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ABSTRACT 

Synchronous flowering between parent lines is essential for pollination and seed set in 

commercial hybrid cauliflower seed production.  However, weather-related variation in 

reproductive development and attempts to produce novel hybrids by crossing parents with 

markedly different flowering phenology make synchronous flowering difficult to achieve.  

Molecular technology presents an opportunity to understand and manage this variability. 

 

Prospects for understanding the molecular control of flowering time in cauliflower have 

benefited greatly from recent work with the closely-related model species Arabidopsis 

thaliana.  Over the last decade, genetic analysis in Arabidopsis has identified a large number 

of flowering genes, enabling the development of a model describing the molecular pathways 

that regulate floral induction through environmental cues such as photoperiod and 

vernalisation.  Although elements of this model are conserved in B. oleracea, the scenario has 

been complicated by ancient genome triplication and rearrangements within the genome.  The 

degree of genetic diversity generated by such events has given rise to a wide range of 

flowering habits within the species.  In this study, we investigated the contribution of the 

BoFLC gene family to flowering time variation and examined the vernalisation-regulated 

expression of key flowering genes. 

 

The flowering behaviour of 54 homozygous cauliflower lines ranging from tropical to winter 

varieties was characterised and plants were screened for polymorphisms in flowering time 

candidate genes including members of the vernalisation-mediated BoFLC family.  A 

functional allele of the BoFLC2 gene was identified for the first time in an annual brassica 

variety, along with an allele disrupted by a frameshift mutation in exon 4.  A strong 

correlation between flowering time and BoFLC2 genotype was observed in field and 

glasshouse trials.  In a segregating F2 population derived from a cross between late-flowering 

(functional BoFLC2) and early-flowering (mutated BoFLC2) cauliflower lines, the BoFLC2 

gene behaved in a dosage-dependent manner and BoFLC2 genotype was found to account for 

up to 65% of flowering time variation.  The identification of this gene as an important 
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determinant of flowering time within brassicas grown as annual crops is potentially valuable 

to plant breeders, with possible applications as a genetic input for QTL-based models of 

flowering time, as a marker for screening and classifying flowering time in cauliflower 

germplasm, or as a target for genetic modification.  

 

RT-qPCR was used to study the effects of vernalisation on the expression of several key 

flowering time candidate genes in a wide range of flowering types.  For the first time in 

cauliflower, it was shown that vernalisation reduced levels of BoFLC2 and BoFLC3 

transcript and upregulated expression of the flowering signal integrator BoFT, with colder 

temperatures and increased vernalisation duration amplifying these effects and hastening curd 

initiation.  BoFT was not significantly upregulated in vernalised plants less than four weeks 

old, whilst the final level of BoFLC2 and BoFLC3 downregulation was independent of plant 

age.  BoFLC2 gradually increased with plant age in unvernalised plants, possibly reflecting 

the transition from reproductive juvenility to maturity.  In early-flowering lines with mutated 

BoFLC2, overall expression of BoFLC2 was lower and BoFT expression significantly higher 

supporting the idea that BoFLC2 plays a key role in maintaining the vegetative state.  A 

homologue of Arabidopsis VIN3 was also isolated for the first time in a brassica crop species, 

and was found to be upregulated in ten-week-old plants by as little as two days of 

vernalisation at 5°C, in contrast to findings in Arabidopsis, where prolonged exposure to cold 

was required to elicit upregulation.  Minor differences in the transcriptional dynamics of 

these genes were observed between apex and leaf tissue.   

 

Devernalisation and floral reversion have been reported to contribute to asynchronous or 

uneven flowering in cauliflower seed production, forcing growers to avoid warm and dry 

areas that would otherwise be conducive to high-yielding crops.  The effects of devernalising 

conditions on curd development and gene expression were investigated.  In contrast to 

findings in Arabidopsis, the vernalisation-induced downregulation of BoFLC2 was unstable, 

with expression returning to pre-vernalisation levels after return to warm conditions.  By 

contrast, BoFT was stably upregulated, possibly suggesting the involvement of a BoFLC-

independent process. 

 

The strong correlations observed between gene expression and flowering time in controlled-

environment experiments were validated with gene expression analysis of field-grown 

cauliflower parent lines and cauliflowers grown outdoors in pots.  „Natural‟ outdoor 
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vernalising temperatures were capable of downregulating BoFLC2 and upregulating BoFT, 

and a strong correlation was found between both BoFLC2 and BoFT expression and curding 

and flowering time.  These findings indicate a need for further investigation of the potential 

for this molecular tool to be used as a predictive assay for curd initiation and flowering time, 

or as a management tool for assessing the effect of crop treatments such as growth regulator 

applications.
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Chapter I 

INTRODUCTION & LITERATURE REVIEW 

 

A. Outline 

There are approximately 40 species in the Brassica genus (Curtis & Morris 1993), including 

several important crop species that contribute significantly to world food supplies.  This 

chapter provides background information on the genus and introduces topics that will receive 

more detailed attention in the research chapters of this thesis.  In part B of this chapter, the 

origins of six major Brassica species are briefly outlined.  The genetic diversity within this 

genus has been exploited to generate a host of specialised varieties from which all manner of 

products are derived.  In particular, the species Brassica oleracea exhibits a remarkable 

variety of cultivated forms, including cauliflower (var. botrytis L.) – the focus of this research 

project – in which the immature inflorescence (curd) constitutes the edible part of the plant.  

In part C, an overview of the physiology of cauliflower curd development and flowering is 

provided, and in part D, consideration is given to management of the reproductive process 

from the perspective of commercial hybrid seed producers, using examples from the 

Tasmanian seed industry.  Part E considers the prospects for understanding the molecular 

control of flowering time in cauliflower, which have benefited greatly from recent work with 

the closely-related model species Arabidopsis thaliana.  The current model of the 

Arabidopsis floral induction pathway is reviewed, and the present knowledge of brassica 

flowering genetics is considered.  Finally, the aims of this thesis are presented in Part F. 
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B. Origins, Diversity & Economic Importance of Brassica 

The cultivated species of the Brassica genus (see Table 1) represent the group of crops most 

closely related to the model species Arabidopsis thaliana (Lan & Paterson 2000; Town et al. 

2006).  Comparative genome mapping in brassica suggests that following the divergence of 

these two genera, the Brassica genus underwent whole-genome triplication (Lagercrantz & 

Lydiate 1996; Lagercrantz 1998).  Subsequent frequent and extensive chromosomal fusions 

and rearrangements are believed to have led to the formation of the three Brassica species 

typically regarded as diploid (B. nigra, n=8; B. oleracea, n = 9; and B. rapa, n = 10) but 

which may actually be descended from a common hexaploid ancestor (Lagercrantz & Lydiate 

1996; Lukens et al. 2003).   

 

Table 1.  Common and taxonomic names of significant members of the Brassica genus. 

 

COMMON NAME  TAXONOMIC NAME 

Brassica (Cole) Crops B. oleracea L. 
Cauliflower var. botrytis L. 
Broccoli var. italica Plenck 
Kale var. acephala DC 
Cabbage var. capitata L. 
Brussels Sprout var. gemmifera Zencker 
Kohlrabi var. gongylodes L. 
  
Turnips B. rapa (syn. B. campestris L.) 
True Turnip subsp. rapifera Metz. 
Chinese Mustard, Pak-Choi subsp. chinensis Jusl.  
Chinese Cabbage, Pe-Tsai subsp. pekinensis (Lour.) Rupr. 
  
Swedes B. napus L. 
Swede/Rutabaga var. napobrassica (L.) Mill. 
Winter Oilseed Rape var. oleifera DC. 
  
Black Mustard B. nigra Koch  
  
Indian or Brown Mustard B. juncea (L.) Coss.  
  
Ethiopian Mustard B. carinata Braun  

 

B. rapa is thought to be the first of these wild pseudodiploid species to be cultivated, 

probably for its high oil content (Thompson 1979).  This species is believed to have 

originated in the highland regions of the fertile crescent (Rakow 2004) where it exhibits rapid 

vegetative growth and produces copious seed (Dixon 2007).  As it spread northward into 

Scandinavia and westward to Eastern Europe, turnip forms emerged (Hancock 2004), and a 

wide range of leafy, heading vegetable forms were domesticated as the species was 
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introduced to China and Japan.  Wild B. oleracea species naturally inhabit cool and damp 

habitats on the rocky sea cliffs of the Mediterranean coast.  They have a slow, even growth 

rate which enables them to conserve water and nutrients (Dixon 2007).  Cultivated forms of 

this species are generally believed to have arisen by selection on the polymorphisms already 

available within wild B. oleracea, but some authors have suggested that these groups may 

have developed through hybridisation with other closely-related Brassica species (e.g. 

Snogerup 1980).  Broccoli, cauliflower and Brussels sprout are the most recently-formed 

varieties, appearing as recently as 500 years ago (Hancock 2004).  B. nigra exists naturally as 

a small, weedy annual found growing in shallow soils of the rocky Southern Mediterranean 

coast (Dixon 2007).  Its seeds have significant fatty oil content, and are also ground for use as 

a spice.   

 

Hybridisation among these diploid lines is believed to have led to the creation of three 

allopolyploid members of the Brassica genus (U 1935), where the chromosome compositions 

of these species are similar to the sum of their presumed diploid progenitors (Axelsson, 

Shavorskaya & Lagercrantz 2001; Osborn 2004).  The amphidiploid B. carinata (n=17) is 

believed to have arisen as a result of hybridisation between B. nigra and B. oleracea (Kimber 

& McGregor 1995).  No wild forms of this species have been reported, and its cultivation is 

restricted to the Ethiopian plateau.  It exhibits the high oil content of B. nigra and the slow, 

steady growth of B. oleracea (Rakow 2004).  B. juncea (n=18) is a large-leafed species 

derived from natural hybridisation between B. nigra and B. rapa, probably in the south of 

modern Iran (Rakow 2004).  It has the rapid growth of B. rapa and the oil content of B. nigra, 

for which it is cultivated in India.  Cultivated vegetable varieties are consumed throughout 

Asia.  Wild forms of the third hybrid, B. napus (n=19), are generally found in coastal regions 

of Northern Europe (Rakow 2004).  It is a very important source of vegetable oil worldwide.  

The genetic relationship of these tetraploid species to their diploid progenitors is shown in 

Figure 1.  
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Fig. 1.  Gene flow ‘triangle of U’ diagram showing the genetic relationship of three 

amphidiploid brassicas to their diploid progenitors (U 1935).  This model has been supported by several 

different molecular lines of evidence (for example; Song, Osborn & Williams 1990; Snowdon et al. 2002).  n = 

haploid chromosome number. 

 

The complex, multiple-polyploid origins of the Brassica genus have resulted in a group of 

plants with unique genetic diversity and metabolic flexibility (Osborn 2004).  This, combined 

with both natural and active selection for specific characteristics and further combination 

with closely-related species, has resulted in such an astonishing range of phenotypes that the 

Brassica genus provides the greatest diversity of products utilised by man from a single 

genus (Nieuwhof 1969; Murphy 2007).   

 

These products may be divided into two groups: oilseeds and vegetables.  In terms of 

monetary value, rapeseed oil is the most important brassica product (Suwabe, Morgan & 

Bancroft 2008).  Historically, rapeseed oil has been used for industrial applications such as 

illumination and lubrication.  In the late 1970s, Canadian breeders developed „Canola‟ 

cultivars with low (<2%) erucic acid content in the oil and less than 30 µmol/g meal of 

aliphatic glucosinolates (Canola Council of Canada 2011).  The oil from these cultivars is 

safe and palatable for human and animal consumption, and also well-suited to biodiesel 

production.  These qualities have seen worldwide production increase rapidly (Mendham & 

Salisbury 1995), and in 2009/2010, approximately 60.62 million tonnes were produced, 

making rapeseed the second largest source of vegetable oil in the world behind soybean 

(United States Department of Agriculture 2011).  The Brassica species with the highest oil 

yield potential is B. napus (Mendham & Salisbury 1995), but Canola-quality varieties of B. 

B. nigra
n=8

B. carinata
n=17

B. juncea
n=18

B. napus
n=19

B. rapa
n=10

B. oleracea
n=9
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rapa, B. juncea and B. carinata have been, or are being developed, and are also used in 

certain agro-ecological niches.  For example, B. rapa is preferred in areas where winters are 

too cold for B. napus, and B. juncea is the major oilseed on the Indian subcontinent due to its 

heat and drought tolerance.  Several of these species also contain varieties that are commonly 

used in soil conditioning as a green manure and biofumigant due to their high glucosinolate 

content (Brown & Caligari 2008). 

 

Although there are several important vegetable or forage forms of the oil-producing brassicas 

(e.g. turnip, rutabaga, Chinese cabbage and mustard), the vast majority of all brassica 

vegetables belong to the Brassica oleracea species.  This species represents a large fraction 

of the total Brassica diversity, containing an extremely wide range of vegetable forms, with 

edible components ranging from stems (kohlrabi) and leaves (cabbage and kale) to axillary 

buds (Brussels sprouts) and inflorescence structures (cauliflower and broccoli).  Brassica 

vegetable products consumed by humans are increasingly thought of as „functional foods‟, 

with research suggesting that they are protective against cancer (Van Poppel et al. 1999; 

Finley 2003), coronary heart disease (Willcox, Catignani & Lazarus 2003), and several other 

major illnesses, due to compounds including organosulphates (most notably glucosinolates), 

antioxidants, flavonoids and polyphenols (for a review, see Vasanthi, Mukherjee & Das 

2009).   

 

Matching this morphological diversity, the Brassica genus exhibits a wide range of flowering 

behaviour, with biennial and annual types found among closely-related cultivars of the same 

species.  In cauliflower and broccoli, the flowering habit is characterised by an arrested stage 

of inflorescence development, which is itself highly variable and subject to environmental 

influences.  The following section focuses on B. oleracea flowering, especially on 

cauliflower curd development and flowering physiology, and on the environmental inputs 

that regulate this process. 
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C. Physiology of Reproductive Development in B. oleracea 

The transition from vegetative to reproductive growth is a critical phase in the life cycle of 

flowering plants, especially in monocarpic species, whose life cycle only allows a single 

opportunity to sexually reproduce (Bernier & Perilleux 2005).  The timing of transition to 

flowering depends on integration of endogenous factors such as size, or number of leaves 

(Bernier & Perilleux 2005), GA biosynthesis (Wilson, Heckman & Somerville 1992) and 

environmental cues such as photoperiod, light quality, temperature and stress (Simpson, 

Gendall & Dean 1999).  The biological function of such endogenous requirements is to 

prevent the plant from flowering before it has accumulated the necessary reserves required 

for energy-intensive reproductive development (Boss et al. 2004).  Photoperiod and/or 

vernalisation requirements serve to synchronise the flowering of conspecific, cross-

pollinating plants, and also ensure that flowering occurs when conditions are conducive to 

fruit set and seed production (Putterill, Laurie & Macknight 2004).  For example, plant 

species that live in climates with a cold winter have developed a requirement for an extended 

period of vernalisation to ensure that flowering does not occur immediately prior to the onset 

of winter, or during winter, when reproductive tissue may be damaged by frost (Sung & 

Amasino 2004b).   

 

Temperature is the main environmental factor influencing B. oleracea flowering time.  Most 

cultivars exhibit at least some flowering time response to vernalisation, but the degree to 

which vernalisation is required for flowering shows substantial genetic variation within the 

genus: cultivars vary from a near-obligate requirement (e.g. cool-temperate spring cultivars) 

to virtually none (e.g. tropical cultivars) (Friend 1985).  The other characteristic feature of 

flowering phenology in B. oleracea is the existence of a juvenile phase, during which the 

plant is insensitive to vernalisation.  This trait also shows substantial genetic variation and 

may range in length from ten to nearly 100 leaves (Wien & Wurr 1997).  This means that, 

unlike A. thaliana and other Brassica species (e.g. B. campestris, B. juncea, B. napus), seed 

vernalisation in B. oleracea is generally not effective (Friend 1985).  

 

Ancestral forms of B. oleracea may have also shown a response to long photoperiods (Long 

Day, or LD) but any substantial LD requirement has been largely bred out of commercial 

cultivars, and small residual responses in some cultivars are only seen in vernalised plants 

(Heide 1970).  There is some evidence that members of the gibberellin group of 
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phytohormones – particularly endogenous gibberellin A1 (GA1) and GA3 (gibberellic acid, or 

simply GA) – are involved in the overall bolting process, although it is not clear whether the 

effect occurs at the level of floral initiation or is restricted merely to elongation of the 

inflorescence stem (Guo et al. 2004).  Nevertheless, GA3 application has been reported to 

precipitate flowering in some cultivars that have received marginal levels of vernalisation 

(Friend 1985).  Devernalisation has also been reported, in which exposure to sufficiently high 

temperatures following a period of vernalisation can revert its effects (e.g. Erwin 2007). 

  

Due to the unique nature of inflorescence development in cauliflower, the flowering process 

is somewhat more complex.  Cauliflower is an annual plant that is characterised by a dome-

shaped mass of tissue known as a curd, which is composed of proliferated inflorescence 

meristems (Sadik 1962).  It is distinguished from its close relative broccoli by the ontological 

stage of arrest at marketable maturity; cauliflower curds consist of arrested inflorescence 

meristems, whereas broccoli heads are not arrested until flower buds are fully differentiated 

(Gray 1982).     

 

The existence of this intermediate curd stage defines two separate phases in the flowering of 

cauliflower; induction of curding, and subsequent „bolting‟ of the curd to produce normal 

brassica flowers.  The diversity of curd morphology and developmental physiology within the 

cauliflower cultivar alone is massive (Crisp 1982), with vernalisation requirements ranging 

from obligate in winter/spring varieties to facultative or non-existent in tropical and early-

maturing types, and a juvenile phase of highly variable length (Sadik 1962; Atherton, Hand & 

Williams 1987).  Control of the bolting phase is poorly understood, but reports of a post-curd 

induction cold requirement for bolting in lines that do not require vernalisation for curd 

initiation suggest that these processes may be regulated by distinct physiological mechanisms 

(Guo et al. 2004).  A limited amount of evidence suggests that GA may play a role in the 

flowering process in vernalised plants (e.g. Leshem & Steiner 1968; Booij 1990; Guo et al. 

2004).   

 

Flowering time is clearly important for the continuity of plant species in nature, and plants 

have accordingly adapted to their environments in order to maximise their reproductive 

success.  In agricultural species that are sexually propagated, or whose marketable part is a 

reproductive structure, such as cauliflower, the flowering process often requires careful 
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management.  Indeed, the very survival of the curding trait in Brassica species depends 

heavily on human selection, cultivation and management of flowering: the reproductive 

fitness of cauliflower is relatively low, partly due to the fact that over 90% of the apical 

meristems in the cauliflower curd abort with the onset of flowering and the excess 

undifferentiated tissue is especially susceptible to attack by saprophytic pathogens (Crisp & 

Walkey 1974).  The use of inbred parent lines in hybrid seed production makes this an even 

more „unnatural‟ process, requiring extremely intensive management.  In the following 

section, the Tasmanian hybrid seed industry is briefly reviewed, and the commonly used 

methods of managing flowering time in hybrid cauliflower seed crops are considered. 
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D. The Tasmanian Hybrid Vegetable Seed Industry &  

Management of Flowering Time 

Much of the background information on the Tasmanian vegetable seed industry contained in 

this section was provided by the manager of Tasmanian seed research company seedPurity, 

C. Spurr (2011, pers. comm., 8 Aug).  All climatic data is sourced from the Australian Bureau 

of Meteorology web site <http://www.bom.gov.au>. 

 

Vegetable seed production is a small, but important sector of the agricultural industry in 

Tasmania, with approximately 100 growers producing around 350 ha of seed with a total 

value to seed companies of approximately A$7 million.  Hybrid brassica crops constitute the 

largest proportion of this figure, with a production area of around 200 ha generating a product 

worth approximately A$5 million in total.  Hybrid cauliflower and cabbage crops represent 

approximately 90% of brassica seed production, with broccoli and other brassicas making up 

the remaining 10%.  In 2001, hybrid cauliflower seed was the second most widely-planted 

vegetable seed crop in the state, behind cabbages.  Hybrid cauliflower seed constituted the 

highest value vegetable seed crop in Tasmania, with an estimated total value of A$2 million.  

Other important hybrid seed crops include onion, carrot and lettuce.  The industry is largely 

export-oriented, with the vast majority of non-specialist growers working for contract 

multipliers who supply overseas (mostly Dutch) vegetable breeding companies such as Rijk 

Zwaan, Bejo Zaden and Enza Zaden.  Small-scale domestic markets include producers of 

home-gardening supplies, such as Mr Fothergills, Yates and Hortico.   

 

Despite being a relatively small player in the global seed market, Tasmania plays an 

important role in the production regimes for these vegetable breeders.  Being in the southern 

hemisphere, it is strategically located for off-season production, allowing breeders to multiply 

seeds faster and ensuring continuity of supply.  Continuity of supply is essential for the 

maintenance of market share.  Furthermore, production divisions in Australia enable 

vegetable breeding companies to spread their production risk over multiple growing 

locations.   

 

Most of Tasmanian brassica seed production occurs in the south east and on the central east 

coast.  The Coal River and Derwent Valleys are particularly important production areas.  

There are also several important sites in the northwest and central north of the state.  Like 
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some inland regions of South East Australia such as Mt Gambier, SA and Daylesford, VIC, 

these locations have an excellent climate for temperate vegetable seed production.  Cool 

winters (3.2°C -13.1°C in July at Campania in the Coal River Valley) are generally sufficient 

for adequate vernalisation.  Mild springs (8.6°C-20.7°C in November in the Coal River 

Valley) are conducive to insect pollination, although late frost is occasionally problematic.  

Summer in Tasmania is typically mild and dry, with an average of rainfall of 37.4 mm 

occurring in January in the Coal River Valley.  These dry conditions are essential to enable 

good seed maturation.  

 

Seed crops are low-volume commodities, meaning that Tasmania‟s isolation does not 

radically disadvantage producers through expensive sea freight costs.  Furthermore, since 

Tasmanian brassica hybrid seed crops are typically grown in very different areas to other 

brassica vegetable crops, there are fewer problems associated with achieving the isolation 

zones required for the production of hybrid seed than there are in the more intensive 

agricultural environments of, for example, northern Europe.   

 

In addition to these natural virtues, Tasmania has a skilled grower base capable of reliably 

producing high-quality, high-value seeds in a small area.  Production of these crops is 

increasingly technically demanding, and high quality agricultural infrastructure, such as 

irrigation, spraying, harvesting and processing equipment allows intensive and cost-effective 

management.  However, despite these favourable circumstances, there are a number of 

inherent difficulties associated with hybrid seed production, and it remains a high-risk 

enterprise requiring a level of attention to detail and agronomic crop knowledge well beyond 

that needed to grow the same crop as a vegetable.   

 

The parent lines used to produce commercial hybrid brassica seed crops are typically inbred 

for a minimum of six generations to ensure homozygosity.  This is essential for phenotypic 

uniformity of the F1 generation.  The effects of inbreeding depression mean that these parent 

lines are often weak, susceptible to disease, and liable to produce less viable pollen.  As a 

consequence, special agronomic management is required to produce healthy plants. 

 

A second major issue facing growers is management of the flowering process.  Synchronicity 

in flowering time between brassica parent lines is essential to ensure pollen transfer from 

pollen donor genetic lines to male sterile genetic lines in order to produce hybrid seed.  
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However, achieving synchronous flowering has been complicated through the use of varieties 

with difficult seed production characteristics.  For example, seed producers face the challenge 

of ensuring flowering in F1 hybrid varieties specifically bred for the desirable vegetable 

quality of bolting resistance.  Attempts to improve heterosis and produce novel hybrids 

through crossing widely divergent parents with markedly different flowering phenology have 

also helped to make synchronous flowering difficult to attain.  Furthermore, seasonal 

variation contributes to unpredictable flowering time.  Low yields or entire crop failures are 

common due to poor synchronicity of flowering between parent lines (Verdial et al. 2001).  

