985). Singh and Sawhney
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(1992) observed a delay and reduction in germination rates between a
mutant (ogura) and normal line of B. napus seed in which the mutant seed
contained 4-fold more endogenous ABA.

Results from the present study may indicate that the threshold for
ABA to inhibit germination is in the range of 65 to 81 pmol/g fresh wt.
Experiments using exogenously applied ABA (1 UM} resulted in delays in
germination at 25°C, in seeds possessing 65.2+8 pmol ABA/g tissue (Singh
and Sawney, 1992). In the present study dry seed contained 81.03+14
pmol/g tissue ABA. The peaks in ABA fall within this range as well.
These peaks were associated with increases in LEA transcript levels and
delayed germination.

To further examine the role of ABA in germination, we imbibed sead
in the presence of ABA or fluridone. Exogenous ABA reduced the rate and
success of germination (Fig. 4-6). At lower temperatures this effect was
amplified. (Fig. 4-6, B and C). If ABA were inhibiting germination at low
temperature, then fluridone would be expected to overcome the inhibitioen.
Fluridone inhibits carotenoid biosynthesis by blocking the conversien of
phytoene to phytofluene by inhibiting phytoene desaturases, thereby
inhibiting the accumulation of ABA (Gamble and Mullet, 1986). The results
clearly show that fluridone increases the percent germination at 6°C.

It may be possible that exposure of the seed to low temperature
could lead to higher endogenous ABA lEVElé over the course of imbibition
resulting in a delay in germination. The effects of temperature on
endogenous ABA levels have been well documented (Zeevaart and Creelman,
1988; Hallgren and Oquist, 1990). For example in potato, low temperatures
led to transient increases in the endogenous levels of ABA (Chen et al.,
1983).

In conclusion, we observed delays»in the switch from embryogenesis

to germination and from germination to early seedling growth based on the
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results obtained with the molecular markers for ICL and COT44 transcripts.

The delays in these mecsages appear to be the result of thermodynamic

constraints at lower temperatures. The reduction in seedling growth at 6°C
is probably a result of both thermedynamic constraints and developmental

impairments. In addition, ABA appears to play a role in the tempora

("

delays observed.
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Chapter 5. The Enhancement of Low Temperature Germination

in Brassica papus cv. Westar: Genotype Versus Phenotyps.



1.0. Introduction.
The Westar cultivar was developed by Agriculture Canada in 1982
(Canola Growers Manual, 1991). Cultivars are developed for a distinct set
of characteristiecs, and in the case of B. napus must meet the standards

set out by the Canadian General Standards Board for canola. Each cultivar

possesses characteristics distinct frem other cultivars of the same
species, and these characteristics must breed true from generation to

generation (Fehr, 1987). This being the case for Westar, the genotypic

variability within the Westar genotype is relatively small. Indeed, PCE
analysis within the near isogenic Westar genotype reveals arocund 6%
variation in the alleles (Dr. A. Laroche, personal communication).

Genotype is defined as the heritable or genetic composition of an

individual plant (Stoskopf, 1981). Phenotype is the physical appearance

of the plant resulting from the action of the environment en the genotype

(Stoskopf, 1981). In B. napus, when environmental conditions are

controlled for and maintained between seedlots of the same cultivar, the
rééulﬁing germination displayed at low temperature is a measure of each
populat:on’s genotype. Differences within a population under different
environmental conditions, e.g. varying low temperature germination, is
then a measure of the effects of the environment on the genotype, i.e. a
measure of the phenotype.

To date, the attempt to increase low temperature emergence in B.
napus has met with little success. Acharya et al. (1983) determined that

for the cultivar Westar, 10°C was the optimal temperature to select for

H

superior low temperature germination. However, attempts to select fo
rapid germination at 10°C produced inconsistent results (Acharya et al.,

1983). A follow up study also determined that selections within Westar

did not lead to better germination performance at low temperatures (King
et al., 1986). Similarily, attempts to correlate seed characteristics,
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such as seed size with germination potential have also met with little
success. Studies relating seed size to low temperature germination
revealed that seed size could not ke correlated with successful

germination for either B. napus or B. campestris (Barber et al,, 1991).

well studied and characterized (Crouch and Sussex, 1981; DeLisle and
Crouch, 1989; Murphy et al., 1989; Hoglund et al., 1992; Cummins et al.,

1€
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93; Tzen et al., 1993). The subsequent utilization of the storage

reserves ariter germination is essential to the success of early seedling

growth. Despite this, no study has related the deposition of storage

he subsequent success of germination. We observed previously
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(Chapter 2) that H had more protein than L on a per seed basis, but that
L had greater germination at 10 and 6°C. These results suggest a need tc
clarify the relationship between protein and germination potential.

From the previous studies we demonstrated that differences exist

between Westar seedlots with respect to low temperature germination and
early seedling growth (Chapter 2). In addition, we demonstrated the
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ge reserve mobilization is important to the
success of =sarly seedling growth after germination is completed (Chapter
2 and 3). The delays and reductions observed in germination and early
seedling growth are also related to developmental cues which may be

elated to hormonal control (Chapter 4). Bearing these factors in mind we

wished to assess the effects of environment and genotype on the success of

low temperature germination.
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2.0. Materials and HMethods.

2.1. Plant maverial. The B. napus cv. Westar seed used in the present

study was previously designated Lendholm and Holmstrom (L and H) (Chapter

2).

2.2. Plant growth and selfing conditions. S, seed was produced from both

parental seedlots (L and H) by selfing the plants. Plants were grown in

the greenhouse with a 12 hr photoperiod (350 ME/m?/=s), at 25%, and watered
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daily until maturity (approximately 90 days). Seed was plac
of approximately 1 cm, in 6 inch pots, in a matrix containing 0.42

peat:0.42 vermiculite: 0.16 sand (v:v:v), 135 g dolomite lime, 120 g
Osmocote (1B-6-12), 70 g ruperphosphate, 2 g fritted trace elements, and
1 g iron chelate sequesterene. After bolting. plants were bagged with
plastic that al.owed for gas exchange and prevanted any outcrossing. As
B. napus is self-fertile {Fehr, 1987), self-pollination occurred and seeds
were allowed to grow until maturity (approximately 99 days).

2.3. Beed germination. Seeds were germinated in the manner previously
described in Chapter 2 for all tests. Germination potential was measured
according to Wilson et al. (1992), and data were collected from each DAI
at each temperature condition. The fresh weights of mature parental (L

and H) and selfed seed (LS, and HS,) were measured.

4. 8DS-PAGE and Western blot analyeisn. Protein extraction,

[ %]

quantification and electrophoresis conditions were followed in the same
manner described in Chapter 3. Protein transfer and blotting conditions
were also followed according to the methods described previously (Chapter
3). After transfer of total protein (1Hg/lane for oleosin or 10 Ug/lane
for cruciferin) onto nitrocellulose (Schleicher and Schuell, Keene, New
Hampshire), blots were analyzed for either cruciferin or oleosin in the

same manner described in Chapter 3.

2.5. Bagged sesd. During the growth of Westar plants new flowers were
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hand pollinated and tagged for identification. E. napus flowers are
receptive to fertilizatior 3 days prior to and 3 days after flowering, in
addition, the process from pollination to fertilization takes 12-1i4 nours
(Dr. G. Stringham, personal communication). Flowers were emasculated just
prior to anthesis. The gynocecium were nollirnated by hand. This invol red
rubbing pollen from receptive flowers directly on stigmas of the
emasculated flowers. The siliques were then bagged at the appropriate
time with paper bags wrapped with aluminum foil to prevent light from
reaching the siliques. The bags were fastened loosely to the peduncle to
allow for gas exchange. The siliques were bagged on 0, 12, and 28 DPA.
Concurrently, additional flowers were hand pollinated and tagged for
identification, but not covered. Once the uncevered siliques had reachecd
60 DPA, and, therefore, the seed had reached maturity, the seed from the
bagged and unbagged conditions was collected and tested for germination at
22°C.

