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ABSTRACT 

Due to the relatively short growing season, early maturity is an important 

characteristic for spring oilseed rape (Brassica L.) cultivars adapted to 

western Canada. Factors that could delay maturity must be assessed because of 

their impact on crop production. 

Vemalization involves the exposure of irnbibed seed or young plants to 

low temperatures. Response to vernalization influences plant growth prior to 

flowering by promoting the initiation of reproductive structures. The presence of 

a significant response to vemalization may delay flowering until the response 

has been satisfied. 

A range of spring B. napus cultivars were evaluated for vernalization and 

photoperiod response. A series of vemalization treatments and indices of plant 

response were used. 

The treatment of germinated seeds to a 2 week exposure at 4°C under 20 

hr photoperiod was sufficient to identify a significant response to vernalization in 

spring B. napus. A rapid screen for vernalization response was developed 

which pennitted the evaluation at 20 days after planting when the plants were at 

the 4 leaf stage. F1 hybrids, S4 inbreâ lines, F3 families and doubled haploid 

Iines derived from F1 donors were evaluated for vemalization response. 

Genetic analysis revealed that one major gene appears to condition the 

response to vemalization. The use of doubled haploid lines permitteci the 

recovery of winter type progeny from the spring B. nabus parents. 
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FOREWORD 

This thesis was written using manuscript format. The first manuscript. 

'Vemalization response in spring oilseed tape (Brassica naDus L.) cultivars" has 

been published in the Canadian Journal of Plant Science. The second 

manuscript 'The effeds of vemalization on apical devetopment in spring oilseed 

rape (Braosica naeus L.)" was presented at the Eighth Crucifer Genetics 

Workshop, held in Saskatoon, Saskatchewan in 1994. The third manuscript 

'The inheritance of vernalization response in segregating generations of spring 

oilseed rape (Brassica naDus L-)" has not been submitted for publication, but 

has been written in the style of the Canadian Journal of Plant Science. The 

fourth manuscript 'The inheritance of vemalization response in spring oilseed 

rape (Brassica nanus 1.) using doubled haploid lines" has been subrnitted to 

Crop Science. 



GENERAL INTRODUCTION 

The growth and development of field aops is aff8cted by a wide range of 

environmental factors. Due to the relatively short growing season in western 

Canada, early maturity is a goal in most breeding programs. Factors that could 

delay maturity and henœ reduœ ykld potential, must be studied in order to 

assess their impact on crop production. 

Temperature and photoperiod have the greatest infiuence on plant 

development. In particular, the response to vemalization influences plant growth 

prior to flowering. As flowering and maturity are well correlated in Brassica 

naws, any factor that affects time of flowering will have an effect on maturity. 

Thus, the presence of a significant response to vemalization that could delay 

flowering until the response has been satisfied must be identified. 

In addition to understanding the physiology of the plant response to an 

environmental cue, plant breeders are also interested in determining the effect of 

a response on a breeding population. Thus, the inheritance of the response, as 

well as an indication of the number of genes involved, must be deterrnined. 

Given the importance of environmental mes, and the limited information 

available, the following study was initiated. The general objective of this study 

was to determine the significance of the vemalization response in spring 

nams CU ltivars. 

ln the first manuscript, a range of 8; mous cultivars were assessed for 

their response to vemalization. In the second, the effeds of vemalization on the 



developing apex were identified. This was be done by examining the time of 

transition hom a vegetative to a reproductive apex and relating this to the visual 

appearance of the plant The Iast two manuscripts exarnined the inheritance of 

the vernakation response for a select group of S4 lines. Both conventional and 

doubled haploid approaches were used. 

The research conducted in this study provided information to breeâers on 

the significance of a response to vemalization on the parental material prior to 

introduction into a spring B. napus breeding program. 



2.0 LIT ERATURE REVlEW 

Develaornent of Canola 

There are three prirnary Brassica species in the family Cniciferae: 8, 

niara, B. oleracea and B. raDa and three amphidiploid species, &. carinata, &. 

juncea and B. naDus) developed from paired crossing between the primary 

diploid species (U, 1935). 

History suggests that oilseed rape @- nams L.) and oilseed tumip rape 

(B. ra~a)  were cultivated as early as the 20th century B.C. in India, and was 

introduced into China and Japan about 5 B.C. (Appelqvist, 1972). Oilseed rape 

and oilseed turnip rape are two of the few oilseeds that can be grown in 

temperate areas. 

B. raoa and B. nasus are the h o  species grown in the major - 
rapeseedlcenola growing areas of Canada. Auxirding !O Thomas (1 984î), the 

original seed stocks of B; naous grown in Canada came from Argentina. The 

seed stock contained a mixture of plant types that provided the genetic material 

for the development of varieties in Canada. 

Early breeding programs in Canada conœntrated on improvements in 

agronomie characteristics and in oil content and quality (Downey and Rakow, 

1987). In particular. the nutritional status of aie oil was of concem, due to high 

levels of the long chain fatty acids, eicosenoic (approx 5%) and erucic (approx. 

40%) acids. In 1959. researchers identifid a line. Liho, in oilseed rape that 

contained low levels of erucic acid. A program of backcrossing and selection 



was initiated to transfer the low erucic trait into agronornically suitable cultivars 

for western Canada. Further selection for low erucic acid levels led to the 

development of zero erucic acid varieties and allowed Canada to set a maximum 

level of 5% erucic acid in the edible oil. Rapeseed meal was considered an 

excellent source of protein, with a favourable balance of amino acids, but high 

glucosinolate levels lead to palatability and nutritional problems. The variety 

Bronowski from Poland was found to be low in glucosinolates and the trait was 

incorpotated into new varieties (Downey and Rakow, 1987). 

In order to distinguish the new "double-low" varieties. with their altered oil 

and meal properties, from comron oilseed rape, the t e n  "canola" was 

trademarked in 1978 by the Canola Council of Canada, then known as the 

Rapeseed Association of Canada. Canola cultivars are those modem oilseed 

rape varieties known as double-low and characterized by wntaining 2% or less 

erucic acid content in the seed oil and less than 30 micromoles of glucosinolates 

per gram of oil-free meal (Canola OiI and Meal Standards and Regulations, 

1987). 

Ra~eseed Growth and Develo~ment 

Upon emergence, which occurs 4 to 10 days after seeding. the B.na~us 

seedling develops a short stem with the growing point located above ground, 

between the open cotyledons. Successive leaves develop in a rosette, with up 

to 30 leaves present in some varieties (Daniels et al., 1986). The production of 

leaf primordia ocans in a spiral pattern around the apex (Smith and Scarisbrick, 



1990). Bud formation is triggered by suitable conditions of temperature and 

daylength. A cluster of buds becornes visible at the œnter of the rosette of 

leaves and is cammed up as the stem bolts. The cluster of buds enlarges as the 

main stem lengthens. The main stem reaches 30 to 60% of its maximum length 

just pnor to flowering (Thomas, 1984). Flowering in B- naws begins with the 

opening of the lowest bud on the main stem and continues with 3 to 5 or more 

flowers opening per day. The first flower opened is destined to becorne the first 

pod (Daniels et al., 1986). Oilseed rape is an indeterminate plant, because it 

retains the capacity to initiate new reproductive racemes throughout most of its 

lifecycle. Thus, the full range of reproductive structures may be present on the 

plant at any one time. 

Growth Staae Kevs for Oilseed Rame 

Many agronomie decisions are made based on operations perfomed at 

specific stages of growlh. However, the division of oilseed rape growth and 

development into distinct phases is difFicult due to its indeterminate pattern of 

growth. By restricting observations to the main stem, distinctions conœming 

stage of development can be readily detennined. 

Harper and Berkenkamp (1975) developed a growth stage key which has 

been widely used for & naBus and B; rana. They divided the life cycle into six 

distinct stages, which can be further subdivideâ (Table 1). 



Table 1. Harper and Berkenkamp (1 975) key to growth stages in rape (Brassica 
raDa and B- naous). 

S w  Dmcriptron Sub Groups 

Bud 

O p- 
i Seedling 
2 Rosette 

2.1 First true feaf expanded 
2.2 Second tnie leaf expanded 

add 0.1 for each additional leaf 
3 

3-1 Inflorescence visible at œnter of 
ros0tte 

3.2 lnfioresœnce raised above level 
of rosette 

3.3 Lower buds yellowing 
4 

4.1 First open flcnmr 
4.2 Many flowers open; lower pods 

elongating 
4.3 Lower pods starting to fiIl 
4.4 Flowering complete; seeds 

enlarging in lower pods 
5 

5.1 Seeds in lower pods full size, 
translucent 

5.2 Seeûs in lowier pods green 
5.3 Seeds in Ioww pods green- 

brown and mottled 
5.4 Seeds in lower pods brown 
5.5 Seeds in al1 pods brown, plant 

senescent - ... - 

Sylvester-Bradley et al. (1984) used the Harper and Berkenkamp key as 

the basis for a new system that could be used for al1 the oilseed Brassica 

species and production systems in the world. The new scale allwed for a 

gteater degree of precision, as well as an improved data entry system that was 

more amenable to winter oilseed rape development. A revision of the original 



Sylvester-Bradley sa le  was required in order to reflect the conflicting 

requirements of researchers for detail, and fanners for ease of use (Sylvester- 

Bradley, 1 985). 

A conœm expressed about the use of growth stage keys is that they tend 

to mask a wide range of physiological stages (Smith and Scarisbrick, 1990). For 

example, the Harper and Berkenkamp stage of 3.1 covers the intemal period of 

transition from a vegetative to a reproductive apex to sepal formation on flower 

buds. Tommey and Evans (1989) constnicted a key that defineci the stages of 

flower initiation and floral development for winter oilseed rape. Based on 

samples of the terminal growing point, their key provided a score from 1 (flat, 

vegetative index) to 10 (bud visible to the naked eye). In order to use the 

Tornmey and Evans (1 989) key, large populations are required to permit the 

frequent, destructive sampling required for assignment of a score. 

Environmental Effects on Develo~ment 

Smith (1 990) used the terni 'phenotypic plasticity' to describe the ability of 

individual plants to adapt or acclimate to changing circumstances. Phenotypic 

plasticity has three features: flexible expression of a single genotype, an 

intimate connedion with environmental variation, and an adaptive value of the 

capacity of an individual to adapt to environmental conditions. The sequenœ of 

response includes: perception of the environmental signal. transduction of the 



environmental signal to a biological signal, and evocation of a physiological 

response to the environmental condition. 

Development in crops is a function of both genetic and 

environmental parameters. Thermal and light conditions appear to have the 

greatest influence of the environmental parameters on plant development 

(Daughtry et al., 1 984). 

A major objective in Canadian oilseed rape breeding programs has been 

early maturity (Campbell and Kondra, 1978). Breeding for early maturity usually 

involves selection for earliness to first flower, which is used as an indicator of 

rnaturity. Campbell and Kondra (1978) found that the wrrelation between time 

to first flower (in days) and time to maturity (in days) was significant and large to 

justify the use of appearance of first flower as a selection criteria. Collins and 

Wilson (1 974) indicated that time of floral initiation and fiowering were closely 

wrrelated with each other and with maturity. lhey wncluded that time of 

initiation and flowering were the primary detenninants of maturity. Thus, any 

factor, such as vernalization or photoperiod requirement, which affected the 

period from seeding to first flower would have a significant influence on time to 

reach maturity- 

Tommey and Evans (1 992) found that temperatures during early 

vegetative growth greatly influence the time of floral initiation and mainstem leaf 

number. Exposure to low temperature from the time of cotyledon expansion 

onward reduced the length of the pre-floral growth stages. Tommey and Evans 



(1 992) reported that the subsequent developmental pattern of oilseed rape was 

largely dependent on the date of fioral initiation. 

Thurîing and Kaveeta (1 992) divided pre-anthesis development in oilseed 

rape into three distinct segments: vegetative development (the period from 

sowing to fioral initiation); post-initiation (initiation to commencement of stem 

elongation) and stem elongation (stem elongation to appearanœ of the first 

open flower). The summation of the three phases equaled the time to flawer. 

Both soi1 and air temperature affect oilseed rape growth and development 

(Thomas, 1 984). There are few reports available on the direct effects of 

temperature on rapeseed development (Morrison et al., 1989). Studies that 

have identified the indirect effects of increasing temperature by manipulation of 

seeding date can be confounded by interactions with changing photoperiod and 

moisture conditions available for growth. To mitigate these confounding factors, 

Morrison et al. (1 989) conducted both field and wntrolled environment studies of 

the phenological development of the canola cultivar 'Westar'. Mom'son et al. 

(1 989) found that the phenological development of 'Westar' grown under 

wntrolled conditions was rot significantly different from 'Westar' grown in the 

field. MonSson et al. (1989) developed a regression equation to describe the 

phenological development of Westar. The mode1 developed by Morrison et al. 

(1 989) was l e s  accurate in desaibing the development of 'Westar' dwing the 

early and mid phases of growth, and more accurate when the crop was maturing. 



Early seeding of oilseed rape is desirable, in order to use as much of the 

frost-free period as possible (Kondra et al., 1983). However, cold soi1 conditions 

could result in delayed ernergenœ. Momson et al. (1989) detemiined the 

baseline temperature, defined as Mat temperature at which phenological 

developrnent ceases, for the oilseed rape cultivar 'Westar' to be 4.8 +1- 1.5 OC. 

Thomas (1 984) reported an optimum temperature for oilseed rape growth 

and development of just over 20 OC. An optimum temperature is one at which 

the rate of growth is within a range of the maximum rate (Fitter and Hay, 1981 ). 

Phototmriod. 

Photoperiodism is a growth response to the relative lengths of day and night. 

Oilseed rape has b e n  classified as a facultative long day plant, in that fiowering 

will occur over a wide range of photoperiods, but is significantly accelerated by 

an increase in daylength (Gauss and Taylor, 1969 and King and Kondra, 1986). 

Major (1 980) studied the photoperiodic responses of nine representative 

cultivars of crop species in Canada, including B- naous and B. faDa. He 

indicated that there were differences between the crop species grown in Canada 

with respect to optimal photoperiods and photoperiodic sensitivities. The optimal 

photoperiod was found to exceed 18 hours for both Brassica species. 

Natural daylength in the majority of the oilseed rape growing area in 

Canada is between 15 and 17 hou= during the period of spring growth prior to 

flowering. Therefore the optimal photoperiod may not be readied prior to floral 



initiation (King and Kondra, 1986). The influence of photoperiod on developrnent 

of oilseed rape requires further investigation in order to detemine the pradical 

significanœ of its influence on development. 

Photornrid and Temmrature Interaction. 

Research on the effecto of the photoperiod and temperature interaction on the 

development of oilseed rape is very limited. However, work done in other crop 

species may have application to.oilseed rape. 

Weibel (1 958) found that the photoperiod during the vemalization 

treatment of wheat embryos did not influence either the length of the cald 

treatment required, or the response to photoperiod after the vemalization 

treatment. Weigand et al. (1981) indicated that winter wtieat grown under 11 

hour days in a 24 hour cycle cauld lose the earliness to flower effect produced 

by vemalization. Extending the vemalization period was found to partially 

overmrne the limiting effects of short days. Mosaad et al. (1995) examined a 

series of selected and unselected spring wheat lines and found that 

vemalization resulted in a decrease of 3.5 leaves on the main stem at flowenng 

for the unseleded group. They found no response in the selected group, which 

was based on seledion under a heat stress environment. Mosaad e l  al. (1995) 

concluded that the selection pressure resulted in the elimination of lines with 

strong vemalization respanse. 