These inherent difficulties require careful management, regardless of where the crop is 

grown.  

 

As elsewhere, flowering time in Tasmanian cauliflower seed production is usually managed 

by site selection and time of planting, which is determined through trial and error (c.f. George 

1999).  Whilst this is generally successful, seasonal temperature variation and lack of 

experience with new cultivars often results in poor or asynchronous flowering.  Tasmanian 

seed producers often apply plastic coverings in order to modify the crop microclimate and 

accelerate plant development.  The application of plant growth regulating chemicals (such as 

GA) has also been employed, with varying degrees of success (Spurr & Geard 2010).  In 

cauliflower crops, early flower buds are frequently trimmed to promote development of later 

flower buds and delay flowering.  These practices provide a limited degree of management of 

flowering time, but are sub-optimal and sometimes result in significant yield penalties. 

 

Seed producers around the world would benefit greatly from improved methods of predicting 

flowering time, such as assays based on expression of key genes in the flowering process.  

The development of reliable models to forecast time of flowering across a wide range of 

genotypes would also be of great benefit.  Several physiological models have been developed 

to enable prediction of cauliflower flowering under field conditions (e.g. Wurr et al. 1993; 

Pearson, Hadley & Wheldon 1994).  Although such phenology models offer reasonable 

predictive power, their primary input has thus far been restricted to temperature.  

Consequently, there is considerable scope for the incorporation of additional levels of 

complexity to these models in order to account for genetic variability and underlying 

biological pathways.  In particular, the integration of genetic and molecular information 

would potentially enable the development of robust, computational approaches to the 

modelling of flowering time in cauliflower, as has already been achieved in Arabidopsis 
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(Chew et al. 2012) and several crop species including bean (Phaseolus vulgaris L.), soybean 

(Glycine max L. Merr) and pea (Pisum sativum L.) (White & Hoogenboom 1996; Messina et 

al. 2006; Wenden et al. 2009).  Although such models are unlikely to replace the need for 

field phenotyping, especially where large genotype x environment (GxE) effects are 

expected, recent improvements in genome sequencing technology and tools for analysing 

genome-scale gene expression and gene regulatory networks (such as chromatin 

immunoprecipitation sequencing, or ChIP-seq) have the potential to form the basis for 

genetically-informed models with greatly enhanced capabilities for predicting the behaviour 

of complex traits, such as flowering time (c.f. Yant 2012).  

 

Alternative management strategies that offer a greater degree of manipulation of flowering 

time are also required.  A clearer understanding of expression of key genes during induction 

of curding and flowering may also help in this regard by providing clues as to the potential 

value of growth regulators and other management strategies in promotion of flowering and 

identifying appropriate application regimes.   

 

Furthermore, a detailed understanding of the molecular mechanisms that regulate cauliflower 

flowering time would be valuable to breeders of B. oleracea seeking to extend the 

geographical range of cultivation.  For instance, cultivation of B. napus in Canada has 

typically been restricted to milder southern latitudes with longer growing seasons where seed 

may fully ripen before the first frosts of autumn (Lagercrantz et al. 1996).  In recent years, the 

development of rapid-flowering, early-maturing varieties has enabled cultivation of B. napus 

in colder regions of northern Canada, but early frosts remain problematic and there are 

ongoing efforts to develop earlier-flowering B. napus.  Rahman et al. (2011) recently reported 

an attempt to introduce early flowering time alleles from B. oleracea var. alboglabra into B. 

napus.  Improved knowledge of the key genes involved in regulating flowering time of B. 

oleracea cultivars would not only assist the development of cultivars better-suited to existing 

agro-environments, but also the development of cultivars suited for new conditions predicted 

by climate change.  Over the last decade, genetic analysis of Arabidopsis flowering time 

variants has identified a large number of genes that regulate the switch from vegetative to 

reproductive development.  This has enabled the construction of a model describing an 

integrated network of molecular pathways that control flowering in response to 

environmental cues such as photoperiod and vernalisation.  In the following section, we 
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briefly review the current molecular model of the Arabidopsis flowering pathway, and 

consider the potential to extend this model to cauliflower.  
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E. Genetic Control of Flowering Time in Arabidopsis & 

Potential for Extension to B. oleracea 

Arabidopsis thaliana (L.) is a small, weedy annual, native to Europe, Asia and Northern 

Africa.  The earliest non-taxonomic mention of the organism in the literature of scientific 

botany concerned the description of a flowering mutant discovered in Germany in 1873 

(Meyerowitz 2001).  Following several decades of sporadic scientific investigation, the 1940s 

saw the publication of research demonstrating the suitability of Arabidopsis as a model 

genetic organism based on its high fecundity, short generation time, small size, natural self-

fertilisation combined with an amenability to cross-fertilisation, and ease of mutagenesis 

(Laibach 1943).  Interest in the organism gradually increased throughout the 1950s, 60s and 

70s and large collections of Arabidopsis mutants and ecotypes were assembled.  In the 1980s, 

the release of a detailed genetic map (Koornneef et al. 1983) along with a series of rapid 

technical advances in molecular genetics saw the widespread adoption of Arabidopsis as a 

model genetic organism.  This was supported by research demonstrating the small size of the 

Arabidopsis nuclear genome and the lack of dispersed repetitive DNA.  In 1998, it was 

designated as a Model Genetic Organism (Fink 1998) and by 2000, all five chromosomes had 

been fully sequenced (Lin et al. 1999; Mayer et al. 1999; Salanoubat et al. 2000; Tabata et al. 

2000; Theologis et al. 2000).  Since its adoption as a model genetic organism, Arabidopsis 

has been the subject of intense investigation as a model for reproductive development.  In 

particular, the rapid growth and development of modern biotechnology has led to 

considerable effort expended in the isolation and analysis of flowering-time genes.  This 

work has resulted in a detailed model of the molecular processes which regulate genes in the 

floral induction pathway (see Figure 2 for a schematic overview of flowering time control in 

Arabidopsis). 

 

As noted previously, the timing of floral induction is under the control of both environmental 

inputs (such as vernalisation and photoperiod) and endogenous cues (such as the juvenile-to-

adult transition).  The genetic and biochemical routes by which these signals initiate 

flowering are commonly referred to as „flowering pathways‟ (Amasino 2010).  Genetic and 

molecular analyses of Arabidopsis have identified four interdependent flowering pathways: 

the photoperiod and vernalisation pathways, which mediate the response to environmental 

signals, and the autonomous and GA pathways, which arise from endogenous changes, 

apparently independently of environmental sensing (Moon et al. 2005).  These pathways form 
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a complex network that ultimately converges on three important regulatory genes including 

FLOWERING TIME (FT), SUPPRESSOR OF OVEREXPRESSION OF CO 1 (SOC1 or 

AGL20), and LEAFY (LFY).  These genes are known as „floral integrators‟ because they 

integrate the balance of signals from the different flowering pathways and convey the 

resulting outcome to floral meristem identity genes (MIG) in the shoot apical meristem 

(SAM) (Simpson & Dean 2002).  LFY may be regarded as both an integrator gene and a 

MIG; together with  APETALA1 (AP1), CAULIFLOWER (CAL) and UNUSUAL FLORAL 

ORGANS (UFO) MIGs, it is involved in the specification of floral fate to lateral meristems 

(Schultz & Haughn 1991; Mandel et al. 1992; Bowman et al. 1993; Wilkinson & Haughn 

1995).   

 

Boss et al. (2004) divide these four flowering pathways into two groups: those that „enable‟ 

floral induction (which include the vernalisation and autonomous pathways), and those that 

„promote‟ floral induction (including photoperiod and GA pathways).  A number of floral 

repressors have been identified that inhibit the expression of floral integrator genes.  

„Enabling‟ pathways function by inhibiting these repressors, thereby rendering the SAM 

„competent to flower‟ (Bernier 1988).  Once the SAM has acquired competence to flower, 

pathways that promote floral induction are effective in stimulating the transition to flowering.  

The pathways which enable flowering are considered first, beginning with the important 

floral repressor FLOWERING LOCUS C (FLC). 

 

FLC encodes a MADS-box protein that binds directly to a region of DNA in the first intron 

and promoter of FT and SOC1, respectively (Michaels & Amasino 1999; Sheldon et al. 1999; 

Helliwell et al. 2006).  This prevents transcription of the FT and SOC1 integrator genes, 

thereby inhibiting flowering.  In naturally occurring winter-annual Arabidopsis ecotypes, 

FLC expression is positively regulated by FRIGIDA (FRI) and other related genes including 

FRIGIDA LIKE 1 (FRL1) and FRL2 (Michaels, Bezerra & Amasino 2004; Schlappi 2006).  

Null alleles of FRI, or FLC alleles that are not upregulated by FRI confer a rapid-flowering 

habit, and allelic variation in these genes is thought to be a significant source of flowering 

time variation (Gazzani et al. 2003). 

  

The vernalisation pathway enables flowering to occur by downregulating FLC expression.  

The first known step in this pathway involves the expression of VERNALIZATION 

INSENSITIVE 3 (VIN3) in response to a prolonged cold signal perceived by the SAM.  VIN3 
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is a PLANT HOMEODOMAIN (PHD)-finger-containing protein (Sung & Amasino 2004b) 

which is involved in de-acetylation of histone H3 in the FLC chromatin.  This has the effect 

of condensing the DNA structure and preventing FLC mRNA transcription and translation, 

thereby allowing expression of FT and SOC1 (Sung & Amasino 2004a; He & Amasino 

2005).  This initial establishment of a hypoacetylated environment also creates favourable 

conditions required for the constitutively expressed VERNALIZATION 1 (VRN1) and VRN2 

genes (Gendall et al. 2001; Levy et al. 2002) to methylate H3.  Although VIN3 expression is 

transient, with mRNA decreasing to undetectable levels within three days of return to warmer 

temperatures, the methylation regulated by VRN1 and VRN2 is a structural change which is 

propagated through mitotic cell divisions in the absence of the inducing cold signal, 

accounting, at least partially, for epigenetic „memory‟ of the vernalised state (Gendall et al. 

2001; Levy et al. 2002; Amasino 2004; Bastow et al. 2004; Sung & Amasino 2004a). 

 

The autonomous pathway also influences flowering time through regulation of FLC, although 

this pathway functions independently of the environment.  A suite of genes including 

LUMINIDEPENDENS (LD), FLOWERING LOCUS D (FLD), FPA, FCA, FY and FVE are 

involved in repressing FLC expression (Simpson & Dean 2002) and maintaining it at a base 

level through a variety of mechanisms including chromatin remodelling (e.g. He & Amasino 

2005), and RNA metabolism (e.g. Simpson et al. 2003).  Although no input signals have been 

conclusively identified as regulators of autonomous gene expression (Simpson 2004), it has 

been noted that expression of FCA is very low during early seedling development, gradually 

increasing in the days after germination (Macknight et al. 1997).  This may suggest a 

mechanism by which FLC levels are gradually reduced as the plant develops, thereby 

preventing precocious flowering (Boss et al. 2004).  In accessions that are early-flowering 

due to null FRI alleles, mutations in any of these autonomous pathway genes restore the late-

flowering phenotype in both long and short days (LDs and SDs) (Koornneef, Hanhart & Van 

der Veen 1991); in winter-annual accessions, FRI functions epistatically to the autonomous 

pathway to upregulate FLC and prevent flowering (Michaels, Bezerra & Amasino 2004).  

Regardless of whether increased FLC expression is due to upregulation by FRI or mutations 

in the autonomous pathway, vernalisation induces flowering through the epigenetic 

repression of FLC (Michaels, Bezerra & Amasino 2004).  Interestingly, Hepworth et al. 

(2002) suggest that while FLC is bound to the SOC1 promoter, the ability of flowering 

pathways to upregulate SOC1 and promote flowering is compromised.  Downregulation of 
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FLC removes this „block‟ and enables other flowering pathways to affect expression of the 

floral integrators. 

 

Once these „enabling‟ factors have rendered the SAM competent to flower, pathways that 

promote the transition to flowering are effective in stimulating that change.  LDs induce 

flowering in Arabidopsis, and this process begins with  photoreceptors: light-sensitive 

proteins that undergo conformational changes upon absorption of a specific wavelength 

(Putterill, Laurie & Macknight 2004).  Two of the most important photoreceptor families are 

the phytochromes (PHYA-E; red and far-red light absorbing) and cryptochromes (CRY1 and 

CRY2; blue and UV-A light absorbing).  When the chromophore (light-sensitive component) 

of these photoreceptors absorbs its specific wavelength of light, the photoreceptor changes 

conformation and interacts with downstream genes.  For example, when PHYB is exposed to 

red light, it is activated and relocated to the cell nucleus where it forms a complex with the 

PIF3 transcription factor (Millar 2003).  This complex binds to the promoters of genes 

encoding MYB transcription factors COLD CLOCK ASSOCIATED 1 (CCA1) and LATE 

ELONGATED HYPOCOTYL (LHY), causing them to be upregulated.  Both of these genes 

are important components of the circadian clock. 

 

Circadian clocks are molecular oscillators that operate on a rhythmical, c.a. 24-hour basis.  

Their rhythms persist in the absence of external cues, but may be precisely entrained to a 24-

hour cycle by diurnal variations in light or temperature (McWatters et al. 2000; Spalding & 

Folta 2005; Liew et al. 2009).  This not only serves to synchronise regular physiological 

events with local day- and night-time, but also plays a role in initiating once-off 

developmental processes such as flowering.  Indeed, altered flowering time is often the most 

obvious effect of mutations in circadian clock genes (e.g. Hicks et al. 1996; Doyle et al. 2002; 

Mizoguchi et al. 2002; Hazen et al. 2005), and variation in these genes is likely to be an 

important source of flowering time variation in many plant species.  Until the mid-2000s, the 

best model of the circadian core oscillator comprised a single feedback loop involving the 

reciprocal regulation of the aforementioned CCA1, LHY and TIMING OF CHLOROPHYLL 

A/B BINDING PROTEIN EXPRESSION 1 (TOC1) (e.g. Alabadí et al. 2001).  In recent years 

however, a very large number of clock genes have been identified, and the vast complexity of 

the molecular processes controlling circadian clocks is being realised.  Computational 

modelling studies have seen the extension of the „single-loop model‟ into a „three-loop‟ 

model comprising (at least) three networked, interlocking feedback loops with transcriptional 
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and post-transcriptional regulation and multiple points for light input and entrainment (Locke 

et al. 2006; Zeilinger et al. 2006).  

 

The circadian clock is responsible for the photoperiod-regulated, rhythmic modulation of 

several flowering-specific genes, with the notable inclusion of CONSTANS (CO), an 

important transcription factor involved in the upregulation of floral integrator genes (Putterill 

et al. 1995; Suárez-López et al. 2001).  In the morning, there is an abundance of proteins 

known as CYCLING DOF FACTORS (CDFs) which bind to, and repress the CO promoter 

(Imaizumi et al. 2005).  Throughout the day, exposure to blue light increases activity of a 

photoreceptor named FLAVIN-BINDING, KELCH REPEAT, F BOX PROTEIN 1 (FKF1).  In 

the afternoon of LDs, FKF1 and the circadian protein GIGANTEA (GI) form a complex that 

is involved in CDF degradation, thereby enabling CO expression (Sawa et al. 2007).  

Coincident light perception by CRY1, CRY2 and PHYA is thought to contribute to CO 

stabilisation, leading to upregulation of the floral integrator genes.  In SD, peak transcription 

of CO mRNA does not occur until darkness has fallen, preventing protein accumulation and 

flowering.  

 

Although the biochemical function of CO is not fully understood, its primary target has been 

identified as floral integrator FT (Wigge et al. 2005).  Photoperiod is perceived by plant 

leaves, and it is here that CO upregulates FT.  FT is then transported through the phloem to 

the SAM where it interacts with a transcription factor called FD to upregulate MIGs (Wigge 

et al. 2005).  TWIN SISTER OF FT (TSF) is a close homologue of FT and appears to be 

another target of CO.  Its transcriptional responses to environmental conditions closely match 

those of FT, and it is suggested that it plays an independent, yet largely redundant role to FT 

in floral integration (Yamaguchi et al. 2005).  TERMINAL FLOWER 1 (TFL1) is another 

close homologue of FT, but in contrast to TSF, it delays flowering by competing with FT for 

FD binding (Ahn et al. 2005).  SOC1 was also thought to be a direct target of CO (Samach et 

al. 2000), but more recent studies (e.g. Wigge et al. 2005) suggest that FT is an intermediary 

in the CO-SOC1 interaction (see also Turck, Fornara & Coupland 2008; Lee & Lee 2010).  

The influence of CO on LFY expression is more indirect still, and is thought to be mediated 

through positive feedback loops involving SOC1 and AGAMOUS-LIKE 24 (AGL24) (e.g. Liu 

et al. 2008).   
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Gibberellins have been shown to be essential for bolting in Arabidopsis (Koornneef & Van 

der Veen 1980; Griffiths et al. 2006).  Experiments with GA-deficient ga1-3 biosynthetic 

mutants have also shown GA to be necessary for flower induction in the absence of 

photoperiod-inductive conditions (Wilson, Heckman & Somerville 1992).  Blázquez et al. 

(1998) demonstrated that GAs directly promote LFY expression through interaction with its 

promoter, stimulating floral induction.  Evidence that SOC1 is regulated by GA has been 

provided (Moon et al. 2003), and FT has also been proposed as a target of GA activity 

(Mutasa-Göttgens & Hedden 2009); Boss et al. (2004) note that LFY over-expression is 

unable to fully complement the late flowering behaviour of ga1-3, and suggest that this may 

be due to altered expression of SOC1/FT in ga1-3. 

 

Many of the genes and genetic pathways involved in the Arabidopsis floral induction process 

have been conserved to some degree in other plant species.  Consequently, there is a dramatic 

expansion of interest in the application of this knowledge to a wide range of crop species 

using comparative and functional genomics approaches.  For example, the complete sequence 

of the rice (Oryza sativa L.) genome has allowed comparisons to be made between rice and 

Arabidopsis flowering pathways (Izawa, Takahashi & Yano 2003).  The recent releases of the 

complete genome sequence of model species such as poplar (Populus trichocarpa Torr. & 

Gray) and soybean have enabled similar analysis of the flowering genetics of perennial trees 

and crop legumes, respectively (Brunner & Nilsson 2004; Hecht et al. 2005).  Understanding 

the flowering process in other important cereal crops such as wheat (Triticum aestivum L.) 

and barley (Hordeum vulgare L.) has been greatly aided by comparative genetic approaches 

within temperate cereals using the framework established in Arabidopsis (Cockram et al. 

2007).  Other crop species in which Arabidopsis flowering time homologues have been 

cloned and investigated include tomato (Solanum lycopersicum L.), sunflower (Helianthus 

annuus L.) and onion (Allium cepa L.) (e.g. Molinero-Rosales et al. 1999; Lifschitz et al. 

2006; Taylor, Massiah & Thomas 2010; Blackman et al. 2011). 

 

The close relationship of Brassica and Arabidopsis has naturally led to comparative genetic 

studies of the molecular pathways controlling floral induction in brassica crops.  The recent 

release of a B. rapa reference-quality complete genome sequence (Wang et al. 2011b), 

combined with ongoing sequencing of the B. oleracea and B. napus genomes and subsequent 

plans to sequence B. nigra, B. juncea and B. carinata genomes is likely to stimulate further 

investigation into this area.  At the time of writing, partial sequences have been reported for 
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B. oleracea homologues of LFY (BoFH), AP1, APETALA3 (AP3), CAL, FRUITFULL (FUL), 

FLC, FT, TFL1 and FRI genes (Anthony, James & Jordan 1993; Carr & Irish 1997; Mimida 

et al. 1999; Kop 2002; Lin et al. 2005; Vorobiev, Pankin & Khavkin 2006).  Several 

flowering time candidate genes that appear to be specific to cauliflower have also been 

identified, including the putative MIG BoREM1 (Franco-Zorrilla et al. 1999) and CCE1 

which is thought to be involved in the control of meristem development or arrest (Palmer et 

al. 2001).  Partial sequences of several important flowering time homologues have been 

reported in other Brassica species, including SOC1 in B. rapa (Kim et al. 2003) and VRN1 in 

B. rapa (Kwon et al. 2004).  Figure 2 is a simplified diagram of the Arabidopsis flowering 

pathway presented alongside a „working model‟ of the B. oleracea flowering pathway, which 

includes the B. oleracea flowering genes mentioned above positioned according to their 

location in the Arabidopsis flowering pathway; it is clear that the identities of many B. 

oleracea flowering genes are yet to be discovered. 

 

 

Fig. 2.  Comparison of Arabidopsis and B. oleracea flowering pathways.  Positive and negative 

regulatory actions are denoted by arrows, and lines with bars, respectively.  Dashed lines indicate more 

speculative interactions.  The location of the genes pictured within the B. oleracea diagram is based on  
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Fig. 2.  (continued) their location in the Arabidopsis pathway.  Question marks indicate processes or 

pathways for which no homologous B. oleracea genes have been positively identified.    

 

Efforts to characterise these flowering candidate genes have been made, revealing both 

parallels and differences to their Arabidopsis homologues.  For example, in Arabidopsis, 

CAL, AP1 and LFY are involved in the specification of floral meristem identity.  In ap1/cal 

Arabidopsis mutants, the floral meristem behaves as an inflorescence meristem reminiscent 

of the cauliflower curd (Bowman et al. 1993).  The identification of a non-functional CAL 

homologue in cauliflower (Kempin, Savidge & Yanofsky 1995), the isolation of a wild-type 

CAL allele in broccoli (Carr & Irish 1997) and the finding that BoAP1-a and Bo-CAL had 

additive roles in head arrest stage (Smith & King 2000) supported the idea that these genes 

were the primary regulators of developmental arrest in cauliflower (see also Lowman & 

Purugganan 1999).  However, other studies have shown that although these genes are 

important to cauliflower curd development, and although there is considerable homology 

between the Arabidopsis and Brassica homologues, their patterns of expression in B. 

oleracea are inconsistent with existing models of Arabidopsis floral initiation and 

development (Anthony, James & Jordan 1993; Duclos & Björkman 2008).  In addition, 

expression patterns of several other Brassica flowering homologues (including TFL1 and 

FUL) are inconsistent with their roles in Arabidopsis, and it is likely that additional genes are 

involved in the complex process of curd development and bolting.   

 

In contrast to the research on inflorescence development, relatively little work has been done 

on genes acting earlier in the floral initiation process in B. oleracea.  Some attention has 

recently been given to the FLC gene family, due to the central role of Arabidopsis FLC in the 

vernalisation response. A number of genetic and QTL analyses have identified strong 

flowering time QTLs in the B. napus, B. oleracea and B. rapa chromosomal regions syntenic 

to the region near the top of Arabidopsis chromosome 5, where FLC and several other 

flowering time genes including CO and FY are located (e.g. Lagercrantz & Lydiate 1996; 

Osborn et al. 1997; Bohuon et al. 1998; Rae, Howell & Kearsey 1999; Schranz et al. 2002; 

Okazaki et al. 2007) and some of these authors have specifically identified these brassica loci 

as being homologous to AtFLC.   
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Several members of this gene family have been isolated and characterised in various brassica 

crop species (Tadege et al. 2001; Schranz et al. 2002; Martynov & Khavkin 2004; Li et al. 