Additional samples were collected and tested for dry weight. Dry
weight was determined by drying seed populations of 100 seed in a vacuum

oven overnight.
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3.1. Germination potential of 5, seed. At 22°C there was no differsnce

in germination between the parental and S5, seed in either the L or H

[0y

seedlot. Both seedlots in the parental and S, populations reached 95%
germination within 4 days. However, at lower temperatures differences in

germination eoccur. In the L seedlot, germination at 10° was slightly

bet':zr in the §, population requiring only 6 days te attain a high level

of germination (Fig. 5-1). In the H seedlot germination at 10°C was much
more rapid in the S. seed than in the parental seed, requiring 8 days

compared to 1z days to reach high levels of germination (Fig. 5-2). At
6°C, we observe large increases in germination in the L and HS, seed over
that of the parental seed (Figs. 5-1 and 5-2). There was no improvement
at 2°C.

3.2. Beed weight. H parental seed displaved the largest seed weight,
followed by the L 5;,, L, and finally the H S, seed (Table 5-1). There was
no consistent difference between the generations.

3.3. Western blots. Western analyses of L and H (parental and §;) seed
for cleosin and cvuciferin were performed. L displayed higher cruciferin
(on a total protein basis) over that of the H seed when the parental seed
was compared (Fig. 5-3A). This was associated with higher germination in
the L seedlot in comparison to the H seedlot at 10 and 6°C. There was
slightly higher cruciferin in the LS, population in comparison to the HS,
seed, and this was acsociated with similar differences in germination
between the selved seedlots at 10 and 6°C. Between the L parental and LS,

populations, slightly higher amounts of cruciferin were present in LSs.

In relation to the germination potential LS. displayed slightly better
germination at 10°C and higher germination at 5 C. Between H and HS,,

cruciferin was present in much higher contents in the HS, population than

1€
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Figure 5-2. Differences in germination potential between the parental and

S, seed of the Holmstrom seedlot. The seed sources tested were H; (H)

S, =

107C, (®) €6'C, and (+) 2°C, HS.; (O) 1°c, (O) &C, and (a) 2C. Each
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Table 5-1. Fresh weight values obtained for the parental L and H

populations and the selfed seed from each of these populations (LS. and

Hso) . Also included in the table are percent damaged seed and moisture
content
Sead Population Fresh weight/100 sesad % damaged smead % moistura
(mg/100 maed)

L 310+3 2.320.4 1.6+0.3

H 38424 2.040 7.940.3

LS= 364+14 6.7+1.9 14.6+2.4

HS. 287+1 4.0+0.1 11.2+0.9



Figure 5-3. Western blot analysis of storage proteins between the

parental L and H populations and their corresponding 5. populations. A.

o

High molecular weight of cruciferin a-subunits detected in protein blots

containing 10 pg/lane total protein. B. 20 kD eleosin subunit detected

in protein blots containing 1 pig/lane total protein.
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displayed in H. Germination was much higher at 10 and 6&°C in the HS.
population in comparison to the H population. Therefore, increases in
germination at 10 and 6°C correlated with cruciferin content in the
parental and selfed populations. There were no consistent differences in
cleosin content, nor were there consistent differences between the
generations (Fig. 5-=3B).

3.4. Bagged mesd. As expected, the dry weight of bagged seed was low,.

with dry weight increasing from bagging at 0DPA to unbagged seed (Table 5-

Germination tests were performed at 22°C on bagged and unbagged seed
(Fig. 5-4). Both control seed (unbagged) and 28DPA bagged seed germinated
well, reaching 95% within 3 days. The 23 DPA seed reached a maximum of
30% germination at 4 DAI, and the 18 DPA seed only reached 3% germination.

Protein profiles for bagged and unbagged seed loaded on a per embryo
basis revealed that 0 and 12 DPA bagged seed had low protein ccntent in

addition to containing less cruciferin and napin (Fig 5-5). There was

Further insight into the effect of bagging on protein accumulatien
was gained by running Western blots of oleosin and cruciferin. The amount
of oleosin present in the seed was stable through to maturity {on the
basis of 1JMg total protein) (Fig. 5-6a). Cruciferin, however, inereased
throughout the study period. The levels of cruciferin (10 pg total

protein) were found to be lower in the bagged conditions in comparison to

the unbagged control condition (Fig. 5-6b).
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Table 5-2. Dry weight values for unbagged and bagged seed (0, 12, and 28

DPFA) of B. napus cv. Westar. The dry weight measured was on the basis of
100 mature seed from the control (unbagged cendition) and the bagged seed.
Bagged seed was collected at the same time as the unbagaed seed after
approximately 60 DPA. The conditions below (0, 12, and 28 DPA) correspond

to the bagging dates as cutlined in materials and methods.

w
1]
P

Dry weight/100 seed
(mg/100 seed)
Sd (unbagged) 503.6+8.7

28 DPA 76.3+19.2

[

12 DPA

-
[N ]
W

99.5+24.6

=}
o
el

A 101.7+8.7



Figure 5-4. Germination potential of unbagged and bagged seed at 22°C.
(¢) unbagged, () 28DPA bagged, (OQ) 12 DPa bagged, and (a) 0 DPA bagged.

Each value represents the mean of three independent replicates + 1 5D.
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Figure 5-5. Protein profiles of protein extracted from unbagged and

bagged (0, 12, and 28 DPA) seed. Samples were separated on 15% SDS-PAGE

and were loaded on a per seed basis. Sd denotes mature dry seed from the

unbagged condition, 28 DPA denotes mature seed from siliques bagged 28
days after hand pollination, 12 DPA derictes mature seed from siliques

bagged 12 days after hand pollination, and 0 DPA denotes mature dry seed
collected from siliques bagged directly after hand pollination. M
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Figure 5-6. Western blot analysis of unbagged and bagged (0., 12, 2§

,,,,, = g

[w]

PA)
seed on the basis of total protein. A. Employing antibodies directed
against the 20 kD oleosin subunit (1 pg/lane total protein, and B.
employing antibodies against the «G-subunits of cruciferin (10 hg/lane

total protein). Arrows denotes the subunit(s) detected with each
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and 5d indicates seed collected from the same

plants from unbagged siligques (i.e. unbagged seed) collected at maturity.
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4.0. Discussion.

Differences between B. napus cultivars are relatively small. On the
basis of 198 cDNAs used to map polymorphisms between two cultivars. Westar
and Topas, approximately 92 (47%) resulted in differences {Landry et al.,
1981). When only seedling specific cDNAs were mapped, only 6% (8 loci)
variability between the cultivars was detected (Landry et al., 1991). As
both L and H seedlots were certified cv. Westar (Allard, 1960), the seed
would be nearly genetically identical (Fehr, 1987). However, commercial
seedlots of B. napus are heterogeneous and maintain some residual
heterozygosity (Landry et al., 1991). Indeed at the optimal temperature
of 22°C we observed no difference in the success or rate of germinaticn
between the L and H seedlots. The differences became evident at lower
temperatures (Fig 5-1 and 5-2). At 10°C, we observe slight differences in
the rate but not the success of germination over the experimental time
frame. These differences become increasingly more evident at 6°C. This
was true for both the narental and S, populations, suggesting slight
genotypic variations exist within the Westar cultivar.

Although seed size could be expected to correlate with germination
and early seedling growth rates, our results demonstrated a lack of
correlation, with H having larger seeds than L, LS. being larger than L,
and HS. being smaller than H. Similarily, Barber et al. (1991) determined
that seed size is not a selection marker for seed vigor at low temperature
within the Westar cultivar.