The interaction between photoperiod and vemalization appears to be of 

value in adapting a cultivar to a particular grWng area (Berry and Aitken, 1979 

and Davidson et al., 1985). Potential cultivars are assessed under conditions 

that are indicative of the growing area. Myers et al. (1982) screened 48 lines of 

oilseed rape for possible use in Australia, using vemalization and photoperiod 

conditions that would be comparable to the winter conditions in New South 

Wales. Myers et al- (1 982) cautioned that their treatment of 2 week old plants 

exposed to 816 OC daylnight temperatures under an 8 hour photoperiod was 

meant to allow differentiation among Iines, not saturation of responses. They felt 

that relative comparisons, not absolute values, were of the most significance in 

their study. Mosaad et al. (1995) felt that, h i l e  both photoperiod and 

vemalization response affected development, selection of spring wheat cultivars 

for growth in the tropics would be more effective and consistent if based on the 

photoperïod response (Mosaad et al. 1995). Mosaad et al. (1 995) cite the 

cultivar 'Cham 6' as an example of a cultivar that is insensitive to both 

photoperiod and vemalization, which they felt cantributed to its wide adaptability. 

Vernalkation. 

The term vemalization is the anglicizeâ version of the Russian word 

"jaroxization", which refers to the process th& made a wiriter cereal behave like 

a summer cereal (Lysenko, 1928, cited by Chouard, 1960). Further investigation 



revealed that the detemining factor was exposure to cold temperatures for a few 

weeks. 

There is some confusion in the literature regarding the usage of the terni 

vemalization. McKinney (1 940) indicated that the tenn was used to refer to 

almost al1 environmental factors or other methods applid at any time in the 

plant's development which were capable of accelerating sexual reproduction. 

Chouard (1 960) recommended that researdiers follow the original definition. 

which specifkally involved the substitution of chilling of a plant for the natural 

exposure to winter. in order to make possible the initiation of floral primordia. 

Chouard (1 960) indicated that there were four conditions required for effective 

vernalization: minimum moisture, so as to allow sufFicient seed imbibition; a 

period of activation prior to application of the vemalization treatment, 

approximately 24 hours; presence of oxygen and an appropriate temperature 

and duration of chilling. 

maories on the mechanism of control of flowering range from the 

florigen-antiflorigen model (Chouard, 1960) to the multifactorial modal of control 

advanœd by Bernier (1988). Bernier (1 988) felt that the possibility of a cornplex. 

integrated response such as flowering k i n g  controlled by a simple 

promotec inhibitor mode1 was not satisfactory. Instead, Bernier (1 988) felt that a 

multifactorial mode1 of control, involving the diversion of nutrients and involving 

Plant Growth Regulators, best explained the complexity of the floral proœss. 



Bernier (1 988) recommended comprehensive studies, using flowedng and PGR 

mutants. in order to detenine the molecular biology and genetics of flowering. 

Vemalization is an unusual biological process in that it appears to have a 

negative 01 0, with the lower the temperature, the faster the reaction proceeds 

(Napp-Zinn. 1 987). 

Effects on ~ l a n t  develo~ment As with most experiments that examine 

environmental effects on plant development, researchers working with the 

vernalization response have attempted to relate effects to the phenological 

development of the plant. Presenœ of a vemalization requirement affects plant 

development by delaying floral initiation until the wld requirement of the plant 

has been satisfied (Flood and Halloran, 1984). In fall-planted oilseed rape 

cultivars grown in Europe, the transition to a fioral apex occurs during the first 

two weeks of Novernber (Scarisbrick et al., 1989). However, the date of 

transition is influenœd by cultivar, sowing date, climate and geographic location. 

Measurements of the days required for floral initiation would therefore 

appear to be an important method for assessing vemalization response. 

Investigators have used this approach in Tritiwm aestivum (Wort, 1941 ; Halse 

and Weir, 1 970. Syme. 1973 and Manupeerapan et al., 1992). Trifolium 

subterraneum (Evans, 1959 and Salisbury et al., 1987) and Pisum sativum 

(Berry and Aitken. 1979). One major disadvantage of using days to initiation is 



that it is determined by destructive sampling and thus requires a large number of 

plants. 

Non-destrucîive measurements usually focus on the visually distinct 

flowering phase, including heading in cereals and appearance of first open 

flower in dicots. Levy and Peterson (1972) considered days to head to be a 

good indicator of vernalization in spring wheat. Flood and Halloran (1984) 

indicated that there was a strong linear relationship ( ~ 0 . 8 6 )  between days to 

initiation and days to ear emergence in wheat. Given that days to ear 

emergence was easier to detennine than days to initiation on large numbers of 

plants, they concluded that days to ear emergence cauld provide an accurate 

index of relative vemalization response. 

Trione and Metzger (1 970) focused on the apical meristem when they 

studied vernalization in wheat and Hordeum vulaare. They used the distance 

between the apical meristem and the crown as a measure of degree of 

vemalization. The longer the cold treatrnent, the greater the distance between 

apex and crown. Manupeerapan et al. (1992) rewrded apex length and width 

midway up the spike in order to detennine apex volume. They discovered that 

apex sire in wheat at the time of initiation was relatively unifom (0.13 mm3), 

despite a wide range in time (26 to 224 deys) and growing degree days (220 to 

1 900 GDD) required for floral initiation. 

In cereals, leaves are initiated on the meristem until a floral bud is 

initiated (Quinby and Liang, 1969). if initiation is delayed, more leaves are 



fomed. In wheat. floral organs appear soon after differentiation of the last leaf 

primordium (McKinney and Sando, 1935). Early differentiation of floral organs 

results in fewer leaves being formed. 

Halloran (1 975) used regression of final Ieaf numben between vemalized 

and nonvernalized wheat Iines to indicate aie significanœ of the vernalization 

response. DWerenœs in slopes of the lines indicated a significant vemalization 

response. In a later study, however, Salisbury et al. (1979) cautioned that it 

was not valid to use leaf number to evaluate the MGct of vemalization unless 

uniform post-vemalization temperature conditions are maintained. Berry et al. 

(1 980) indicated that final leaf number was not as sensitive a parameter as days 

to anthesis for measuring vernalkation response in wheat. Jedel et al. (1 986) 

found final leaf number and days to anthesis to be positively correlated in wheat. 

They suggested that days to flag leaf emergence, which included the 

environmental effects on final leaf number, was a useful parameter that was 

easy to measure. Karlsson et al. (1993) used both final leaf number and number 

of days to flowering for detemination of the effeds of vemalization and 

photoperiod on 32 Arabido~sis thaliana (Brassicaceae) etcotypes. The study by 

Karlsson et al. (1993) found a high correlation between leaf numbers and days 

to flower (r=0.94). but indicated that they prefened to use leaf numbers, although 

they did not provide any additional reasons for this preferenœ. 

Friend (1 985) reportecl that it is oRen diffiwlt to determine the final leaf 

number in the Brassica species. as the sire of the vegetative leaves becomes 



reduced at the base of the inflorescence. Upper leaves may be missing or 

reduœd to bracts. Thurling and Kaveeta (1 992) felt that leaf number in oilseed 

rape, as an ontogenic measure of development, rdected more closely the 

morphogenetic mechanisrns detemining floral initiation. Their study found 

variability in leaf number on the main stem of the cultivars they examined. 

Vernakation resDonse ~atterns. The expression of vernalization response can 

be charaderized by its pattern of development. The majority of the research on 

characterization of the vemalization response has been done in cereals, 

partiwlarly wheat. Winter wheat, in general, has an absolute requirement for 

cold treatrnent in order to respond to light and temperature conditions that result 

in flowering under conditions conducive to optimum gr& in the spring. Spring 

wheats, however, have Men considered to be unresponsive ta cold treatment, 

although this distinction is not absolute. 

Three vemalization response patterns have been identified. They indude: 

cumulative, with quantitative decreases in length of vegetative period with 

increased duration of cald treatrnent (Levy and Peterson, 1972); irregular, 

diaraderized by plateaus and increases in length of the vegetative period with 

extended aild (Halloran, 1977) and a threshold response, an all-or-nothing 

response that only oca~rs with extended periods of cold (Berry et al., 1 980). 

Spcing smun crops can Vary in the amount of vemalization that will 

produce a response. Rahman and Gladstones (1973) found a quantitative 



response in Ludnus, with different species varying in the period of vernalization 

required to saturate the response. A quantitative response in spring wheat has 

been identified (Purvis and Gregory, 1 937; Levy and Peterson, 1972; Wall and 

Cartwright, 1 974 and Halloran. 1975). 

Phvsiolmv of vernalization. Vemalization has b e n  found to be effective in 

geninating or adively grWng seeds, apical meristems, leaf wttings and root 

cuttings (Wellensiek, 1 964). Wellensiek (1 962) identified the locus of 

vernalizatïon as consisting of œlls which are in mitosis, with dividing cells 

appearing to be a prerequisite to effective vemalization. 

Weibel (1 958) described the standard method of vemalization as a cold 

treatment of genninating seeds. Variations in methodology involve differences 

in temperature and duration of temperature treatmmt Weibel (1 958) diswssed 

cornpetence of seedlings as being a charaderistic of those seedlings with a 

growing apex that can respond to stimuli that induce floral differentiation. 

Vemalization response acts to confer cornpetence early in vegetative 

development. 

Cold treatrnents are most frequently given to imbibed or germinating 

seeds ( Gauss and Taylor, 1969; Weinberger, 1975; Halloran, 1977 and 

Weigand et al., 1981). However, vernalization effeds have been obsewed when 

the cold treatment is applied to other stages of development. Puwis (1 939) 

successfully treated excised embryos of Petkus winter rye, while Gauss and 



Taylor (1 969) found that vemalization in the early seedling stage of spring wheat 

reduœd the time to head emergenœ. Evans (1 959) found that vemalizing 

developing embryos, genninating seeds or young seedlings of clover hastened 

floral initiation. Tommey and Evans (1992) found that exposure to vemalizing 

temperatures from cotyledon expansion onward in the winter rape cultivar 

Mikado markedly reduced the duration of the pre-floral growth stage. Whelan 

and Schaalje (1 992) successfully vemalized the ernbryogenic callus of immature 

embryos of Norstar winter wheat. 

Different temperature regimes have been employed with varying degrees 

of success in the study of vemalization. Trione and Metzger (1 970) identified 

temperatures capable of vernaking different crop species, ranging from -5 to 

+15 OC in winter wheat, to +1 to -1 -5 OC in Beta ln general, temperatures in the 

range from +1 to +7 OC were the most effective. As vemalization involves a 

biochemical process, temperatures below freezing are ineffective, as metabolic 

activity ceases below a minimum temperature (Ahrens and Loomis, 1963). 

There are other environmental factors both during and after cold 

treatment which may influence the vemalization response. Peterson and 

Bendixen (1 963) indicated that photoperiod conditions before and after cold 

treatment had a confounding effect. They eliminateâ the photoperiod interaction 

by keeping Lolium temulentum seeds in the dark dunng imbibition and chilling, 

after whidi continuout light was used. Barber (1959) had indicated a similar 

interaction in p a s ,  as well as in the Cmciferae family. As seed vemalization 



occurs in the dark before emergence under field conditions, it is not apparent 

why Iight during vernalization would be necessary. 

Temperature and moisture conditions can also affect the vemalization 

process. Work with clover by Evans (1959) indicated that fully vemalized plants 

had a consistent hastening of flowerÏng with inaeased mean temperature in the 

post-vemalization period. 

Salisbury et al. (1979) cautioned that, at least for some genotypes, the 

way in which the vemalization treatrnent is applied could influencg the response. 

They indicated that the rate of reproductive development of cultivars vernalized 

as imbibed seeds would not necessarily refiect theit development rate when 

vemalized naturally in the field, 

Weinberger (1 975) stressed the importance of rnaintaining moisture 

conditions above a critical level during vemalization. There is disagreement 

wnceming the ideal moisture conditions, with some researchers preferring to 

limit moisture in order to restrict growth, m i l e  others prefer to imbibe seeds for a 

standard length of time, without controlling moisture (Syme, 1968, and Klaimi 

and Qualset, 1974). 

The phenornena of devemalization, or loss of the vemalized condition, 

ha$ been suggested (Gregory and Puwis, 1938; Weibel, 1958; Gowers and 

Gemmell, 1968 and Trione and Memer, 1970). The rnost common 

devernalking agent is high temperature, although devemalization by short day 

conditions (Wellensiek, 1964) and dry storage (Weibel, 1958) has also b e n  



reported. Although exposure to high temperature can lead to devernalization. 

the vemalized condition is cansidered to be stable and appears to be 

perpetuated in the cell division products of vemalized cells (Thomas and Vince- 

Pnie, 1984). 

Vemalization resnonse in the Brassica smcies. The rnajority of research on the 

proœss of vemalization has b e n  conducteci in the cereals. As the importance 

of the Brassica species to producers has increased, so too has the amount of 

research. 

Most members of the Cruciferae possessing a cold requirernent are 

biennial. Research work involving oleracea, including C hinese cabbage, 

cauliflower and Brussels sprout, indicates that there is a quantitative 

requirement for low temperature induction of early flowering (Gauss and Taylor, 

1969). The temperature range required for vemalization response in Brassica 

species varied from O to 8 OC. with duration of effective treatrnent ranging from 

1 O days to 20 weeks (Friend, 1985). 

Thurling end Vijendra Das (1977) examined the Weds of different 

temperatures and photoperiods on aie pre-anthesis development of spring 

oilseed rape. They studied a range of cultivars from Canada, Europe and Japan 

in order to determine the relative importance of different dimatic variables on the 

durotion of pre-anthesis development stages. Research on the Canadian 

cultivars Target and Oro revealed that these cultivars had no response to 



vemalization under a 24 hour photoperiod. The flowering of the European 

cultivars Bronowski and Masoweicki was accelerated by vemalization at 3 OC 

under al1 combinations af temperature and photoperiod. Thurling and Vijendra 

Das (1 977) indicated that the differences between spring oilseed rape cultivars 

in vemalization response appeared to be much greater than those observed 

between cultivars of spring wheat. 

Hodgson (1978). examineci the phenology of the B- naws cultivar Midas 

and found that Ï t  exhibited a significant facultative response to vemalization. 

Hodgson concluded that vemalization significantly affected plant development 

prior to the bud stages. but had no direct effects on subsequent phases. 

Myers et al. (1 982) working with the Canadian cultivars Torch, Span and 

Midas, found that there was a reduction in time to flowering in response to 

vemalization treatment or inaeasing photoperiod. The response to both 

vemalization and photoperiod was similar and highl y correlated (r=O.93). Of 

interest was the observation by Myers et al. (1982) that variation in response 

existed between two samples of the Span that came from different sources. The 

variation was attributed to contamination or to strong differential seledion 

pressures on the original seed stock. 



Environmental Influence on &ical Develo~ment 

primordia differentiation 

kneocence (OIT, 1984) 

flower opening, anthesis and pollination and 

McDaniel (1 996) reviewed the developmental 

The visual appearance of a flower is but one step in the flowering 

process. There are six sequential phases of flowering: induction, evocation, 

* 

physiology of Nicotiana tabacum L as a conceptual model for understanding 

floral initiation in angiospems. McDaniel (1 996) desaibed morphogenesis as 

the 'fating' of specific areas of the cell for unique patterns of growth and 

differentiation. Cells are competent if they respond to a particular 

developmental signal in a predictable way. Induction occws when a particular 

signal acts on competent cells to determine them for a specific developmental 

fate. Expression of their fate results in the determination of the cells, whether in 

their normal location in the organism or in isolation. 