2005; Lin et al. 2005; Kim et al. 2007; Okazaki et al. 2007; Razi et al. 2008).  Studies have 

shown that FLC is strongly down-regulated in response to cold treatment in B. napus (Tadege 

et al. 2001), B. rapa (Li et al. 2005; Kim et al. 2007) and B. oleracea var. capitata L. (Lin et 

al. 2005).  These authors also reported instances where pre-vernalisation FLC transcript 

levels and FLC repression responsiveness appear to be correlated with flowering time and 

vernalisation requirement.  Lin et al. (2005) isolated a cabbage homologue of the important 

flowering time integrator gene FT and found that expression of this transcript in cabbage 

apices was inversely related to BoFLC expression.  Regulation of FLC and FT expression 

may also explain differences in the stage at which vernalisation is effective, which may in 

turn affect juvenility duration, and it is also possible that the stability of FLC repression may 

be linked with devernalisation phenomena reported in many Brassica species (Friend 1985).  

Furthermore, FT is known to play an ongoing role in Arabidopsis meristem maintenance 

during inflorescence development (Smith et al. 2010), raising the possibility that it may also 

play an analogous role in cauliflower curd development. 
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F. Research Motivation & Objectives 

Research and development efforts in vegetable seed production currently lag behind those in 

vegetable breeding and vegetable crop production.  There are major opportunities for 

productivity gains through application of fundamental research findings to seed production 

practice.  B. oleracea seed constitutes the largest sector of the Australian vegetable seed 

industry, but industry sources estimate that up to 50% of B. oleracea seed crops grown in 

Australia produce sub-optimal yields due to problems with completeness or timing of 

flowering, with producers around the world facing the same problem.  Current industry 

solutions to the problem of asynchronous flowering are sub-optimal and often incur a 

significant yield penalty.  A better understanding of the physiological and molecular 

processes that regulate reproductive development in B. oleracea would provide new ways of 

monitoring and understanding progress towards flowering and would enable the development 

of more effective strategies for the management and manipulation of flowering in a 

production environment. 

 

This project will attempt to address this issue by investigating the effects of vernalisation on 

the molecular and physiological aspects of floral induction, curd formation and flowering in a 

diverse range of cauliflower genotypes.  In order to do this, recent discoveries relating to the 

genetic mechanisms involved in the Arabidopsis floral induction pathway will be extended to 

cauliflower.  Rapid advances in knowledge of the molecular control of flowering have not 

been matched by development of new crop management strategies, and it is hoped that this 

study will enable the development of an integrated physiological and molecular approach to a 

practical problem.  Five related areas of investigation, corresponding to the five research 

chapters in this thesis, may be identified:   

 

1. Genetically evaluating the contribution of Arabidopsis thaliana flowering time 

candidate genes to variation in reproductive development, especially focusing on the 

contribution of allelic variation in brassica FLC to curd initiation and flowering time 

variation. 

2. Characterising the reproductive behaviour of a range of cauliflower genotypes in 

multiple growth environments and investigating associations with flowering gene 

functionality. 

3. Understanding sources of variation in vernalisation response, flowering time and 
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juvenility across a range of genotypes within the cauliflower group, and 

characterisation of these differences at the molecular level by monitoring the 

transcriptional dynamics of key genes known to regulate these processes.    

4. Investigating the molecular basis of devernalisation and reversion by examining the 

expression of genes in the floral induction pathway. 

5. Considering the feasibility of molecular assays to predict flowering time in production 

environments. 

 

Predicting timing of key reproductive events and implementation of effective strategies to 

alter flowering times are critical to commercial hybrid brassica seed production.  It is hoped 

that these five areas of investigation will, collectively, lead to an improved understanding of 

regulation of flowering at the molecular level in B. oleracea.  This would facilitate 

development of (a) predictive tools – for instance, QTL-based crop growth models or gene 

expression assays that can be used to predict flowering time (b) management tools based on 

the use of molecular methods to assess effects of crop treatments and (c) breeding tools, such 

as markers that can be used to screen B. oleracea germplasm for molecular variation likely to 

be associated with traits of interest, or identification of genes that may be useful in the 

production of transgenic crops.  Furthermore, it is hoped that this project will provide insights 

into the ways that basic genetic mechanisms for the environmental control of flowering have 

been adapted in different species and in different cultivars within the same species.  In 

particular, analysis of key flowering genes would provide significant new information about 

the genetic and physiological control of important features in cauliflower development, such 

as juvenility, devernalisation, and curd development, that are either not represented or not 

well understood in Arabidopsis or in any other species. 
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Chapter II 

GENERAL MATERIALS & METHODS 

 

A. Introduction 

The research presented in this thesis was initiated as a collaborative research project between 

the University of Tasmania, Rijk Zwaan Nederland B. V. (De Lier, Netherlands) and 

seedPurity Pty Ltd. (Margate, Tasmania).  The project was funded through an Australian 

Research Council Linkage Grant and commenced in April 2006.  This thesis formed a major 

part of the project and was aligned with a second component, focussed on crop agronomy to 

manipulate flowering time in brassica seed crop parent lines, undertaken by commercial 

partner seedPurity.  The PhD research was conducted in two stages between April 2006 and 

June 2009 and between July 2010 and October 2011 (part-time). 

 

The project made use of proprietary brassica inbred parent lines from the Rijk Zwaan 

breeding programme.  Research focused on evaluation of the contribution of flowering time 

candidate genes to flowering variability between these parent lines and describing 

transcriptional dynamics of key genes both during „normal‟ flowering and also under 

conditions promoting devernalisation.  Preliminary investigations of the feasibility of using 

molecular assays to predict flowering time under commercial seed crop production conditions 

were also made; this was a minor component of the PhD project but formed an important 

linkage to the crop agronomy research undertaken in the larger project.  All research was 

undertaken in Tasmania, Australia, apart from that presented in Chapter III, which was 

undertaken during a four-month visit to Rijk Zwaan facilities at Fijnaart, Netherlands, and the 

soil-based glasshouse trial in Daylesford, VIC described in Chapter IV. 

 

In this chapter, general materials and methods common to two or more of the five research 

chapters are described.  Modifications and methodology specific to the research covered in 

individual chapters is presented in the relevant chapter. 
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B. Plant Materials 

Fifty-four homozygous inbred cauliflower proprietary parent lines, 41 homozygous inbred 

cabbage proprietary lines and two homozygous inbred swede (B. napus var. napobrassica) 

proprietary lines were provided by Rijk Zwaan Nederland B. V. (De Lier, 2678 ZG, 

Netherlands).  Table 2 summarises the breeders‟ information available for these lines. 

 

Table 2.  Brassica variety/flowering classifications.  The 54 cauliflower lines had been grouped into 

four flowering classes by Rijk Zwaan breeders, based on time from planting to full flower under field conditions 

in Fijnaart, Noord Brabant, Netherlands:  Class 1: Early (50-70 days); Class 2: Medium Early (70-80 days); 

Class 3: Medium Late (80-120 days); Class 4: Late (120-180 days); Class 5: Very Late (180-250 days).  Other 

Brassica lines were categorised only as „white‟, „savoy‟, „red‟ or „swede‟, with some described as „easy bolting‟.  

Specific flowering time data for the cabbage or swede varieties was not possible to obtain.  

 

CAULIFLOWER  
LINE  

CAULIFLOWER  
FLOWERING CLASS 

CABBAGE/SWEDE  
LINE 

CABBAGE/SWEDE 
VARIETY 

1 Late  55 White 
2 Very Late 56 White 
3 Very Late 57 White (Easy Bolting) 
4 Very Late 58 White 
5 Very Late 59 White 
6 Med Early 60 White 
7 Very Late 61 White 
8 Med Early 62 White 
9 Late 63 White 
10 Early 64 White 
11 Very Late 65 White 
12 Very Late 66 White 
13 Late 67 White 
14 Late 68 White (Easy Bolting) 
15 Very Late 69 White (Easy Bolting) 
16 Late 70 White 
17 Late 71 White 
18 Med Late 72 White (Easy Bolting) 
19 Late 73 White 
20 Med Early 74 White 
21 Med Late 75 White 
22 Very Late 76 White (Easy Bolting) 
23 Med Early 77 White 
24 Late 78 White 
25 Late 79 White 
26 Very Late 80 White (Easy Bolting) 
27 Med Late 81 Swede 
28 Very Late 82 Swede 
29 Med Late 83 Savoy 
30 Early 84 Savoy 
31 Early 85 Savoy 
32 Early 86 Savoy 
33 Med Late 87 Savoy 

(continued overleaf) 
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CAULIFLOWER  
LINE  

CAULIFLOWER  
FLOWERING CLASS 

CABBAGE/SWEDE  
LINE 

CABBAGE/SWEDE 
VARIETY 

34 Med Early 88 Savoy 
35 Early 89 Savoy 
36 Med Early 90 Red 
37 Early 91 Red 
38 Early 92 Red 
39 Early 93 Red 
40 Early 94 Red 
41 Med Late 95 Red 
42 Med Early 96 Red 
43 Med Early 97 Red 
44 Med Late   
45 Med Early   
46 Late   
47 Med Early   
48 Med Early   
49 Med Late   
50 Med Late   
51 Late   
52 Med Late   
53 Med Late   
54 Early   

 

C. Scoring of Curd Development 

Many of the experiments undertaken in this project required assessment of the flowering 

sequence in cauliflower plants.  A semi-quantitative scale to describe the developmental stage 

of curds was developed to allow consistent assessment throughout the project.  This Curd 

Development Key is shown in Figure 3.  

 

D. Plant Growth Medium 

Pot-grown plants were grown in general purpose potting mix (pH approx. 6.3, EC approx. 

1.31), which was a blend of composted pine bark (80%) and coarse sand (20%).  Where seeds 

were germinated in seed raising mix, a 50/50 blend of peat/coarse sand was used. 

  

Table 2.  (continued)  
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Stage 2:  Early stages of curd ‘breaking’ Stage 1:  Visible curd is compact 

Stage 3:  Early-order inflorescence branches elongating; 
flower buds not formed or rudimentary 

Stage 4:  Late-order branches elongating and flower 
buds fully formed 

Stage 5: Less than 12 flowers fully open Stage 6:  More than 12 flowers fully open 

Fig. 3.  Curd Development Key.  Stage 1 corresponds to a curd that is visible without damaging excavation 

amongst apical leaves, and that is compact, with no discernable elongation of peduncles.  Stage 2 corresponds to a „loose‟ 

curd that is beginning to „break‟.  Stage 3 corresponds to a curd whose early-order inflorescence branches are elongating, 

but where individual flower buds are not yet formed, or are rudimentary.  Stage 4 curds have fully-formed flower buds 

(similar to the individual buds of a broccoli head).  Stage 5 corresponds to a curd that has one or more flowers fully open 

(circled), but less than twelve flowers fully open.  Stage 6 is the highest developmental category, and curds have more 

than 12 flowers open, and may have started to produce fruit. 
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E. Gene Isolation 

Genes were isolated using an eight-step approach: (1) DNA extraction; (2) DNA 

quantification; (3) primer design; (4) PCR; (5) bacterial cloning; (6) colony PCR; (7) plasmid 

DNA extraction; and (8) sequencing. 

 

1. DNA Extraction 

Genomic DNA was isolated from individual plants using a modified CTAB protocol.  

Harvested plant tissue was frozen in liquid nitrogen and ground to a fine powder in a mill 

mixer by adding a tungsten carbide bead to each tube containing the frozen plant tissue.  500 

µL of extraction buffer (100 mM Tris-HCl pH 8, 1.4 M NaCl, 20 mM EDTA, 2% w/v 

CTAB, 20 mM 2-β-mercaptoethanol) were added to each tube prior to incubation at 60°C for 

15 min.  500 µL of Chloroform:Isoamylic alcohol (24:1) was then added to the tubes and the 

contents were mixed by gentle inversion.  The samples were centrifuged at 14000 rpm for 1 

min and the upper aqueous phase was transferred to new tubes, and extracted a second time 

with 500 µL of Chloroform:Isoamylic alcohol (24:1).  1 mL of precipitation buffer (50 mM 

Tris-HCl pH 8, 10 mM EDTA, 1% w/v CTAB) was added, and tubes were mixed gently and 

allowed to rest at room temperature for 10-15 minutes until a thread-like precipitate formed.  

The precipitate was collected by centrifugation (10 min, 14000 rpm) and dissolved in 300 µL 

1.5M NaCl containing 1 µL RNase A (25 mg/mL).  The solution was incubated at 50°C for 

15 minutes or until the pellet was fully dissolved.  DNA was precipitated by adding 600 µL 

100% ethanol and was collected by centrifugation (10 minutes at 14000 rpm).  After 

centrifugation, the pellet was washed in 70% ethanol, air-dried, and re-suspended in 50 µL 

sterilised distilled water (SDW). 

 

2. DNA Quantification 

Two alternative methods of quantifying DNA were employed throughout this research.  In 

the first, DNA concentration was measured in a 1X TE solution (10 mM Tris-HCl, 1 mM 

EDTA, pH 7.5) using a fluorescent nucleic acid stain (Quant-iT
™

 PicoGreen
®

 dsDNA 

quantification reagent; Invitrogen, Carlsbad, CA, USA) with a Picofluor
™

 handheld 

fluorometer (Turner Designs, Sunnyvale, CA, USA).  The Blue LED fluorescence channel 

was selected (excitation/emission of 474/515 nm), and a Lambda DNA standard supplied 

with the nucleic acid stain was used for calibration.  Simpler and more accurate quantification 
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became possible following the acquisition of a NanoDrop 8000 spectrophotometer (Thermo 

Scientific, Waltham, MS, USA) which was utilised according to manufacturer‟s instructions 

<http://www.nanodrop.com/Library/nd-8000-v2.0-users-manual-8.5x11.pdf>. 

  

3. Primer Design 

All primers were designed with the aid of Primer3 <http://www.frodo.wi.mit.edu/primer3>.  

Primer sequences are provided in the relevant chapters. 

 

4. Polymerase Chain Reaction (PCR) 

All PCRs were performed in 50 µL reactions comprising 5 µL of (approx.) 50 ng/µL DNA 

and 45 µL master mix.  Master mix reagents and proportions are detailed in Table 3.  

Generally, one of two Taq systems were used: either Mango Taq (Bioline, London, UK) with 

the included 5x Bioline buffer and MgCl2 solution; or TasPol (an in-house Taq enzyme 

produced at the University of Tasmania) with a 10x PCR buffer comprising 500 mM KCl, 

100 mM Tris-HCl pH 8.8, 1% Triton X-100 and 15 mM MgCl2.  For a small number of 

difficult PCRs, Titanium Taq Polymerase (Clontech Laboratories Inc., Mountain View, CA, 

USA) and its associated reagents were utilised according to manufacturer‟s instructions.  

PCRs were carried out in thermal cyclers with heated lids, and as a general rule, comprised an 

initial 5 min template denaturation step at 94°C, followed by 35 cycles of denaturing (94°C 

for 1 min), 1 min of annealing at the appropriate temperature, and extension at 72°C for 1 

min per 1 Kb, with a final elongation step of 72°C for 10 min.  Annealing temperatures were 

optimised according to the length and purine/pyrimidine composition of the primers.  PCR 

products were visualised by agarose gel electrophoresis, with gel concentration dependant on 

the expected fragment size.  Products were purified using the Wizard
®
 SV Gel and PCR 

Clean-Up System (Promega, Madison, WI, USA) following the manufacturer‟s 

microcentrifugation protocol.  
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Table 3.  Standard PCR set-up.  Substantial departures from the master mix composition shown below 

are noted in the relevant section. 

 

REAGENT  AMOUNT/REACTION 
(TASPOL) 

AMOUNT/REACTION 
(MANGO) 

PCR Buffer (Taspol: 10x; MangoTaq: 5x) 5 µL 10 µL 
MgCl2 0 µL 2 µL 
dNTPs (10 mM) 1 µL 1 µL 
Forward Primer (10 µM) 1 µL 1 µL 
Reverse Primer (10 µM) 1 µL 1 µL 
DNA polymerase 0.5 µL 0.1 µL 
DNA template (added separately) 5 µL 5 µL 
Sterile Distilled Water (SDW) 36.5 µL 29.9 µL 

Total 50 µL 50 µL 

 

5. Cloning 

Purified PCR products were ligated into a pGEM-T plasmid vector using the Promega 

pGEM-T Easy Vector System (Promega, Madison, WI, USA) using the 10 µL protocol.  

Electrocompetent E. coli cells (50 µL) were transformed by adding 5 µL of the ligation mix 

and electroporating at 1.2 kV.  400 µL Luria Broth (LB; 10 gL
-1 

NaCl, 5 gL
-1

 Bacto Yeast 

extract, 10 gL
-1

 Bacto Tryptone, pH 7.5) was added to each tube of transformed bacteria, and 

bacteria were incubated at 37°C with shaking for 60 min.  After this period of recovery time, 

each transformation was spread across two LB agar plates (225 µL of transformation mix per 

plate) containing 100 µg/mL ampicillin and 1 µL/mL 4% X-gal (5-bromo-4-indolyl-beta-D-

galactopyranoside) which were incubated at 37°C overnight.  Successful cloning of an insert 

into the pGEM-T plasmid interrupted the coding sequence of the beta-galactosidase gene, 

allowing recombinant clones to be identified by their white colour (in contradistinction to the 

blue colour indicative of colonies that were still capable of metabolising X-gal due to the 

absence of an insert in their plasmid). 

 

6. Colony PCR 

Seven to ten transformed white colonies were picked up with a sterile toothpick, placed in 5 

µL SDW, and denatured at 95°C for 5 min.  A 20 µL aliquot of PCR master mix (Table 4) 

containing primers specific for the inserted sequence was added to each tube, a PCR was 

performed, and the product was visualised by gel electrophoresis according to the protocol 

mentioned above. 
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Table 4.  Colony PCR set-up.   

 

REAGENT  AMOUNT/REACTION 

PCR Buffer (5x) 5 µL 
MgCl2 1 µL 
dNTPs (10 mM) 0.5 µL 
Forward Primer (10 µM) 0.5 µL 
Reverse Primer (10 µM) 0.5 µL 
DNA polymerase 0.2 µL 
Transformed bacteria (added separately) 5 µL 
Sterile Distilled Water (SDW) 12.3 µL 

Total 25 µL 

 

7. Plasmid DNA Extraction 

Individual colonies of bacteria whose DNA produced PCR fragments of an appropriate size  

were subcultured in 5 µL Terrific Broth (TB; 12 g/L Bacto Tryptone, 24 g/L Bacto yeast 

extract, 4 mL/L glycerol, 25 mL/L KHPO) with 100 µg/mL ampicilin, and incubated at 37°C 

overnight in a shaker-incubator.  Plasmids were isolated from the culture using the 

centrifugation method of the Wizard
® 

Plus SV Minipreps DNA Purification System 

(Promega, Madison, WI, USA) according to manufacturer‟s instructions. 

 

8. Sequencing 

Initially, purified PCR products and plasmids were sequenced in-house at the University of 

Tasmania.  Over the course of the project, products and plasmids were also sequenced at the 

Australian Genome Research Facility (AGRF; Gehrmann Laboratories, University of 

Queensland, St Lucia, QLD, Australia) and Macrogen (Seoul, Korea).  Sequences were 

aligned and analysed using Sequencher
® 

v4.0 sequence analysis software (Gene Codes Corp., 

Ann Arbor, MI, USA).  
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F. Gene Expression 

In this section, the five-step approach employed in this project for the measurement of 

mRNA transcript levels in plant tissues is described: (1) tissue sampling; (2) RNA extraction; 

(3) RNA quantification; (4) reverse transcription; and (5) RT-qPCR.  Specific details relating 

to the individual genes analysed (e.g. primer details and annealing temperatures) are provided 

in Chapter V. 

 

1. Tissue Sampling 

Young leaf and apex tissue was harvested for RNA extraction and gene expression analysis.  

Clean scalpel blades were used to remove tissue, which was immediately frozen in an 

aluminium foil package in liquid nitrogen.  Young leaves were defined as the youngest non-

fully expanded leaf of sufficient size to extract adequate RNA (usually 25 mm – 30 mm from 

leaf apex to the point where the petiole becomes distinct from the mid rib).  In vegetative 

apex samples, care was taken to exclude as many young leaves and leaf primordia as 

possible, but small amounts of stem and leaves were invariably present in samples, which 

may be more accurately described as „apically-enriched tissue‟.  Sufficient tissue was 

generally unable to be obtained from plants younger than three weeks of age, and in these 

cases, it was necessary to combine tissue from three to four replicate plants.  Where plants 

had commenced reproductive development, a small amount of tissue was removed from the 

centre of the curd. 

  

2. RNA Extraction 

RNA extraction and purification was performed in a nuclease-free environment with the SV 

Total RNA Isolation System (Promega, Madison, WI, USA), according to manufacturer‟s 

instructions.  Prior our laboratory‟s adoption of this Promega system, a small number of RNA 

extractions were performed with an alternative RNeasy
® 

Mini system (Qiagen, Hilden, 

Germany) following manufacturer‟s instructions.    
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3. RNA Quantification 

As with the DNA quantification described above, two alternative methods of quantifying 

RNA were employed.  The first method involved the measurement of RNA concentration in a 

20X TE solution (200 mM Tris-HCl, 20 mM EDTA, pH 7.5) using a fluorescent nucleic acid 

stain (Quant-iT
™

 RiboGreen
®
 quantification reagent; Invitrogen, Carlsbad, CA, USA) with 

the same configurations on the same handheld fluorometer as described previously. A 

ribosomal RNA standard (16S and 23S rRNA from E. coli) supplied with the nucleic acid 

stain was used for calibration.  Simpler and more accurate quantification became possible 

with the acquisition of a NanoDrop 8000 spectrophotometer (Thermo Scientific, Waltham, 

MS, USA) which was utilised according to manufacturer‟s instructions 

<http://www.nanodrop.com/Library/nd-8000-v2.0-users-manual-8.5x11.pdf>. 

 

4. Reverse Transcription 

Three methods of synthesising first strand cDNA from total RNA were employed in this 

research according to changing availability, price and laboratory practice.  Outcomes were 

found to be similar between all three methods.  The most common method used the MMLV 

High Performance Reverse Transcriptase System (Epicentre Biotechnologies, Madison, WI, 

USA).  1 µg RNA in 13 µL nuclease-free water was incubated at 65°C for 5 min in order to 

denature any secondary structures, and was then immediately placed on ice.  A master mix 

was prepared according to Table 5a and a 7 µL aliquot was added to the RNA.  For each 

sample, a negative control without reverse transcriptase (RT-) was prepared in order to check 

for genomic DNA contamination.  The RT-PCR was performed at 37°C for 60 min, followed 

by a final 85°C, 5 min incubation step to denature the RT enzyme.  For use in RT-qPCR, the 

synthesised cDNA was diluted 1:4 with SDW. 

 

The second method used to synthesise cDNA was the Omniscript
® 

Reverse Transcriptase 

system (Qiagen, Hilden, Germany).  All reagents are listed in Table 5b and the remaining 

procedure was identical to the MMLV system, except for the initial use of 2 µg RNA in 14 

µL H2O with 6 µL master mix, and the omission of the final 85°C denaturation step.  The 

third method used was the ImprompII Reverse Transcriptase system (Promega, Madison, WI, 

USA).  1 µg RNA in 10.5 µL nuclease-free was incubated for 5 min at 70°C and iced for 2 

min prior to the addition of a 9.5 µL aliquot of master mix (Table 5c).  Once again, RT- 
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reactions were prepared, and the RT-PCR consisted of a 5 min annealing step at 25°C, a 60 

min extension step at 42°C, and a final 15 min enzyme deactivation step at 70°C.  For use in 

RT-qPCR, the synthesised cDNA was diluted 1:4 with SDW. 