To our knowledge there has been no attempt to correlate the success
of low temperature germination to the presence of storage protein present
in the mature dry seed. Cruciferin accounts for 50-60% (Crouch and
Sussex, 1981;‘Hoglund et al., 1922) and oleosin accounts for 10% (Huang,
1992; Cummins et al., 1993) of the total protein in mature B. napus se=d,
and both are mohilized after germination (Finkelstein and Crouch, 1984;
Murphy et al., 1989; Hoglund et al., 1992; Huang, 1992). ,

Comparisons between germination rates and cruciferin content suggest
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a good correlation between protein content and germination. In genaral
genotypic variation was expressed in storage protein accumulation, with L
and LS, being superior to H and HS . This again suggests a genotypic
advantage in L.

The effect of environment could also be assessed between the
seedlots. LS, and HS, seeds developed under optimal conditions in the
greenhouse, therefore, phenotypic differences in germination potential at
low temperature and storage protein deposition could be assessed. Both 5,
populations displayed higher germination rates, and higher germinatien
success at 6°C. This indicates that environmental conditions during
embryogenesis play a major role in the seeds’ ability to germinate at low
temperatures. Certainly, environmental factors during seed development

and maturation have been shown to alter the success of germination (Gray

iy

and Thomas, 1982; Taylor et al., 1991). These environmental factor

Lt

{(drought, light, minerals, etc) influence the maternal plant and alte
seed filling by stressing the whole plant. Our S, populations were grown
under controlled conditions, each plant receiving the same nutrients,
water, and light. Therefore, superior low temperature germination of the
S, population resulted from an optimal environment for seed development .
Another factor which must be considered is the storage time of the mature
seed. Both the LSo and HSo seed was tested for germination potential
immediately after maturation. The L and H parental seed was tested for
germination potential when the seedlots were received from seed growers,
and therefore was approximately 6 months to 1 year old. The effects of
storage on the seeds viablity has been documented with respect to storage
lipids (Vertucci, 1992). It is possible that the longer storage times
impacted on the seeds ability to germinate at low temperature by depleting
some of the stored lipids. During Vertucci’s (1992) study the amounts of
the amounts of storage proteins were not assessed. In the present study
the amounts of oleosin did not correlate with germination potential in the

parental or selfed populations, and therefore is not believed to play a
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factor in the present study.

In order to further examine the effect of environment on seed
germination, we reduced the amount of light received by the silique and
seed. As expected, the-treatmenﬁ reduced seed size (Table 5-2) and
storage protein deposition significantly (Fig. 5-6), and as a consegquence
reduced the success of ge:miﬁatian {Fig. 5-4). Although the bagged and
unbagged seed displayed little or no difference in the amount of oleosin
accumulated from 12 DPA on, there were differences in cruciferin
deposition. These differences between the proteins reflect the known
differences in the timing of their accumulation and expression (Crouch and
Sussex, 1981; Hoglund et al., 1992; Huang, 19%2; Wilen, 1992; Cummins et
al., 1993 Tzen et ak., 1993). Of greater interest was the fact that

bagging led to a reduction in the quantity of cruciferin This may
Suggest that light is required for the proper accumualtion, i.e. correct
processing and deposition, of cruciferin

In conclusion, results from this study indicate there is a small

genetic component present in Westar seedlots that enables the seed to
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her levels of storage reserve proteins and te germinate more

rapidly, leading to a higher percentage of germination. There is also a

large envirenmental component. The effects of genotype and environment
are not necessarily noticeable under optimum conditions. These results

taken together implore producers to improve seed management practices and

explore new avenues of research in order to enhance the ability of canola
or produce new lines conferring superior low temperature germination. One
environmental component that has received little attention during seed
maturation, but plays a major role in the overall amounts of storage

protein deposited during seed maturation is light. Cancla is a

chlorophyllous seed during embryogenesis, and, therefore, light may be

uring cell expansion and storage reserve

o}

plaving a pivetal role

depositien. Study of this aspect requires a different experimental

approach, as there is no way to uncouple the effects of low light on the



silique from the effects on the seed.
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Chapter 6.

The Accumulation of Storage Proteins in Miecr

Embryos of Bragsica napus cv. Topas.
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1.0. Introduction.

Embryogenesis provides a unique window of development to study

morphological, physiological, biochemical and moelecular events. During

germination and early seedling growth (Thomas, 1993: West and Harada.

g
993). 1In B. napus approximately 20% of the dry weight of mature seed

o

constitutes ©protein (Finlayson, 1978). Cruciferin accounts for

i

approximately 60% of the total protein, and napin accounts for an

[+1

additional 20% (Crouch and Sussex, 1981; Delisle and Crouch, 1989; Hoglun
et g1,, 1992).

Cruciferin is a globulin like (Murphy et al., 1989) hexamer with a
molecular weight of 300 kD (Rodin andiﬁask, 19%0a). Each subunit is
composed of an a-heavy chain (approximately 30 kD) and a B-light chain
(approximately 20 kD) (Rodin and Rask, 1990b; Sjodahl et al., 1991).
Polypeptides are joined to each other by a disulfide bond (Redin and Rask,
1990b), and models have been presented postulating its conformation in

vivo (Plietz et al., 1987). Napin is an albumin like (Lonnerdal and

+h

Janson, 1972; Dalgarrondo et al., 1986) dimer with a molecular weight o
14 kD, with one heavy polypeptide (9 kD) disulfide bound te a light
polypeptide (4 kD) (DeLisle and Crouch, 1989).

Both storage proteins are processed from precursors (DelLisle and

\M
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T

Crouch, 1989; Rodin and Rask, 1990b; Breen and Crouch, 199
al., 1992), and the mature holoprotein is deposited in dense protein
bodies via the Golgi apparatus as the seed matures (Chrispeels, 1991;

Hoglund et al., 1992). Although gene expression, prate;n accumulation,

and product deposition have been extensively studied, the processing of
cruciferin and napin from their precursor form into the mature

holoproteins found in protein bodies of mature seeds has still not been

fully demonstrated (Murphy et al., 1989; Hoglund et al., 1992).

In B. napus cv Topas, tissue culture techniques have been developed

to produce large quantities of embryos (Telmer et al., 199Z, and
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references therein). These advances have enabled researchers to compare
MDE to the zygotic embryos in biochemical and molecular terms. MDEs mimic
the zygotic system in relation to lipid biosynthesis and accumulation
(Taylor et al., 1990; Chen and Beversdorf, 1991; Pomeroy et al., 1991i;
Taylor et al., 1992). It has further been shown that oilbody-associated
proteins (oleosins) accumulate similarly to those in zygotic embryos
(Wilen, 19%2). In relation to storage protein gene expression, both
cruciferin and napin are similar to those in zygotic embryos, however, the
MDEs do not accumulate the end products (Finkelstein and Crouch, 1986;
Wilen et al., 1990; 1991; Wilen, 1992). However, Kennedy (1993) in a
recent study observed the accumulation of polypeptide bands corresponding
to the molecular weights of cruciferin and napin under certain culturing
conditions in the light. This system could be employed first to determine
whether the bands are indeed cruciferin and napin, and thereafter utilize
these conditions to study the accumulation of storage proteins. MDEs are
an ideal system to apply external factors, as they are free from the
surrounding sporophytic tissue and maternal influences are removed. Thus
they provide an opportunity to study the effect of reduced light on
storage protein gene expression (Finkelstein and Crouch, 1896; Wilen et
al., 1990; 1991). 1In addition, we wished to gain a better understanding

of the regulation of storage protein biosynthesis in MDEs.
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2.0. Materials and methods.

2.1. Plant material and growth conditions The plant material used was
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B. napus cv. Topas T4079. Culvtivar Topas
inducing embryogenesis in isolated microspores. Te date the optimal
conditions to induce MDEs in cv. Westar have not been elucidated. The use
of a different cultivar would not result in gross differences in storage
protein expression because of the relatively small difference in genotype

between Westar and Topas. Therefore, the observations obtained in the

present study can be cenfidently related to what would be occurring in

Westar. Plants were grown and cultivated accerding to the methods
previously mentioned in Chapter 5. After plants had started belting they

were removed from the greenhouse and transferred to phytotrons. Growth in
the phytotrons took place at 4°C with a photoperiod of 12 hr light/12 hr
dark (350 nE/m‘/s).