Upon satisfaction of the vemalization requirement, and exposure of plants 

to the appropriate photoperiad, a floral stimulus is forrned in the leaves (Bernier, 

1971). The stimulus is translocated to the apical meristem, where it evokes the 

production of flower buds at the meristem. McDaniel(1996) felt that the terni 

'evocation' more precisely describes the action of the floral stimulus, sinœ 

induction has already occurred at the responsive part of the plant. Bernier 

(1 971) described the presenœ of target tissues, which were those meristematic 

tissues which, in response to the floral stimulust specifically initiated floral 



morphogenesis. In dicots, the target tissues include the central and peripheral 

zones of the apical meristem. 

Several studies on the changes to the meristem of Brassica species have 

been reported. An understanding of the time of inflorescence development is 

important in commercial B. naws production in that, once the growing point is 

committed to flowering, the number of potential leaves from that meristem is also 

fixed and thus the size of the leaf canopy is detemined within the limits of 

variation in individual leaf size (Mendham and Scott, 1 975). The time of floral 

initiation can also indirectly limit yield through its M e d  on time of flowering. 

Mendham and Scott (1 975) indicated that early initiation could result in floral 

development before plants had readied maximum potential size. Tommey and 

Evans (1992) reported that there was potential in oilseed rape for a profitable 

reâistribution of metabolites to developing seeds by manipulation of the plant 

hieratchical structure. The goal would be to restrid assirnilate availability to an 

excessive number of branches and flowers by restricting the period of pre-floral 

growth. The results of the Tommey and Evans (1992) expriment indicated that 

plants given a pre-fioral cold treatment produced significently higher total seed 

weights in spite of having fewer leaves and a shorter pre-floral gr& stage. 

Plants that were intermediate in ternis of duration of pre-floral growth and 

meristem Ieaf number produced the highest seed yields. 

Friend (1 985) reporteû that, in general, Brassica vegetative apiœs are 

dome-shaped, and becorne very convex at the time of transition to reproductive 



development Onœ floral differentiation begins, no new leaf primordia are 

forrned and flower bud primordiâ initials begin to differentiate. 

OK (1 978) studied the inflorescence development in B- faDa in 

considerable detail. He used a highly photo-sensitive Ceres strain, which had 

been found to respond to one inductive cycle given 4 to 5 days after sowing. Orr 

(1 978) described the phases of infiorescenœ development as a series of 

discrete processes, with the transition from a vegetative meristem to a 

reproductive meristem requinng approximately 2 to 5 days. A series of papers 

(Orr, 1981,1984,1985,1987) examined changes in cellular events ocairring in 

the meristem during the transition to flowering. The prefloral stage b defined by 

a constant volume and number of cells in the meristem. During transition to 

reproductive apex, there are two waves' or series of inueases in the mitotic 

index of the peripheral and central zones of the apex (Orr 1 981 ). The second 

increase occurs simultaneously with the initiation of floral primoridia in the 

peripheral zone. Along with the increase in cell division, Orr (1985) measured 

an incresse in production of enzymes (g luca~hospha te  dehydrogenase and 

6-phosphogluconate dehydrogenase), incmased CO2 activity and increased 

respiration. 

Powck and Sawhney (1 986) undertook a scanning electron microscope 

study of the initiation and development of the nanus cultivar 'Westar'. They 

w r e  able to detemine that the vegetative apex, under aieir growing conditions 

of 2311 8 OC dayhight temperature and 1 6 hwr photoperiod, was slightly 



convex, while the fioral apex was domd. An earlier study (Daniels et al., 1984) 

using field-grawn material of winter oilseed rape, detemined that the 

appearance of a small protubrance at the base of the apical dome was the first 

visible sign of initiation. 

A study of B. raDa cultivar 'Wisconsin Fast' indicated that the developing 

floral apex follows the same pattern of development indicated by other 

researchers, but in a much condensed time frarne (Hobbs et al., 1996). Floral 

induction occurred Day 7, with buds opening by Day 18. 

Mendham and Scott (1 975) studied fieldgrown winter oilseed rape in 

order to determine when the change to the reproductive phase occurred. The 

proœdure used by Mendham and Scott (1 975) involved the scoring of apices for 

stage of development. Leaf numbers at the time of initiation ranged from 18 to 

24, depending on the sowing date. 

Crisp and Walkey (1 974) descfibed the effeds of vemalization on &. 

oleracea by examining meristem cultures. They found that, in the vegetative 

state, there is a single meristematic shoot apex with no apparent axillary apices. 

When vemalized, the shoot apex entered a generative phase and underwent 

many divisions to give the edible curd, which is a mass of apical meristems. 

Each of the meristems could then give rise to floral primordia. 

Cauliflower has an obligate cold requirement for flowering that can only 

be fuîfilled once the plant has paoted the jwenile phase (Sadik and Orbun, 

1967). Sadik and Ozûun (1 967) emmined the nudei of the vegetative shoot 



apices and found them to be smaller Vian those that had received cold 

treatment- 

Rie availability of improved laboratory techniques for isolation and 

identification of genes has lead to an improved understanding of the complex 

events ocarrring during the transition to flowering. Mutant strains of Arabido~sis 

thaliana have been identified that constitutively express the floral-meristem- 

identity gene LEAFY (Lfy), which encodes a developmental suvitch capable of 

conversion of lateral shoots to flowers from a range of different species (Weigel 

and Nilsson, 1995). This approach offers several advantages for the researcher 

over induced responses, induding the fact that transcription of the Lfy gene is 

independent of other genes or factors affecting floral induction; and the ability to 

assay for activity in tissues where the genes would not nonnally be active, such 

as in shoot meristems. 

Hobbs et al. (1 996) studied the changes in lipid composition during floral 

devalopment and found that the floral apex represents an active system with 

rapidly changing lipid composition. They speculated that the Iipid changes could 

be involved in the regulation of the transition to a floral apex through 

pemeability changes in membranes that could permit transport of metabolites 

during evodion. 

In an attempt to understand the process involved in the change from a 

vegetative to a reproductive apex, Mtashiba et al. (1 996) screened for genes 

specifically expressed in the shoot apical meristem of B. raDa during transition to 



flowering. They found two cDNA clones being preferentially expressed in the 

floral apex that did not show significant similarity to known genes Further 

studies are k i n g  conducted to characterire the clones and their possible 

involvement in flowering. 

Inheritance of the Vemalization Resrmnie 

Numerous studies on the inheritance and genetics of vernal ization 

response have b e n  reported for cereals, with limited research done in other 

crops. There is some discrepancy with regards to the nature of the inheritance 

of the vemalization response, or more specifically, the inheritanœ of the spring 

growth habit. Complete dominance of the spring habit, indicative of no response 

to vemalization, was identifid in the F1 progeny of wheat by several 

researchen (Punris, 1939; Pinthus, 1967; Pugsley, 1971 and Pugsley, 1972). 

Klaimi and Qualset (1974) reported that analysis of the Fi generation indicated 

partial dominance of the spring growth habit. All researchers reported that the 

winter habit was recessive to the spring habit. 

Dominanœ of the spring habit appears to be incomplete in the 

segregating generations (Purvis, 1939; Pugsley, 1963; Pinthus, 1967 and 

Roberts, 1990). This has been explained as being due to multiple factors 

affecting time of heading. Puwis (1 939) suggested thet the factors Mich 

controlled earliness wwe segregating indepndmtly of those controlling growth 

habit. Jedel (1994) reported that transgressively late segregants arose 



whenever crosses were made behveen cultivars having different alleles at the 

'Vm' locus. She indicated that the different combinations of alleles could be 

used to create wîdely adapted material. Early planting of cultivars with 

responsive alleles in short s e a w  areas could a l l w  induction of the 

vemalization response. The same cultivars, planted later in areas with longer 

growing seasons, would use the longer grom'ng season due to the fact that the 

vemalization response may not be fully satisfied. 

There have been several.attempts to detemine the number of genes 

involved in the vemalization response. In wheat, Powers (1934) and Pugsley 

(1 971 ) indicated the presence of three genes. In addition to major gene action, 

minor genes and modifiers have been identified. Halloran and Boydell(1967) 

considered the expression of the vemalization response to be genetically 

cornplex, with closely linked genes producing minor effects. Klaimi and Qualset 

(1 974) considered a lack of distinct classes in the F2 and subsequent 

generations to indicate quantitative inheritance, with the involvernent of both 

major and minor genes. Flood and Halloran (1 986) reported continuous 

variation in tirne of leaf emergenœ in wheat from spring to strong winter habit 

and suggested the action of many genes, rather than a small number of genes. 

Studies on Vie inheritanœ of vemalization response in other aops have 

been done, but not as edensively as the studies in cemals. Flowering time in 

clovet has been shown to be Muenced by vemalization. Davem et al. (1957) 

and Salisbury et al. (1 987) reported that polygenic inheritance of time to fiower 



was involved. Use of controlled environment conditions by Salisbury et al. (1 987) 

allowed them to study the segregation of the vemalization response. The results 

from the F I  generation suggested complete dominance of early flowering, which 

was interpreted as indicating no vemalization requirement. F2 distributions were 

continuous and unimodal. 

In peas, the Sn gene confers the ability to respond to photoperiod as well 

as the potential to respond to vernalization (Murfet. 1977). Arabido~sis thaliana 

has numerous genes controlling flowering that Vary in their response to 

vemalizat ion. 

Rahman and Gladstones (1 973). working with Luninus. found partial 

dominance for la& of a vernalization requirement. They considered that. for 

practical purposes. the presence of the dominant genes would mean no 

vernalization was required, since some natural vemalization could be expected 

in the field. 

Inheritance of the Vernakation Res~onse in Brassica. 

Few studies have been conducted in the Brassica species. From crosses 

between annual and biennial & pieracea, Wellensiek (1 960) reporteci that the 

annuai habitwas monogenic and dominant. The inheritanœ of growth habit for 

the biennial Brussels sprout was found to be cornplex, (pdygenic), with additive 

gene action. Wellensiek (1980) spearlated that since the Brussels sprout 

originated in the Mediterranean region from a wild cabbage, the originator was 



probably annual, as phylogenetically older characters are usually dominant. He 

felt that the biennial fom probably arose as a point mutation. Mero and Honma 

(1 985) examined bolting resistanœ in an intraspecific cross between chinese 

cabbage and tumip and found that there was a progressive increase in bolting 

with inaeased vernalization. Their study identified two major additive genes that 

conditioned bolting resistance, and by inference, vemalization requirement. 

While these reports do not deal directly with the response to 

vemalization, vemalization requirements are men used to differentiate between 

annual and biennial habits of gfowth ( Murfet, 1977). 

Thurling and Vijendra Das (1 977) spewlated that the vemalization 

requirement of some B. naws cultivars arose from the B. r a ~ a  genome. They 

based their conclusion on the fact that the Japanese cultivars used in their study 

were developed from crosses between & naws and B. taDa, which resulted in a 

tranefer of genes affecting vemalization response from m e a .  European 

cultivars, in contrast, were presumed to be derived ftom the ancestral fom of & 

taDa, which is one genome donor in the allopolyploid origin of B- naDuS. 

In a subsequent study, Thurling and Vijendra Das (1979a) detemined 

that the vemalization requirement of $- nanus was detemined by recessive 

alleles. For example, the cultivar 'lsuzu', which had a marked response ta 

vemalization under controlled environment conditions, possessed several 

recessive alleles for vemalization response. 



Analysis indicated two types of genes were controlling flowering- genes 

for regulating vemalization response, and genes for early flowering, with no 

influence on vemalization. Thurling and Vijendn Das (1 979b) assigned the 

followhg alleles to desaibe the vemalization response: 

vl-  causes delay in fianrering of unvemalized material, but is not expressed 
after 4 wemks of vemalization 

v2- slight (5 to 7 day) delay in flowering of unvemalized matefial 

v3- moderate (1 5 to 20 day) delay in flowering of unvemalized material, but is 
not expressed after 4 weeks of vemalization 

v4- slight (5 to 7 day) delay in unvemalized material, but is not expressed 
after 4 weeks of vemalization. Presence will delay flowering after 4 weeks of 
vemalization if v1 and v2 are present. 

Based on the description of effects of the alleles, genotypes were assigned to 

the cultivars that were used as the source of the parental lines (Thurling and 

Vijendra Das, 1979b): 

Target: V1 V1 V2V2V3V3V4V4 

lsuzu: v l  v l  v2v2v3v3v4v4 

Bronowski: V I  V l  V2VZv3v3v4v4 

The authors concluded that the genetic mechanism in B. napus was similar to 

that of wheat, in that winter habit was conferred by the presence of two recessive 

alleles. Spring habit was detennined by the presence of dominant alleles. 

A third study by Thuriing and Vijendra Des (1 979c) proposed a breeding 

scheme whereby flawering time cwld be madifieâ in order to maximire yield in 

areas where the growing season was limited. Considerable variation in the pre- 



anthesis growth stages. specifically the stem elongation phase, was observed. 

The variation was attributed mainly to additive M8cts, but dominance effects 

were al- substantial. The authors felt that it should be possible to combine a 

short vegetative period, a longer period for stem elongation and optimal 

flowering time into one cultivar. They proposed ushg three parents, frorn 

different geographic areas, in order to generate a segregating population that 

miuld then be screened under non-vemalizing conditions of 25 OC and 

wntinuous light. Selection for early flowering and longer stem elongation 

phase would be carried out prior to preliminary yield assessment. 

M i l e  variation in response is essential in order to have response to 

selection, concems have been raised by several researchers as to the stability 

of expression of vemalization response. Thurling and Vijendra Das (1979a) 

indicated that, while they had used single plants fiom the S3 generation as 

parents, the assumption of virtual homozygosity was probably not completely 

accurate. 

Brandle and McVetty (1 989) reported that there were few segregating loci 

contributing to the expression of earliness in the canola lines they studied. They 

suggested that the cultivars wed in their study consisted of a mixture of 

generally homoygous lines that mainly differed by additive genes. 

The development and tefinement of tools of biotechnology has added new 

methodology to the study of inheritance of the vemalization response. 



Van Deynze and Pauls (1994) examined DH Iines from the F l  of a cross 

between spring and winter B. naws. They detected two gene differences that 

were vemalization dependent between the winter and spring parent and 

classified them as major gene and minor gene 'B". The presence of major 

gene 'An was sufficient to allow flowering in less Vian 62 days without 

vemalization. Minor gene '6'' allowed plants to flower in between 62 and 77 

days. Plants with the double recessive genotype required more than 77 days to 

flower in the absence of vemalization- 

Ferreira et al. (1 995) used DH lines derived from the F1 of a cross 

between B. naous cultivars Major (biennial) and Stellar (annual) and mapped the 

loci controlling vernalization requirement and flowering time. They confirmed 

that vernalization response was conditioned by recessive gene action. The 

results indicated that a major locus of linkage group 9 (LG9). or closely linked 

loci, affected flowering time through vernalization requirement. The early Iines 

had alleles predominately from the annual parent, Stellar, while the non- 

flowering Iines had alleles pfimarily fmm the biennial parent, Major. In a related 

study in B- rasa, Teutonico and Osbom (1995) reported that more than one 

major gene was involved in the respanse of B. facm to vernalization. They 

reported that vemalization requirement was dominant, as the FI did not flower 

without vemalization. They also wnduded that vemalizat ion requirement 

should be treated as a quantitative, rather than qualitative trait. The assignment 

of annual vs. biennial or sprïng vs. Wnter is a qualitative one. Physiologists also 



need to wnsider the findings that individual Iines or cultivars within each growth 

habit classification Vary in flowering time. suggesting the involvement of genes 

regulating bath a qualitative (grawVi habit) as well as a quantitative (flowering 

time) cornponent. 