   

Table 5.  RT-PCR set-up.  Master mix reagents and proportions are shown for three different systems; 

(a) MMLV High Performance Reverse Transcriptase System; (b) Omniscript
 
Reverse Transcriptase system and 

(c) ImprompII Reverse Transcriptase system . 

 

REAGENT  RT+ RT- 

Epicentre RT buffer (10x) 2 µL 2 µL 
DTT (100 mM) 2 µL 2 µL 
dNTPs (10 mM) 1 µL 1 µL 
Oligo-dT primer (10 µM) 1 µL 1 µL 
ScriptGuard RNase inhibitor 1 µL 1 µL 
MMLV Reverse Transcriptase (200 U/µL) 1 µL 0 µL 
RNA/nuclease-free water (added separately) 13 µL 13 µL 
SDW 0 µL 1 µL 

Total 20 µL 20 µL 
 

REAGENT  RT+ RT- 

10x Buffer RT 2 µL 2 µL 
dNTPs (10 mM) 1 µL 1 µL 
Oligo-dT primer (10 µM) 1 µL 1 µL 
RNase inhibitor (10 U/µL) 1 µL 1 µL 
Omniscript Reverse Transcriptase 1 µL 0 µL 
RNA/nuclease-free water (added separately) 14 µL 14 µL 
SDW 0 µL 1 µL 

Total 20 µL 20 µL 
 

REAGENT  RT+ RT- 

RT buffer (5x) 4 µL 4 µL 
MgCl2 (25 mM)  2.5 µL 2.5 µL 
dNTPs (10 mM) 1 µL 1 µL 
Oligo-dT primer (10 µM) 0.5 µL 0.5 µL 
RNase inhibitor  0.5 µL 0.5 µL 
ImprompII Reverse Transcriptase 1 µL 0 µL 
RNA/nuclease-free water (added separately) 10.5 µL 10.5 µL 
SDW 0 µL 1 µL 

Total 20 µL 20 µL 

 

5. Real-Time Quantitative PCR (RT-qPCR) 

RT-qPCRs were set up with a CAS-1200N Robotic Liquid Handling System (Qiagen, Hilden, 

Germany; formerly Corbett Life Science) and run in a Rotor-Gene RG3000 (Qiagen, Hilden, 

Germany; formerly Corbett Life Science).  Each 10 µL reaction contained 2 µL of first-strand 

cDNA, 5.4 µL Quantace Sensimix Plus SYBR (Bioline, London, UK), 0.3 µL forward 

primer and 0.3 µL reverse primer.  All RT-qPCRs commenced with a 10 min, 95°C 

a. 

b. 

C. 
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denaturation step, followed by 50 cycles of denaturation (95°C for 5 sec), and extension (Tm 

for 40 sec; Tm for individual genes is recorded in Chapter V).  Runs concluded with a single 

melt step, ramping from 65°C to 95°C.  Two technical replicates were performed for each 

sample.  Relative transcript levels for each Gene of Interest (GOI) were normalised against an 

ACTIN (ACT) reference gene (e.g. Hecht et al. 2011) using non-equal amplification 

efficiencies (E) and deviation of cycle threshold (∆CT: the cycle threshold of the reference 

gene minus the cycle threshold of the GOI in an individual sample) according to the 

following equation by Pfaffl (2001):   

 

Relative transcript level = (EGOI) 
∆CT 

x 100% 

 

Unless otherwise stated, all data shown represents the mean ± SE of three biological 

replicates, with each replicate comprising material from one individual plant (except where 

plants were younger than three weeks, in which case tissue was pooled from three to four 

replicates). 

 

G. Statistical Analyses 

All statistical analyses were performed using SPSS 17.0.1 (IBM Corp., Somers, NY, USA) 

unless specifically stated otherwise.  One-way ANOVAs were used to compare mean values.  

Where data met the assumptions of normality and equality of variance, a univariate general 

linear model was employed.  Where these assumptions were not met, a non-parametric 

Kruskal-Wallis test was used.  One-tailed tests were used for all bivariate Pearson 

correlations.  
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Chapter III 

THE CONTRIBUTION OF BoFLC2 TO FLOWERING TIME 

IN CAULIFLOWER 

 

A. Introduction 

The genomes of modern Brassica species are thought to be the product of successive rounds 

of hybridisation, polyploidisation, and chromosomal fusions and rearrangements following 

their divergence from ancestors of present-day Arabidopsis thaliana (Town et al. 2006; 

Murphy 2007).  These complex events have resulted in multiple copies of many Arabidopsis 

genes (Kowalski et al. 1994), the structure and function of which are often conserved despite 

extensive chromosomal reorganisation (Osborn 2004).  The repressor of Arabidopsis 

flowering FLOWERING LOCUS C (FLC) is one such gene that has been the subject of 

particular interest because of its central role in the vernalisation/autonomous flowering 

pathways.  It has been suggested that the wide range of flowering time behaviour observed 

within the Brassica genus may be, at least partially, due to increased potential variation in the 

dosage-regulated expression of this gene (Schranz et al. 2002).  However, where genes are 

duplicated, the possibility for altered or reduced functionality exists (Wang et al. 2006) and it 

is likely that there is at least some variability in the functionality and contribution of the 

various copies of FLC to Brassica flowering time.  The following brief review of the recent 

history of research on Brassica FLC genes indicates that this is the case.   

 

Early references to FLC in the Brassica crop species were made when flowering time QTLs 

were identified in the B. napus and B. rapa chromosomal regions collinear to the 

chromosomal position of AtFLC (the distal end of the short arm of chromosome 5; Osborn et 

al. 1997; Kole et al. 2001).  Tadege et al. (2001) reported the isolation of five FLC genes in 

the allopolyploid B. napus designated BnFLC1-5 (where BnFLC1 denotes the sequence with 

the highest amino acid identity to AtFLC and BnFLC5 the lowest).  Early-flowering 

Arabidopsis ecotypes transformed with cDNA constructs of each of these genes exhibited 
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delayed flowering time, with BnFLC1-3 causing the most pronounced effect.  Flowering was 

similarly delayed by expression of Arabidopsis FLC in transformed B. napus.    

 

Given that the diploid Brassica species are presumed to have arisen as a result of whole-

genome triplication (Lagercrantz & Lydiate 1996; Lagercrantz 1998), they are expected to 

contain three FLC copies.  Schranz et al. (2002) isolated these three expected copies in B. 

rapa (BrFLC1, BrFLC2 and BrFLC3) along with a fourth unexpected homologue designated 

BrFLC5, the origins of which do not appear to be due to polyploidisation.  Schranz et al. 

(2002) also isolated BoFLC1, BoFLC3 and BoFLC5, but the BoFLC2 sequence expected 

from findings in B. rapa could not be identified in the rapid-cycling B. oleracea variety used.  

Genes were named according to their similarity with the BnFLC genes described by Tadege 

et al. (2001).  Alleles for at least two of the BrFLC genes (BrFLC1 and BrFLC2) were 

reported to function in an additive manner to delay flowering time (data from Schranz et al. 

(2002) reported by Osborn 2004).  Martynov & Khavkin (2004) isolated two FLC 

homologues in B. juncea, one being an orthologue of BrFLC3, the other being a possible 

BrFLC5 orthologue.   

 

Pires et al. (2004) resynthesised a number of B. napus allopolyploids from a single 

chromosome doubled amphihaploid derived from a cross between B. rapa and B. oleracea 

parent lines.  The same primers as Schranz et al. (2002) were used to amplify FLC genes in 

both parent lines and the resynthesised B. napus, but again, the putative BoFLC2 gene was 

not detected in the rapid-cycling B. oleracea parent (nor was the BoFLC2 orthologue found 

in the resynthesised B. napus, although the BrFLC2 orthologue was). Subsequent selfed 

generations of B. napus resulted in distinctly early or late lineages, and analysis of these two 

groups revealed chromosomal rearrangements leading to different complements of parental 

FLC genes and changes in FLC transcript level.  Due to a suspected non-reciprocal 

transposition, duplicated FLC2 copies from the B. rapa locus were found in early flowering 

B. napus lines, whereas the late flowering lines had no FLC2, leading the authors to postulate 

that this particular BrFLC2 allele is non-functional, or has diverged function, consistent with 

observation that the B. rapa parent was even earlier-flowering than the rapid-cycling B. 

oleracea parent line.  Lin et al. (2005) isolated two AtFLC homologues in cabbage (B. 

oleracea var. capitata L.) and designated them BoFLC3-2 and BoFLC4-1 according to their 

amino acid similarity to the BnFLC genes described by Tadege et al. (2001).  Of these two 

genes, the authors identified BoFLC4-1 as the more significant contributor to flowering.   
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In 2007, Okazaki et al. cloned BoFLC1, BoFLC3 and BoFLC5 (previously described by 

Schranz et al. 2002) in cabbage and broccoli (B. oleracea var. italica Plenck).  They also 

isolated a novel sequence with 98% homology to BoFLC4 and 91% homology to BrFLC2, 

designating it BoFLC2.  Coding sequences within a 1.8 kb amplicon of this gene showed 

100% similarity with the BoFLC4-1 gene cloned by Lin et al. (2005) with the exception of a 

single-base deletion in exon 4 of the broccoli gene.  Predicted amino acid sequences indicated 

that this deletion creates a frame-shift mutation which results in an in-frame stop codon 

(TAA) in exon 4, presumably resulting in a non-functional gene.  All six cultivars and two 

strains of annual B. oleracea (broccoli and cauliflower) used in this study were identified as 

possessing this mutated form of BoFLC2, whereas all cultivars of cabbage, kale (B. oleracea 

var. acephala DC) and Brussels sprout (B. oleracea var. gemmifera Zenker) carried wild-type 

(functional) BoFLC2 alleles.  BoFLC2 appeared to be absent or highly diverged in a rapid-

cycling B. oleracea variety, consistent with the conclusions of Schranz et al. (2002) and Pires 

et al. (2004).  A cross between broccoli and cabbage produced an F2 generation that 

segregated for the BoFLC2 allele, where flowering time data showed a clear relationship 

between late-flowering phenotypes and the non-mutant BoFLC2 genotype. Analysis 

suggested that flowering time was controlled in a quantitative manner, with BoFLC2 the only 

FLC gene that mapped to a known flowering time QTL.   

 

Even more recently, Razi et al. (2008) assessed the possibility of BoFLC1 and BoFLC3-5 

being candidate genes for known flowering time QTLs in a B. oleracea F2 population.  A 

cross was made between a doubled haploid (DH) rapid-cycling line in which BoFLC4 was 

not detected and an annual DH broccoli line described as „late-flowering‟ which carried the 

mutant BoFLC4 allele described by Okazaki et al. (2007) as BoFLC2, however, none of the 

four BoFLC genes were found to be associated with differences in flowering time in the 

population studied.  This is not surprising, given that both of the parents used to generate the 

mapping population were early-flowering lines in which the BoFLC2 gene was shown to be 

defective or absent.   

 

Several observations can be made from the above studies:  (a) genes in the FLC2/FLC4 clade 

are the members of the FLC family most commonly identified as being important in terms of 

flowering time regulation in members of the Brassica genus (this was emphasised recently by 

Zhao et al. (2010b) who identified BrFLC2 as a candidate gene for vernalisation response 

QTL in B. rapa); (b) BoFLC2 and BoFLC4 are very similar genes with only minor 
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differences contained in non-coding regions.  The fact that they have never been identified 

together in the same material supports the view that they are actually minor sequence variants 

of the same gene (Razi et al. 2008); (c) The presence of BoFLC2 has never been detected in 

rapid-cycling lines; (d) the non-mutant BoFLC2 allele has never been identified in early-

flowering or „annual‟ type brassicas (e.g. cauliflower, broccoli), with all cultivars surveyed to 

date containing the mutated allele; (e) the mutated BoFLC2 allele has never been identified in 

late-flowering or „biennial‟ brassicas (e.g. cabbage, Brussels sprouts), with all cultivars 

surveyed to date possessing the functional allele. 

 

When taken together, these observations suggest that BoFLC2 functionality may underpin 

important differences between annual and biennial brassica cultivars, particularly with 

respect to flowering time.  However, no research has been conducted to demonstrate the 

contribution of this gene to flowering time within either annual or biennial brassica types, 

both of which have broad flowering time ranges across cultivars.  In this study, populations 

of inbred annual and biennial brassica parent lines were screened to test for the presence of 

both alleles within these individual groups, and correlations between flowering time 

behaviour and BoFLC2 genotype were assessed in order to test the hypothesis that BoFLC2 

functionality is a key determinant of flowering time, not only between annual and biennial 

groups, but also within these groups.   

 

In this chapter, the contribution of BoFLC2 functionality to flowering time within annual and 

biennial groups was further investigated by assessing flowering time and curd development in 

populations segregating for functional and mutant BoFLC2 alleles derived from crosses 

between two members of the same group (cauliflower x cauliflower).  This population also 

provided an opportunity to map additional flowering time candidate genes and identify 

flowering time QTLs.  In order to do this, a number of key flowering time candidate genes 

besides BoFLC2 were isolated in the parent lines that were used to generate these crosses, 

and unconserved regions of these genes were screened for polymorphisms.  Markers for these 

polymorphisms were designed in order to identify associations with flowering time variation 

in the segregating population.  Identification of additional flowering time QTLs could 

potentially be used in subsequent Marker Assisted Selection (MAS) programmes or serve as 

inputs for plant growth models.  
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B. Materials & Methods 

1. Cauliflower & Cabbage Parent Lines 

Seeds of the 54 homozygous inbred cauliflower parent lines, 41 homozygous inbred cabbage 

parent lines and two homozygous inbred swede parent lines described in Chapter II were 

germinated in Petri dishes at 22°C.  After one week, cotyledons and shoot tips were harvested 

and DNA was extracted using the CTAB method. 

  

2. BoFLC2 CAPS Marker Design 

To detect the single base deletion in exon 4 of BoFLC2 described by Okazaki et al. (2007), 

DNA fragments were amplified using primers designed from published sequence DQ222849 

derived from B. oleracea var. capitata cv. „Reiho‟ (Ishi seed company, Japan) intron 3 

(BoFLC2-PvuII-F: 5‟-AGGGCCTAGAGGGCATACAT-3‟) and intron 6 (BoFLC2-PvuII-R: 

5‟-TTTTGAGGCTCTCGACACAA-3‟).  Denaturation was for 5 min at 94°C, followed by 

35 cycles of denaturing, annealing and extension at 94°C for 1 min, 59°C for 1 min and 72°C 

for 1 min, respectively, with a final elongation step of 72°C for 10 min.  The product was 

digested with PvuII for 8 hours at 37°C and the polymorphism was identified by 2% agarose 

gel electrophoresis.  Representatives of each genotype were cleaned using the Promega 

Wizard
®
 SV Gel and PCR Clean-Up System, and sequenced by the Australian Genome 

Research Facility Ltd. (Gehrmann Laboratories, University of Queensland, St Lucia, QLD). 

  

3. Establishment of F2 Populations 

The following work was conducted in the south of the Netherlands at the Rijk Zwaan 

Research and Development facility, Fijnaart.  In spring 2003, an individual plant from a late-

flowering cauliflower proprietary parent line designated A was crossed with an individual 

plant from an early-flowering cauliflower proprietary parent line designated B.  A second, 

similar cross was made between a late-flowering cauliflower proprietary parent line 

designated C and an early-flowering cauliflower proprietary parent line designated D.  Both 

late-flowering lines had a flowering time of approximately 120 days, and both early-

flowering lines flowered after approximately 70 days.  Crosses were performed in a 

glasshouse at ambient temperatures in natural light by manually transferring pollen at bud 

stage to prevent self-fertilisation.  Line A had been inbred for two generations (S2), line B had 
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been inbred for four generations (S4) and lines C and D had been inbred for six generations 

(S6).  Seeds were harvested, and F1 plants from AB and CD crosses were raised in the 

glasshouse.  In spring 2005, the F1 plants were manually self-pollinated and the resulting AB 

and CD F2 seed was sown in the glasshouse on 15
th

 February 2008, along with A, B, C and D 

parent lines, S3 seed of the parent line A, and the CD F1 seed. 

 

On 16
th

 April 2008, all seedlings were planted into the field at a spacing of 50 cm between 

plants and 75 cm between rows.  There were approximately 30 seedlings of each parent line, 

the CD F1 population and the S3 A population, and approximately 380 F2 seedlings from each 

cross.  These details are summarised in Figure 4.  Conditions and management of both 

glasshouse and field environments were similar to those used in commercial Rijk Zwaan 

breeding programmes, and plant growth was consistent with normal crop development 

patterns.  In this population, DNA was isolated from two 8 mm young leaf discs per plant 

using a mag Plant DNA Isolation Kit (AGOWA, Berlin, Germany) in conjunction with a 

KingFisher magnetic particle processor (Thermo Scientific, Waltham, MA) according to 

manufacturer‟s specifications.  

 

 

 

Fig. 4.  Production of AB and CD segregating populations.  Late-flowering line A (S2) was crossed 

with early-flowering line B (S4) and late-flowering line C (S6) was crossed with early-flowering line D (S6).  

The resulting F1 plants were self-pollinated and the subsequent F2 generations were produced.  In addition, the 

S2 generation of the A line was self-pollinated to produce an S3 line.  Those generations marked with an asterisk 

(*) were included in the April 2008 field planting.  There were approximately 380 plants in each of the 

segregating F2 populations and approximately 30 plants in the A (S2), B (S4), A (S3), C (S6), D (S6) and CD (F1) 

populations.     

 

 

 

A (S1)

A (S2)*

A (S3)*

B (S4)*X

AB (F1)

AB (F2)*

C (S6)* D (S6)*X

CD (F1)*

CD (F2)*
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4. Phenotyping F2 Populations 

The first plants began to initiate curds in late June 2008.  Weekly observations of 

developmental stage and curd diameter in all plants began on 3
rd

 July 2008, shortly after the 

earliest curds were detectable.  Observations were made every 6-12 days until the 11
th

 August 

2008, 117 days after transplanting into the field.  Curd appearance was recorded as the 

number of days after transplanting when the curd became visible without the need for 

damaging excavation amongst the apical leaves.  Plants that had not produced visible curds 

after 117 days were given a maximum score of 127 days in order to differentiate them from 

those plants for which curds were first recorded on the 117
th

 day.  Developmental stage was 

determined according to the Curd Development Key shown in Figure 3.  Plants that had been 

obviously affected by animal browsing were excluded from both curd appearance and 

developmental stage analyses.  Fungal infection was widespread throughout the brassica trial 

(perhaps due to an unusually wet and warm summer), and diseased curds displaying 

advanced symptoms of fungal infection were also excluded from the developmental stage 

analysis.  The AB F2 population and the B parent line were particularly affected by fungal 

infection, necessitating their exclusion from all developmental stage analyses and 

measurements of curd diameter (curd initiation appeared to be unaffected by disease).   

 

5. Additional Marker Design 

An attempt was made to clone and sequence a large number of flowering time candidate 

genes in order to identify polymorphisms between the crossed parents, with the intentions of 

using CAPS markers to construct a linkage map, and to investigate whether these genes 

contributed to flowering time variation.  Primers were designed to span introns, promoters or 

other regions of greater variability.  Primer details are listed in Table 6, primer locations 

within the gene relative to introns are summarised in Figure 5 and full details of PCR 

conditions, product sizes and results are provided in Table 7.  

 

Only two of these genes were found to have polymorphisms suitable for use as CAPS 

markers.  BoFLC4-1 primers RZ-FLC41-F1 (5‟-GAAATATGGAAAGCGGGTGA-3‟) and 

RZ-FLC41-R1 (5‟-AGAGGTGATGCGCCTAGAAA-3‟) were designed from published 

sequence AY306124 (Lin et al. 2005), within the promoter/5‟UTR.  The same PCR 



Chapter III                                       The Contribution of BoFLC2 to Flowering Time in Cauliflower 

44 
 

conditions as those used in the BoFLC2 PCR were used, and products were digested with 

AseI for 2.5 hours at 37°C.   

 

BoREM1 primers RZ-REM1-INT2-F (5‟-TAATTTCAGCGAGGGAAACG-3‟) and RZ-

REM1-INT2-R (5‟-TGACACGAGCTCTGAGGAAA-3‟) were designed from published 

sequence AF051772 (Franco-Zorrilla et al. 1999), spanning the 71 bp intron 2.  The same 

PCR conditions as those used in BoFLC2 and BoFLC4-1 were used, and the product was 

digested with MboII for one hour at 37°C.  Sequencing of each genotype was performed by 

the Australian Genome Research Facility Ltd. (Gehrmann Laboratories, University of 

Queensland, St Lucia, QLD). 

 

6. Statistical Analyses 

Chi square values were calculated using the formula: 
 

 

       
        

 

  
   

 

Where:    = Pearson‟s cumulative test statistic 

Oi = the observed frequency for class i 

  Ei = the expected frequency for class i 

 

In order to calculate the contribution of a given gene of interest (GOI) to a given trait, the 

following formula was used: 

 

σ
2

phenotype = σ
2

genotype + σ
2

environment  

 

The σ
2

genotype component was further partitioned into σ
2

GOI and σ
2

genetic background.  One-way 

ANOVA was used to determine total (σ
2

genotype + σ
2

environment) and residual (σ
2

genetic background + 

σ
2

environment) variance for the F2 population, and residual variance for parent lines (σ
2

environment).  

Using these values, the contribution of the GOI to the phenotypic and genetic variance of a 

given trait was calculated by dividing σ
2

GOI by σ
2

phenotype and σ
2

genotype, respectively.  All 

statistical analyses in this chapter were performed using SAS 9.1 (SAS Institute Inc., Cary, 

NC, USA).    
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Table 6.  Forward and reverse primers used to amplify flowering time candidate genes in 

cauliflower parents A, B, C and D.  Reference sequence refers to the sequence used to design the primers 

(GenBank accession number and reference).   