2.2. |Microspore production. Microspore isolation and haploid embryo

development were carried out according to Kennedy (1993). After

M
i

microspore isclation in modified Lichter medium (Lichter, 1982; Orr
al., 1990) containing 13% suecrose (NLN-13%), and embryogenesis induction
at 32°C, microspores were incubated at 25T in the dark with mild agitation
(shown in Figure 6-1). The microspores were then transferred as septically
te fresh 13% sucrose (NLN-13%). MDEs were screened through sterile
polyester mesh with a 530 UM pore size (PeCap, Tetko Inc., Elmsford, N.Y.)
to ensure isolation of MDEs in the heart to torpedo stage of
embryogenesis. Thereafter, MDEs were returned to the dark or placed in
the light (80-100 uEm'?s™ from fluorescent and incandescent lights placed

approximately 18 inches from plates) for 5 days (Fig. 6-1). After the 5
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Figure 6-1. A schematic drawing depicting the conditions in which the
microspores were cultured. Embryos were isolated during the 0-7 day
region indicated by the upper time line. DD denotes embryos subjected to
a 5 day dark pretreatment followed by transfer into 20% NLN and placed in
culture media containing ABA (+) or no ABA (-). L and D denote embryos
subjected to a 5 day light pretreatment and returned to the light (L) or
dark (D) with (+) or without (-) ABA in 20% NLN. CL denotes embryos given
the 5 day light pretreatment followed by 7 days in continuous light while
remaining in 13% NLN. Likewise, CD denotes embryos given the 5 day dark
pretreatment followed by 7 days in continuous dark while remaining in 13%

NLN.
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mesh as above to isolate MDEs at the torpedo to mid-cotyledonary stage of
embryogenesis and then aseptically transferred to fresh 20% sucrose (NLN-
20%) medium and returned to the light (L) or dark (D} with (+) or without
(-) 50 pM ABA as denoted in Figure 6-1. Two additional samples were also
cultured; one sample was placed in continuous light while remaining in 13%
sucrose (denoted as CL), and the other sample remained in continuous dark
while remaining in 13% sucrose {dencted as CD). MDEs were collected from
each time interval over sterile nylon mesh (Nitex, Tetkc Inc., Elmsford,
NY) (1 mm pore size) and flash frozen in liquid nitrogen. From this
procedure, MDEs examined for napin and cruciferin were developmentally
similar to zygotic embryos from the torpedo (day 0) to cotyledonary stage
(day 7) of embryogenesis.

2.3. Protein Analysis. MD embryos were ground in B80% acetone (in an ice
bath). The insoluble material was collected by centrifugation at 9000 rpm
for 10 min in a SS34 rotor. The supernatant was decanted and the pellet
resuspended in 80% acetone. The insoluble fraction was collected as
above, and the supernatant again removed. The pellet was then washed in
100% acetone, centrifuged as above, and dried with nitrogen gas. The
placed on ice. Samples were centrifuged, the supernatant retrieved, and
placed in a sterile microfuge tube. Total protein concentration was

determined according to Bradford (1976) using BS5A as a standard as

B

described previously (Chapter 3). Seed and leaf tissue was prepared as

above. Protein was boiled for 5 min in Laemmli (1970) buffer, and then

—

loaded on 15% SDS-PAGE mini gels. Gels were run at 180 V for 1 hr. Gels
were stained in 0.1% Coomassie blue R-250, 40% methanol and 10% acetic
acid for 3 hrs, followed by destaining in 40% methanol, 10% acetic acid
for 3 hrs.

2.4. Western blot analysis. Total protein was separated on 15% SDS-PAGE

gels as above. Gels were electroblotted onto nitrocellulose for 1 hr at

70 wvolts according to the conditions of Dunn (1986) as previocusly
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described (Chapter 3). Membranes were blocked overnight in 3% fish skin

gelatin (in 1¥XPBS). Membranes were then incubated with antibody directed

(a1

against cruciferin (obtained from Dr. ML Crouch) or napin (obtained from
AGS) for 1 hr at room temperature. Membranes were washed, incubated with
Goat Anti-Rabbit IgG (Sigma), and developed according to the methods of
White and Green (1987).

2.5. RHNA Extraction and Northern Analysis. Total RNA was extracted from
MD embryos, seed and leaf tissue according to Nateson et al. (1589).
Frozen tissue was ground with hot equilibrated phenol (65°C) follewed by
additional grinding in an equal volume of 0.2 M NaOAC pH 5.2 and 1/6
volume 10% SDS. The homogenate was transferred teo Falcon 2269
polyproplene tubes and incubated at 65°C for 5 min, and centrifuged for 5
min at 5000 rpm in a Sorvall 5S34 rotor. The agueous phase was
transferred to a clean tube and an equal volume of CHCl,:IAA was added,
vortexed, and centrifuged as above. The agueous phase was transfered and
the RNA precipitated in 1/8 volume 8M LiCl and cold 95% ethanol. The RNA
was pelleted by centrifugation in SS34 rotor at 10 000 rpm for 20 min.
RNA was redissolved in DEPC-treated water and quantified by absorbance at

260 nm. Total RNA (10 ug/lane) was separated on a formaldehyde denaturing

gel according to Fourney et al. (1988). RNA was transferred onte Zeta-
Probe membrane (Sigma) via capillary action. RNA was crosslinked to
membrane by UV light (254 nm) for 2 min at 30 em. Membranes were then
probed with cDNA directed against cruciferin (pCl; Simon et al., 1985) and
napin (pN2; Crouch et al., 1983). Both cDNAs were labelled with d&CTP¥

(Ammersham) with a random primer labelling kit (Ammersham) as outlined in

p=)
materials and methods, Chapter 4. The activity of the probes used in the

x 107 CPM/pg DNA for pCl and 5.9 x 10 x 107

L=]

northern analysis were 2.5 x1

CPM/tg DNA for pN2.
2.6. Hybridization and stripping conditiens. Prehybridization and

hybridization conditions were followed according to the methods previously
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outlined in Chapter 4. Membranes were stripped and reprobed according to
the methods also in Chapter 4.

2.7. Storage protein staining in fixed tissue. MDEs were cultured and
iscolated on various days as outlined above. These MDEs were then fixed in
LR white plastic (London Resin Co. Ltd., Basingstoke, Hampshire) according
to the following procedure. MDEs were fixed overnight in 2%
glutaraldehyde in 50 mM Na,HPO, pH 7.4 at room temperature. The following
day, MDEs were rinsed three times for 15 min intervals in 50 mM Na.HPO,,
PH 7.4. The MDEs were then dehydrated in an ethanol series for 30 min
each in 20%, 40%, 60%, 80%, "and 95% ethanol. MDEs were then rinsed for 1
hour in LR (London Resin Co.) white i:lastie:95% ethanol (1:1)-. This was

followed by soaking the MDEs in LR white (100%) overnight. The following

day the MDEs were rinsed twice for 1 hour each in fresh 100% LR (London
Resin Co.) white plastiec. MDEs were then placed in gelatin caps with
fresh LR (London Resin Co.) white plastie (100%) and polymerized overnight

sectioned at a thickness of 1 pym, floated on sterile ddH,0 and placed on
a hot plate (65°C) to fix sections to clean microscope slides. The
sections were then stained for protein according to the methods of Rahman
et al. (1992). This involved staining sections for 5 min at room
temperature in Buffalo Black NBR (Allied Chemieal, Morristown, New Jersey)
(0.05% in 0.7% aquecus acetic acid) fellowed by destaining in 0.7% aqueous

cetic acid until background (plastic) was elear.