In an attempt to interielate inheritanœ studies of vemalization in the 

Brassica species, Teutonico and Osborn (1995) s~eculated that some of the 

different loci for vemalization requirement identified in various studies could 

encode the same genes that are conserved across the Brassica species. 

Thurling and Kaveeta (1 992) had earlier speculated as to the possibility that the 

absence of very early plants in an interspecific cross between B. nams and 8; 

rapa was a manifestation of the napus 'C genome chromosomes imposing a 

limit on expression of earliness genes from the 'A' genome. The progress in 

analytical techniques made it possible for Teutonico and Osbom (1 995) to 

compare the positions of trait loci in different populations using RFLP and 

Iinkage maps construded with a common set of DNA probes. Their results 

indicated some common regions, but additional cornmon markers between 

Brassica species would have to be developed to permit a comprehensive 

examination of their hypothesis. 



Use of Hanloidv in Breedina and Genetic Studies of Brassica snecies 

lnterest in the use of microspore culture in 6- naws arose out of the 

obsewation by Thomas and Wenzel(1975) that a haploid ernbryo was produced 

in culture that was carnpleted isolated from the anther. 

The haploid condition refers to the chromosome number of the normal 

gametes of a species (Sharp et al., 1984) and are derived hom the haplo-phase 

of the life cycle, followhg production of the male and female gametes (Jensen, 

1 986). According to Keller and Armstrong (1 977). Bresrica breeding objectives, 

including alteration of fatty acid composition and glucosinolate content, may be 

more efficiently achieved by the aeation of doubled haploid (OH) frorn the 

parental crosses. 

Several attributes of DH have lead to their use in breeding programs. DH 

can offer a considerable time savings during the development of homozygous 

lines (Keller and Stringam, 1978). In addition, the hemizygow conditions for al1 

loci in haploids reduces some of the difficulties encountered in identifying and 

manipulating desired genetic traits (Collins, 1977). Henderson and Pauls (1 992) 

and Thiagarajah and Stringam (1 993) indicated that doubled haploid techniques 

were valuable, especially when the desired trait was determined by the presence 

of multiple recessive alleles in the homozygous state. 

Ferrie et al. (1994) summarized the main advantages to plant breeders 

as: rduction in time to develop new varieties; rapid fixing of traits in 

homozygous condition; improved Mciency of mledion because phenotype is 



not masked by dominance effects; smaller numbers of plants are needed to 

screen for desirable recombinants than in conventional populations. 

Microspore culture is of value to a breeding program, however, only if 

high numbers of androgenetic plants can be obtained on a consistent basis and 

with no in-vitro seledion pressure (Hofhan et al., 1 982. Snape et al., 1 9û6 and 

Mandal, 1987). Factors influencing the success of microspore culture include 

the environmental conditions of the donor plant (Keller and Armstrong. 1978); 

genotype of the cultured species (Collins, 1977); stage of pollen development 

(Keller and Sttingam, 1978); media composition (Keller et al., 1982) and physical 

culture conditions (Keller and Armstrong, 1978). Chen et al. (1 994) indicated 

that, with direct application of colchicine to microspores, the proœss of 

generating a gametic array, from planting the Fi to producing sufficient amounts 

of true-breeding seed to field test could take as little as eight months. 

The developers of new techniques in genetic analysis have used DH lines 

as the foundation material for experiments. Ferreira et al. (1 994) described the 

potential of combining DH lines and molecular markers. They felt that OH lines 

were desirable because the fixed genotype can be propagated indefinitely. 

Restriction fregment length polymorphisms (RFLP) are used to constnict genetic 

linkage maps that provide insight into genome organization and assist location 

of loci controlling important agronomie traits. For rnapping purposes, the DH 

population was treated as a backaoss population, with an expected Mendelian 

segregation of 1 :1 for 2 alleles present in the FI. 



In order for the DH method to provide useful information to the breeder, 

the resulting haploid plants must represent a random set of gametes (Park et al., 

1 976; Choo et al., 1 985 and Kubba et al., 1989). In general, it appean that, 

barring culture-induced abnomalities or linkage disequilibrium. and based on 

population mean, range of expression and frequency distributions, the DH 

method perfoms as well as conventional methods such as pedigree or single 

seed descent methods (Park et al., 1976). 

Ha~loidv and Brassica 

The potential of the OH techniques in a 8; naous breeding program can 

be ilfustrated by the development of the European oilseed rape variety 'Maris 

Haplona', the first commercially grown agriculture crop variety in the world to be 

derived diredy from a haploid (Thompson, 1 979). More recently, the 

development and release of the Canadian oilseed rape cultivar, Quantum 

(Stringam et al., 1995) marked the first registration of a OH- defived cultivar for 

production in western Canada. 

Of greater potential use to & naws breeders is the increased ability to 

identify desirable combinations of characteristics from smaller populations. 

Henderson and Pauls (1 992) indicated thet for the introgression of reœssive 

traits such as yellow seeâ coat into canola quality cultivars, extremely large 

populations would have to be assersed in order to obtain one desirabk plant. 

For example, in order to obtain a yellow-seeded, canolaquality line from a cross 



between a yellow-seeded oilseed rape and a black-seeded canola, the breeder 

would theoretically have to saeen more than 4096 plants in an F2 population, 

versus 64 plants hom a DH population. For their program, Henderson and Pauls 

(1992) did not atternpt to isolate a yellow-seeded candaquality line from e F2 

population, but they did identify three in the 99 DH lines they screened. A 

similar ~cenario was outlined by Thiagarajah and Stringam (1 993) in order to 

obtain yellow-seeded, canola quality Brassica juncea- 

DH lines are also of benefit in the genetic analysis of quantitative 

characteristics, since they immediately form the F-infinity generation (Snape et 

al., 1984). As the goal of many breeding programs is to obtain the most desired 

genotype, Snape et al. (1984) felt that the use of OH offered a 2n advantage 

over diploid selfing, where n represents the number of segregating factors. In 

addition, sirnpler ratios of DH result in smaller populations needed to be 

produced in order to obtain extreme genotypes (Siebel and Pauls, 1989). Siebel 

and Pauls (1 989) reported that class separation for erucic acid content was 

greater in androgenetic populations, making it easier to distinguish classes than 

in the F2 population. 

Chen and Beversdorf (1990) examined the main fatty acids in oilseed 

rape (B. napus) in order to determine whether populations derived through 

microspore culture (MD) and SSD had the same distributions. Their results 

indicotw that the MD populations fonned a random, homozygous F I  plant- 

derived gametic array for enicic, oleic, Iinoleic and linolenic acid. There were, 



however, differences between the MD and SSD populations. For example, three 

classes of erucic acid content were identified for the MD population, while four 

classes were identifid for SSD. Chen and Beversdorf (1990) assigned the 

differences between the populations to residual heterozygosity in the SSD lines, 

which were evaluated at the F3 generation. 

Chame and Beversdorf (1 991 ), Scarth et al. (1 991 ) and Stringarn and 

Thiagarajah (1 991 ) compared SSD and DH in B. napus populations and 

concluded that, while some traits showed significant differenœs, in rost  cases 

SSD and DH were equally effective in obtaining desirable lines. Of interest are 

the traits in which differenœs ocwned between SSD and DH populations. 

Means and variances for lodging and frequency distributions for days to 

maturity, seed oil and seed protein content showed differences between SSD 

and DH in Chame and Beversdorf (1991 ). One factor of importance is that the 

OH populations used by Chame and Beversdorf (1 991 ) were from Fl donor 

plants, mi le Stringam and Thiagarajah (1 991) used F2 donor plants. 

Kubba et al. (1 989), Chen and Beversdorf (1 99O), Chame and Bevesdon 

(1 991 ), Scarth et al. (1 991 ), Stringam and Thiagarajah (1 991 ) and Thiagarajah 

and Stringam (1993) felt that the use of DH in B- breeding programs 

wouM result in breeders obtaining desirabk lines with considerable savings in 

time and resources. 



Haotoids and Vernalization 

Reports of vemalization requirement in DH lines of spring 8. naws have 

been reparted. Wenzel et al. (1 977) reported that several stem embryo progeny 

from spfing type plants required cold treatment prior to flowcrring. The 

appearanœ of the vemalization requirement was considered to reveal the 

occurrence of new allelic combinations in the microspore-derived plant 

progenies. 

Hoffman et al. (1 982) reported the appearance of a winter-type B. naous 

line that required cold for flowering in an otherwise homogeneous population of 

spring B. naeus cultivar Tower. Hofhan et al. (1982) used this Iine as evidence 

supporting their hypothesis that there was a higher degree of homozygosity in 

DH Iines, compared to inbred lines of B. naDuS. 

Orr et al. (1 990) found that microspore-derived embryos from the winter 

B. nams cultivar Jet Neuf that had been subjected to hardening treatments did - 
not require vemalization to flower. Further investigation revealed that the ability 

of the embryo-derived plants to flower in the absence of vemalization did not 

result from the culture procedure alone, as nonhardened embryos still required 

vemalization in order to flower. Spring p- nams fmm the cultivar Topas did not 

respond to the hardening regime. 

Flwering is an integrated proœss that encampasses several phases and 

is affected by extemal environmental and intemal metabolic variables. Species- 

specific information. sudi as that for Brassica. and organ-specific information, 



induding leaf and apical and floral meristem development, should be 

considered as part of the continuum of whole plant development, rather than 

isolated events. 
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ABSTRACT 

Early maturity is a major objective of oilseed rape [Brassica na~us) 

breeding programs in western Canada. Maturity of crops is influenœd by time of 

initiation and flowering. The presenœ of a vemalization requirement affects 

plant development by delaying floral initiation until the cold requirement of the 

plant has been satisfied. A range of spfing oilseed r a p  cultivars were screened 

for their response to vemalization. Vernalization treatments consisted of 

exposure of genninated seeds to O to 42 days at 4' C. Plants were assessed 

under a 20 hr photoperiod. In general, there was a cumulative response to 

vemalization, with a decrease in days to each developmental stage as exposure 

to 4' C was increased. Venalization treatment of 6 d at 4' C was sufficient to 

decrease both the days to first flower and the final leaf number. The 

characterization of vematization response is of interest because variation in 

flowering time in response to year to year variations in the environment could 

result. 

Key words: Brassica napus, canola, oilseed rape, vemalization 



INTRODUCTION 

Early rnaturity is a major objective of oilseed rape (Brassica naws,) 

breeding programs in western Canada. Breeding for early rnatunty usually 

involves seledion for earliness to first flower, as appearance of the first flower 

and maturity are suffiicently correlated to justify its use as a selection criterion 

(Campbell and Kondra 1978). Collins and Wilson (1974) indicated that time of 

floral initiation and flowering were closely correlated with each other and with 

rnaturity. Collins and Wilson (1974) concluded that time of initiation and 

flowering were the primary detenninants of maturity. Thus, any factor which 

affected the period from seeding to first flower would have important 

consequenœs with regards to maturity. 

The presence of a vemalization requirement affects plant development by 

delaying floral initiation until the cold requirement of the plant has been satisfied 

(Flood and Halloran 1984). This delay in floral initiation results in an increase in 

final leaf number (Quinby and Liang 1969). Three vemalization response 

patterns have been characterized. The cumulative response elicits a 

quantitative decrease in the length of the vegetative period with an increased 

duration of cold treatment The irregular response is charaderized by increases 

in the length of the vegetative period with extended cold, while the threshold 

resporise is a response that only occurs with extended periods of cold (Salisbury 

et al. 1 979; Berry et al. 1980; Flood and Halloran 1984; Jedel et al. 1 Qû6). 



Most members of the Brassicaceae possessing a cold requirement are 

biennial. Research work involving Bnssica oleracea, including Chinese 

cabbage, cauliflower and Brussels sprout, indicated that there was a cumulative 

requirement for low temperature induction of early flowering (Gauss and Taylor 

1969). Hodgson (1 978) reporteci that the &. nams cultivar Midas exhibited a 

cumulative response to vemalization and that vemalization significantly affect8d 

plant development prior to the bud stages. but had no direct effects on 

subsequent stages. Myers et al. (1 982) found that there was a reduction in time 

to flowering in response to vemalization treatment. 

Thurling and Vijendra Das (1 977) exarnined the effects of different 

temperatures and photoperiods on the duration of pre-anthesis development of a 

range of spring oilseed rape cultivars from Canada, Europe and Japan. The 

Canadian cultivars Target and Oro had no response to vernalization under a 24 

hour photoperiod, while the flowering of the European cultivars, Bronowski and 

Masoweicki, was accelerated by vemalization at 3' C. Thurling and Vijendra 

Das (1 977) indicated that the range in response of spring oilseed npe cultivars 

to vemalization appeared to be much greater than those observed between 

contrasting cultivars of spring wheat. 

This study was initiated in order to charaderize the vemalization 

response of a range of spring oilseed rape cultivars grorni in western Canada. 



MATERIALS AND METHODS 

The selection of cultivars used in this study was based on several criteria: 

comrnercially produœd in western Canada; used in the University of Manitoba 

hybrid canola brwding program; were of canola quality and represented a range 

of geographic origins (Table 2). 

Table 2. PB napus cultivar descriptions and country of origin. 

Cultivar Country of 
Origin 

Year 
Released 

Global 

Karat 

Marnoo 

Regent 

Westar 

Sweden 

Sweden 

Australia 

Canada 

Canada 

Seeds were placed in petri dishes containing acid washed sand and 

moistened with distilled water. In Experiment 1, the vernalization treatment 

consisted of 14.28 and 42 days at 4' C. In Gcperiment 2. seeds of Global and 

Mamoo w e  exposai to 2.4.6.8.10.12 and 14 days at 4' C. Seeds of the 

nonvemalized control in both experiments were genninatd at 22" C for 48 hr 

pnor to the end of the vemalization treatment in order to reach a growth stage 



similar to that of the vemalized seeds. Ali vemalization treatments were done in 

the dark. 

After vemalization, the geminated seeds were planted with 2 seeds per 

pot and placed in a growth room under 22116' C daylnight temperature, with a 

2014 hr daylnight photoperiod. The gr- room was lit with VHO Grolux wide 

spectnim fluorescent lamps which provided approximately 300 pE rna2s-' of 

photosynthetically active radiation, measured at the top of the plant canopy. 

In Experiment 1, the number of days required to the first appearanœ of 

buds within the rosette (DB) and the first open flower (FF) were detemined. In 

Experiment 2, FF was detemined. The days to each stage were counted from 

the date of planting the seeds in the growth roorns. To facilitate leaf counts. 

each leaf was punched once with a single hole punch near the leaf margin at full 

emergenœ. The resulting 5 mm hole was visible throughout the experiment and 

was used to determine final leaf number (FLN) for both experiments. 

The mean of the two plants per pot was detemined for each 

measurement in each treatment. A total of nine replicates of each treatment 

were conducted for Experiment 1, while six replicates were conducted for 

~xperiment 2. 

LSD (P=O.OS) was calculateci for the treatrnents within each w ltivar. 

Treatment effects were considered fixed effects. 



RESULTS 

-riment 1 

In gemral, there was a cumulative response to vemalization, with DB, FF 

and FLN decreasing with larger exposure to 4' C (Table 3). There were 

differences between cultivars and development stages. Westar appeared to 

have reached its maximum response to vemalization after 28 d, whereas Karat 

did not begin to respond until after 14 d at 4' C. The remaining cultivars Global, 

Mamoo and Regent continued to respwl over the range of vernalization 

treatments examined. 