 

PRIMER  SEQUENCE REFERENCE SEQUENCE 

AGL20 Primers   
RZ-AGL20-F1 5'-GGGCAAAACTCAGATGAAGC-3' AY345237 (Kim et al. 2003) 
RZ-AGL20-F2 5'-TGCAACAAGCAGACAAGTGA-3' AY345237 (Kim et al. 2003) 
RZ-AGL20-R1 5'-TCGACCAGACTTCGATTTCA-3' AY345237 (Kim et al. 2003) 
RZ-AGL20-R2 5'-ATCCCCACTTTTCAGTGAGC-3' AY345237 (Kim et al. 2003) 
RZ-AGL20-R3 5'-TTGGGCTACTCTCTTCGTCA-3' AY345237 (Kim et al. 2003) 
AP1 Primers   
RZ-AP1a-F1 5'-CTTACGCCGAGAGACAGCTT-3' AJ505845 (Kop 2002) 
RZ-AP1a-F2 5'-AACGTTCTTAGGGCGCAAC-3' AJ505845 (Kop 2002) 
RZ-AP1a-R1 5'-CAGCCAAGGTTGCAGTTGTA-3' AJ505845 (Kop 2002) 
RZ-AP1a-R2 5'-TTGCTGACTTTGGACACTGA-3' AJ505845 (Kop 2002) 
RZ-AP15PF  5’-TTGGTTCATACCAAAGTCT-3’ Primer from (Smith & King 2000) 
RZ-AP15PR 5’-ATCCCTTTTAAAGGAACTA-3’ Primer from (Smith & King 2000) 
CAL Primers   
RZ-CAL4F 5’-CATACAAACGCAAACATCTC-3’ Primer from (Smith & King 2000) 
RZ-CALI6R 5’-GGACAAAGCCCACCTACATG-3’ Primer from (Smith & King 2000) 
RZ-CALnestF 5’-TCTTATCTTTGAGTTTGTGAAGA-3’ Primer from (Labate et al. 2006) 
RZ-CALnestR 5’-TGTGCACATATGCTCATGATT-3’ Primer from (Labate et al. 2006) 
CCE1 Primers   
RZ-CCE1-F1 5’-GGAGCAAAAATCCGTAGCTG-3’ AF227978 (Palmer et al. 2001) 
RZ-CCE1-F2 5’-CCCATTCTCCATTCGTGTTT-3’ AF227978 (Palmer et al. 2001) 
RZ-CCE1-F4 5'-CTCAACTGACACATGCTTTGG-3' AF227978 (Palmer et al. 2001) 
RZ-CCE1-R1 5’-AAAAACACCACCCAGAAGGA-3’ AF227978 (Palmer et al. 2001) 
RZ-CCE1-R3 5’-TCGGAAAGGATTGGAGTGAC-3’ AF227978 (Palmer et al. 2001) 
RZ-CCE1-R4 5'-GCGATTTACATTCGAAGCTAGG-3' AF227978 (Palmer et al. 2001) 
BoFH Primers   
RZ-FH-INT1-F1 5’-GTGATTCCGGCACTCATCTT-3’ Z18362 (Anthony, James & Jordan 1993) 
RZ-FH-INT1-F2 5’-ACGCCGTCATTTGCTACTCT-3’ Z18362 (Anthony, James & Jordan 1993) 
RZ-FH-INT2-F1 5’-ACGAAGGTGAGGATGACGAC-3’ Z18362 (Anthony, James & Jordan 1993) 
RZ-FH-INT2-F2 5’-AAAGATCGTGGCGAAAAATG-3’ Z18362 (Anthony, James & Jordan 1993) 
RZ-FH-INT1-R1 5’-CCCTGGCTCCGTTACAATAA-3’ Z18362 (Anthony, James & Jordan 1993) 
RZ-FH-INT1-R2 5’-GTCGTCATCCTCACCTTCGT-3’ Z18362 (Anthony, James & Jordan 1993) 
RZ-FH-INT2-R1 5’-GCGTACCTGAACACCTGGTT-3’ Z18362 (Anthony, James & Jordan 1993) 
RZ-FH-INT2-R2 5’-AGCGTTAAAAACGGCGTCTA-3’ Z18362 (Anthony, James & Jordan 1993) 
BoFLC1 Primers   
RZ-FLC1-F1 5’-CGACCATGGATGCGTAAGTA-3’ AM231517 (Razi et al. 2008) 
RZ-FLC1-F2 5’-AAAAGCTCGACCCTCAAAGC-3’ AM231517 (Razi et al. 2008) 
RZ-FLC1-F3 5'-GGCTTTTGATTATGGACAAACC-3' AM231517 (Razi et al. 2008) 
RZ-FLC1-F4 5'-GGAGTCCATCTTTCCACGTT-3' AM231517 (Razi et al. 2008) 
RZ-FLC1-F5 5'-AACGGATAACCCGAAAAACC-3' AM231517 (Razi et al. 2008) 
RZ-FLC1-R1 5’-CCAATCTGCCCTAAAAACCA-3’ AM231517 (Razi et al. 2008) 
RZ-FLC1-R2 5’-TCGCTTTATTTGAACGTGGA-3’ AM231517 (Razi et al. 2008) 
RZ-FLC1-R3 5'-AACCCAACTTGGAATCAAACC-3' AM231517 (Razi et al. 2008) 
RZ-FLC1-R4 5'-TGATCTTGAGGTCCGGTTTC-3' AM231517 (Razi et al. 2008) 
RZ-FLC1-R5 5'-TCAATGCCCACAACAAGAAA-3' AM231517 (Razi et al. 2008) 
BoFLC2 Primers   
BoFLC2-PvuII-F 5’-AGGGCCTAGAGGGCATACAT-3’ DQ222849 (Okazaki et al. 2007) 
BoFLC2-PvuII-R 5’-TTTTGAGGCTCTCGACACAA-3’ DQ222849 (Okazaki et al. 2007) 

(continued overleaf) 
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Table 6.  (continued) 

PRIMER  SEQUENCE REFERENCE SEQUENCE 

BoFLC3 Primers   
RZ-FLC3-F1 5’-CGTGGTCCATGCAGTAAATG-3’ AM231518 (Razi et al. 2008)  
RZ-FLC3-F2 5’-CCATGCAGTAAATGGCAATG-3’ AM231518 (Razi et al. 2008) 
RZ-FLC3-R1 5’-TTGTCCAGCCCTAATTCCAC-3’ AM231518 (Razi et al. 2008) 
RZ-FLC3-R2 5’-GTTTTTCGGATCCGGATTTT-3’ AM231518 (Razi et al. 2008) 
BoFLC3-2 Primers   
RZ-FLC32-F1 5’-TGTCGGATAAGCCTCGTACC-3’ AY306125 (Lin et al. 2005) 
RZ-FLC32-F2 5’-AGCAGAAACGGGAACCTACA-3’ AY306125 (Lin et al. 2005) 
RZ-FLC32-R1 5’-CATTGCCATTTACTGCATCG-3’ AY306125 (Lin et al. 2005) 
BoFLC4-1 Primers   
RZ-FLC41-F1 5’-GAAATATGGAAAGCGGGTGA-3’ AY306124 (Lin et al. 2005) 
RZ-FLC41-F2 5’-GGGATTGCGCAAAATTCTAA-3’ AY306124 (Lin et al. 2005) 
RZ-FLC41-R1 5’-AGAGGTGATGCGCCTAGAAA-3’ AY306124 (Lin et al. 2005) 
RZ-FLC41-R2 5’-GCGTGGACGGCTAGTGTATT-3’ AY306124 (Lin et al. 2005) 
BoFLC5 Primers   
RZ-FLC5-F1 5’-CCATTCGAGTTCGGATATTG-3’ AM231519 (Razi et al. 2008) 
RZ-FLC5-F2 5’-TGATGAAGGAAGACCCTTGG-3’ AM231519 (Razi et al. 2008) 
RZ-FLC5-F3 5’-ATCGGCAATCGTTGTGTGTA-3’ AM231519 (Razi et al. 2008) 
RZ-FLC5-R1 5’-CGATGCGTTTTAACGACAAG-3’ AM231519 (Razi et al. 2008) 
RZ-FLC5-R2 5’-TTCTCTATCATGGCGGTTCC-3’ AM231519 (Razi et al. 2008) 
RZ-FLC5-R3 5’-CCCAAGACAAAAGACCCAAG-3’ AM231519 (Razi et al. 2008) 
BoFRI Primers   
RZ-BoFRI-F1 5'-GCAGTGGAAACATTCAAACG-3' DQ503574 (Unpublished) 
RZ-BoFRI-F2 5'-AAACGCCACTACGACGACTT-3' DQ503574 (Unpublished) 
RZ-BoFRI-R1 5'-TCCAGGATCAGAAGCGAAAC-3' DQ503574 (Unpublished) 
RZ-BoFRI-R2 5'-ATAAGCTTTGCGCCCTTGTA-3' DQ503574 (Unpublished) 
BoFT Primers   
RZ-FT-F1 5’-GGGTTACATACGGCCAAAGA-3’ Appendix I 
RZ-FT-F2 5’-ATGGTGGATCCAGATGTTCC-3’ Appendix I 
At-FT-F1a-seq 5’-TCAACACAGAGAAACCACCTG-3’ AF152096  (Kardailsky et al. 1999) 
RZ-FT-R1 5’-CGAGATTGTATAGCGCAGCA-3’ Appendix I  
RZ-FT-R2 5’-GGTTGCTAGGACTTGGAACATC-3’ Appendix I  
At-FT-R3a-seq 5’-CATCACCGTTCGTTACTCG-3’ AF152096  (Kardailsky et al. 1999) 
BoREM1 Primers   
RZ-REM1-INT1-F 5’-CCACAACCCTCTCTGTTTCA-3’ AF051772 (Franco-Zorrilla et al. 1999) 
RZ-REM1-INT2-F 5’-TAATTTCAGCGAGGGAAACG-3’ AF051772 (Franco-Zorrilla et al. 1999) 
RZ-REM1-INT3-F 5’-TTTCCTCAGAGCTCGTGTCA-3’ AF051772 (Franco-Zorrilla et al. 1999) 
RZ-REM1-INT1-R 5’-GTTGCCGTCCAGTTTCACTT-3’ AF051772 (Franco-Zorrilla et al. 1999) 
RZ-REM1-INT2-R 5’-TGACACGAGCTCTGAGGAAA-3’ AF051772 (Franco-Zorrilla et al. 1999) 
RZ-REM1-INT3-R 5’-TTAGCCCAGCCTCTTGTGAT-3’ AF051772 (Franco-Zorrilla et al. 1999) 
BoTFL1 Primers   
RZ-TFL1-MIM-1F 5’-GGAGAATATGGGAACTAGAG-3’ AB017530 (Mimida et al. 1999) 
RZ-TFL1-MIM-6R 5’-GATTAACTCGATGTGACCTATC-3’ AB017530 (Mimida et al. 1999) 
VIN3 Primers   
RZ-VIN3-F3 5'-TGTTGTGCTTTTCCCTTTGC-3' ES5935031 (The Brassica Database) 
RZ-VIN3-R3 5'-CCCATACCCATCTTCCTTGA-3' ES5935031 (The Brassica Database) 
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Fig. 5.  Primer locations within genes.  Diagrams are based on the sequence denoted by reference 

sequence listed in Table 6.        (continued overleaf) 
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 Fig. 5.  (continued overleaf) 
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Fig. 5.  (continued) 
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Table 7.  PCR details for all primers tested on parent lines A, B, C and D.  Tm refers to PCR annealing temperature; figures in the cDNA column refer to cDNA 

size (bp) based on reference sequence data, figures in the gDNA column refer to expected gDNA product size; Band A-D columns indicate the observed size of the product; 

Sequenced column values indicate whether or not the products were sequenced.  All PCRs were denatured for 5 min at 94°C, followed by 35 cycles of denaturing (94°C for 1 

min), annealing (at the Tm listed in table, for 1 min) and extension at 72°C for 1 min, with a final elongation step of 72°C for 10 min.  Cycled denaturation, annealing and 

extension durations in PCRs marked with an asterisk (*) were only 45 seconds.  Where PCRs failed, numerous attempts at optimisation were made with various combinations 

of Tm, extension time, DNA concentration, MgCl2 quantities – these are not included in this table.   

 

PCR GENE FORWARD REVERSE Tm cDNA gDNA BAND A BAND B BAND C BAND D SEQUENCED 

1* AGL20 AGL20-F1 AGL20-R1 59 642 ? ~2250 ~2250 ~2250 ~2250 Y (A & C unclear) 
2* AGL20 AGL20-F2 AGL20-R2 59 479 ? Failed Failed Failed Failed N 
3* AGL20 AGL20-F1 AGL20-R2 59 509 ? Failed Failed Failed Failed N 
4* AGL20 AGL20-F2 AGL20-R1 59 503 ? ~2100 ~2100 ~2100 ~2100 Y (unclear) 
5* AGL20 AGL20-F1 AGL20-R3 59 578 ? ~2170 ~2170 ~2170 ~2170 Y (unclear) 
6* AGL20 AGL20-F2 AGL20-R3 59 548 ? Failed Failed Failed Failed N 
7 AP1  AP15PF AP15PR 52 110 ? Failed Failed Failed Failed N 
8* AP1  AP1a-F1 AP1a-R1 59 538 ? Failed Failed Failed Failed N 
9* AP1  AP1a-F2 AP1a-R2 59 505 ? 924 924 924 924 Y 
10 CAL  CAL4F CALI6R 57 ? ? Multiple Multiple Multiple Multiple N 
11 CCE1  CCE1-F1 CCE1-R1 59 323 ? ~320 ~320 ~320 ~320 N 
12 CCE1  CCE1-F1 CCE1-R2 59 354 ? Failed Failed Failed Failed N (Error in R2 primer seq) 
13 CCE1  CCE1-F2 CCE1-R3 59 541 ? ~540 ~540 ~540 ~540 N 
14* CCE1  CCE1-F4 CCE1-R4 59 511 ? 511 511 511 511 Y 
15 BoFH  FH-INT1-F1 FH-INT1-R1 59 320 ? ~750 ~750 ~750 ~750 N 
16 BoFH  FH-INT1-F2 FH-INT1-R2 59 271 ? 718 718 718 718 Y 
17 BoFH  FH-INT2-F1 FH-INT2-R1 59 247 ? Multiple Multiple Multiple Multiple N 
18 BoFH  FH-INT2-F2 FH-INT2-R2 59 273 ? ~1100 ~1100 ~1100 ~1100 Y 
19 BoFLC1  FLC1-F1 FLC1-R1 59 . 791 Failed Multiple Multiple Multiple N 
20 BoFLC1  FLC1-F1 FLC1-R2 59 . 683 Multiple Multiple Multiple Multiple N 
21 BoFLC1  FLC1-F2 FLC1-R1 59 . 694 Failed Failed Failed Failed N 
22* BoFLC1  FLC1-F3 FLC1-R3 59 . 603 ~850 ~850 ~850 ~850 Y 
23* BoFLC1  FLC1-F4 FLC1-R4 59 . 717 ~720 ~720 ~720 ~720 Y 
24* BoFLC1  FLC1-F5 FLC1-R5 59 . 613 613 613 613 613 Y 
25 BoFLC2 BoFLC2-PvuII-F  BoFLC2-PvuII-R 59 . 572 572 571 572 571 Y 

(continued overleaf) 
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PCR GENE FORWARD REVERSE Tm cDNA gDNA BAND A BAND B BAND C BAND D SEQUENCED 

26 BoFLC3 FLC3-F1 FLC3-R1 59 . 663 Failed Failed Failed Failed N 
27 BoFLC3 FLC3-F2 FLC3-R2 59 . 677 Failed Failed Failed Failed N 
28 BoFLC3 FLC3-F1 FLC3-R2 59 . 683 Failed Failed Failed Failed N 
29 BoFLC3 FLC3-F2 FLC3-R1 59 . 657 Failed Failed Failed Failed N 
30 BoFLC3-2 FLC32-F1 FLC32-R1 59 . 649 ~650 ~650 ~650 . N 
31 BoFLC3-2 FLC32-F2 FLC32-R1 59 . 812 812 812 812 812 Y 
32 BoFLC4-1 FLC41-F1 FLC41-R1 59 . 744 744 986 744 986 Y 
33 BoFLC4-1 FLC41-F2 FLC41-R2 59 . 610 610 852 610 852 Y 
34 BoFLC5 FLC5-F1 FLC5-R1 59 . 252 252 252 252 252 Y 
35 BoFLC5 FLC5-F2 FLC5-R2 59 . 634 634 634 634 634 Y 
36 BoFLC5 FLC5-F3 FLC5-R3 59 . 773 773 773 773 773 Y 
37* BoFRI  BoFRI-F1 BoFRI-R1 59 425 ? Failed Failed Failed Failed N 
38* BoFRI  BoFRI-F2 BoFRI-R2 59 357 ? 390 390 390 390 Y 
39* BoFRI  BoFRI-F2 BoFRI-R1 59 419 ? ~450 ~450 ~450 ~450 Y (unclear) 
40* BoFRI  BoFRI-F1 BoFRI-R2 59 372 ? Failed Failed Failed Failed N 
41 BoFT  FT-F1 FT-R1 59 375 ? ~1750 Failed ~1750 ~1750 N 
42 BoFT  FT-F1 FT-R2 59 153 ? 1001 1001 1001 1001 Y 
43 BoFT  FT-F2 FT-R1 59 256 ? 1175 1175 1175 1175 Y 
44 BoFT  At-FT-F1a-seq At-FT-R3a-seq 56 675 ? Failed Failed Failed Failed N 
45 BoREM1  REM1-INT1-F REM1-INT1-R 59 147 ? ~250 ~250 ~250 ~250 Y (unclear) 
46 BoREM1  REM1-INT2-F REM1-INT2-R 59 245 ? 316 304 304 304 Y 
47 BoREM1  REM1-INT3-F REM1-INT3-R 59 201 ? ~300 ~300 ~300 ~300 Y (unclear) 
48 BoTFL1  TFL1-MIM-1F TFL1-MIM-6R 59 . 1241 ~1240 ~1240 ~1240 ~1240 Y 
49* VIN3  VIN3-F3 VIN3-R3 59 507 ? . . . . N 

Table 7.  (continued)  
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C. Results 

1. BoFLC2 Marker Validation 

PCR products from BoFLC2 functional alleles yielded restriction fragments of 356 bp and 

216 bp while the PvuII restriction site was abolished in the 571 bp fragments of the mutant 

allele (hereafter denoted by lower case letters, i.e. boflc2), which remained uncut (Figure 6).   

 

 

 

Fig. 6.  BoFLC2 CAPS marker restriction pattern.  The undigested 571 – 572 bp PCR products of 

four parent lines (A-D), the inbred S3 generation of parent line A (A3), and the F1 progeny of a CxD cross are 

shown on the right.  Digestion with PvuII resulted in the restriction pattern seen on the left, with A, C and A3 

cut into 356 and 216 bp fragments.  Gel is 2% agarose.   

 

2. Screening Cauliflower & Cabbage Parent Lines for BoFLC2 Mutation 

Cauliflower and cabbage homozygous parent lines were screened for the presence of the 

single base deletion in exon 4 of BoFLC2 using the CAPS marker described above.  All 43 

cabbage lines carried functional BoFLC2 with the exception of one white cabbage line which 

was heterozygous.  Of the 54 cauliflower parent lines, 33 carried boflc2 and 21 carried 

BoFLC2 (Figure 7).   

A B C D A3 CD A B C D A3 CD

Digested with PvuII Undigested

500
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Fig 7.  Digested BoFLC2 fragments.  Cauliflower line numbers (corresponding to those listed in 

Table 2) and genotype (mutant = M and functional = F) are shown.  Gel is 1.5% agarose. 

 

Figure 8 shows the distribution of BoFLC2 genotype across the five flowering time classes.  

All lines in the Early class possessed the mutated form of the gene (boflc2).  All but one of 

the lines in the Medium Early class carried boflc2.  In the Medium Late class, eight lines 

carried the mutated allele, and three lines carried functional alleles.  Five lines in the Late 

class carried boflc2, and six lines carried functional alleles.  All Very Late lines possessed 

BoFLC2.      

 

 

Fig. 8.  Distribution of BoFLC2 genotypes across the five cauliflower flowering time classes.  

BoFLC2 parent lines are denoted by blue bars, and boflc2 lines are denoted by red bars.   
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3. Characterisation of F2 Population & Parent Lines 

Following on from the positive identification of both BoFLC2 and boflc2 alleles in 

cauliflower lines, four different parent lines with suitable physiological and commercial 

qualities were selected for further examination.  A subset of plants from the late-flowering 

parents A and C were identified as possessing homozygous functional BoFLC2 (alternatively 

referred to as +/+ for the remainder of this chapter) and a subset of plants from early-

flowering parents B and D were found to possess homozygous boflc2 (alternatively referred 

to as -/- hereafter).  These results are shown in Figure 6.  Subsequent genotyping of the entire 

population of field-grown parental lines identified one and three heterozygous (+/-) plants in 

the S2 and S3 generations of the A parent line, respectively.  One heterozygous plant was 

observed out of the total 30 plants in the S6 parent line C.  Heterozygous parent lines were 

excluded from all subsequent statistical analyses.  All plants in the B and D parent lines were 

homozygous for the mutant boflc2, and all CD F1 plants were heterozygous for this allele.   

 

Genotyping of the AB F2 populations revealed a segregation of 102:175:97 (homozygous 

functional:het:homozygous mutated) for the BoFLC2 gene.  This conforms to the expected 

theoretical 1:2:1 distribution ratio of 93.5:187:93.5 (df = 2;  
2

crit with  at 0.01 = 9.21;  
2

obs = 

1.67).  In the CD F2 population, a segregation of 120:186:71 (homozygous 

functional:het:homozygous mutated) was observed, representing a significant departure from 

the theoretical expected distribution ratio of 94.25:188.5:94.25 (df = 2;  
2

crit with  at 0.01 = 

9.21;  
2

obs = 12.80).     

 

Figure 9 shows that the average length of time until curds became visible was significantly 

(P<0.0001) different between the three BoFLC2 genotypes in the segregating AB F2 

population (Kruskal-Wallis one-way ANOVA).  The average length of time from 

transplanting until curd visibility in +/+ F2 plants was 88.2 days, compared to 84.6 days in +/- 

and 80.0 days in -/- plants.  This effect was more extreme in the parent lines, with the S2 

parent line A curding after 122.3 days and the S6 parent line B curding after just 78.0 days.  

These figures are significantly different from those for the corresponding genotypes in the 

segregating F2 population (P<0.001).  Also, in the S3 A parent line, curds appeared 

significantly faster (116.5 days) than in the A parent line that was only inbred for two 

generations.  Approximately 84% of -/- plants in the F2 population had already formed curds 

by the first week of observation (78 days after transplanting).  Approximately 58% of +/- 
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plants had formed curds by the first week, followed by approximately 48% of +/+ plants.  

Several +/+ and +/- plants in the F2 population and a number of plants in both A parent lines 

had not produced visible curds at the time of the final recording. 

 

 

Fig. 9.  Average number of days from transplanting until curds were visible in three BoFLC2 

genotypes in late-flowering parent A, early-flowering parent B, an S3 population of parent A, and a 

segregating F2 population.  +/+ denotes plants with homozygous BoFLC2, -/- denotes plants with homozygous 

boflc2, and +/- denotes heterozygotes.  Bars represent the standard error of the mean. 

 

Figure 10 shows that in the second (CD) F2 population, the average length of time until curds 

became visible was also significantly different between the three BoFLC2 genotypes.  The 

average length of time from transplanting until curd visibility in +/+ F2 plants and parent line 

C was 94.5 and 90.7 days, respectively; in -/- plants, the duration was an average of 82.1 days 

and 81.2 days for parents.  F2 +/- curds became visible after an intermediate period of 88.0 

days; however, in the heterozygote F1 generation, curds became visible after just 80.1 days – 

a similar period of time to the D parent.  Significant (P<0.0001) differences in time until curd 

visibility were observed between all three genotypes in the F2 population (Kruskal-Wallis 

one-way ANOVA).  Significant (P<0.0001) differences were also observed between the C/C 

parent plant and the other two genotypes, but no significant difference was found between the 

C/D genotype and the D/D genotype.  Around 64% of the -/- plants had already developed a 

visible curd 78 days after planting, in comparison to 29% of the +/- plants and only 12% of 

the plants with the +/+ genotype.  Only one plant (a heterozygote) had not initiated a visible 

curd by the final week of measurement. 
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Fig. 10.  Average number of days from transplanting until curds were visible in three BoFLC2 

genotypes in late-flowering parent C, early-flowering parent D, F1 plants and a segregating F2 population.  

+/+ denotes plants with homozygous BoFLC2, -/- denotes plants with homozygous boflc2, and +/- denotes 

heterozygotes.  Bars represent the standard error of the mean.     

 

Comparison of developmental stage between genotypes in the CD population was conducted 

at the fixed point of 117 days after transplanting.  Figure 11 shows that at this point, F2 plants 

with homozygous BoFLC2 had an average developmental stage of 2.6, corresponding to a 

„loose‟ curd just prior to peduncle elongation (see Figure 3 for curd development key).  