[

2.8. MDEs in vivo labelling. Microspores were collected on day 3 of the
experiment and labelled for 5 hours in the presence of 7.4x10 Bg ¥ 5-
labelled methionine (in vive labelling grade, Ammersham) . After
incubation at the appropriate conditien in the presence of radiocactive
methionine the samples were rinsed with media and returned to culture
media in the appropriate condition with 15mg/mL unlabelled methionine (L~

methionine, Sigma). The total incorporation of radioactive methionine was

\M
[



guantified according to the procedures outlined in Chapter 3 afte

cruciferin was solubilized in extraction buffer: 0.01 M sodium-phosphate

[l
i

buffer, pH 7.5, 0.5 M NaCl, 0.001 M PMSF. Cruciferin was then purified
outline below.

2.9. Cruciferin purification. Cruciferin was purified from labelled

microspores according to the methods of Crouch and Sussex (1981). MDEs

(about 500-700 mg) were crushed in a mortar on ice with a pestle in 3 mL

of extraction buffer: 01M sodium-phosphate buffer, pH 7.5, 0.5 M NacCl,

0.
and 0.001M PMSF. The homogenate was centrifuged at 15 000 g for 20 min,
and the supernatant (with aveiding the lipid pad as much as possible;
lipid pad) was filtered through glasswool, and the clear extract was saved
and stored at =-80°C in 2 ml aliquots. Cruciferin was purified from the
crude extract by molecular sieving column chromatography on a BioGel A 0.5
agarose (Bio=Rad Laboratories) column. Samples of 300 000 DPMs were
separated on a 1x30 cm column with a flow rate of 45ml/h (Harvard Aparatus
Peristalic Pump)with 0.01 M sodium phosphate buffer, pH 7.5, 0.5 M NaCl
elution buffer. Prior to the labelling experiment solubilized cruciferin
from cv. Topas and Westar seeds were purified as above to determine which
fractions contained native cruciferin. Fractions containing native
cruciferin were collected (Gilson 203 Fraction Collector) and measured at
280 nm on a Cary 219 (Varian associates, Paloc Alto) spectrophotometer for
protein concentration. Fractions containing the cruciferin protein were
then analyzed for purity on SDS-denaturing PAGE according to the same
methods outlined above. Fractions containing cruciferin were isolated

from labelled MDEs in the same fashion and run on 15% SDS=PAGE to produc

m\

fluorographs of the cruciferin turnover in the MDEs over the experimental



3.0. Resultasa.

3.1. Total Protein. The results for the untreated embryos are shown in

Hh

Figure 6-2. Embryos isolated from 13% sucrose (samples CL and CD) after
the 7 day period did not accumulate proteins in the molecular ranges of
cruciferin and napin {(compare to seed in Fig. 6-4). The results for the
dark pretreated embryos are shown in Figure 6-3. In DD(+) embryos,
protein bands within the molecular weight ranges of cruciferin were
present from day 2 through to day 7 (Fig. 6-3). DD({-) embryos did not
display protein accumulation in these zame ranges. Both DD(+) and DD(-)
embryos exhibited weak banding in the range of napin. MDEs preteated with

light are shown in Figure 6-4. Embryos grown in the absence of ABA (L{-)

i

and D(-)) show reduced banding in the regions of molecular weight

corresponding to cruciferin and napin. Embrvos grown in L(+) exhibited
high levels of protein in the regions of the same molecular weight as
cruciferin and napin (compare to seed). Embryos grown in D(+) also
accunulated protein in the same regions as cruciferin and napin (compare
to seed), but not as much as embryos grown in L(+). The same patterns of
protein accumulation were observed {data not shown), whether protein
samples were loaded on the basis of total protein, er on the basis of
embryo number.

3.2, Westernm Analysis. To confirm that the protein bands observed in the
SDS-PAGE analysis were cruciferin and napin, antibodies directed against
these proteins were employed. MDEs that were dark pretreated are shown in
Figure 6-5. 1In DD(+) embryos, cruciferin accumulated from undetectable
levels at day 0 to low levels at day 2 and remained low through to day 7.

DD(-) embryos in comparison displayed no cruciferin accumulation through

—

to day 7. Additionally, in both L(-) and D(-) cruciferin was not detected

(data not shown).
For MDEs that received the light pretreatment and remained in the
light or were returned to the dark are shown in Figure 6-6. 1In L(+) MDEs,

cruciferin increased from undetectable levels at day 1 to levels similar
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Figure 6-2. Acetone precipitated protein iselated from CL and CD MDEs

cultured until day 7. The total proteins from 500 pg dry weight were

separated on 15% SDS-PAGE and Coomassie stained, as outlined in the
materials and methods section. (M) denotes molecular markers; CL and CD

are embryos cultured according te the treatments outlined in Fig. 6-1.
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Pigure €-3. Analysis of acetone precipitated proteins isolated from MDEs
from day 0 to day 7 in embryes from DD(+) and DD(-}). The total proteins
from 500 Mg dry weight were separated on a 15% SDS-PAGE and Coomassie
stained. (+) denotes protein bands in the molecular weight range of
cruciferin polypeptides and (s} denotes bands in the range of napin
polypeptides. (M) denotes molecular weight markers; 0-7 denote the time
intervals (days) on which MDEs were collected from either the DD(+) or

DD(-) culture conditions as outlined in Fig. 6-1.
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f acetone precipitated proteins isclated from MDEs.
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The total proteins from 500 ug dry weight were separated on 15% SDS-PAGE

and Coomassie stained. 54 denotes protein acetone precipitated from
mature dry seed, (+) denotes protein bands in the molecular weight range

of cruciferin polypeptides, and (a) denotes bands in the range of napin
polypeptides. Collection days from each of the culture conditione L(+),
D(+), L{-), and D(-) are shown. The culture conditions for L(+), D(+),

L(-), and D(-) are outlined in Fig. 6-1.
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Figure 6-5. WVestern analysis of cruciferin from total protein (1 Hg/lane)
isolated from MDEs. The DD(+) and DD(-) MDEs (days 2 to 7) were cultured
as outlined in Fig. 6-1. 1Ineluded is protein isolated froem MDEs after the
5 day light preteatment (0(L)) and the 5 day dark pretreatment (0(D)).

Arrows (+) denote the two bands detected by the antibody.
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Figure 6-6. Vestern analysis of cruciferin from total protein (1 pg/lane)

isolated from the L{+) and D{(+) MDEs (days 1 to 7). Included is protein
isolated from mature dry seed (Sd) for comparison. Arrows {(«)}) denote the

two bands detected by the antibody.
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tc a mature dry seed by day 7. In comparison, D(+) embryos only displayed
low levels of eruciferin at day 7.

The temporal accumulation of napin was also determined (data not
shown). Napin was only detected in L(+) embryos at day 7 and in dry seed.
Napin was undetectable in all other conditions under the same SDS-PAGE,
electroblotting, and immunodetection procedures,

3.3. Northern Analysis. Total RNA was extracted, separated and probed
for both cruciferin and napin. 1In DD(+) embryos, the cruciferin message

increased from low levels at day 0 to day 5, after which the message

declined slightly (Fig. 6-7). DD(-) embrvos also displayed a transient
increase in the message from low levels at day 0 to high levels by day 1,

low levels by day 7. Cruciferin levels were

21
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declining thereafte
transiently high in beth L(+) and D(+) (Figure 6-7). 1In L(+) embryos the
cruciferir message increased dramatically from low levels at 6 hr to
maximal levels at day 2. After day 2 the message quickly declined to
undetectable levels by day 7. In mparison, the D(+) embryos increased
steadily in cruciferin from low levels at 6 hr to maximal levels by day 2.

After day 2 the message remained high until day 3 after which it quickly
declined to low levels on day 7. Under both L(-) and D(-) conditions

ig. 6=7), displaying only moderate levels on

=

cruciferin message was low
day 1. In the control tissues, low levels of cruciferin were detected in

the CL condition, but not in the CD condition (Fig. 6-7).