Ex~eriment 2 

The cultivars Global and Mamoo were selected for further study because 

of their dramatic response to 14 d of vemalization in Experiment 2. Both 

cultivars responded to vemalization treatments of less than 14 d (Table 4). The 

results appeared to indicate that at least 6 d exposure to 4' C was required to 

elicit a response. 



Table 3. Effect of O to 42 d vemalization treatment at 4' C on days to bud (DB) 
and to first open flower (FF) and final leaf number (FLN) of 5 spnng B. nanus 
cultivars. 

Global 

LSD (P=O.OS) 2.7 

Ka rat 

LSD (P=O.OS) 2.1 

Mamoo 

LSD ( R 0 . 0 5 )  2.5 

Regent 

LSD (P=O.OS) 1.6 

LSD p0.05) 1.6 



Table 4. Effect of O to 14 d vemalization treatment at 4' C on days to first 
open flower (FF) and final leaf number (FLN) of cultivars Global and Mamoo. 

Treatment Cultivar 
(d) Global Marnoo 

FF FLN FF FLN 

DISCUSSION 

The spfing B. na~us cultivars in this study showed significant response to 

vemalization. Vemalizing the imbibed seed at 4 O  C for at least 6 d decreased 

the length of each of the phenological growth stages and reduœd FLN on the 

main stem. Fumer investigation revealed that the response to vemalization was 



cumulative, and that oiere were differences in response among the t'ive cultivars 

studied. 

The cumulative response to vemalization is similar to the results obtained 

by Hodgson (9978) for the & naws cultivar Midas and by Gauss and Taylor 

(1 969) for &. oleracea. The results differ from those of Thurling and Vijendra 

Das (1 977) who found that the Canadian & naeus cultivar. Target, had no 

response to vemalization under their experimental conditions. The response of 

the Canadian cultivar, Westar. is similar to the results reported for vernalization 

response in Canadian spring wheat cultivars (Jedel et al. 1986). The existence 

of a cumulative response to vemalization that is saturated by a relatively short 

exposure to cool temperatures may permit Canadian cultivars to respond 

favourably should vemalizing conditions occur during early growth, yet allow 

development to proceed to maturity even if conditions are not conducive to 

vemalization. 

The characterization of the vemalization response is of particular interest 

to hybrid canola breeding programs. Variation in flowering time of responsive 

cultivars due to year-to-year variations in the environment could result in the 

failure to produce seed in field crossing blocks. Cultivars from different 

geographic origins are used to achieve maximum combining ability in canola 

hybrids (Brandle and McVetty, 1990). The results of this study indicate the 

importance of char acte riz in^ responsive cultivars such as Global and Marnoo 

before they are introduced into a breeding program. 
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ABSTRACT 

An understanding of the time of inflorescence development is important in 

crop produaion. Once the apical merisîem is cornmitted to reproductive 

development, the number of potential leaves from that meristem is also fïxed. The 

presenœ of vernalkation requiriement M8dS plant development by delaying floral 

initiation until the cold requirement of the plant has been satisfied- 

The objedive of this study was to identiiy the effeds of vemalization on the 

developing apex and relate this to the Harper and Berkenkamp (1 975) phenological 

developrnent scale. Vernalized and nonvernalueci populations of the doubled 

haploid (DH) line GK16 m e  used. Vernalization treatment consisted of exposure 

of germinated seeds to 2 m k s  at 4 O  C. Apices were colkcted at two day intervals 

and examined under a dissecting microscope in order to determine stage of 

development 

The transition from a vegetative to a reproductive apex for the DH line GKI 6 

occurred less than 20 days after planting and at approximately the Harper and 

Bericenkamp (1 975) stage 2.35 to 2.4. Plants in both the vernalized and 

nonvemalizeâ treatments undennent the sarne sequence d develqment The fact 

that time of initiation occurs m i n  20 days after planting is of value for the 

development of a rapid rnethod of determining relative vemalization respwise. As 

the transition to a repradudive apex is ocarrring mlatively early in the life cycle of 

spting & naws, there are important implications mth regard to tirne of planüng and 

the potmtiaf for vernalization in the field. 



INTRODUCTION 

An understanding of the time of iniiorescmœ development is important in 

aop production. Once the apical meristem is committed to reproductive 

development, the number of potential baves f i  that meristem is alsa fwed and 

thus the size of the leaf canopy is detmined (Mendham and Scott, 1975). The time 

of floral initiation can also indiredly Iimit yield thrwgh its M8d on tirne of flowiering. 

Mendham and Scott indicated that early initiation cauld result in floral development 

before plants had reached maximum vegetative sire. 

Several studies on the changes to the development of the apical meristem in 

B. naous have been reported (Mendham and Scott, 1975; Daniels et al., 1984; - 
Polowi& and Sawhney, 1986 and Smith and Scarisbrick, 1990). In general, the 

changes described in the transition from the vegetative to the reproductive rnen'stem 

are slight and involve a reorientation d the apical dome from domeîhaped to 

slightly convex. Of interest are the r e m s  that reprodudive menstems show small 

protuberanœs or axillary apiœs (Crkp and Walkey, 1 974 and Daniels et al., 1 984). 

Many researchers have determineâ that the appearance of protuberanœs was the 

first visible sign of floral initiation. 

The presence of a vemalization requirement affects plant development by 

delaying fiml initiation unül the cold requirement of the plant has been satisfied 

( F l d  and Halloran, 1984). Msasuement of the number of deys required to floral 

initiation is an important methoci of assessino vemalization response. Invesügators 

have usecl this crpproach in & (Mendham and Scoa, 1975; Smith and 



Scarisbrick, ISSO), Tritiwm aestivum (Wort, 1941 ; Halse and Weir, 1970 and Syme, 

1 973). Trifolium subterraneum (Evans, 1 959 and Sali* et al., 1 987), Pisum 

sativun (Berry and Aitken, 1979). One major disadvantage of using days to 

initiation is that the asesment requires destnidive sampling of a large number of 

plants. 

Nondestructive measurements usually focus on the visually distinct fiowering 

phase, induding heading in cereals and appearanœ d the fKst open fiaver in 

dicots. Flood and Halloran (1 984) found a strong linsa relationship (r=0.86) 

betwwn days to initiation and days to ear enmgence in wheat Days to ear 

emergence has the aâvantage of being easier to detemine on large numbers of 

plants without destructive sampling. 

The division of grawth and development in B. napus into distinct phases is 

difficult due to its indeteminate pattern of gmwth. Harper and Berkenkamp (1 975) 

developed a growth stage key which has been widely used for 6. napus . It divides 

the life cyde into six distinct stages, which can then be further divided. Stage O and 

1 refer desfflbe the pre-emergence and emergence of the seedling. Stage 2 refen 

to the development of the plant in the rosette stage, and involves assignmt of O. 1 

units to each leaf that is fully expandecl. Thus, the stage 2.2 refers to the stage at 

which the second true leaf has expanded. Stage 3 involves the bud stages, 

beginning at the time that the inflorescence or bud strudure bewmes visible wïthin 

the rosette. Stage 4 mfem to oie Rouiering phase, which begins when the first flower 

opens. Stage 5 re fm to the ripening stages, and desaites seeâ development 



within the pod until the plant senesœs. Harper and Berkenkamp (1 975) consider 

stages O to 3 to reptzrsent vegetative stages, Mile stages 4 and 5 refer to 

reproductive development- 

It is important to note that when using a key such as Harper anci Berkenkamp 

(1 975) that the stages are nd mutually exdusive (Mendharn and Scott, 1975). 

Thus, stages 3 to 5, the period fiam kids k ing  visible within the Ieaf mette, to the 

presenœ of &s in the developing p&, rnay be present on the sarne plant at a 

given time. By restriding observati*ons to the main stem, distinctions conceming 

stage of developrnent can be more teadily detemined. Another conœm expressed 

about the use of growth stage keys is that they tend to mask a wide range of intemal 

physiological stages (Smith and Scarisbrick, 1990). For example, the Harper and 

Berkenkamp (1 975) stage of 3.1 covers the intemal pend  of transition from a 

vegetatïve to a reproductive apex, to sepal formation on fl-r buds. 

The objective of this study was to identw the eff8ds of vemalization on the 

developing apex and to relate this to the Harper and Berkenkamp (1 975) 

phenological development scale. 

MATERIALS AND METHOOS 

Vemalized and nonvemalized populations af the DH line GK16 were 

examined. GK16 was seleded from a DH population of a cross between S4 Iines 

from Global and Karat and chafacterized as responsive to vernalkation, for both FF 

and FLN (Muphy and Scerth, 1997). The vernalkation msponse fa Global-1 6, 



Karat-17 and the DH line GK16 determimd by Muphy and Scarth (1 997) are 

sumrnarized in Table 5. 

Table 5. Etied of O vs 2 wk at 4OC on the days to fint open flower (FF) and fhal leaf 
number (FLN) af B. MDUS S4 lines Global-16 and Karat-17 and DH line GK16 
(Murphy and Scarth, 1997). 

W H  Lim Vernalkation FF FLN 
Treatment 
(w-1 

*: signifiant at P=O.O5; ns: nonsignificant at P=0.05 

Vemalization treatrnent consistecl of petri plates filled with 30 ml silica sand 

and mixed with 9 ml distilled water. Seeds of GK16 were placed on the moist sand, 

covereâ and held at 22O C for 24 hr. The vernalization treatment 01) consisted of 2 

weeks at 4 C in the dark Seeds ofthe nonvemalited treatment (N) were 

gemiinated at 220 C for 48 hr pria to the end of the vemalization tteatment in order 

to mach a growth stage similar to that of the vemalued &S. 

MeboMii potting medium. The pots were tmsbmd to a growth r o m  and gown 

under 22 C I 16 C daylnight temperature, with a 20 hr dayl4 hr night photopeW. 



-2 -1 Plants received approximately 300 pE m s of photosynthetically active radiation at 

the canopy level. 

Once plants had reactied the 2.1 stage of Harper and Berkenkamp (1975), 

apices were colleded from the V and N every day. Five representative samples 

were examirmd under a disseding microscope at 40X tnagnifÏcaüon in order to 

detennine the stage of development c# the apex H a m  and Berkenkamp (1 975) 

gr& stage (H-B), state of apical develapment, final Ieaf number (FLN) and 

calendar days were rec~~ded for each observation. Image processing equipment 

was used to record the developing apex at each stage ofdevelopment. 

RESULTS 

The transition from a vegetative to a reproductive apex for the DH Iine GKI 6 

occu~eâ less than 20 days after pfanting for both V and N (Table 6). For both 

treatments, the transition to a reproductive apex under the expenrnental conditions 

used in this study ocamed at H 8  2.35 to 2.4. This is the stage at which the third 

bue leaf is fully expanded and the fourth true le& is visible, but not yet fully 

expanded. 

The plants in V and N dinered in the amount of time required to mach H-6 

2.35 to 2.4. On average. the plants in V mached iniüath 14.5 days &ter planting, 

mile the plants in N reached initiation 18 days alter planting. The number af 

leaves emerged and iniüated was determinecl for each Harper and Berkenkamp 

stage (Table 6). Detemination of d nunumber at the esrly grorwlh stages proved 

diffiailt, as the small sue of the apex ancl the newly fomied leaves made cainting 



diffiwlt. However, fiom H-6 23 and 2.45, FLN was easier ta detemine. There 

were differences in FLN between plants in V and in N. The average FLN for plants 

inVwas 10.8. whLtheaverageFLNfbrNwas 11.9. 

Table 6. Harper and Berkmkamp (1975) gaw(h stage (Ha), number of days after 
planüng, description of the developing apex and final leaf number (FLN) and 
standard deviaüon for vemalized 01) and nonvemalued (N) plants of the 8; naDus 
DH line GK16. 

H-B Stage Treatrnent Days &ter Description of FLN 
Planting Developing Apex 

2.0 V 10 no apex visible 

no apex visible 

no apex visible 

domed apex visible 
no apex visible 

apex is domed 
domed apex visible 

domed apex 
domed apex 

floral strudures visible 
floral structures visible 

floral buds visible to 
nakeâ eye 
floral strudwes visible; 
axiilwy aendring 

na* 

na 

na 

10.0 (0.8) 

1 0.8 (0.6) 
1 1 .S (0.8) 

1 1 .O (0.5) 
12.0 (0.8) 

1 1.3 (0.5) 
12.8 (0.8) 

1 1 .O (0.6) 

13.0 (0.8) 

he indiCates that it was not possible to detamine FLN et this stage 



Plants in both V and N underwent the same sequence of development. From 

H-6 2-0 and 2.2, no apex was visible within the rosette (Figure 1 ). At H-6 2.25, the 

apex became visible within the rosette and was dome-shaped (Figure 2)- The apex 

became more prominent, yet remained dome-shapeâ, fmm H-B 2.3 and 2.35 (Figure 

3 and 4). By H-B 2.4, the reproductive structures, first seen as protuberances 

arovid the previwsly smooth apex, became visible (Figure 5). By H B  2.45, floral 

buds were visible for the plants in V, while axillary branches and buds were 

apparent in the plants from the N treatment (Figure 6). 



Figure 1 . H-6 stage 2.2 for vemalized 01) and nonvemalized (N) treatrnents of 
B. naws line GK16 (ap=apex). - 



Figure 2. H-6 stage 2.25 for vemalized 
m u s  DH line GK16 (ap-apex; Im=leaf 

01) and mvemalized (N) treatrnents of & 
meristem; I=leaf). 



Figue 3. HB stage 2.3 for vemalized (V) and nonvemalized (N) treatments of & 
nanus OH iine GK16 (ap-apex; Imleaf mri~tm; Cleaf). 



Figure 4. H-6 stage 2.35 for vemalked 01) and nonvemalized (N) treabnents of & 
naws OH line GK16 (ap=ape Im=leaf meristem; !=Id). 



Figure 5. H-B stage 2.4 for vemalked (V) and nonvemalized (N) tmatmmts of B; 
na- OH line GK16 (ap=apaq ftn=fioral meristem; I=leaf). 



Figure 6. H-B stage 2.45 for vemalized (V) and nmvemalizd (N) treatrnents of&. 
napus OH line GKi 6 (ap=ape>ç frn=floral meristem; I=Ieaf; b=fioral bud). 



MSCUSSON 

The results of this study indicate that aie transition of the apex from a 

vegetative to a reproductive meristem ocarrs More 20 days of developrnent and at 

approximately the 4 visible leaf stage. The transition to a reproductive apex means 

that no new leaves will be initiated by that apex This has important implications for 

final yield. Mendharn and Scott (1975) indicated that eariy initiation may indiredly 

limit yield by pmitong fioral development before plants have reached maximum 

vegetative size. 

The stages of development describeci in this study are in agreement with the 

sequenœs and stages reporteci by other researchrs vuorking with B. naous 

(Mendham and Scott, 1975; Daniels et al., 1984; Polawick and Sawhney, 1986 and 

Smith and Scarisbrick, 1990). The fad that transition from a vegetative to a floral 

apex ocarrs prior to H-B 2.4, or the 4 visible leaf stage, and before 20 days after 

planting, is of value for the development of a rapid method of determining relative 

vernalization response. 

The potential for an easy and eariy determination of vernalization response 

has important time and resourœ implications. The potmal for determination of 

vemalization response in a short- time frame would mean that mm plants, and 

h e m  more potdial parental matmial. couid be evaluated. Further research on 

different genaypes would be requ id  in order b confjrm the time and growth stage 

relationship established in this study. 