Heterozygous plants had an average stage of 3.6, which corresponds to a curd with elongating 

peduncles which has not quite formed distinct flower buds.  An average developmental stage 

of 5.0 was observed in plants with homozygous boflc2 corresponding to a flowering plant 

with less than 12 flowers fully open.  The developmental stages of parent lines and plants 

from the F1 population were similar to their corresponding genotypes in the F2 population 

(average stages of 2.4, 4.3 and 4.8 in parent C, F1 and parent D, respectively).  Significant 

(P<0.0001) differences in development between the three genotypes were observed in both 

the F2 population and the parent lines/F1 plants (Kruskal-Wallis one-way ANOVA).  

Although variance within genotypes was found to be homogenous (Bartlett‟s test), a Shapiro-

Wilk test failed to support the null hypothesis that the data were normally distributed.  
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Fig. 11.  Average developmental stage of curds in three BoFLC2 genotypes in late-flowering 

parent C, early-flowering parent D, F1 plants and a F2 segregating population 117 days after 

transplanting.  +/+ denotes plants with homozygous BoFLC2, -/- denotes plants with homozygous boflc2, and 

+/- denotes heterozygotes. Bars represent the standard error of the mean.  Developmental stage figures are based 

on Figure 3.   

 

Curd size was recorded throughout the observation period in CD F2 plants.  In the first week 

of measurement (78 days after planting), the average curd size of -/- plants was 11.1 cm, 

greater than that of the +/- plants (5.2 cm), which in turn was greater than the average curd 

size of +/+ plants (2.0 cm; see Figure 12).  In the -/- genotype, curd size increased steadily 

before reaching a plateau.  The other two genotypes appear as though they would also follow 

this general trend, but recording ceased before a clear plateau was reached.  Despite 

significant differences (P<0.0001) in average maximum observed curd size (-/- = 26.7 cm; +/- 

= 25.0 cm; +/+ = 22.1cm) it appears that all three genotypes were tracking to reach a roughly 

similar maximum size, and by fitting quadratic trend lines to the data, similar maximum 

average curd diameters are predicted for each genotype (24.9 cm, 23.1 cm and 25.9 cm for -/-

, +/-, +/+, respectively).  However, while the homozygous mutant boflc2 lines would be 

predicted to reach this maximum size after 108 days, the heterozygotes would require a 

further 6 days to reach this predicted size, and the homozygous functional lines would require 

yet another 26 days.  Using a separate slopes model and comparing the slope between 

average Y values at the first two time points in the -/- line and the average Y values at the 

first three points in the +/- and +/+ lines, the slopes (indicating rate of curd growth) in the 

three genotypes were significantly different (P=0.0427), with the rate of curd growth slower 

in lines with more functional copies of BoFLC2.   
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Fig. 12.  Average curd size in the CD segregating F2 population.  +/+ denotes plants homozygous 

for BoFLC2, -/- denotes plants homozygous for boflc2, and +/- denotes heterozygotes.  Polynomial trend lines 

are displayed, along with slopes of linear regression lines for early time points (first two for -/- and first three for 

+/- and +/+).  Bars represent the standard error of the mean. 

 

4. Identification of Polymorphisms in Parent Lines 

From the 49+ PCRs, 25 DNA fragments from each of the four parent lines A, B, C and D 

were selected for sequencing and marker identification.  Sequence data and alignments with 

corresponding reference sequences may be viewed in Appendix II.  Five of these fragments 

yielded messy sequences, probably due to heterogeneity.  Of the legible sequences, most 

were found to differ to some extent from the reference sequence from which the primers were 

designed.  In the majority of cases, these differences consisted mainly of infrequent SNPs, 

but several products contained substantial insertions (most notably PCRs 22-24 and 38, with 

PCR number corresponding to figures listed in Table 7).  Some reference sequences were 

based on cDNA, and in these cases, intron sequences are also provided in Appendix II. 

 

In most cases (PCRs 9, 14, 16, 18, 23, 24, 31, 34-36, 38), the sequenced region was found to 

be identical in all four parent lines. In the case of PCR 1, parent lines A and C yielded 

illegible sequences, but the incomplete sequences of parents B and D were found to be 

identical.  In PCRs 42, 43 and 48, parents A and B were practically identical to one another, 

and parents C and D were practically identical to one another, but, unusually, there were 

multiple polymorphisms between the A/B parents and the C/D parents.  In PCR 22, a SNP 

was noted between A/C and B/D parent lines, but no suitable CAPS marker could be 

designed to distinguish it.  PCRs 25 (BoFLC2), 32 (BoFLC4-1) and 46 (BoREM1) yielded 
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sequences that contained polymorphisms for which the CAPS markers described in the 

Materials and Methods section were designed.  As well as the previously-described deletion 

of an exonic guanine nucleotide and introduction of a premature stop codon (TAA) in the 

boflc2 sequence, two SNPs were noted in intron 4 of the functional allele (Figure 13). 

  

                      *        20         *        40         *        60         *        80         *       100       

Parents_AC : -------------------------------------CATGTTTAGCACTTCAAAACTGTGGAGATCTAGATATAGTTATTGCATTATTGATCCACATGC :  63 

Parents_BD : -------------------------------------CATGTTTAGCACTTCAAAACTGTGGAGATCTAGATATAGTTATTGCATTATTGATCCACATGC :  63 

DQ222849   : AGGGCCTAGAGGGCATACATACTGGTCAAATCCAACACATGTTTAGCACTTCAAAACTGTGGAGATCTAGATATAGTTATTGCATTATTGATCCACATGC : 100 

                                                                                                                        

                      *       120         *       140         *       160         *       180         *       200       

Parents_AC : ATACCCAATTTCTCAAATCCATTGTTTTAATCGCCTCTTCTATCCCTTCTCCATGGACAGGATCTTCAGTCAGAAGCTCCGAAGTATGGTTCACACCATG : 163 

Parents_BD : ATACCCAATTTCTCAAATCCATTGTTTTAATCGCCTCTTCTATCCCTTCTCCATGGACAGGATCTTCAGTCAGAAGCTCCGAAGTATGGTTCACACCATG : 163 

DQ222849   : ATACCCAATTTCTCAAATCCATTGTTTTAATCGCCTCTTCTATCCCTTCTCCATGGACAGGATCTTCAGTCAGAAGCTCCGAAGTATGGTTCACACCATG : 200 

                                                                                                                        

                      *       220         *       240         *       260         *       280         *       300       

Parents_AC : AGCTACTAGAGCTTGTCGAAAGGTCAGTATTGTCTAAGACTGTTTTTGCTCTCCTCCTTTGATGACAAAGGAATTAGTGTTTCTTGTCAAACTATTAATA : 263 

Parents_BD : AGCTACTAGAGCTTGTCGAAAGGTCAGTATTGTCTAAGACTGTTTTTGCTCTCCTCCTTTGATGACAAAGGAATTAGTGTTTCTTGTCAAACTATTAATA : 263 

DQ222849   : AGCTACTAGAGCTTGTCGAAAGGTCAGTATTGTCTAAGACTGTTTTTGCTCTCCTCCTTTGATGACAAAGGAATTAGTGTTTCTTGTCAAACTATTAATA : 300 

                                                                                                                        

                      *       320         *       340         *       360         *       380         *       400       

Parents_AC : TATGCAGTAAGCTTGTGGAATCAAATTCTGATGTAAGCGTCGATTCCCTCGTTCAGCTGGAGAACCACCTTGAGACTGCCCTCTCCGTAACTAGAGCTAG : 363 

Parents_BD : TATGCAGTAAGCTTGTGGAATCAAATTCTGATGTAAGCGTCGATTCCCTCGTTCA-CTGGAGAACCACCTTGAGACTGCCCTCTCCGTAACTAGAGCTAG : 362 

DQ222849   : TATGCAGTAAGCTTGTGGAATCAAATTCTGATGTAAGCGTCGATTCCCTCGTTCAGCTGGAGAACCACCTTGAGACTGCCCTCTCCGTAACTAGAGCTAG : 400 

                                                                                                                        

                      *       420         *       440         *       460         *       480         *       500       

Parents_AC : GAAGGTACGTTCACTACAAATTTCTTATTTTTTCTTACTTTCAGAGAGCTTATATTTAATTCGTTGCAGACAGAACTATTGTTGAAGCTTGTTGATAGCC : 463 

Parents_BD : GAAGGTACGTTCACTACAAATCTCTTATTTTTTCTTACTTTCAGAGCGCTTATATTTAATTCGTTGCAGACAGAACTATTGTTGAAGCTTGTTGATAGCC : 462 

DQ222849   : GAAGGTACGTTCACTACAAATCTCTTATTTTTTCTTACTTTCAGAGCGCTTATATTTAATTCGTTGCAGACAGAACTATTGTTGAAGCTTGTTGATAGCC : 500 

                                                                                            

                      *       520         *       540         *       560         *         

Parents_AC : TCAAAGAAAAGGTTAGATATCTTATTTTATAGTAGCACTT-------------------------------- : 503 

Parents_BD : TCAAAGAAAAGGTTAGATATCTTATTTTATAGTAGCACTT-------------------------------- : 502 

DQ222849   : TCAAAGAAAAGGTTAGATATCTTATTTTATAGTAGCACTTAGATATTTTACCTTGTGTCGAGAGCCTCAAAA : 572 

 

 

 

 

                      *        20         *        40         *        60         *        80         *       100       

Parents_AC : GATCTTCAGTCAGAAGCTCCGAAGTATGGTTCACACCATGAGCTACTAGAGCTTGTCGAAAGTAAGCTTGTGGAATCAAATTCTGATGTAAGCGTCGATT :100 

Parents_BD : GATCTTCAGTCAGAAGCTCCGAAGTATGGTTCACACCATGAGCTACTAGAGCTTGTCGAAAGTAAGCTTGTGGAATCAAATTCTGATGTAAGCGTCGATT :100 

Parents_AC :  D  L  Q  S  E  A  P  K  Y  G  S  H  H  E  L  L  E  L  V  E  S  K  L  V  E  S  N  S  D  V  S  V  D         

Parents_BD :  D  L  Q  S  E  A  P  K  Y  G  S  H  H  E  L  L  E  L  V  E  S  K  L  V  E  S  N  S  D  V  S  V  D         

                                                                                                                        

                      *       120         *       140         *       160         *       180         *       200       

Parents_AC : CCCTCGTTCAGCTGGAGAACCACCTTGAGACTGCCCTCTCCGTAACTAGAGCTAGGAAGACAGAACTATTGTTGAAGCTTGTTGATAGCCTCAAAGAAAAG :201 

Parents_BD : CCCTCGTTCA-CTGGAGAACCACCTTGAGACTGCCCTCTCCGTAACTAGAGCTAGGAAGACAGAACTATTGTTGAAGCTTGTTGATAGCCTCAAAGAAAAG :200 

Parents_AC : S  L  V  Q  L  E  N  H  L  E  T  A  L  S  V  T  R  A  R  K  T  E  L  L  L  K  L  V  D  S  L  K  E  K       

Parents_BD : S  L  V  H   W  R  T  T  L  R  L  P  S  P  .       

 

 

Fig. 13.  BoFLC2 gDNA, cDNA and predicted amino acid sequence for PCR 25.  Part (a) shows 

gDNA sequences; reference sequence DQ222849 (Okazaki et al. 2007) begins and ends at forward and reverse 

primer locations.  The DQ222849 (late-flowering cabbage variety „Reiho‟) sequence was identical to the 

available sequence of late-flowering cauliflower parents A and C except for two SNPs in intron 4.  Early-

flowering parents B and D were identical to the reference sequence except for the notable deletion of a guanine 

nucleotide in exon 4 (highlighted in yellow), resulting in a premature termination codon (PTC), highlighted in 

red.  Part (b) shows both cDNA and translated cDNA sequences for parents A/C (blue) and B/D (red).  cDNA 

sequences commence at the beginning of exon 3 and conclude at the end of exon 5.  Once again, the deletion of 

a guanine nucleotide in exon 4 is highlighted in yellow, and the resultant PTC in parents B/D is highlighted in 

red.     

  

a. 

b. 
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The primers used in BoFLC4-1 PCRs 32 and 33 overlapped one another, enabling a 

contiguous sequence of the promoter/5‟UTR to be assembled (Figure 14).  The primers of 

both PCRs 32 and 33 spanned a 242 bp insertion, which was itself sufficiently large to have 

enabled agarose gel-based differentiation.  However, the primary means of distinction 

between genotypes used in this work was through the use of the CAPS marker described 

previously, which utilised the primer combination of PCR 32. 
 

                      *        20         *        40         *        60         *        80         *       100        

Parents_AC : ---------------------------------------------AC-TTCG-CCACCGATTCGTATAAGTACTTTTCGCATTAAGTTTGTAATAATAAA :   53 

Parents_BD : ----------------------------------------GCCGTAC-TTCG-CCACCGATTCGTATAAGTACTTTTCGCATTAAGTTTATAATAATAAA :   58 

AY306124   : GAAATATGGAAAGCGGGTGAGATGATTGGATAAAAACCATGCCGTACATTCGCCCACCGATTCGTATAAGTACTTTTCGCATTAAGTTTGTAATAATAAA :  100 

                                                                                                                         

                      *       120         *       140         *       160         *       180         *       200        

Parents_AC : TATAGTATTTTCTCAGCCACATAATTTAGCATATAGGGTTAACACATTTCCCTTTTCTCCACAAACGTTTAATTTATCGTATAGGAAAATGGCATCATCT :  153 

Parents_BD : TATAGTATTTTCTCAGCCACATAATTTAGCATATAGGGTTAACACATTTCCCTTTTCTCCACAAACGTTTAATTTATCGTATAGGAAAATGGCATCATCT :  158 

AY306124   : TATAGTATTTTCTCAGCCACATAATTTAGCATATAGGGTTAACACATTTCCCTTTTCTCCACAAACGTTTAATTTATCGTATAGGAAAATGGCATCATCT :  200 

                                                                                                                         

                      *       220         *       240         *       260         *       280         *       300        

Parents_AC : TAACTTTGTAGCTCTTTGTTGGGGATTTTTGGTATACGACCTTTGTTTTGGTCAGGTTTGTGTAAGTTGTTTCTTGGGTTTGTATTGGCTCAGTTGCAGA :  253 

Parents_BD : TAACTTTGTAGCTCTTTGTTGGGGATTTTTGGTATACGACCTTTGTTTTGGTCAGGTTTGTGTAAGTTGTTTCTTGGGTTTGTATTGGCTCAGTTGCAGA :  258 

AY306124   : TAACTTTGTAGCTCTTTGTTGGGGATTTTTGGTATACGACCTTTGTTTTGGTCAGGTTTGTGTAAGTTGTTTCTTGGGTTTGTATTGGCTCAGTTGCAGA :  300 

                                                                                                                         

                      *       320         *       340         *       360         *       380         *       400        

Parents_AC : GATCATGGTGTTTTTCACCTGTTTTTGGTATTAATATATTTTTCAAGTTTACCCAAAAAAAAA-CTTTTCATCATACATTATATAGACGATTATAATGGG :  352 

Parents_BD : GATCATGGTGTTTTTCACCTGTTTTTGGTAATAATATATTTTTCAAGTTGACCCAAAAAAAAA-CTTTTCATCATACATTATATAGACGATTATAATGGG :  357 

AY306124   : GATCATGGTGTTTTTCACCTGTTTTTGGTATTAATATATTTTTCAAGTTTACCCAAAAAAAAAACTTTTCATCATACATTATATAGACGATTATAATGGG :  400 

                                                                                                                         

                      *       420         *       440         *       460         *       480         *       500        

Parents_AC : ATTGCGCAAAATTCTAAACAAAAATTAAATACTAACTTTTGTATACTATTTTCTAAAACATCTAAAAAATACATTAGTGAGAACAATGTCTATTAAGTAA :  452 

Parents_BD : ATTGCGCAAAATTCTAAACAAAAATTAAATACTAACTTTTGTATACTATTTTCTAAAACATCTAAAAAATACATTAGTGAGAACAATGTCTATTAAGTAA :  457 

AY306124   : ATTGCGCAAAATTCTAAACAAAAATTAAATACTAACTTTTGTATACTATTTTCTAAAACATCTAAAAAATACATTAGTGAGAACAATGTCTATTAAGTAA :  500 

                                                                                                                         

                      *       520         *       540         *       560         *       580         *       600        

Parents_AC : CAATGTCAATTAAACAATGAATTCAACATATTAAAAGAATAGAAATTTATCAAGAAAAAGTGGGCCAAAATCTCCAAATTTCATCCTTATATAAATAAAG :  552 

Parents_BD : CAATGTCAATTAAACAATGAATTCAACATATTAAAAGAACAGAAATTTATCAAGAAAAAGTGGGCCAAAATCTCCAAATTTCATCCTTATATAAATAAAG :  557 

AY306124   : CAATGTCAATTAAACAATGAATTCAACATATTAAAAGAATAGAAATTTATCAAGAAAAAGTGGGCCAAAATCTCCAAATTTCATCCTTATATAAATAAAG :  600 

                                                                                                                         

                      *       620         *       640         *       660         *       680         *       700        

Parents_AC : AGATATCTTGCCTAAAATAGAGGATAAAAATTATTTAGGCAACACGTTTTGAACAACCACAGTGAAACAAACAAAAATACATTCGTCTAGGCAACGAGGC :  652 

Parents_BD : AGATATCTTGCCTAAAATAGAGGATAAAAATTATTTAGGCAACACGTTTTGAACAACCACAGTGAAACAAACAAAAATACATTCGTCTAGGCAACGAGGC :  657 

AY306124   : AGATATCTTGCCTAAAATAGAGGATAAAAATTATTTAGGCAACACGTTTTGAACAACCACAGTGAAACAAACAAAAATACATTCGTCTAGGCAACGAGGC :  700 

                                                                                                                         

                      *       720         *       740         *       760         *       780         *       800        

Parents_AC : ATGTCATCTAAGCACATGGAGTCTT--------------------------------------------------------------------------- :  677 

Parents_BD : ATGTCATCTAAGCACATGGAGTCTTCCTTTTTTTTTATAACCAAGTGTCCTGGTCCCACTGTAGTGGTCCAGACTAGAGACCGAAGCGAGCAAGGACGCT :  757 

AY306124   : ATGTCATCTAAGCACATGGAGTCTT--------------------------------------------------------------------------- :  725 

                                                                                                                         

                      *       820         *       840         *       860         *       880         *       900        

Parents_AC : ---------------------------------------------------------------------------------------------------- :    - 

Parents_BD : GCTAGAACGTCACCATGTGGCTCACCGTGAACGATCTTCGGTCTCGGGCGCTGGGGGATCCGCATATAAATTCTCTAGTGGTCGGGTTTTGAACCCAGGT :  857 

AY306124   : ---------------------------------------------------------------------------------------------------- :    - 

                                                                                                                         

                      *       920         *       940         *       960         *       980         *      1000        

Parents_AC : -------------------------------------------------------------------TTCTAGGCGCATCACCTCTCATGTAGGCATCAT :  710 

Parents_BD : GACGGAACTCACAACCGTGAGCCCTTTATCACCTGAGGTAGAAGCCTCCTTTAGCACATGGAGTCTTTTCTAGGAGCATCACCTCTCATGTAGGCATCAT :  957 

AY306124   : -------------------------------------------------------------------TTCTAGGCGCATCACCTCTCATGTAGGCATCAT :  758 

                                                                                                                         

                      *      1020         *      1040         *      1060         *      1080         *      1100        

Parents_AC : CGCCTACTATCTAGGTACATGTTTCTTTTGTAATGAATTACCAATGGCTTAATCCTTATTCAAAAAATACATACAGTTTTTCATCGGATTTAGTTATAAC :  810 

Parents_BD : CACCTACTATCTAGGTACATGTTTCTTTTGTAATGAATTACCAACGGCTTAATCCTTATTCAAAAAATACATACAGTTTATCATCTGATTTAGTTATAAC : 1057 

AY306124   : CGCCTACTATCTAGGTACATGTTTCTTTTGTAATGAATTACCAATGGCTTAATCCTTATTCAAAAAATACATACAGTTTTTCATCGGATTTAGTTATAAC :  858 

                                                                                                                         

                      *      1120         *      1140         *      1160         *      1180         *      1200        

Parents_AC : TAATACAATCTTTTTATGTTTTTCTTCCTAGTTCAGATCTCACATGAAAGTTTGCCTTAAATCCATCATCAAATTGTACGTGCCAAATTCAGATTAAACA :  910 

Parents_BD : TAATACAATCTTTTTATGTTTTTCTTCCTAGTTCAGATCTCACATGAAAGTTTGCCTTAAATCCATCATCAAATTGTAAGCGCCAAATTCAGATTAAACA : 1157 

AY306124   : TAATACAATCTTTTTATGTTTTTCTTCCTAGTTCAGATCTCACATGAAAGTTTGCCTTAAATCCATCATCAAATTGTACGTGCCAAATTCAGATTAAACA :  958 

                                                                                                                         

                      *      1220         *      1240                 

Parents_AC : A------------------------------------------------ :  911 

Parents_BD : A------------------------------------------------ : 1158 

AY306124   : ATTAGAGTGGCATATCAAACATCTAAATAAATACACTAGCCGTCCACGC : 1007 

 

Fig. 14.  Contiguous BoFLC4-1 Sequences for PCRs 32 and 33.  Reference sequence AY306124 

(Lin et al. 2005) begins at the start of primer FLC41-F1 and ends at the finish of FLC41-R2.  The positions of 

„internal‟ primers FLC41-F2 and FLC41-R1 are indicated by orange arrows.    (continued overleaf) 

FLC4-1 F2 

FLC4-1 R1 
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Fig. 14.  (continued) Primer combinations 32 (FLC41-F1 and FLC41-R1) and 33 (FLC41-F2 and 

FLC41-R2) both spanned the 242 bp insertion that was present in parents B/D.  This alone was sufficient to 

identify the different alleles, but for greater clarity, the primary means of distinguishing BoFLC41 genotype was 

by digesting the PCR 32 product with AseI; the presence of an A instead of a T abolished the restriction site 

(highlighted in yellow) in parents B and D.  

 

Sequences of PCR 46 (BoREM1) were identical in parents B, C and D.  In each of these lines, 

a 12 bp region 1 bp upstream of intron 2 was absent, as compared to reference sequence 

AF051772 and Parent A (Figure 15)  There is one bp difference between the reference 

sequence and parent A (a guanine nucleotide in the reference sequence becomes an adenosine 

nucleotide in parent A) in this 12 bp region.  