5 were also determineqd. DD(+) embryos

=

Napin transcript leve

displayed high levels of napin transcripts at day 0 through to day 3, then

egan to decline (Fig. 6-7). In comparison, DD(-) embryos
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accumulated napin transcripts later and to a lesser degree (Fig. 6-7).
Under L(+) conditions, the napin transcript increased from undetectable
levels at 6 hr to maximal levels by day 2 (Figure 6-7). The message then

decreased. 1In D(+), napin increased from low levels at 6 hr to maximal

o]
Hh

levels at day 2, declining to moderate levels on day 7. Low levels

‘napin were detected in the absence of ABA (L(-) and D(-)).

230



Pigure 6-7. Northern analysis of cruciferin and napin transcript levels
from total RNA (10 Hg/lane) isolated from MDEsg (days 0 to 7). Included
are cruciferin and napin transcript levels from total RNA (10 ug/lane)

isolated during embryogenesis in zygotic embryos (18, 23, and 28 DPA)} and

mature seed (Sd) for comparison.
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When compared to zygotic tissue, MDEs cultured in the presence of

ABA displayved higher steady state levels of both cruciferin and napin
(Fig. 6-7). However, in the presence of both ABA and light the transient

accumulation and decline of the cruciferin and n napin transcripts followed

3.4. Protein bodies in MDES. To confirm that cruciferin and napin were
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fixed, sectioned
and stained for protein. The presence of protein bodies was confirmed
only in the culturing conditions in which the presence of cruciferin was
detected via western blot analysis (Fig. 6-8). The highest number of
protein bodies was detected in the L{+) embryos, followed by the zygotic
mature dry seed, DD(+), and D(+) embryos.

3.5, Cruciferin turnovsr. Differences in eruciferin and napin
accumulation between the different culturing conditions led to the

hypothesis that storage protein stability may require or lead to its

correct processing and deposition in protein bodies. Polypeptides
identified by western blots as cruciferin were observed in the L(+), and
DD(+) MDEs (Fig €6-9). A turnover study of cruciferin revealed that the
stability of the protein was enhanced in the presence of light, when
compared to MDEs cultured in the dark (ABA and osmoticum were present in

both conditions

ot

(Fig. 6-9). Whereas cruciferin subunits were rapidly
turned over in DD(+), MDEs cultured under L{+) exhibited labelled
cruciferin for up to 24 hours. The increase in cruciferin subunits to

maximum levels 12 heurs after the chase reflects the incorporation of

purified. Therefore labelled but unprocessed crueciferin presursor
peptides would not appear on the fluorographs and this eoculd reasonably
explain the increase observed in the L(+) condition and the low levels of

cruciferin in the DD(+) conditien.
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Figure 6-8. Stained protein bodies (stained blue) from fixed tissue. The

nd dry mature seed are

1]

procedures for fixing and staining the MDEs

outlined in materials and methods. Mature seed; W denctes stained

sections from cv. Westar, and T denotes stained sections from Topas.

sections from CD embryos collected on day 0 and day 7. Stained sections

from L(+), DD{+), and D(+) embryos collected on day 7.
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Pigure 6-9. Cruciferin protein turnover rate. Cruciferin was purified
from pulse-chase labelled MDEs over the course of 48 hours after the chase
was iqitiated to determine the stability of cruciferin subunits in the
L(+) and DD(+) culture conditions. 300 000 DPMs were loaded on a gel
filtration column and fractions having the same elution as cruciferin were

collected and separated on 15% SDS-PAGE according to the methods outlined

in materials and methods. The arrows denote the o- and B-subunits of

cruciferin.
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4.0. Digcussion.
During zygotic embryogenesis the accumulation of storage proteins
occurs during the cell expansion phase (Crouch and Sussex, 1581; Kermode,

1990; West and Harada, 1993) as embrves go from the torpedo to

cotylzdonary stage of embryvogenesis. Cruciferin and napin begin to
accumulate at 23 to 25 DPA (Crouch and Sussex, 1981; Delisle and Crouch,

1989), with the detection of napin preceding cruciferin by a few days
(Murphy et al., 1989; Hoglund et al., 19%2). Both proteins undergo a
rapid accumulatien until 35-42 DPA, then accumulate slowly until seed
maturation (Murphy et al., 189889).

Similarly, in the present study, MDEs accumulated cruciferirn in the
torpedo to cotyledonary stage in the DD(+) and D(+) MDEs and cruciferin
and napin in the L(+) MDES. Unlike the zygotic system, the accumulation
of eruciferin was observed to precede napin in the L(+) condition. This
may reflect differences in the response of the storage protein genes to

ABA and/or osmoticum.

Although napin and cruciferin transcripts have been detected in MDEs
that have been treated with ABA, little or no storage protein accumulated
(Wilen, 19892). Results from the present study also showed little
accumulation of the storage proteins when MDEs were cultured in the dark.
However, both napin and cruciferin accumulated in MDEs cultured in the
light. A short exposure to light as oecurred in D(+) MDEs, did not lead
to increases in storage protein. Exposure to light during the entire
study peried (L(+)) led to storage protein levels similar to that in

mature dry seed. Therefore, light (80-100 uEm?s™! from fluorescent and

£ accumulation of the proteins.
In zygotic embryos, the transcripts for both cruciferin and napin

are both spatially and temporally regulated (DeLisle and Crouch, 1989;

Blundy et al., 1991). Cruciferin transcripts begin to accumulate at 23

DPA, reach maximum levels at 38 DPA, and finally decrease to undetectable
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levels in the mature seed (Finkelstein et al., 1985; DeLisle and Crouch,
1989). Napin transcripts are detected at 18 DPA, accumulate to high
levels by 27 DPA, and decrease to low levels in the mature, dry seed
{Finkelstein et al., 1985; DeLisle and Crouch, 1989; Blundy et al., 1991).
Temporal differences in cruciferin and napin expression in MDEs have not
bzen reported previously. In general, the timing of expression was
similar in the present study to that observed in zygotic embryos, with
cruciferin expression either preceded by or concurrent with napin
expression. Further to this, expression was transient. Wilen (1992) was
able to show upregulation of transcription by addition of ABA to MDEs
cultured in the dark. We, on the other hand, followed steady state
transcription from day 0, when the embryos were at the early torpedo
stage, then induced transcription transiently over the next 7 days. This
was simply a response to culturing in the light.

Osmoticum alone has also been shown to result in increases in napin
and cruciferin transcripts (Wilen, 1992). In the present study, both
cruciferin and napin transcripts were found to increase in response to
osmoticum alone (DD(-), L(-), and D{-) in (Fig. 6-7). According to Wilen
(1992) the increases of storage protein transcrip:s in response to
osmotica may be mediated by ABA. Indeed endogencus levels of ABA have
been shown to rise when the osmotic potential is increased (Wilen et al.,
1890).

There is evidence to suggest that storage protein gene expression is
also controlled post-transcriptionally. According to Wilen (1992),
neither the application of ABA or treatment with osmoticum led to
accumulation of mature cruciferin or napin, despite high 1levels of
transcription. Results from the present study also show low levels of
storage proteins despite high levels of transcripts for the proteins in
MDEs cultured in the dark.

Unlike previous studies, cruciferin and napin were found to

accumulate to levels similar to that in mature seed. This only occurred
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in the L(+) embryos. This suggests that in order for post transcriptional
and translational events to occur light, ABA, and osmotica are necessary-
Since neither storage protein has been shown to accumulate to high levels
in MDEs cultured in the presence of ABA and\or osmoticum (Wilen, 1992), it
suggests that light may be playing an important role directly or
indirectly. These results are supported by the finding of reduced
cruciferin protein turnover when cultured in the presence of light (Fig.
6-9) .

The failure of storage proteins to accumulate in MDEs could be
explained by the lack of protein bodies to house the proteins (Rahman et
al., 1992). ABA has been shown cause slow development of a small number
of protein bodies protein bodies (Rahman et al., 1992). In the present
study, protein bodies developed concurrently with the accumulation of
storage proteins. As this was most apparent in MDEs cultured in the
light, this suggests that light is required for correct processing and
deposition (Fig. 6-8 D).