The ability to relate intemal physiological developrnent to extemal plant 

developrnent has been a goal of many researchers (Mendham and Scott. 1975; 

Floud and Halloran, 1984 and Smith and Scarisbn'ck, 1990). As the transition from a 

vegetative to a reproductive apex is ocmmng relatively W y  in the life cyde of 

spring & natus, aiere are important implications with regard to time d planting, 

potential for vemalization in Vie field and the ifinuence of photoperiod on time of 

transition. The scape of this study was limited to the response to vernalization under 

long day conditions. It is not unmasonable to expect that a similar rapid saeening 

technique could be developed for assessrnent of response to photoperiod. 

The ability to detemine final leaf numberr early in development is important, 

both as a masure of relative response to vemalization, and as a preliminary 

indicator of potential yield. The relationship between final leaf number, canopy size 

and yielding ability was not detemineci in this study, yet work by Mendham and 

Scott (1 975) indicatm that reduœd leaf numbers will result in a smaller canopy, 

which may impact negatively on yield potential. 
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ABSTRACT 

Plant breeders are interested in the inheritanœ of physiological responses of 

crop plants because of their significanœ in a cultivar development program. For 

example. the presence of a vemalization requirement that delays floral initiation 

until the cold requirement of the plant has been satisfied may result in 

unacceptably late maturity in an otherwise agronomically acceptable cultivar. 

The objective of this study was to detemine the mode of inheritance of the 

vemalization response in spring oilseed rape B- nanus. In Experiment 1, a range 

of S4 inbred iines and FI hybrids were evaluated for their response to 

vemalization. In Experiment II, 1% F3 families from two F1 populations were 

characterized for vernalization response. The vemalization treatment consisted 

of exposure of germinated seeds to 2 weeks at 4 OC. Two measurements were 

used to assess the vernalization response: days to first open flower (FF) and 

final leaf number (FLN) Measurement of FLN indicated that the majority of S4 

lines and F1 hybrids did not respond to vernalization. When FF was used as an 

indicator of vemalization response, the FI hybfids were generally classified as 

responsive to vemalization. Inheritanœ of the response to vemalization is 

complex, and involves et least three genes. Reciprocal eff8C1s were detected, 

as the response of the segregating population depended on the genotype of aie 

female paient. The use of FLN as a measuement of response to vernaliration 

offers physiological advantagem, as the end of vegetative development and leaf 

initiation is more directly related to response to vemalization Vian FF. 



INTRODUCTION 

The term vemalization is the anglicized version of the Russian word 

"jaroxization", which refers to the process that made a winter œreal behave like 

a summer cereal (Lysenko, 1928, cited by Chouard, 1960). Further investigation 

revealed that the detemining treatment was exposure of actively growing seeds 

or young plants to cold temperatures for a period of time. While most mernbers 

of the Cruciferae possessing a cold requirement are biennial, it has b e n  

established that some spfing B. naws cultivars exhibit a cumulative response to 

vemalization (Thurling and Vijendra Dar, 1977; Hodgson, 1978 , Myers et al., 

1982 and Murphy and Scarth, 1994). The presence of a vemalization 

requirement can delay floral initiation until the cold requirement of the plant has 

been satisfied (Flood and Halloran, 19û4). Breeders attempting to develop early 

maturing cultivars must understand the inheritanœ of the vemalization response 

in order to assess the potential impact on their programs. 

Studies on the genetic cantrol of the vemalization response have b e n  

reported for cereals, with limited research done in other crops. There are 

differences between crop plant specïes with regards to the nature of the 

inheritance of the vemalization responw. or more specifically, the inheritance of 

the spring growth habit. Studies of FI progeny in Triticum aestivum indicated 

complete dominanœ of the spring habit (Purvis, 1939; Pinthus, 1967 and 

Pugsley, 1972) or partial dominanœ (Klaimi and Qualset, 1974). Analysis 

conduded using segregating generations indicated that the dominance of the 



spring habit was incornpiete (Purvis 1939; Pugsley, 1 963 and Pinthus, 1 967). 

and was attributed to the interaction of multiple genes. In Trifoliurn 

subterraneum, the F I  showed camplete dominance for early flowering, M i l e  the 

F2 distributions were continuous and unimodal indicating polygenic inheritance 

(Davem et al., 1957 and Salisbury et al., 1987). In Luninus , partial dominance 

for nonresponse to vemalization was found (Rahman and Gladstones, 1973). 

From crosses between annual and biennial Brassica oleracea var 

gemmifera, Wellensiek (1960) reported that the annual habit was dominant. 

Thurling and Vijendra Das (1979b) concluded that the genetic mechanism in & 

nams was similar to that of wheat, in that winter habit was conferred by the 

presence of reœssive al leles. 

There have been several attempts to describe the number of genes 

involved in the vernalization process. In wheat, Powers (1 934) and Pugsley 

(1 971 ) indicated the presence of three major genes, as well as minor genes and 

modifiers. Halloran and Boydell (1 967) considered the expression of the 

vemalization response to be genetically complex, with closely linked genes 

producing minor effds. Klaimi and Qualset (1974) and Flood and Halloran 

(1986) reported that the wntinuous variation seen in the F2 and subsequent 

generations indicated quantitative inheritance, with the involvement of both 

major and minor genes. 

The presenœ af many genes conditiming vemalization response has 

been reported in Trifolium subterramum (Davern et al., 1957 and Salisbury et al. 



1987), Arabido~sis thaliana (Mufett, 1977) and &. oleracea var gemmifera 

(Wellensiek 1960). In 8: nmus , Thurling and Vijendra Das (1 979a) were able 

to identify 4 alleles of the 'V gene, which aarxnted for the quantitative 

response to vemalization. 

The objective d this study was to detemine the mode of inheritanœ of 

the vemalization response in spring 6- naous. 

MATERIALS AND METHODS 

The criteria for selection of cultivars and S4 Iines used in this study 

included vemalization response of parent cultivars, canola quality in both seed 

oïl and seed meal and a range of geographic origin (Table 7). Murphy and 

Scarth (1994) characterized the B. naws cultivars Global, Mamoo, Regent and 

Westar as responsive to a vemalization treatment of 2 weeks at 4C., h i l e  Karat 

was detennined to show no response to 2 weeks at 4C- Brandle and McVetty 

(1 989) developed 54 Iines from Global, Karat, Mamoo, Regent and Westar by 

using single seed descent. The lines were inbred to S3, then increased in the 

S4 generation by selfing the S3 plants. F i  hybrids were produced by crossing 

the 54 parent lines in the greenhouse. The S4 lines selected in this study were 

charaderized by Brandle (1989) as intermediate in days to flower within the 

sample of S4 lines h m  each parent cultivar. 



Table 7. 6. naous cultivar descriptions, country of origin and pedigree. 

Cultivar Country of Year Pedigree 
Origin Released 

Global Sweden 1985 Sv 701 034 x Baldo 

Karat Swden 1980 Herrnes/Bronowski x Gulle 

Marnoo Austral ia 1 980 1 Chikuzen x ZephyrIBronowski 

Regent Canada 1977 KurretTTurret x Lihol x Kurretfïurret x 

Westar Canada 1 982 ISD x s68-2895 x /MidasKower/F4 

Experimental Material. Two experiments were conducted. In Expefiment 1, the 

S4 lines and resulting FI hybrids were evaluated for vernalization response. In 

Experiment 11, 150 F3 families from a reciprocal cross between the lines Mamoo- 

14 and Karat-17 were produced. F I  plants were selfed in the greenhouse to 

provide the F2 generation. 150 seeds from the F2 of each cross were planted 

and selfed. The resulting 1 50 F3 families were used to charaderire the 

response to vemalization of the F2 seed. f 2  plants could not be characterized 

directly, because of the requirement for the two environments, V and N. 

Seeds from each cross were sown in MetroMix potting medium. The 

plants were grown in a controlled environment growth rmm under a 16 hr 

photoperiod and a 22* C 1 16 OC daylnight temperature regime. VHO Grolux wide 



specüurn and cool white fluorescent lamps supplied a photosynthetic photon flux 

density of approximately 300 pE m-2e1 at the canopy. 

Vemalization screening Seeds were placed on moist coarse acid silica sand. 

covered and heM et 22 OC for 24 hours. The vemalization (V) treatment 

consisted of 2 weeks at 4" C in the dark. Seeds of the nonvernalized (N) 

treatrnent were gerrninated at 220 C for 48 hours prior to the end of the 

vemalization treatment in order to reach a growth stage similar to that of the 

vemalized seeds at the end of the V treatment. 

Geminated seeds were planted in 2 cm x 2 an peat pots containing 

MetroMix potting medium. The pots were grown under a regime of 22O C 1 16" C 

daylnight temperature, with a 20 hr dayf 4 hr night photoperiod. Plants received 

approximately 300 pE m's-' of photosynthetically active radiation at the canopy 

level. 

In Experiment 1, plants were transferred to 10 cm peat pots, with two 

plants per pot, when they had reached the 2.3 growth stage (Harper and 

Berkenkamp, 1975). Plants in Experiment II were grown in the original 2 cm x 2 

cm peat pots, with 25 plants for V and 25 plants for N. In Expriment 1, pots 

were randomized weekly within the growth room. In Experiment II, the fiats of 50 

plants (25 V, 25N) were randomized in the growth room weekly. 

The number of days required to mach fnat open flower (FF) and the final 

leaf number (FLN) for Bach experiment was determined. ln Experiment 1, the 

mean of the two plants in each pot was detemined for each measurement. The 



mean and standard error of the mean were used to determine response to 

vemalization, Standard enors were calculated from the standard deviations 

and number of pots scrwned per family- The differenœ between V and N for 

both FF and FLN, as well as the significanœ of the response, was detemined 

by cornparison of the means and standard mors at P=0.05. Response was 

defined as a signifiant differenœ (P=O-05) between the means and standard 

errors of V and N. 

In Experiment II, the F2 plants cauld not be characterized directly, 

because of the requirement for the two environments, V and N. Thus, the mean 

of the V and N treatments was determined for each F3 family, which was then 

used to characterize the F2 individual that produœd the F3 famiiy. In order to 

determine the genotype of the F2 plants, the characterization of each F3 family 

was assigned NR if the mean difference between V and N was less than or 

equal to the NR parent, Karat47; IR if the mean difference between V and N 

was intemediate to the NR parent, Karat-17 and the R parent, Mamoo-14; and 

R if the mean difference between V and N was equal to or greater than the R 

parent, Marnoa. 

Tests for normal distribution was conducted and the chi-square test was 

used to test ratio of R. IR and NR. in an attempt to detennine the number of 

genes involved in the response to vemalization. The level of significance used 

to test the fit of the data was P=0.05. 



RESULTS 

-riment 1- FF 

The response of 54 inbred lines to vemalization was defined as a 

significant ( R) or nonsignificant (NR) differenœ between V and N treatments. 

The response to vemalization was different between parent cultivars and within 

S4 lines from the same parent cultivars (Table 8) The three S4 Iines developed 

from Karat were classified as varied from NR for Karat-1 7 and Karat-02 and R 

for Karat-03. The two S4 lines developed from Regent were both R, as were the 

two S4 lines developed from Global. Mamoo-14 was R, while Westar-07 was 

NR. 

The F1 hybrids between selected S4 inbred Iines had a range of 

response to vemalization (Table 9). The majofity of F1 hybrids were R, with only 

Karat-03 x Karat-02, Karat-1 7 x Mamoo-14, Marnao-14 x Westar-07 and 

Westar-Oi' x Mamoo-14 showing NR. There was evidence of reciprocal 

differences in vemalization response for the crasses involving Karat-02 and 

Karat-03, and Karat-17 and Mamoo-14. Karat-02 and Karat-17 were 

characterized as NR, while Karat03 and Mamoo-14 were R The F i  hybrids 

Karat42 x Karat-03 and Mamoo-14 x hrat-17 were R, while the reciprocals 

were NR. 

FLN. 

S4 line response to vemalization using FLN also diRered within and 

between parent arltivars . For example, the inbred lines developed from Karat 



were classified as NR for Karat-03 and Karat-17 and R for Karat-02 (Table 8). 

Regenta showed R while Regent-17 was NR. The two S4 lines developed 

from Global were R. Mamw-14 was R, mile Westar-07 was NR. 

In addition to diifferences in vernalization response within 54 lines Rom 

the same cultivar, there were al- significant differences in mean leaf number in 

the sarne treatment. Karat-02 had the lmvest FLN under both V and N of the 

three S4 lines derived from Karat- There were also differences in mean FLN for 

the two Regent lines, Regent-06 and Regent-17 under both V and N. Only the V 

treatment of Global-13 and Global-16 had similar FLN. 

When FLN was used as the determining measurement for vemalization 

response, the majority of F I  hybrids were NR (Table 9). Only Regent-17 x 

Regent-06, Global-1 3 x Karat-17 and Karat-17 x Global-? 3 were R. As was the 

case with FF. one cross involving Regent-06 and Regent-17 showed reciprocal 

differences. However, when Regent-06. a responsive S4 line was the fernale 

parent. the resulting F I  hybrid was NR. Likew-se. Regent-17 was characterized 

as NR, h i l e  the resulting F I  hybrid was R. 

The two methods used ta characterize response to vemalization, FF and 

FLN, provided some differences in charaderization of vemalization response. 

The two methods provided the same charaderization of respanse for the S4 

inbreds Karat-17 and Westar-07 (NR) and Mamoo-14, Regent-06, Global-1 3 

and Global46 ( R). There were differences in charaderization for KaratQ2. 

Karat43 and Regent-17. 



The characterization of response for FI hybrids using FF and FLN 

resulted in the same characterization (NU) for Karat-03 x Karat-02. Karat-17 x 

Mamao-14, Mamoo-14 x Westar-07. WestarOl x Mamoo14. Regent-17 x 

Regenta, Global-1 3 x Karat-17 and Karat-1 7 x Global4 3. F1 hybrids 

involving the NR line Westar-07, were also NR. 

Table 8. Response ( R) and nonresponse (NR) of a range of S4 lines of spring 
B. naws to O (N) and 2 weeks at 4 O  C (V) on days to first open flower (FF) and - 
final leaf number (FLN) 

S4 lines Treatment FF Standard FF FLN Standard FLN 
mean Emr response mean Enor response 

2- 1 NR* 7.6 0.4 R 

calculated h m  the diierence and standad e m  of the differenœ between the V and 
FI treatment. 



Table 9. Response ( R) and nonresponse (NR) of a range of FI hybrids of 
spring B. naDus to O (N) and 2 weeks at 4" C (V) on days to first open flower 
(FF) and final leaf number (FLN) 

F l  hybrids Treatrnent FF Standard FF FLN Standard FLN - 
mean Emr response mean Emr response 

Karat-02X N 34.3 1.1 R* 12.0 1.9 NR 

* calwlated from the difference and standard enor of the differenœ between the 
V and N treatment. 



Experiment II- FF 

FF results for the redprocals were not pooled, as Bartlett's test for 

homogeneity of error variance (Cochran and Cox, 1957) was conducted for each 

replicate and the error varianœs were found to be heterogeneous. 

For the cross Karat-?? x Marnoo-14, the F i  was in the range of the NR 

parent, Karat-17. with a difference between N and V of 0.9 days (Table 10). The 

F1 of the reciprocal cross, Mamoo-14 x Karat-17, had a response that was 

intermediate between the two parents, with a difference between N and V of 3.8 

days- 

Ctiaracterization of vemalization response for FF of the F2 individuals for 

Karat-17 x Mamoo44 indicated that the majority of the F2 was intemediate to 

the range of the parents (Table 10). The range of differenœ between N and V 

for the FZ was 2.0 to 5.9 days. The FF for the majority of F2 individuals for 

Mamoo-74 x Karat-17 were in the range of the R parent. Marnoo-14, with a 

differenw beîween N and V that was greater than 6 days. 