                    *        20         *        40         *        60         *        80         *       100       

Parent_A : TAATTTCAGCGAGGGAAACGTCTTGGTTTTTAGACACAATGGAGAAGAGATCTTTCATGTGGCTGTTTCCAGTGAATCTGATGATGATGAGTCCGATGAT : 100 

Parent_B : TAATTTCAGCGAGGGAAACGTCTTGGTTTTTAGACACAATGGAGAAGAGATCTTTCATGTGGCTGTTTCCAGTGAATCTGATGATGATGAGTCCGATGAT : 100 

Parent_C : TAATTTCAGCGAGGGAAACGTCTTGGTTTTTAGACACAATGGAGAAGAGATCTTTCATGTGGCTGTTTCCAGTGAATCTGATGATGATGAGTCCGATGAT : 100 

Parent_D : TAATTTCAGCGAGGGAAACGTCTTGGTTTTTAGACACAATGGAGAAGAGATCTTTCATGTGGCTGTTTCCAGTGAATCTGATGATGATGAGTCCGATGAT : 100 

AF051772 : TAATTTCAGCGAGGGAAACGTCTTGGTTTTTAGACACAATGGAGAAGAGATCTTTCATGTGGCTGTTTCCAGTGAATCTGATGATGATGAGTCCGATGAT : 100 

                                                                                                                      

                                                                                                                      

                    *       120         *       140         *       160         *       180         *       200       

Parent_A : ACTGACGACAGTGAATCTGATGATGAGTCCAATGACACTGACGACAGTGAATCTGATGATTCCGAAGATAATGATGAAGGTAAGTTGTTTGATATGTTTT : 200 

Parent_B : ACTGACGACAGTGAATCTGATGATGAGTCCAATGACACTGACGACAGTGAATCTGATGATTCCGA------------AGGTAAGTTGTTTGATATGTTTT : 188 

Parent_C : ACTGACGACAGTGAATCTGATGATGAGTCCAATGACACTGACGACAGTGAATCTGATGATTCCGA------------AGGTAAGTTGTTTGATATGTTTT : 188 

Parent_D : ACTGACGACAGTGAATCTGATGATGAGTCCAATGACACTGACGACAGTGAATCTGATGATTCCGA------------AGGTAAGTTGTTTGATATGTTTT : 188 

AF051772 : ACTGACGACAGTGAATCTGATGATGAGTCCAATGACACTGACGACAGTGAATCTGATGATTCCGAAGATAATGGTGAA---------------------- : 178 

                                                                                                                      

                                                                                                                      

                    *       220         *       240         *       260         *       280         *       300       

Parent_A : ATTTTTTGGTTTAGTGGAAATGTAAGTGAAGATTGTTGTTATGATTGCAGGGGACAGTAGTTTGGTGAACAAGGAAGCAGATTCTTCATCAGACTGTTTC : 300 

Parent_B : ATTTTTTGGTTTAGTGGAAATGTAAGTGAAGATTGTTGTTATGATTGCAGGGGACAGTAGTTTGGTGAACAAGGAAGCAGATTCTTCATCAGACTGTTTC : 288 

Parent_C : ATTTTTTGGTTTAGTGGAAATGTAAGTGAAGATTGTTGTTATGATTGCAGGGGACAGTAGTTTGGTGAACAAGGAAGCAGATTCTTCATCAGACTGTTTC : 288 

Parent_D : ATTTTTTGGTTTAGTGGAAATGTAAGTGAAGATTGTTGTTATGATTGCAGGGGACAGTAGTTTGGTGAACAAGGAAGCAGATTCTTCATCAGACTGTTTC : 288 

AF051772 : -------------------------------------------------GGGGACAGTAGTTTGGTGAACAAGGAAGCAGATTCTTCATCAGACTGTTTC : 229 

                                                                                                                      

                                        

                    *                

Parent_A : CTCAGAGCTCGTGTCA : 316 

Parent_B : CTCAGAGCTCGTGTCA : 304 

Parent_C : CTCAGAGCTCGTGTCA : 304 

Parent_D : CTCAGAGCTCGTGTCA : 304 

AF051772 : CTCAGAGCTCGTGTCA : 245 

 

Fig. 15.  BoREM1 Sequence for PCR 46.  Sequences from parent lines A-D are aligned against 

reference sequence AF051772 (Franco-Zorrilla et al. 1999).  Forward and reverse primers are located 

respectively at the beginning and end of the sequence.  The intron can be clearly seen between positions 179 and 

249.  The absence of the 12 bp region in parent line B abolished the MboII restriction site, enabling distinction 

to be made between parents A and B. 

 

5. BoFLC4-1 Genotyping of F2 Populations & Parent Lines 

Figure 16 shows the BoFLC4-1 CAPS marker restriction patterns of parents A-D.  Parents A 

and C produced 784 bp fragments and a 986 bp fragment was amplified in parents B and D.  

Although the 242 bp insertion was sufficient to enable discrimination based on size alone, it 

was occasionally necessary to digest products, cutting the functional lines into 331 bp and 

413 bp fragments, while leaving the mutant product intact.  The promoter region in which 
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this marker was designed (based on AY306124; Lin et al. 2005) was not part of the sequence 

that was used to design the BoFLC2 marker (DQ222849; Okazaki et al. 2007), meaning that 

it was initially unclear whether this marker was specific for BoFLC4-1, or whether it would 

also mark the BoFLC2 gene. 

 

 

 

Fig. 16.  BoFLC4-1 CAPS marker restriction pattern.  The undigested 784 and 986 bp PCR 

products of four parent lines (A-D), the inbred S3 generation of parent line A (A3), and the F1 progeny of a CxD 

cross are shown on the right.  Digestion with AseI resulted in the restriction pattern seen on the left, with A, C 

and A3 cut into 331 and 413 bp fragments.  Gel is 2% agarose. 

 

Strong linkage was detected between the BoFLC4-1 and BoFLC2 markers in the AB F2 

population, with functional BoFLC2 alleles mostly co-segregating with the BoFLC4-1 alleles 

in which the 242 bp insertion within the promoter was absent (the allele present in parent A).  

Only six recombinant lines were identified.  In five of these lines, the BoFLC2 genotype was 

+/-, while the (somewhat ambiguous) BoFLC4-1 genotype was homozygous for the „parent 

A‟ BoFLC4-1 allele.  In the sixth recombinant line, the BoFLC2 genotype was -/-, and the 

BoFLC4-1 genotype was heterozygous.  In the 30 S3 A parent plants, four plants were 

observed to possess uncommon BoFLC2/BoFLC4-1 allele pairings (two BoFLC2 +/+ plants 

were heterozygous for the BoFLC4-1 marker, and two BoFLC2 +/- plants were homozygous 

for the „parent A‟ BoFLC4-1 allele).  Of the 32 S2 A parent plants, one +/- BoFLC2 plant was 

heterozygous for the BoFLC4-1 marker.  All plants in the boflc2 parent B line contained the 

BoFLC4-1 allele with the insertion. 

  

A B C D A3 CD A B C D A3 CD

Digested with AseI Undigested

500



Chapter III                                       The Contribution of BoFLC2 to Flowering Time in Cauliflower 

63 
 

Genotyping of the CD F2 population suggested perfect co-segregation of the BoFLC4-1 and 

BoFLC2 markers.  However, in approximately six lines that contained heterozygous BoFLC2, 

the BoFLC4-1 genotype was difficult to determine, with the ambiguity arising from the 

relative faintness of the band of the „early-flowering‟ allele (that is, D parent allele that 

contained the 242 bp insertion.  As a consequence, it is possible that a small number of +/+ F2 

plants in the CD population that were also designated as BoFLC4-1 heterozygotes may in fact 

be recombinants.  Only one of the 30 S6 parent C plants carried the uncommon allele pairing 

(a +/- BoFLC2 plant was homozygous for the „parent C‟ BoFLC4-1 allele).  All boflc2 parent 

D plants carried the more common allele pairing. 

 

6. BoREM1 Genotyping 

Figure 17 shows the 316 bp BoREM1 product amplified in parent A and the 304 bp product 

in amplified in parent B.  Parent A produced restriction fragments of 56, 120, 64, 35 and 41 

bp while the product from parent B contained one less restriction site, producing fragments of 

56, 172, 35 and 41 bp  

 

  

 

Genotyping of parent A (S3) showed that two out of 30 plants had the polymorphism 

normally associated with the B parent line.  The marker only worked in 15 of the 29 B 

500

B A B A

Digested 
with 

MboIIUndigested

Fig. 17.  BoREM1 CAPS marker restriction 

pattern.  The undigested 304 and 316 bp PCR products of 

two parent lines (B and A) are shown on the left.  Digestion 

with MboII resulted in the restriction pattern seen on the 

right, with B cut into 56, 172, 35 and 41 bp fragments, and 

A cut into 56, 120, 64, 35 and 41 bp fragments.  Gel is 2% 

agarose. 
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parents, but all were found to have the expected genotype.  Genotyping the AB F2 population 

was not possible due to an inability to obtain clear restriction fragment patterns.   
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D. Discussion 

1. Screening Cauliflower & Cabbage Parent Lines for BoFLC2 Mutation 

This study provides the first record of non-mutant BoFLC2 alleles in cauliflower varieties, 

and supports the idea that the previously described boflc2 mutation (which is predicted to 

result in a loss of function due to a PTC) is a critical determinant of flowering time within the 

annual brassica sub-group.  It is clear that the proportion of cauliflower parent lines with 

functional alleles becomes higher as the flowering class gets later, reflecting the role of 

BoFLC2 as a flowering inhibitor.  There are no functional alleles in the Early class, one in the 

Medium Early class and three in the Medium Late class, which represents just four out of the 

32 lines in the three earliest flowering groups.  The Very Late category consists solely of 

functional BoFLC2 homozygotes.  However, the presence of BoFLC2 alleles in plants classed 

as Medium Early and Medium Late, combined with the relatively large number of boflc2 

genotypes in the Late flowering class is somewhat incongruous.  In order to investigate the 

basis for these anomalies, the flowering behaviour of these specific cauliflower lines is 

investigated further in Chapter IV.   

 

The detection of a single BoFLC2 putative heterozygote amongst the 43 cabbage lines also 

potentially represents the first record of a boflc2 allele in a biennial brassica cultivar.  The 

suspected heterozygosity of this line is itself unusual, considering that it is an inbred parent 

line.  If any mutant alleles were to be found within the cabbage lines, it would have been 

reasonable to expect them to be within those lines designated as „easy bolting‟.  However, the 

white cabbage line in question was not classified as such, and Rijk Zwaan line descriptions 

do not contain any information to suggest that this line is especially early-flowering.  No 

specific flowering time trials were carried out for this line to assess its flowering behaviour 

relative to other cabbage lines, but it would be informative to observe whether the presence of 

one non-functional allele in this line is associated with an earlier transition to reproductive 

development, relative to the other 42 cabbage lines.  Moreover, it would be interesting to 

genotype this parent‟s seed lot to ascertain whether +/+ and -/- genotypes are also present, 

and to determine whether inbreeding this parent line produces progeny that segregate for the 

two different forms of BoFLC2, and whether BoFLC2 genotype is associated with flowering 

time in cabbage, as it is in cauliflower.  
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More broadly speaking, the relative infrequency of the mutant allele in these cabbage lines 

supports the idea that functional BoFLC2 is an important (if not essential) feature of biennial 

brassica cultivars.  However, the known diversity of flowering time within these cabbage 

parent lines and lack of correlation with the presence of boflc2 alleles indicates that flowering 

time variation within biennial brassica cultivars is largely independent of BoFLC2 

functionality.  It could therefore be suggested that the functionality of the BoFLC2 gene 

contributes in a large measure to the basic identity of the brassica as biennial variety, but that 

variation in the expression or functionality of other flowering time genes (such as other 

BoFLC genes) is responsible for „fine-tuning‟ flowering time within the limitations set by the 

functional BoFLC2 genotype.   

 

The development of cultivated varieties more suited to local environments is an important 

objective of plant breeding efforts.  Identification of a strong association between BoFLC2 

allelic variation and floral induction in „natural‟ populations of cauliflower inbred parent lines 

is potentially of great practical and commercial value to this effort.  For example, the 

functional marker described above could be used to screen germplasm and select favourable 

cauliflower and cabbage genotypes in breeding programmes without the need for lengthy 

growing periods in multiple climatic conditions to accurately determine flowering behaviour 

from phenotypic analysis.  The number of crosses necessary in doubled haploid (DH) 

breeding programmes could be reduced by using this marker to help select parent lines with 

suitable combinations of alleles.  In some cases, BoFLC2 could be modified or transformed to 

alter timing of floral induction without significant negative pleiotropic effects on yield or 

general fitness.  For example, (Kim et al. 2007) reported a substantial delay in Chinese 

cabbage (B. rapa ssp. pekinensis) floral induction by overexpression of FLC.  In B. oleracea 

cultivars where delayed curd induction or flowering is sought, such an approach may find a 

similar application.  Furthermore, this marker could be used for quality control of seed lots 

(as potentially illustrated by the identification of heterozygotes in the A and C cauliflower 

parent lines, and in the cabbage parent line described above)  (see Jung & Müller 2009). 

 

2. Characterisation of Parent Lines & F2 Populations 

As noted, parent line A was less inbred than the other parent lines.  This may explain why 

four out of the five BoFLC2 heterozygotes found in parent lines were parent A (one in the S2 

generation and three in the S3 generation).  The remaining (ambiguous) heterozygote was 
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found in the other late-flowering line, parent C (S6).  While finding heterozygous lines after 

six generations of inbreeding is unusual, a low frequency of +/- may be expected.  As noted 

previously, all heterozygous parent lines were excluded from statistical analysis, but the fact 

that a potentially heterozygous line was used to make the crosses would be expected to affect 

the segregation of the BoFLC2 alleles (and potentially other genes) in subsequent generations 

– especially in the AB F2 population, where the relative frequency of heterozygous lines was 

higher in the parent lines.  This may partially explain the greater phenotypic variation that 

was observed in the AB F2 plants when compared to CD F2 plants. 

 

The genetic and phenotypic analysis of segregating BoFLC2 F2 populations derived from 

crosses between the late-flowering (+/+) and early-flowering (-/-) cauliflowers (as opposed to 

a group of unrelated cauliflower lines) enabled a more „controlled‟ method of assessing 

BoFLC2 influence on flowering time.  Another benefit of this experiment was that it enabled 

the incomplete dominance and quantitative nature of the BoFLC2 gene to be studied through 

analysis of heterozygotes; Okazaki et al. (2007) state that the annual habit in B. oleracea is 

dominant over the biennial habit, but the conditions used in this study exposed dosage effects 

and incomplete dominance of the BoFLC2 gene.  Furthermore, the use of these F2 

populations enabled the collection of flowering time data at a level of detail not possible for 

the parent lines used in this study, which were classified into different flowering classes 

based on in-house trials and inaccessible data. 

 

The correlation of the BoFLC2 genotype with curd appearance date in the AB F2 population 

is plain; plants with more functional copies of BoFLC2 produced curds later (Figure 9).  The 

fact that this correlation remains clear despite parent lines not being „thoroughly‟ inbred 

(which would potentially result in greater heterozygosity of other genes and more phenotypic 

„noise‟), emphasises the strong influence of BoFLC2 on the transition to reproductive 

development.  Compared to the differences in curd initiation between +/+ and -/- genotypes 

in the F2 population, the difference in curd initiation between +/+ and -/- in parent lines is 

even more extreme, primarily due to the very late appearance of A (S2) curds.  The 

differences between genotypes in the F2 population may be smaller because none of the 

parent lines used was isogenic.  This means that in addition to BoFLC2, many other genes 

that influence flowering time would be segregating and influencing the phenotype of the F2 

population, resulting in less extreme phenotypes than in parent lines.  It was also noted that 

the average curd appearance date for parent line A plants inbred for an additional generation 
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(S3) was slightly earlier than those inbred for just two generations (S2).  Without specific 

knowledge of which characteristics formed the basis for selection in the inbreeding 

programme, it is difficult to account for this finding.  

 

The CD cross produced an F2 population that was greatly preferred for analysis of BoFLC2 

influence.  Both C/D parents and F2 population were less affected by disease than the AB 

plants, meaning that, as well as curd initiation, subsequent curd development and flowering 

time could also be investigated.  Furthermore, the C/D parents were more highly inbred (six 

generations as opposed to two and four for the A and B parents, respectively).  A significant 

departure from the expected theoretical BoFLC2 distribution ratio was observed in the CD F2 

population; specifically, the +/+ fraction of the offspring was unusually large, and the -/- 

fraction was unusually small.  This may possibly be due to preferential transmission of the 

functional allele by gametic selection.   

 

Despite the somewhat distorted segregation ratio, the importance of the BoFLC2 gene to the 

flowering phenotype in the CD F2 population is also clear.  In the segregating population, the 

BoFLC2 gene appears to function in a dosage-dependent manner with curd formation delayed 

in an additive manner by additional copies of the functional allele (Figure 10).  Similarly, as 

the number of functional alleles increased, the developmental stage at a fixed time point was 

observed to decline (Figure 11).  The non-normality of the data in this method of classifying 

flowering time was expected due to the non-uniform development of curds, combined with 

the fact that the index used to classify developmental stage is not a perfect reflection of actual 

development; for example, the length of time required for a curd to pass through stages 2-5 

may be brief relative to the amount of time spent as a curd (stage 1) or in full flower (stage 

6).  This means that observations of developmental stage at a fixed point in time are expected 

to result in positively or negatively skewed distribution.  BoFLC2 also appeared to delay 

developmental stage in an additive manner in F1, C and D parent lines, but this was not the 

case for measurements of curd appearance, with F1 curds appearing at a similar stage to curds 

in parent D (Figure 10).  It is possible that compared to the CD F2 population, the effect of 

BoFLC2 heterozygosity on this phenotypic trait is modified or masked in the CD F1 

population by its presumed near-complete background heterozygosity predicted by the higher 

degree of inbreeding of C and D parent lines.  This could only be confirmed by performing 

additional crosses.  
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Applying the formula σ
2

phenotype = σ
2

genotype + σ
2

environment to the observed variance under a 

model of normal distribution would roughly equate to the BoFLC2 gene explaining 40% of 

total phenotypic variance in flowering time, and 65% of the genetic variance in flowering 

time, where flowering time is based on the developmental stage of development 117 days 

after transplanting, and assuming environmental variance in the F2 population is the same as 

the average of the variance in the homozygous parent lines (parental lines were used as 

environmental controls).  As mentioned earlier, it appears likely that the remaining variation 

may be explained by other flowering time genes.  For example, as this thesis was going to 

press, data was published suggesting that allelic variation at the BoFRIa locus may be 

responsible for variation in B. oleracea flowering time (Irwin et al. 2012).   

 

A very recent QTL study by Uptmoor et al. (2011) using a B. oleracea population derived 

from a cross between late/early flowering types indicated that flowering time variability was 

primarily due to differences in vernalisation response.  However, neither parent used to 

generate that population (the same as that used by Razi et al. (2008)) possessed functional 

alleles of BoFLC2 and no other BoFLC genes were found to co-segregate with flowering 

time.  The authors raise the possibility that FLC-independent pathways are responsible for the 

vernalisation response seen in their population, and this may also be the case in the 

populations generated in this study.  However, it is also possible that other members of the 

BoFLC family may be contributing to the flowering response.  In the previously mentioned 

study by Pires et al (2004), segregation of the BnFLC3 explained 29% of the phenotypic 

variation in flowering time, with plants containing B. oleracea FLC3 alleles flowering 

significantly earlier than those with B. rapa FLC3 alleles.  In the (likely) absence of fully-

functional FLC2 in that segregating B. napus population, it seems as though FLC3 is a 

significant determinant of flowering time.  In the same way, it is possible that variation in 

genes such as BoFLC3 could contribute to the remaining variability in the AB and CD 

populations.  However, this cannot be established due to the fact that no polymorphisms were 

detected in BoFLC3 using the primers employed here, meaning that it is unknown whether 

this gene was segregating.  Further examination of the promoter and introns of BoFLC3 

would enable the contribution of the BoFLC3 gene to flowering time in these populations to 

be evaluated.   

 

In both F2 populations, it would have been preferable to commence observations earlier in 

order to capture the precise week of curd initiation in those plants that had already formed 
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curds by the first week of observation.  This is particularly so in the AB population, where 

84% of -/- plants had already formed curds by the first week of observation (followed by 58% 

of +/- and 48% of +/+ plants).  In the CD population, the overall curd initiation was later 

(64% of the -/-, 29% of the +/- and 12% of the +/+); nonetheless, in both populations, the 

percentage of initiated plants decreased as the number of functional BoFLC2 alleles 

increased, meaning that it is likely that the findings reported here would be equally, if not 

more pronounced had observations begun earlier. 

 

Differences in average curd size at the beginning of the observation period are likely to be 

directly related to the differences in initiation date.  It was not unexpected to observe that in 

the later-initiating genotypes, the average curd sizes were smaller in the initial observation 

stages (Figure 12).  Even though significant differences were observed in average maximum 

observed curd size, the differences in curd initiation date make it somewhat misleading to 

compare these values: a more accurate measure of maximum curd size was taken to be the 

predicted maximum size, based on the quadratic trend line.  This predicted maximum size 

was similar for all three genotypes, indicating that BoFLC2 functionality does not have any 

bearing on the final curd size.  Indeed, it was observed that within each of the three 

genotypes, some curds begin to bolt and flower when the curd size is very small, and others 

do not bolt and flower until the curd is quite large.  As well as being influenced by other 

genes, it is expected that this characteristic is very much determined by environmental 

factors. 

 

It is worth noting that there is a significant delay in reaching the maximum predicted curd 

size in +/- and +/+ genotypes.  Again, this may be partially explained by the delayed 

initiation of +/- and +/+ curds compared to -/- lines.  For example, Figure 12 shows that +/- 

lines were, on average, six days slower to reach this maximum predicted size than the -/- 

lines, which is likely to be because they also appeared an average of six days later than the -/- 

lines.  However, the +/+ curds, which appeared an average of twelve days later than the -/- 

lines did not reach this maximum predicted size until 32 days later than the -/- lines. This is 

consistent with the idea that the rate of curd growth, as well as curd development, is slower in 

genotypes with more functional copies of BoFLC2.  Although the statistical calculations of 

curd growth rate are based on comparisons between older curds in the -/- genotype and 

younger curds in the +/- and +/+ genotypes, the quadratic nature of the curves used to 

generate these predicted maximum averages means that even if the curds in all three 
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genotypes were able to be compared at the same age, the differences in slope (and therefore 

rate of growth) would actually be even more pronounced. 

 

3. Additional Markers 

The degree of divergence between crossed parent lines was uncertain (Rijk Zwaan breeders 

were only at liberty to indicate that they were „quite‟ different).  Therefore, it is not possible 

to say whether it is surprising that very few polymorphisms were found between parent lines.  

Observed differences between the sequenced products in Table 7 and their corresponding 

reference sequences were generally SNPs; however, in some situations, significant 

differences exist, and in many cases, intron locations and sequences have been identified.  

Therefore, even though few polymorphisms were identified, this information, combined with 

the trial of different primer pairs and optimisation of PCR conditions, will potentially be 

useful for future work where mapping of brassica flowering genes is needed.  A „wider‟ cross 

between early-flowering broccoli and late-flowering cabbage has already been made, and it is 

hoped that this information can be used in the future to map these candidate genes on the 

resulting F2 population. 

 

Some ambiguity still remains as to whether BoFLC2 and BoFLC4 are one and the same gene; 

alignments of BoFLC2 sequence DQ222849 and BoFLC4-1 sequence AY306124 reveal a 

number of SNPs and several insertions/deletions, but all are confined to introns, and may 

simply be natural variation within the gene between the cultivars.  On the one hand, the six 

apparent recombinants seen in the AB population would normally suggest two separate 

identities for each of these genes.  On the other hand, there are several reasons not to discount 

the idea that the two genes are the same.  For example, the perfect co-segregation of 

BoFLC4-1 with BoFLC2 in the large CD F2 population (although slightly ambiguous in 

several instances) points towards a common identity.  Five out of the six ambiguous 

recombinants detected in the AB F2 population could possibly be explained by the fact that 

parents B and D differed by a SNP in the FLC4-1 R1 primer sequence.  This could mean that 

that plants which were heterozygous for the BoFCL2 alleles were incorrectly being recorded 

as homozygous for the „A‟ parent allele due to poor amplification of the „B‟ parent allele in 

heterozygotes.  However, this theory does not explain why only five of the plants should be 

subject to this ambiguity, nor does it account for the clear recombination observed in one 

plant that was -/- for BoFLC2, but heterozygous for the BoFLC4-1 allele.   
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Another factor in favour of the „same gene, but incorrect BoFLC4-1 identification‟ theory is 

that populations of both A and C parents contained plants recorded as +/- for BoFLC2, but 

homozygous „A‟ for BoFLC4-1, whereas none of the plants in the B or D parent lines (i.e. the 

two lines with a SNP in the primer region) contained heterozygous BoFLC4-1 genotypes.  