In the absence of light the storage proteins may be rapidly turned
over because of improper processing or exposure to proteases. This was
examined in the present study by measuring cruciferin turnover. The
results clearly show rapid turnover of cruciferin in the dark, thereby
confirming post-transcriptional control of storage protein accumulation.
In the L(+) embryos 1labelled cruciferin increased to maximal levels at 12
hours before declining. Since native cruciferin was purified this
suggests that correct processing and deposition of cruciferin occurs in
the light from precursor peptides. In the dark the precursor peptides may
not be properly processed or deposited and therefore only a small
percentage is deposited, resulting in lower levels of cruciferin observed
in the DD(+) turnover study. Since B. napus is chloryphourous during
zygotic embryogenesis, until moisture the content decreases, these
effects may be related to photosynthetis. MDEs cultured in the light also

green in reponse to the light treatment. Photosynthesis may aid the MDEs
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by simply providing more eénergy, and therefore reduce the energy
reguirements on other reserves for the accumulation and deposition of
cruciferin. However, photosynthesis is probably not directly involved
because the D+ embryos are pretreated in the light, undergo greening, but
did not accumulate high levels of cruciferin or napin. Therefore,
although they should contain the same photosynthetic components as the L+
embryos it &id not enhance Storage protein accumulation. There is a non-
green mutant developed by Dr. Stringham (personal communication) that
still accumulates oil and protein, so the effects of photosynthesis are
unknown. Furthermore, the present study did not uncouple photosynthetic
effects from the observed accumulation of cruciferin and napin in L{(+)
MDEs. This is needed to be performed in the future to determine whether
the effects of light act directly on the accumulation of cruciferin in
MDEs or indirectly through photosynthesis or another 1light regulated

product.
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7.1. Introduction.

=

In northern latitudes the length of the growing season is short.

This means there is little time for full sporophytic development, and

therefore, plants are often exposed to suboptimal conditions during early

and late developmental stages. Species susceptible to low temperature

injury during germination display reduced emergence and eventual

eductions in crop vield (Polleock and Toele, 1966; Phillips and Youngman,

1971; Hobbs and Obendorf, 1972; Simon, 1979; Stewart et al., 1990). One

area for potential improvement lies in understanding the mechanisms
involved in seedling emergence during exposure to low temperature. Only

then can new avenues be explored in an attempt to improve low temperature

al distribution and growing

n

emergence, and thereby increase the geographi
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Emergence has been traditionally, but incorrectly, used

germination (Bewley and Black, 19%4). Emergence 1is comprised of two

developmental processes; germination and early seedling growth. Under the

proper conditions successful germination establishes a vigorously growing

eedling from a quiescent mature seed. Germination in the strictest sense

occurs after hydration of the seed and ends with the developmenta

=

processes leading te the elongation of the embryonic axis, usually the
radicle (Bewley and Black, 1934). Subsequent growth relies upon the
mobilization of the stored reserves to fuel cellular division followed by
expansion basipetally in localized regions of the meristems (Finkelstein

and Crouch, 1984). In canola, seedling growth is epigeal, therefore

sxtension of the hypoecetyl, via cell division and enlargement, forces the

W

cotyledons through the growth matrix (soil) inte the air (Esau, 1977).

Thereafter, the cotvledons are converted to photosynthesizing leaf-like

structures, and support the growth of the plumule (the growing meristem of
the shoot) in the presence of light. Further growth of the epicotyl



results in the formation of true-leaf structures and establishes growth of
the plant. The cotyledons at this time may remain photosynthetically
active or senesce. Events result ting in germination are independent from

events associated with early seedling growth. Therefore, successful
emergence will only occur if both developmental processes occur in a
timely manner, resulting in the establishment of a young seedling. The

present study revealed that at low temperature the onset of germination is

delayed, and may not occur at lower temperatures. urthermore, as a
consequence seedling growth is also delayed. Further reductions in

seedling growth ocecurred at low temperature and is associated with poor

storage reserve mobilizatien. Emergence could only be imporved if firsc

‘N’.I

germinationn was enhanced at low temperature and the subsequent
mebilization of stored reserves and their Sibsequent utilization was

optimized.

Successful germination is species specific, and is de ependent upon a

For instance some seeds require specific environmental
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or chemical cues to occur prior to germination (Bewley and Black, 1994).
Such seeds are referred to as dormant. In these cases dormancy can enly
be broken when the internal (the state of the seed itself) and external
(environmental factors) controls are overcome (Bewle ey and Black, 1994).

In other species, the seed will germinate under appropriate environmental

rconditions. These seeds are quiescent or nen-dormant. Canola is an

example of such a plant, as dormancy has been bred out to acquire a more

uniform germination (Adler et al., 1993 and references therein).

chilling resistance where others are chilling sensitive (Hallgren and
Oquist, 1990; Bedi and Basra, 1993). Susceptible plants are generaly
tropical and subtropical in origin, and include maize {Cal and Obendorf,

1972; Cohn et al., 1979), cotton (Christiansen, 1969), lima bean (Polleock,
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1969), field bean (Pollock and Manalo, 1970), rice, cucumber, tobacco
(Simon et al., 1976; Herner, 1986; Markowski, 1989 a, b), and soybean

{(Obendorf and Hobbs, 1970; Hobbs and Obendorf, 1972). Resistant crops

include wheat, barley, oats (Bordsworth and Bewley, 1981), &§. alba (Simon
et al., 1976), and B. napus (Acharya et al., 1983; Kondra et al., 1983;
King et al., 1986; Barber et al., 1991; Wilson et al., 199%2; Mills, 1993).

The ability of seeds to germinate at low temperatures is dependent

upon a number of factors. These

nclude the species and/or cultivar, the

o

temperature, the duration of the chilling exposure, and phase of

Basra, 1993).
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germination when the chilling exposure occurs

Susceptible versus resistant low temperature germination in species
appears to differ only in the time regquired te attain 50% germination

(Simon et al., 1976) as demonstrated by Arrhenius plots (Johnson and

=

Thornley, 1985). Species such as Sinapis alba (Simon et al., 1976), wil
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germinate at temperatures below 15°C but germination steadily decreases

the temperature is lowered. The lowest threshold for
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around 2 or 3°C (Bedi and Basra, 1933).

In B. napus germination occurs between the temperatures of 2 to 25°C
(Canola Growers Manual, 1991). B. napus and EB. campestris cultivars
display differences in germination at low temperature (Acharya et al.,
1983; Kondra et al., 1983; King et al., 1986; Barber et al., 1991; Wilson
et al., 1992; Mills, 1993). The present study reveals that differences
also exist within a cultivar during low temperature germination.

Imbibition during low temperature germination may result in chilling
injury to the seed (Pollock and Toole, 1966; Pollock, 1969; Bramlage et
al., 1979; Bradbeer, 1988; Woodstock, 1988). Eamaggd seed coats (Tully et
al, 1981; Taylor and Dickson, 1987) or removal of the seed coat (Ashworth
and Obendorf, 1980) can amplify or result in chilling injury during
imbibition. The present study emploved seed of high quality with little
or no damage to the seed coat, thereby minimizing this factor.