The responses to vernalization of the reciprocals indicate the possible 

involvement of signifiant matemal eReds in the inheritanœ of the response to 

vemalization. Chi square analysis indicated that more than two genes, for 

response to vemalization, may be involved in the Karat-i 7 x Mamoo-14 cross. 

No ratios were tested for t b  reciprocal, because al1 the F2 individuals were 

responsive. The population from each cross did not have a nomal distribution. 



Table 10. Distribution and range (days) in segregating populations for 
Response ( R) Intermediate Response (IR) and nonresponse (NR) of spring & 
naDus on days to first open flower (FF) for the crosses Karat-17 x Mamoo-14 
and Mamoo-14 x Karat-1 7. 

Cross Generation NR IR R 
Range: (0-1 -9) (2.0-5-9) (6.0->) 

F2 individuals 20 104 25 

F2 individuals O 35 115 

E~~eriment II-FLN 

For both Karat-17 x Mamoo-14 and Mamoo-14 x Karat-17, the responses 

of the F1 generation were in the range of the NR parent, Karat-17, with a 

difference betwwn N and V that was less than 1.9 leaves (Table 11). The F2 

for Karat-1 7 x Mamoo-14 was distributed across the NR and IR classes. There 

were 86 F2 individuals characterized as IR and 63 classified as NR. No F2 

individuals were characterized as R. The F2 for Mamoo-14 x Karat-1 7 was 

distributed across the NR and IR classes, with the majority of F2 individuals in 



the NR range. having less than 1 -9 leaves differenœ between N and V. As with 

the Karat-17 x Marnoo-14 cross, there were no F2 individuals in the R class. 

Table 11. Distribution and range (number of leaves) in segregating populations 
for Response ( R) Intemediate Response (IR) and nonresponse (NR) of spring 
B. naws for final leaf number (FLN) for the crosses Karat-1 7 x Marnoo-14 and - 
Marnoo-14 x Karat-1 7. 

Cross Generation NR IR R 
Range: (0-1 -9) (2.04.5) (6-6->) 

F2 individuals 63 86 O 

F2 individuals 11 f 39 O 

Chi square analysis indicated that more than two genes were involved in 

the response to vemalization. Tests for nomality indicated that the data for FLN 

was not normally distributed. 

DISCUSSION 

The S4 inbred lines and Fi hybrids showed a range in response to 

vemalization. This is to be expected, given that a range in cultivar response to 



vemalization exists in spring p- naws (Thurling and Vijendra Das, 1977; 

Hodgson, 1978; Myers et al., 1 982 and Murphy and Scarth, 1 994). However, 

the range in response of inbred lines developed from the same cultivar indicates 

that assessrnent of the vemalization response at the cultivar level may be 

insufiicient. The cultivar Karat had been previously identified as NR using FF 

(Murphy and Scarth, 1994). yet the S4 line Karat43 was R. The fact that a 

range in response to vemalization within a cultivar exists is not surprising, given 

that canola cultivars are heterogeneous populations (Brandle and McVetty, 

1 989). 

While differences do exist, for FLN, the rnajority of the F l  s were NR. 

Only 3 of the 12 Fi hybrids examined were R Where the F I  s were R, the range 

of the response was very Iimited. Previous research indicates dominance for 

NR in wheat (Purvis, 1939; Pinthus, 1967; Pugsley, 1972 and Klaimi and 

Qualset, 1974), 8; oleracea var gemmifera (Wellensiek, 1 960) and B- napus 

(Thurling and Vijendra Das. 1979b). The existence of reciprocal differences in 

the F I  is taken as an indication of cytoplasmic or matemal effects on a character 

(Allard. 1960). There have been no previous reports indicating cytoplasmic 

effects on vemalization. As the response of the F1 and F2 individuals appears 

to be influenced by the response of the female parent, the involvement of 

materna1 effects must be considered. 

Previous research in wheat indicates that where dominance for NR occurs 

in the FI. the response becornes incomplete in later generations (Purvis, 1939; 



Pugsley, 1963 and Pinthus, 1967). These three studies looked at days to 

heading or ear emergence as a measure of relative vemalization response. The 

incomplete dominanœ for NR in these trials was attributed to the presence of 

multiple genes involved in the vernalization response. It would appear that the 

vernalization response in spring BB nams is conditioned by at least three genes 

for FF and FLN. The pattern of an NR FI, with segregation for R and NR in later 

generations that has been identifid for wheat appears to also ocarr in & nanus. 

The involvernent of cytoplasmic or matemal factors in the response to 

vemalization can be examined from a physiological perspective. Vernalization 

involves the production, in the cold, of a floral stimulus which must be 

translocated to the apical meristem in order to induce the production of flower 

buds from a previously vegetative meristem (Chouard, 1960). The produaion of 

the floral stimulus occurs outside of the meristem; thus any factor that affects its 

production and translocation would affect the effectiveness of vemalization. The 

differences that are attributed to matemal effects could be refled the geographic 

difFemces between the parents. Karat was developed as a cultivar for the 

spring grow*ng season in Northern Sweden, whee the breeding priority would 

be early maturity to avoid fall ftost. Mamoo was developed for the cool winter 

season in Awtralia, where the crop must mature prior to the heat and drought 

conditions of sumrner. Thus. there wwe distinct growth environment differences 

and breeding priorities infiuencing selection duing the breeding of both of these 

cultivars. The analysis of additional cross combinations from difFerent 



geographic locations may permit a better understanding of the nature of the 

dïfFerenœ beîween the parents. 

Plant breeders are interested in physiolagical requirements such as 

vemalization, as well as their significance to a breeding program. The timing of 

key developmental stages such as flowering may Vary from year to year, 

depending on the environment Thus, for example, temperature conditions at 

seeding may determine whether the vemalization requirements of responsive 

cultivars are met, sinœ short periods of cold temperature can occur. This would 

influence time to first flower and perhaps the success of seed production in field 

crossing blocks. 

In this study, the most responsive inbred line was Global-1 3, which 

started to flower under N at 53 days after seeding. The F i  hybrids involving 

Global-1 3 began flowering under N at approximately 50 days after seeding. 

McPherson (j  987) studied the growth and development of six canola cultivars, 

including Global, under a variety of conditions in the field. McPherson (1 987) 

deterrnined that Global was among the latest of the six cultivars studied to reach 

each stage of the development of the Harper and Berkenkamp (1 975) scale. 

Under early (May 7) and late d i n g  (May 21), the cultivar Global began 

flowwing in approximately 50 days after seeding in the field and reached 

maturity under the growhg conditions in Manitoba in 1985. The results in the 

McPherson (1987) study inditate breeding lines euch as those from the cultivar 

Global may mature under western Canadien growing conditions. However, 



additional assessrnent is required, as FF does not detemine the duration of the 

fiowering period, or the effect of heat stress during the ffowering period. 
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ABSTRACT 

The presenœ of a vemalization requirement can delay floral initiation 

until the cold requirement of the plant has k e n  satisfied. Breeders attempting 

to develop early maturing cultivars must undentand the inheritance of the 

vemalization response in order to assess potential impact on their programs. 

The ability to generate OH lines from oilseed rape (Brassica na~us) has lead to 

the use of doubled haploid populations in genetic studies. The objective of this 

study was to detemine the mode of inheritance of the vemalization response in 

spring 6- naous using doubled haploids. A set of FI derived DH lines from 

crosses between spring oilseed rape parent lines were evaluated for their 

response to vemalization. The use of doubled haploid lines allowed the 

exposure of the same genotype to two different treatments, vemalization and no 

vemalization. The vemalization treatment consisted of exposure of geminated 

seeds to 2 weeks at 4" C. Seeds of the non-vernalized treatment were 

genninated at 22* C. Cornparison between treatments of the final leaf number 

on the main raceme (FLN) was used to assess the vemalization response. The 

results indicated that there is a single major gene for nonresponse to 

vemalization in spring oilseed rape. FLN offers a direct measure of 

vemalization response, as leaf initiation œases when floral- initiation begins. 

Key Words: Vemalization, Brassica napus (spring), haploidy, final leaf number 



INTROOUCTION 

Early maturity is a major objective of spring oilseed rape (Brassica naDus 

L) breeding programs in Western Canada. In order to develop early maturing 

oilseed rape lines, plant breeders mwt have an understanding of the genetic 

and environmental factors infiuencing time to maturity. Collins and Wilson 

(1 974) detemined that time to floral initiation and tirne to flowering were the 

pfimary deteminants of mahirity. Any factor which affects either time to floral 

initiation or time to flowering would have a resulting effect on maturity. 

The presence of a vernalization requirement aff8cts plant development by 

delaying floral initiation until the cold requirement of the plant has been satisfied 

(Flood and Halloran, 1984)- Delays in floral initiation will result in an increase in 

final leaf number (Quinby and Liang, 1969). Murphy and Scarth (1 994) 

demonstrated that there is a cumulative response to vernalization in spring 

oilseed rape. In camparisons between treatments, final leaf numbers on the 

main raceme were reduceâ with longer e>cposwe to 4 O  C. Thurling and Vijendra 

Das (1977) reported the presence of major and minor genes in the detemination 

of days to flowering in a cross between a winter and a spring oilseed rape 

cultivar. 

The development of a sucœssful protocol for the production of 

microsporederiveâ doubled haploid (DH) liner in II nams has allowed the use 

of DH lines in genetic studies, allowing a considerable tirne saving in the 

production of homozygous lines (Ferrie et al.. 1994). The homozygous 



conditions for al1 loci in DH lines removes the cornplexit. of intragenic 

interactions, reducing some of the d*Hiwlty in genetic analysis (Collins, 1977). 

The simpler ratios of the gametic vs the sporophytk generation reduces the sire 

of the populations needed to obtain extreme genotypes (Siebel and Pauls. 1989, 

Henderson and Pauls, 1992 and Thiagarajah and Stringam. 1993) and dass 

separation is greater (Siebel and Pauls 1989; Van Oeynze and Pauls 1394) 

Previous studies of the inheritanœ of vemalization response in B- napus 

have involved OH lines derived from crosses between winter and spring 

parental lines. Van Deynze and Pauls (1 994) characterized DH lines generated 

from the FI of a cross between a winter and a spring Iine. Based on days to 

flower, they found two gene differenœs between the parent lines that were 

vemalization dependent: a major gene "A", mich pemitted flowering in less 

than 62 days without vemalization, and a minor gene "B ,  which allowed plants 

to fiower without vemalization in under 77 days. The double recessive (aabb) 

required more than 77 days to flower in the absence of vemalization. 

Hoffman et al. (1982) reported the appearance of a winter-type B* nanus 

that required cold for flowerïng in an otheWse homogeneous population of 

spring B. nams cultivar T m .  HMinan et al. (1982) used this line as evidence 

in support of their hypothesis that there was a highet degree of hornorygosity in 

OH lines, compared to inbred lines of & nams- 

The ability to produce sufficient quantities of genetically identical seed 

ftom DH lines allows the assessrnent of the effects of different vemalizaton 



treatments on plant development. The objective of this study was to detemine 

the inheritance of the vemalization response in spring B- naDus,, using DH lines. 

MATERIALS AND METHODS 

Plant Material 

Murphy and Scarth (1994) characterized B. nams cultivars Global and Mamoo 

as responsive to vemalization, while Karat was detennined to show no response 

to 2 weeks at 4" C. Brandle and McVetty (1989) developed 54 Iines from 

Global, Karat and Mamoo by using single seed descent. The liner were inbred 

to S3, then inueased in the S4 generation by selfing the S3 plants. FI hybrïds 

were produced by crossing the 54 parent Iines in the greenhouse. The S4 lines 

selected in this study were characterized by Brandle (1 989) as intemediate in 

days to flower within the sarnple of S4 lines from each parent cultivar. 

The donor plants for microspore culture were Fi hybrids of crosses 

between individual S4 inbred lines of the canola cultivars Karat (Karat-l7), 

Mamoo (Mamoo-14) and Global (Global-1 6) and their reciprocals. Ten seeds of 

each F I  were sown in MetroMix potting medium. The plants were grown in a 

controlled environment growth rwrn under a 16 hr photoperiod and a 2 2 O  C 11 6" 

C daylnight temperature rqime. VHO Grolux wide spectrum and cool white 

fluorescent lamps supplied a photosynthetic photon flux density of approximately 

-2 4 300 pE m s at the top of the plant. 



Microspore Culture Techniarie . 

Buds 4 to 5 mm in length were removed from the terminal and upper axillary 

raœmes of donor plants that had approximately three open flowers on the 

terminal raœme. The buds were surface sterilized in a 5.7% hypochlorite 

solution for 10 min. and used for microspore culture as desuibed by Coventry et 

al. (1988). 

Embwo Culture and Doubled Hadoid (DHI Plant Production 

Cotyledonary embryos were visible in 7 to 20 days. Modifying the technique 

used by Chuong and Beversdorf (1985). embryos were transferred directly to 

solid 65 medium containing sucrose and no hormones. After 4 weeks, 

plantlets that had developed normal shoots were transferred to solid 85 slant 

tubes in order to encourage root development. Plantlets were then transplanted 

into peat pellets and placed in a high humidity chamber. Once the plantlets 

were established. they were potted and transferred to an environmentally 

controlled growth room. At flowering. spontaneous diploids, identified by the 

presence of pollen and normal fiower morphology, were bagged to produce 

selfed seed. Root cuttings were made from haploid plants. charaderiad by 

their small, infertile flowers. The cuttings were treated by immening rwts in a 

solution of 0.05% colchicine for 6 hours with aeration, rinsed and potted in 

MetroMü. Rie wbsequent fertile flowers pmduœd from the doubled sectors 

were bagged for selfed seed. Seed of each DH fine was grown for a generation 

of seed increase under controlled environment growth conditions to produœ the 



seed amounts required for vemalization evaluation. F i  DH lines were 

produced from each FI hykid. 

Seeds were plaœd on moist coarse acid silica sand, covered and held at 22" C 

for 24 hours. The vemalization (V) treatment consisted of 2 weeks at 4" C in the 

dark Seeds of the nonvernalized (N) treatment were geminated at 2 2 O  C for 48 

hours pfior to the end of the vemalization treatment in order to mach a growth 

stage similar to that of the vemalized seeds at the end of the V treatment. 

Geminated seeds were planted in 2 cm x 2 cm peat pots containing 

MetroMix potting medium. The plants were grown under a regime of 22" CI  16" 

C daylnight temperature, with a 20 hr dayl4 hr night photoperiod. Plants 

received approximately 300 pE me* s-' of photosynthetically active radiation at the 

top of the plant. 

Once plants reached the 2.3 stage (Harper and Berkenkamp, 1 975), they 

were transfeired to 10 cm peat pots. with 2 plants per pot. Final kaf number 

(FLN) was determined at appearance of the first flower on the terminal raceme. 

To facilitate leaf counts, each leaf was pundied once with a single hole punch 

near the Ieaf margin at full emergence. The resulting 5 mm hole was visible 

throughhout the experiment and was used to detemine FLN. 

Three replicates of each DH line wem arrangeci under each of three light 

banks in the growth room and randomized weekly w0thin the three replicates. 



Data Analvsis 

The mean FLN for the two plants in each pot was useâ for each replicate 

of each line. The mean and standard error of the mean were used to determine 

the response to vemalization. Standard emofs w e  derived from th8 standard 

deviation and the number of replicates for each OH Iine-treatment combination. 

Response to vemalization was calailated as the differenœ between V and N 

treatments. DH lines were classified as non-responsive (NR) if there was no 

significant differenœ (P=0.05) between the V and N treatment. Lines were 

cunsidered responsive (R) if there was a signifiant differenœ in FLN between N 

and V treatment (Pi0.05). Chi Square analysis was used to compare the 

observed distribution of the DH population to those predicted by various genetic 

RESULTS AND DISCUSSION 

Initial assessrnent of the parental lines indicated that there were 

differences in vemalization response of the three parental Iines (Table 12). 

Global46 (G16) and Mamoa-14 (Ml 4) were classified as RI while Karat-17 

(KI 7) was NR. ïhe four FI  hybrids, G16 x Ki  7 (GK), K1 7 x G16 (KG). KI 7 x 

Ml4 (KM) and Ml4  x KI7 (MK) were NR. 



Table 12. Charaderization of parental fines Global-1 6 (G), Karat-1 7 (K) and 
Mamoo-14 (M) and the FI hybrids GK, KG, KM and MK as responsive (R) or 
non-responsive (NR) to vemalization, using final leaf numbers (FLN) mer O 
weeks vemalization (N) and 2 weeks at 4°C 0. 

Line Treatment FLN Standard Vemalization 

+: Calwlated from the differenw and standard error of the difbrence in FLN 
between N and V treatment; 
NR:differenœ and SE between N and V are non-significant at P=0.05 
R: dinarence and SE between N and V is signnificant at P=0.05 

The DH lines derived from each FI hykid had a range of FLN (Figures 7 

and 8). DH lines from GK and KG ranged from 7.3 leaves to over 19 leaves and 

from 5.5 to over 19 leaves for MK and KM. Vemlization treatment significantly 

reduœd the FLN in the majority of the OH lines examined. For some DH lines, 



the V treatment of 2 weeks at 4 O  C was insufficient to stimulate floral initiation, 

resulting in continuing leaf initiation and FLN of greater than 19. In al1 crosses, 

DH lines that had more than 19 leaves were designated as 'did not flowef. 

Response to vemalization was determined for each of the OH Iines from 

each cross. Each DH line was assigned to the NR or R dass, based on the 

difference between the N and V treatment Chi square analysis was then 

perfomed on the two classes of DH lines from each cross (Table 13). The DH 

Iines from the four crosses examined fit a 1 NR : 1 R gametic ratio. This ratio 

indicates the involvement of a single major gene with dominance for 

nonresponse to vemalization. The range of FLN for the DH lines indicates that 

minor gene alleles are involved in the response as well. 

The gene designation LN1 is proposed for the control of the response of 

FLN to vemalization. The R class would be represented by the homozygote for 

the recessive alleles (Inllnl). The NR dass would have the genotype LNI-. 
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Figure 7. Distribution of Fldrived doubled haploid (DH) lines fmm crosses 
between parental lines Global16 (0) and Karat-17 (K) for final leaf number 
(FLN) after O weeks of vernalkation (N) and 2 weeks at 4OC 0. 
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Figure 8. Distribution of FI derived doubled haploid (DH) liner from crosses 
between parental lines Karat-17 (K) and Mamoo-14 (M) for final leaf number 
(FLN) after O weeks of vemalization (N) and 2 weeks at 4OC 01). 



Table 13. Chi square analysis of segregation for final leaf number (FLN) of FI - 
derived doubled haploid (OH) lines from crosses between parental lines Global- 
16 (G), Karat-1 7 (K) and Mamoo-14 (M) assessed as non-responsive (NR) and 
responsive (R) after O wwks of vemalization (N) and 2 weeks at 4OC 01). 

F I  Derived Observed Observed Ratio Chi Square Probabiiity 
DH lines NR R Tested Value 

Thurling and Vijendra Das (1 979) and Van Deynze and Pauls (1 994) 

indicated a major gene and a minor gene difbrence between spting and winter 

oilseed rape. Both of these studies examined days to flower as the criteria for 

determination of vemalization response. Our study differed in two ways: FLN 

was used as the criteria for determination of vemalization response and the 

material was of spring origin only. From a physiological perspective, the use of 

FLN would appear to offer a more direct measure of vemalization response, as 

leaves continue to be initiateû on the developing terminal apex of the main 

taceme until floral initiation begins. A delay in initiation, such as m l d  ocair in 

a R genotype under nonvernaking conditions would result in a higher FLN for 

the plant. 

The parents in this study were identifid as intemediate in time of 

flowering (Brandie, 1989). The fact that oome extremely responsive DH lines 



were identfied is evidence of the accumulation of minor gene alleles enhancing 

the expression of the major gene allele. Wenzel et al. (1 977) believed that the 

appearance of cold-requiring progeny from spring type plants revealed the 

occurrence of new gene combinations in the microspore-ûerived plant 

progeniea A more likely explanation was offered by Hoffinan et al. (1982). 

They cited the occurrence of a winter type OH line in a population of the spring 

B. nams cultivar Tower as evidenœ of more variability in regenerants from - 
different microspores than from the inbred parent. Hoffrnan et al. (1 982) felt that 

the variants did not represent new variability, but rather were evidenœ of the 

higher degree of homozygosity in DH lines, wmpared to inbred lines of 8; 

naous. The identification of DH Iines with more than 19 leaves would be similar 

to the 'winter type' progeny identifieci by HoMan et al. (1 982) in Tower. 

A spring 6- naous cultivar requiring more than 2 weeks at 4OC to 

begin reproductive development has significanœ for production in Western 

Canada, as R lines would only fiower under vernaking conditions. Further 

characteriration of the R lines would be necessary in order to detemine whether 

there is an association with agronomically important traits. 

In this study, the V and N treatments were applied to the same genetic 

material. This provides greater confidenœ that the response was indeed due to 

the genotype interacting with the environment provided by the treatment, rather 

than background heterogeneity. as the genotypes used in each treatment were 



identical. The results indicate that OH Iines are useful for genetic analyses 

requiring assessrnent of contrasting treatments. 

An additional advantage of using DH lines is the inaeased ability to 

identify desirable combinations of charaderistics ftom smaller populations. 

Henderson and Pauls (1 992) and Thiagarajah and Stringam (1 993) indicated 

that for the introgression of recessive traits such as yellow seed coat into canola 

quality cultivars. extremely large populations from conventional breeding would 

have to be assessed in order to obtain one desirable plant. The use of DH lines 

reduced the size of the population required to obtain extreme genotypes. In this 

study, 50 or fewer DH lines were examined from each cross. wmpared with over 

150 families, with 50 seeds per family for the conventional genetic analysis 

(Murphy, 1997). 

Siebel and Pauls (1 989) and Van Deyme and Pauls (1 994) reported that 

class separation is greater in androgenetic populations, making it easier to 

distinguish classes than in the F2 population. In this study, the setting of 

classes for genetic analysis was bas& on statistical differences between the 

treatrnents. The class separation for final leaf number analysis was definitive, as 

Ieaves were only counted when the leaf was fully extended. However, the 

grouping of al1 lines with greater than 19 leaves may obsare differences 

between the more responsive lines. 



GENERAL DISCUSSION AND CONCLUSIONS 

The resuits of this study indicate that a signifiant, cumulative response to 

vemalization exists in spring B nanus. The examination of a range of cultivars, 

FI hybrids. S4 inbred lines, F3 families and doubled haploid lines derived from 

F1 donors, demonstrated a range in response to vemalization from no response, 

to extremely responsive, or winter type The fact that a range in response is 

possible for S4 inbred lines and doubled haploid lines from a spring B. napus 

cultivar serves to reinforce the hypothesis put forwatd by Brandle and McVetty 

(1989) that canola wltivan consist of a mixture of generally homozygous lines. 

Of particular interest is the observation that a trait such as vernalization 

response that is conditioned by one major gene, would be maintained within a 

cultivar intended for spfing sowing. Considering the relatively diverse growing 

region for spring B. napus cultivars, the broad adaptability of canola cultivars 

may be due in part to selection for diversity among Iines within a cultivar 

population. Thus, the more successful wltivan would be those broadly 

adapted, capable of responding to a variety of growing conditions. It is probable 

that as breeders move away from selection for broad adaptability to regional 

specialization. that the benefits of the capacity to respond to environmental cues 

such as vemalization will be lost. 

One goal of this research was to determine whether response to 

vemalization was a significant factor in the spring & napus populations that 

were assessed in the University of Manitoba canola bteeding program as 



parental material. However, the identification of the existence of a response was 

not useful without the ability to quickly and wnsîstently characterize the 

response of potential breeding material. The use of a 2 week vemalization at 

4°C. coupled with exposure to long day conditions of 20 houn daym houn night, 

was sufficient to permit the identification of nonresponsive vs. responsive 

material. In addition to the screening of plants at fimering, examination of the 

developing apices of vemalized and nonvemalized material indicates that 

characterization of the vemalization response may be possible as soon as 20 

days after planting, or prior to the 4 leaf stage. The potential savings of time and 

resources from such an early detemination of response to vemalization would 

permit the prescreening of more material prior to inclusion in a crossing 

program. 

Measurements of FF and FLN provided îwo methods of detemining the 

response to vemalization. Although there is a significant correlation between 

the two methods, it is too low to permit the use of one rneasurement only. From 

a physiological perspective, the use of FLN would appear to offer a more direct 

measure of vemalization response, as leaves continue ta be initiated on the 

developing apex until floral initiation is complete. Thus, a-delay in initiation 

related to lad< of vemalization would result in a higher FLN for the plant. FFI on 

the other hand, is inRuenced by fadom other than vemalization. Experimental 

conditions w8re maintained as dose to uniform throughout the experiment as 

possible. Such fadors as changing light quality or requirements for plant 



nutrition could affect the time of appearanœ of the first open flower. The finding 

that floral initiation can ocair  in as few as 20 days after seeding means that 

confounding factors prior to initiation would be of shorter duration, and 

potentially less effed. than on FF, which ocairred, on average, 30 days &ter 

seeding in the controlled environment conditions in this study. 

The decision to use either FF or FLN in the assessrnent of vemalization 

response would depend on the goals of the breeding program. The necessity for 

seed vernalization under controlled environment conditions precludes screening 

in the field. For a large population, FF is visually easier to detemine. FLN is 

more difficult to detemine on a large population due to the fact that it requires 

the inspection of plants on a regular basis, yet it appears to be more closely 

associated with vemalization. It is possible to detemine FLN from leaf scars as 

plants approach physiological maturity and the leaves have senesced. 

The significance of differences in FLN needs to be further assessed, 

partiailarly in relation to yield. Tommey and Evans (1 992) found that a pre-floral 

cold treatment of the winter rape cultivar Mikado significantly increased total 

seed weight in spite of a reduction in the number of leaves and plant size 

resulting from earlier initiation. Tommey and Evans (1 992) found that the 

highest seed weight was obtained from plants that were intermediate in ternis of 

duration of pre-fioral growth and leaf number. Their interpretation of these 

results was that seed production was restricted by the availability of assimilates 



between excessive numbers of branches and flowers in plants with an extended 

period of pre-floral growth. It is reasonable to assume that increased leaf 

numbers could provide an increased 'source' of assimilates for the developing 

seeds in the pods. This could have a corresponding increase in yield potential. 

providing physiological maturity is achieved before killing fa1 l frosts. 

The indication that one major gene is involved in the response is of 

interest to breeders attempting to incorporate a vernakation requirement or to 

eliminate it entirely from a breeding population. The fact that S4 inbred and 

doubled haploid lines with R and NR response exist within the limited population 

sizes developed in this study would permit the immediate inclusion or exclusion 

of these lines in a breeding program. 

While 54 inbred lines with NR were identified, the use of S4 Iines as 

parents in a breeding program needs to be re-examined. This is particularly true 

in light of the availability of doubled haploid lines for B. naDus. Residual 

heterozygosity in the S4 inbred lines was identified. which complicated the 

genetic analysis of segregating generations. 

The production of doubled haploids from F1 donor plants resulted in the 

recovery of R phenotype, or Mectivey winter type progeny from the spring 8; 

nams parents. In addition to providing evidence of residual heterozygosity in the 

54 inbred parent lines, the use of douMed haploids resulted in the recovery of 



more genotypes outside the parental populations range of response as 

compared to the conventional, single seed desœnt populations. 

The single seed descent technique used to produœ the S4 inbred lines 

examined in this study did not produce the same range of variation in genotypes, 

compared with the doubled haploid Iines. Unconscious selection during the 

single seed descent process may preclude the identification of the extreme 

genotypes, as only families that successfully set seed were carried to the next 

generation. Thus, the wïnter type genotypes identified in the doubled haploid 

study would not have been camed foward in the conventional population. This 

difference is sampling may have contrïbuted to the diffiwlties in characterizing 

the inherïtance of vemalization response using the F2 generation. 

As doubled haploid procedure for spring B- napus now has a well- 

established and successful protocol, its use in a breeding program should be 

encwraged when the goal is to identify genotypes at the extreme Iimits of 

variation. An adapted cultivar, which is a collection of Iines, wuld forrn the initial 

selection pool. The advantage of selection out of a cultivar is that the basic 

agronomie and quality parameters have been assesed. Conventional breeding 

programs include a component of development of inbred lines, especially in Fi 

hybrid development and as parental lines in crosses. The results of this study 

indicate that & nanus breeders should be developing DH lines, rather than S4 

inbred linw, for genetic analysis and as a source of variation within an adapted 

population. The identification of genotypes with extremes in expression, such as 



those with winter type vernalization requirernents in an otherwise spring type 

population, was only possible with the DH approach. The reduœd sire of the 

DH population as compared to the segregating generation population required to 

recovery the extreme genotypes produced savings in both labour and resource. 

The existence of a significant response to vemalization in spring 6- napus 

would not appear to present any restrictions on the use of geographically 

diverse gemplasm within a canola breeding program if careful evaluation of 

potentiel parent material is made. Sinœ a rapid screening method for 

vemalization is possible at the 4 leaf stage, charaderiration of response prior to 

inclusion of new material in a breeding nursery would not present a major 

undertaking. 

The results of this study provide several possibilities for further research. 

Maturity in plants is afFected by environmental response factors, including 

response to vernalization and response to photoperiod. Given the response to 

vernalization identified in this study, a suwey of photoperiod response in Fi 

hybrids, S4 inbred lines and doubled haploid lines would be a major priority. 

Once more information is available on the response to photoperîod, the 

existence of photoperiod x vemalization interaction could then be evaluated. 

Research on the effect of environmental factors on development in spring 

& nams is limited, but the results of this study indicate that factors such as 

vemalization response may have significant impacts on flowering and maturity. 
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APPENDICES 



Appendix A- Means and standard deviations of F3 families for the cross Karat-17 
x Marnoo-14. 



Family FLN FLN 
sn I 













Appendix B- Means and standard deviations of F3 families for the cross Mamoo- 
1 4 X Karat-17. 















Appendix C- Means and standard deviations for DH lines derived from the Fi of 
a cross between Karat-1 7 x Mamoo-14.(DNF = did not flower) 
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Appendù D- Means and standard deviations for DH 
a cross between Marnoo-14 X Kafat-17. (DNF = did 

lines derived from the F l  of 
not flower) 
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Appendix E- Means and standard deviations for DH fines derived from the FI  of 
a cross between Global46 x Karat-17 (DNF = did not flower) 
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Appendix F- Means and standard deviations for OH lines derived from the Fi of 
a cross between Karat-1 7 x Global-16 (DNF = did not flower) 
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