Low temperature leads to an increase in the lag phase of water
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uptake (Simon et al., 1976; Vertucci and Leopold, 1983; Vertucci, 1989),
reduced radicle growth (Christiansen, 1963, 1967; Cal and Obendorf, 1972;
Cohn et al., 1979), and lower respiration rates (Woodstock and Polleck,
1965; Simon et al., 1976; Leopold and Musgrave, 1979; Vertucci, 1989).
The abnormalities in root growth occur because of the loss of apical
control or abortion of the root tip (Bedi and Basra, 1993). Reductions in
respiration rates have been correlated with abnormal mitochondrial (Ilker
et al., 1879; Chabot and Leopold, 1985; Hodson et al., 1987) and
chloroplastic (Krol and Huner, 1984; Krol et al., 1987) development at low
temperature. In the present study, germination at 10 and 6°C resulted in
an increased lag during phase II of germination, reduced radicle growth
and lower respiration rates in comparison to seeds imbibed at 22'C.
Therefore, some of the manifestations displayed by susceptible species
also occur in canola (a resistant species), but not to the same extent,
This suggests that resistant species possess mechanisms to overcome the
constraints imposed by exposure to low temperature during germination and
early seedling growth.

Imbibition at low temperature results in leakage of cellular
components (Pollock and Toole, 1966; Bramalge et al., 1978; Leopold and
Musgrave, 1979; Leopold, 1980; Schmidt and Tracy, 1989), and the damage
and leakiness displayed by susceptible species is believed to result from
the physical stress caused during rapid water uptake (Spaeth, 1989). 1In
the present study the uptake of water was slightly delayed at low
temperature, but closely followed the pattern of imbibition displayed by
seeds at 22°C. Therefore damage during imbibition is not believed to have
played a major role in the delay or reduction observed in germination at

low temperature.
7.4. Early seedling growth.
Failure to germinate and initiate subsequent seedling growth at low

temperature may result because the cellular membrane integrity is
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disrupted and unable to reassemble (Lyons, 1973; Mayer and Marbach, 1981;

Raison and Wright, 1983; Bewley and Black, 1994). Another theory involves
protein denaturation as the cause of chilling injury in seeds (Simon et
al., 1976; Simon, 1979). Chilling temperatures have an effect on
cytochrome ¢ oxidase (Maeshima et al., 1980), phosphoenolpyruvate
carboxylase (Graham et al., 1979), pyruvate orthophosphate dikinase
(Shirakashi et al., 1978), and tubulins from micretubules {Sakiyama and
Shibaocka, 1990). The improper function of some of these enzymes could
account for the reductions in respiration and the energy required to
sustain growth at low temperature.

The amount of cellular leakage was not assessed in the present
study, however the developmental imapirments observed in storage protein
and oleosin mobilization may suggest that there is some denaturation of

the proteins required to carry out these processes and/or a high turnover

rate in these proteins.

7.5. Low temperature emergencea in B. napus.

Despite the fact that emergence is comprised of both germination and

early seedling growth, there has been 1little or no work on these
components individually or in concert. Thus, the main objective of this

n recapitulate the events

[i113

study was to dissect thesa processes and th

involved in reduced emergernce at low temperature in B. napus, as follows.
Low temperature leads to a temporal delay in germination at 10°C, and both
a temporal delay and reduced germination at 6°C. By standardizing thermal
time to assess germination on the basis of equivalent heat units, we were

able to demonstrate that the delay was a thermal effect. The delay was

9]

caused by a pfalangéd phase II of germination. Reduced germination at &°
appeared to be caused by a failure of the seed to enter into phase III of
germination. ABA was implicated as a causative agent in the delay and
reduction in germination. This was supported by results from endogenous

ABA analyses and studies in which seed was germinated in ABA or fluridone.
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Seedling growth was also affected by low temperature. At 10°C,
seedling growth was delayed, but this was attributable solely to the delay
imparted by low temperature during germination. At 6°C, seedling growth
was compromised by exposure to low temperature. This appeared to be a
function of a loss of coordination between the mobilization of storage
reserves and the de novo synthesis of proteins reguired for seedling
growth and development.

More detailed analyses of the developmental switches from
embryogenesis 10 germination teo post-germinative growth indicated again,
that the delays at 10°C were imposed by thermal constraints and the
reduction in seedling growth at 6°C resulted from both thermal constraints
and developmental impairment. At 10°C, post transcriptional modifieations
were noted, with either high rates of ICL turnover or low rates of
translatien. The effects at 6°C included poor coordination of 1lipid
mobilization, probably arising from low rates of ICL transcription.

Studies of genotypic and environmental effects suggest that both
factors play a role in determination of the potential for low temperature
germination and subsequent seedling growth. Previous studies have failed
to identify a heritable component. Superior low temperature emergence was
not related to seed size, but may be correlated with storage protein
content. This prompted further study of storage proteins and their
transcripts. As we wished to alter light reaching the embryo, MDEs were
utilized. From this portion of the study, we were able to show that light
is required for proper coordination of processing and deposition of

g
storage proteins. In the absence of light, transcript levels were high,

but little protein accumulated, because of high turnover rates.

f

napus, therefore,

Poor seedling emergence at low temperature in

is a function of temporal delays, caused by thermal ceonstraints and beth

decreased germination and reduced seedling growth, resulting from poor

coordination of developmental processes. These effects can be modified by

genotype or by the environment under which the seed matures. As such,



there is scope for numerous approaches to improving low temparature

emergence in canola.

7.6. Future directionsa.
The purpose of this study was to gain insight into some of the

underlying biochemical and molecular events occurring during low

functions, and interactiens during germinatien and early seedling growth
necd to be explored. Then alterations to endogenous levels via the
application of hormone synthesis inhibitors or mutant seeds over- or
under-expressing vital hormones could be pursued.

As the deposition of storage reserves and/or environmental
conditions during embryo maturation may confer superior germinatien during
low temperature, more experimentation is required to study how these
factors are related. The development of culture conditions in an

artificial embryo system able to accumulate storage proteins may aid in

this respect. This system will also enable researchers to uncouple
maternal effects delivered through the seed coat or vascular cennection

Prior to this however, basic research is required to compare the MDEs to
their zygotic counterparts teo ensure that the results displayed in vitre
mimic those exhibited in vivo.

Regardless of the direction taken in the attempt to improve low
temperature germinatien in B. napus, there is a necessity for basie
research on the underlying biochemical .and molecular processes. It is
obvious that a better understanding of the complex interactiens and co-
ordination of the developmental processes during germination and early
seedling growth is needed. This in turn may enable researchers to
discover the rate limiting steps in rapid and synchronous low temperature
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emergence. Unfortunately, any means attempted to improve emergence at low

temperature may be met with resistance,

ature has been working on this

problem, and evolution ha
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adaptations to

the environment. Breeders have accelerated evolution for the benefit of

man, but plants’ inherent ability to adapt to an ever changing

environment may only frustrate mans' desire for change.
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Polyclonal antibodies directed against cruciferin were employed to
follow the degradation of the storage protein over the course of

imbibition (Fig. A-1l). At the optimal temperature the cruciferin subunits

decreased rapidly and were

o longer detected by day 6. In addition,
cruciferin was not detected in the negative control (lane le). At 10°C the
levels of cruciferin steadily decreased from 4 to 10 DAI. The 6°C sample
digplayed only a slight decrease in cruciferin over the same time frame.

By following the breakdown of oleosin (eil body protein) we can

indirectly follow the mobilization of 1lipids. A monoclonal antibody
directed against a 20 kD oleosin was observed to decrease readily in the

22°C sample being no longer detectable 10 DAI (Fig. A-2). At 10 and &¢C
the oleosin decreased only slightly by 10 DAI. Note, also the absence of

oleosin in the negative control, lane le.



Figure A-1. VWestern blot analysis of cruciferin from total protein (10
ug/lane) isolated days after imbibition (DAI) during germination and early
seedling growth under the optimal and suboptimal temperature conditions in
Brassica napus cv. Westar. The temperatures tested were 22, 10, and 6°C,

with (<) denoting the 31 and 29 kD a-polypeptides.
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Figure A-2. Western blot analysis of oleosin from total protein (1
ug/lane) isolated days after imbibition (DAI), during germination and
early seedling growth, under the optimal and suboptimal temperature

conditions in Brassica napus cv. Westar. The temperatures tested were 22,

10, and 6°C, with (+) denoting the 20 kD polypeptide.
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