However, even allowing for these possible genotyping errors, a simple lack of recombination 

does not enable us to distinguish between the two possibilities: (a) that the genes are the 

same, or (b) that they are different, but closely linked.  The only way to establish this 

conclusively would be to demonstrate how the two pairs of sequence variants are physically 

linked by isolating a single DNA molecule containing them both. 

 

Given that BoREM1 is expected to have a role the initiation of floral meristems ((Franco-

Zorrilla et al. 1999), there was thought to be some potential that a marker based on 

polymorphisms in its sequence would be associated with curd initiation.  Although a suitable 

marker for the AB cross was designed, our inability to obtain clear restriction fragments in 

the AB F2 population prevented a proper assessment of its relationship to the timing of 

reproductive transition.  This is another area that would benefit from further investigation. 
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E. Conclusions 

This research provided the first record of functional BoFLC2 alleles in an annual B. oleracea 

cultivar, and the first record of a boflc2 allele in a biennial B. oleracea cultivar.  Genotyping 

of unrelated cauliflower parent lines showed that the mutant allele was associated with an 

early transition to reproductive development with a small number of exceptions: additional 

assessment of flowering behaviour of all these lines will be reported in Chapter IV.  This 

finding is consistent with other research suggesting that flowering time variation in 

Arabidopsis has arisen, at least partly, through the generation of non-functional or weak FLC 

alleles (Gazzani et al. 2003).  

 

This research also represents the first time that the contribution of BoFLC2 functionality to 

flowering time has been assessed in a segregating F2 population derived from a cross between 

„annual‟ brassicas.  The findings support the idea that not only is BoFLC2 functionality an 

important contributing factor to annual/biennial flowering habits in brassica, but that it is also 

a key determinant of curd growth rate and flowering time within the annual cultivars, 

functioning in a dosage-dependant manner and contributing up to 65% of the genetic variance 

within the CD F2 population.  Within the biennial group of brassicas, flowering time diversity 

must be explained by other unknown genetic factors, and it is likely that these other factors 

also contribute to flowering time in annual cultivars to some extent.  Although a linkage map 

was unable to be constructed in the cauliflower x cauliflower cross, the primers and candidate 

gene information presented here should assist future attempts to do so.  The data support the 

view that BoFLC4-1 is the same gene as BoFLC2, but conclusive evidence was not obtained 

in this experiment.   

 

The development of novel cultivars that are better-suited to local environments and changing 

climatic conditions is a key goal of plant breeding efforts.  The identification of BoFLC2 as 

an important contributor to flowering time within brassica species grown as annual crops is 

potentially of great practical and commercial value to plant breeders, with possible 

applications as a marker for screening and classifying flowering time in cauliflower 

germplasm, or as a target for genetic modification.  From this perspective, it is also important 

to understand how this gene and others in the cauliflower flowering pathway are regulated by 

vernalisation at the molecular level in order to be aware of possible pleiotropic effects.  In 
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Chapter V, the expression dynamics of several important flowering genes, including 

BoFLC2, are investigated. 
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Chapter IV 

CHARACTERISING FLOWERING TIME  

IN CAULIFLOWER PARENT LINES 

 

A. Introduction 

In the previous chapter, functionality of the BoFLC2 gene was shown to make an important 

contribution to flowering behaviour in two segregating cauliflower populations, with 

functional alleles associated with later curd initiation and flowering.  Furthermore, screening 

for BoFLC2 genotype in Rijk Zwaan cauliflower parent lines revealed both BoFLC2 and 

boflc2 alleles in a range of unrelated flowering time accessions, with the BoFLC2 genotype 

strongly associated with delayed flowering in data provided by Rijk Zwaan breeders.  

However, several instances were observed where flowering classifications appeared 

incongruous in light of the BoFLC2 genotype.  For example, several BoFLC2 parent lines had 

been classed as Medium Early or Medium Late, and a relatively large number of boflc2 

genotypes were designated as Late flowering.  In order to establish whether these 

inconsistencies were authentic, or whether they were simply artefacts of a particular 

unspecified method of designating flowering class, further trials were necessary to 

characterise the reproductive behaviour of the cauliflower parent lines in a range of growing 

conditions.  First-hand observation of curding and flowering behaviour would potentially 

enable identification of the physiological basis of these incongruities, and provide a more 

complete understanding of the association between BoFLC2 genotype and differences in 

reproductive development.  In this short chapter, the curding and flowering behaviour of 

cauliflower parent lines grown in three different environments is reported.  
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B. Materials & Methods 

For each of the three flowering time trials, seeds of each of the cauliflower parent lines 

described in Table 2 (except for line 1, of which there was insufficient seed, and lines 22, 26 

and 28, which germinated poorly) were sown into a vermiculite-based seed raising mix on the 

18
th

 of February 2009 („early‟ sowing) and the 11
th

 of March 2009 („late‟ sowing) and raised 

by Hills Transplants (Devonport, Tasmania).   

 

1. Pot-Based Glasshouse Trial 

Seven replicates of each parent line from the early sowing were transplanted into general 

purpose potting mix in 4.5 L pots on the 2
nd

 of April (43 days after sowing) when seedlings 

had four to five fully expanded leaves.  Plants were grown in a glasshouse under natural light 

and photoperiod conditions.  Between the 2
nd

 of April and the 19
th

 of October, temperatures 

ranged between 4°C and 23.4°C, with an average temperature of 14°C, and between the 20
th

 

of October and the 8
th

 of February (when recording ended), temperatures ranged between 

8.8°C and 32.6°C, with an average temperature of 19.7°C.  Plants were fertilised with 

Hoagland‟s solution (Hoagland & Broyer 1936) twice weekly.  Plants were irrigated using 

drip tape located at the potting mix surface to ensure no water settled on curds.  Following 

sowing, developmental stage was recorded on a weekly basis for 51 weeks.  The trial setup is 

shown in Figure 19a-d. 

 

2. Soil-Based Glasshouse Trial 

The second glasshouse-based trial was conducted in Daylesford, Victoria at Rijk Zwaan 

Australia.  All cultural practices used in the preparation and management of this trial were 

based on Rijk Zwaan‟s commercial seed crop management practices.  Seedlings were 

transplanted into the red ferrosol soil at a spacing of approximately 350 mm.  The trial was 

set out as a randomised complete block design.  Three replicates (ten plants per replicate) of 

eight parent lines (2, 12, 17, 24, 40, 48, 50 and 51) from the early sowing were transplanted 

on the 8
th

 of April 2009 (49 days after sowing), and three replicates (ten plants per replicate) 

of each of the parent lines from the late sowing were transplanted on the 28
th

 of April (49 

days after sowing).  This trial site is shown in Figure 19f.  
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3. Field Trial 

The open field trial was located at Oyster Cove in Southern Tasmania (43°06‟09”S, 

147°16‟00”E, WGS84; climatic data shown in Figure 18).  The site was on sandy soil which 

had previously been under pasture for cattle production.  The site was sprayed with Roundup 

CT (450 g/L Glyphosate; 3 L/ha), and Mycrobor (21% boron; 10 kg/ha), sodium molybdite 

(400 g/ha) and dolomite lime (2 T/ha) were applied.  In March 2009, the site was ploughed 

and fertilised with 1 ton/ha of Bejo proprietary fertiliser (3:5:14 + trace elements) and 1.6 m 

wide raised beds were formed with two rows per bed, each 800 mm apart.  Prior to planting, 

the site was sprayed with Goal (240 g/L oxyfluorfen; 3 L/ha), Stomp440 (440 g/L 

pendimethalin; 2 L/ha) and Roundup CT (450 g/L Glyphosate; 2.5 L/ha).  Seedlings were 

hand-transplanted at a spacing of approximately 500 mm, and were covered with frost cloth 

until curds were visible to prevent browsing by birds.  The trial was set out as a randomised 

complete block design.  Three replicates of each parent line from the early sowing were 

transplanted on the 7
th

 and 8
th

 of April (48-49 days after sowing), with each replicate 

comprising ten plants.  Three replicates of each parent line (except 3, 4, 12 and 33) from the 

late sowing were planted into the field on the 5
th

 of May 2009 (56 days after sowing), with 

each replicate again comprising ten plants.  Plant development was scored regularly until late 

November 2009.  The field site is shown in Figure 19e. 

 

 

Fig. 18.  Long-term mean monthly minimum and maximum temperature and rainfall data for 

Bull Bay (Lauriston) weather station, approximately 10 km from field site at Oyster Cove (Australian Bureau 

of Meteorology 2011). 
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b. a. 

c. d. 

e. 

f. Fig. 19.  Flowering time 

trials.  a – d:  Pot-based 

glasshouse trial at UTAS showing 

plant growth and development.  e:  

Field trial site at Oyster Cove with 

frost cloth covering plants.  f:  

Soil-based glasshouse trial at Rijk 

Zwaan, Daylesford. 
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C. Results 

These flowering trials revealed that five of the cauliflower parent lines (21, 23, 27, 44 and 49) 

were of the „Roman‟, or „romanesco‟ variety (Kieffer, Fuller & Jellings 1998), with fractally-

arranged pyramidal curds (Figure 20).  Although not grown in these trials, parent line 1 had 

previously been identified as a romanesco variety.  In addition, parent lines 9, 13 and 17 

formed small, tightly bunched „heads‟ of leaves prior to detection of a visible curd.  

Dissection of these „bunchy‟ apices when first observed typically revealed an apparently 

vegetative, but very wide, or expanded apex.  Dissection of more advanced apical „heads‟ 

often revealed curds that were up to 12 mm in diameter.  This tight packing of leaves 

complicated efforts to routinely distinguish the point at which curds were formed; curd 

induction was defined as the point at which curds became visible, and so the obscuration of 

sizeable curds tended to result in later-than-expected curd induction times for these lines. 

 

   

Fig. 20.  Romanesco parent line 27 (left), tightly-packed leaves prior to curding in ‘bunchy’ 

parent line 17 (centre) and ‘standard’ white-curded parent line 48 (right). 

 

Figure 21 reprises Figure 8 (Chapter III), with the inclusion of data showing the proportion of 

romanesco and „bunchy‟ parent lines in each BoFLC2 genotype and each flowering class.  As 

noted in the previous chapter, the vast majority of boflc2 parent lines had been assigned to the 

three earliest flowering classes (Early, Medium Early, and Medium Late), with only four 

BoFLC2 lines represented in these three classes.  Figure 21 shows that all four of these 

BoFLC2 parent lines were romanesco varieties.  One boflc2 line classed as Medium Late, and 

one BoFLC2 line classed as Late were also found to be romanesco varieties.  The three lines 

which formed bunched heads prior to visible curd initiation were all boflc2 that had been 

assigned to the Late flowering group.    
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Fig. 21.  Representation of romanesco and ‘bunchy’ flowering types between BoFLC2 genotypes 

and across the five flowering time classes.  Mutant lines are denoted by red bars, and functional lines are 

denoted by blue bars.  The thick-striped component of each category indicates the proportion of lines that are 

Romanesco (denoted „Roma‟ in the legend), and the thin-striped components represent the proportion of lines 

that formed „heads‟ with tightly-packed leaves (denoted „Bunchy‟ in the legend). 

 

The pot-based glasshouse trial yielded curd initiation data broadly consistent with the 

classifications provided by Rijk Zwaan pre-breeders (Figure 22a); in general, parent lines 

classed as Early required the least time to form curds and initiate flowers, while the Late and 

Very Late lines required the most time, and in three cases, did not form curds at all.  Medium 

Early and Medium Late lines were distributed between these groups.  Despite considerable 

differences in genetic background between these parent lines, a clearly significant (P<0.0001) 

differentiation in curd initiation time was observed between boflc2 lines, which initiated 

curds after an average of 15.5 weeks, and BoFLC2 lines, which initiated curds after an 

average of 30.6 weeks.  The four „out-of-place‟ BoFLC2 romanesco lines were the earliest-

curding of the parent lines with the functional allele, and the three „bunchy‟ plants were the 

latest-curding boflc2 plants.  Furthermore, data from this trial suggests that the designation of 

the two non-bunchy boflc2 lines as Late may be dubious, with these parent lines both forming 

curds after a relatively short period of time.  Therefore, the distinction in curd initiation 

between BoFLC2 and boflc2 parent lines is sharp, allowing for the deceptive „transition‟ 

which is primarily due to parent lines with unusual curd initiation behaviour that complicates 

the BoFLC2 gene effect. 

  

As with curd initiation, there is a clear separation of BoFLC2 and boflc2 groups based on 

flowering time with the exception of romanesco and bunchy parent lines (Figure 22b).  
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BoFLC2 lines took an average of 40.9 weeks to reach full anthesis (flowering stage 6), which 

was significantly different (P<0.0001) from boflc2 lines, which reached this stage after an 

average of just 26.9 weeks.  Curd initiation time was usually strongly indicative of flowering 

time, but some lines that initiated curds at a young age remained in the arrested phase and did 

not proceed to flowering for a considerable length of time (e.g. line 47).  Other parent lines 

which initiated curds very early were slow to flower (parent line 30) or failed to flower 

altogether (parent line 37) because of severe fungal infection. 

 

 

Fig. 22.  Average number of weeks from sowing to (a) curding and (b) anthesis in cauliflowers 

grown in pots under glasshouse conditions.  All values are the average of seven replicates.  Red and blue 

columns denote mutant (boflc2) and functional (BoFLC2) parent lines, respectively.  Where plants did not 

initiate visible curds, they were assigned a maximum value of 54 weeks, and where plants did not flower, they 

were assigned a maximum value of 60 weeks.  Columns with thick stripes represent romanesco parent lines, and 

columns with thin stripes denote boflc2 lines that formed a tightly-bunched „head‟ of leaves prior to curd 

formation.  The flowering class of each parent line (as described in Table 2) is shown beneath the line number, 

where class 1 = Early; 2 = Med Early; 3 = Late Early; 4 = Late; 5 = Very Late.  Bars denote standard error of the 

mean. 

 

In 2009, many regions in South East Tasmania experienced their wettest winter and spring on 

record.  During the winter months, 664.4 mm fell at Snug Plains (approximately 3 km from 
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the Oyster Cove field site) and during the spring months, 491.4 mm was recorded (Australian 

Bureau of Meteorology).  This extremely wet weather adversely impacted plant growth in the 

field trial.  Seedling establishment was very slow, and many plants „buttoned‟ shortly after 

transplanting (Figure 23a).  Furthermore, this period of unusually high precipitation was 

attended by duck flocks of unprecedented size, which inflicted severe and extensive browsing 

damage before plants could be covered (Figure 23b).  In many cases where seedlings were 

small, plants were entirely consumed, or otherwise never fully recovered, remaining grossly 

undersized throughout the entire observation period.  In particular, the late-planted 

cauliflowers, which were smaller during the period of peak duck activity, were less able to 

recover from browsing damage and very few lines formed visible curds, meaning that results 

from this planting could not be used.   

 

    

Fig. 23.  Cauliflower line 37 exhibiting a ‘buttoned’ curd (a) and a typical example of damage 

done to a relatively advanced plant due to duck browsing (b). 

 

Figure 24 shows the average number of days from sowing until visible curds were detected in 

field-grown cauliflowers.  Once again, BoFLC2 parent lines were, in general, slower to form 

curds than boflc2 lines; 12 of the BoFLC2 lines are ranked in the „later‟ half of parent lines, 

compared to just five in the „earlier‟ half.  The average number of days to curd formation is 

significantly different (P=0.035) between the two genotypes (271.6 for BoFLC2 and 257.2 

for boflc2), but the difference between the two, and the level of significance is much less than 

in the previous trial, even when allowing for parent lines with unusual (romanesco or 

„bunchy‟) flowering behaviour. 

 

a. b. 
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This may be partially explained by the fact that many of the boflc2 lines were much less 

suited to the wet and cool field conditions and consequently, grew less vigorously and were 

slower to induce curds.  A large majority of boflc2 parent lines that formed curds later than 

expected (most notably 8, 29, 30, 34, 36, 43, 45, 46 and 48) comprised many dead or missing 

plants, and were typically very stunted and diseased due to both duck browsing and adverse 

weather, preventing them from developing curds as they normally would.  Furthermore, 

several of the BoFLC2 parent lines that formed curds unexpectedly early „buttoned‟ (c.f. 

Figure 23) soon after transplanting.  These two environmental/cultural effects obscured the 

effect of the BoFLC2 gene.  

 

 

Fig. 24.  Average number of days from sowing to visible curd formation in cauliflowers grown at 

the Oyster Cove field site.  Values are the average of up to 30 early-sown plants (three replicates with 10 

duplicates in each replicate), with dead or missing plants excluded from the analysis.  Red and blue columns 

denote mutant (boflc2) and functional (BoFLC2) parent lines, respectively.  Where plants did not initiate visible 

curds, they were assigned a maximum value of 300 days.  Columns with thick stripes represent romanesco 

parent lines, and columns with thin stripes denote boflc2 lines that formed a tightly-bunched „head‟ of leaves 

prior to curd formation.  The flowering class of each parent line (as described in Table 2) is shown beneath the 

line number, where class 1 = Early; 2 = Med Early; 3 = Late Early; 4 = Late; 5 = Very Late.  Bars represent the 

standard error of the mean. 

 

No significant difference (P=0.829) was observed in plant age at curd induction between 

BoFLC2 and boflc2 parent lines in late-sown cauliflowers grown at Daylesford, with both 

genotypes forming curds at an average of approximately 218 days (Figure 25a).  Removal of 

curding data for romanesco and „bunchy‟ parent lines separated the two groups somewhat 

(giving BoFLC2 lines an average age at curd induction of 223.7 days, compared to 218.8 

days for boflc2 lines) and improved the P value (P=0.144); however, differences remained 

statistically insignificant.  The cluster of BoFLC2 parent lines, including lines 3, 25, 4, 12, 51, 
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15 and 7, is a noticeable feature of Figure 25a.  Although differences in health and 

development between parent lines, and particularly between those with differing BoFLC2 

alleles, were far less pronounced than in the Oyster Cove trial, it was observed that once 

again, many of the boflc2 lines that flowered later than the lines in this cluster had multiple 

dead or missing plants.  This may indicate health problems due to incompatibility between 

parent line and environment, and may partially account for the later-than-expected (according 

to breeders‟ flowering classifications) curd induction in many boflc2 lines.  Similar results 

were found when ages at anthesis were compared between the BoFLC2 and boflc2 lines (data 

not shown).  

 

No significant difference in anthesis age between BoFLC2 and boflc2 genotypes was 

identified in the small subset of early-sown parent lines (BoFLC2 = 265.2 days; boflc2 = 

259.1 days; P = 0.100).  However, removal of the „bunchy‟ line 17 reduced the average 

anthesis age of boflc2 lines to 256.4, representing a weakly significant (P=0.030) difference 

in flowering time.  Apart from the incongruous positioning of parent line 24, plant age at 

anthesis increased with flowering class (Figure 25b).  Plant age at curd induction could not be 

compared between genotypes because of insufficient data resolution during the period where 

curds were forming. 
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Fig. 25.  Average number of days from sowing to visible curd formation in late-sown cauliflowers 

(a) and average number of days from sowing to anthesis (stage 6) in early-sown cauliflowers (b) grown at 

the Daylesford field site.  Values are the average of up to 30 plants (three replicates with 10 duplicates in each 

replicate), with dead or missing plants excluded from the analysis.  Red and blue columns denote mutant 

(boflc2) and functional (BoFLC2) parent lines, respectively.  Columns with thick stripes represent romanesco 

parent lines, and columns with thin stripes denote boflc2 lines that formed a tightly-bunched „head‟ of leaves 

prior to curd formation.  The flowering class of each parent line (as described in Table 2) is shown beneath the 

line number, where class 1 = Early; 2 = Med Early; 3 = Late Early; 4 = Late; 5 = Very Late.   
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D. Discussion 

In the previous chapter, it was demonstrated for the first time that functionality of BoFLC2 

has an important influence on reproductive behaviour in segregating cauliflower populations, 

and that this allele was also associated with the flowering time categorisations of unrelated 

parent lines made by Rijk Zwaan pre-breeders.  In this chapter, curd induction and flowering 

time data were collected from parent lines grown in a range of environments.  Allowing for 

the vagaries associated with the production of cauliflowers in environments to which they 

were unsuited, these trials not only validated the Rijk Zwaan categories, but also enabled 

identification of the physiological basis for inconsistencies in flowering behaviour between 

the BoFLC2 and boflc2 genotypes and strengthened the case for BoFLC2 as a fundamental 

determinant of flowering time.  This information is foundational to subsequent experiments 

involving analysis of flowering time gene expression in a range of different parent lines. 

 

„Romanesco‟ and „bunchy‟ phenotypes were the two main curding variants observed among 

the 50 parent lines.  The incongruous classifications of several parent lines by Rijk Zwaan 

pre-breeders (in view of BoFLC2 genotype) may be explained by such unusual flowering 

behaviour which „overrides‟, complicates, or disrupts the relatively simple BoFLC2 effect.  

As noted, romanesco types were consistently amongst the earliest-curding BoFLC2 lines.  

This may possibly be because the romanesco character is associated with some other 

unknown genetic factor that contributes to earlier flowering in spite of the BoFLC2 

functionality.  This is the first study to show that romanesco varieties may possess both 

functional and non-functional BoFLC2 alleles, and that within the romanesco group of 

cauliflowers, BoFLC2 functionality does not significantly delay flowering.  This apparent 

„exception to the rule‟ is an important consideration for breeders seeking to employ the 

BoFLC2 gene as a marker for late flowering in romanesco varieties.   

 

Some „bunchy‟ lines formed curds relatively early (e.g. Figures 24 and 25a), while in other 

situations, they tended to be ranked among the latest-curding and flowering boflc2 lines 

(Figure 22a and 22b).  It is possible this variation in ranking was simply due to limitations in 

the technique used to score curds; that is, timing of curd initiation may not have differed 

between trials, but a greater degree of „bunching‟ (due to sub-optimal growth environments, 

for example) may have obscured curds for longer and resulted in a misleading record of curd 
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induction.  Alternatively, this „bunching‟ character may be associated with other genetic 

factors that cause a genuine delay in curd induction, regardless of BoFLC2 genotype.   

 

Despite the genetic variability responsible for such differences in reproductive physiology 

across these parent lines, a clear division in the timing of curd induction and flowering was 

observed between BoFLC2 and boflc2 genotypes in the glasshouse trial (Figures 22a and 

22b).  This emphasises the robustness of the BoFLC2 effect on flowering time and gives 

further support to the idea that BoFLC2 functionality is a major determinant of flowering 

time.  The results from this glasshouse trial are largely supported by Rijk Zwaan breeders‟ 

classifications. 

 

However, in less-controlled growth conditions, the effect of BoFLC2 was obscured, and 

significant departures from expected reproductive behaviour were observed.  The primary 

reason for this ambiguity appears to be the late curding of several boflc2 parent lines.  This 

unusually late curding is explained by the fact that many of these boflc2 lines are adapted for 

growth in tropical environments, and the cold environments in which they were grown were 

unsuitable for their normal growth and development.  Browsing damage placed additional 

pressure on the growth of lines in the Oyster Cove trial.  Both BoFLC2 and boflc2 parent 

lines grew vigorously in the warm, stable environment of the pot-based glasshouse trial, but 

BoFLC2 lines were slow to flower, reflecting their requirement for vernalisation and 

highlighting differences between the two genotypes.  In the Daylesford and Oyster Cove 

trials, the colder, less-controlled conditions obscured the differences between genotypes not 

only by retarding growth of many typically early-flowering lines, and increasing variability 

between replicates, but also by satisfying the vernalisation requirements of both genotypes, 

and „condensing‟ breadth of curd induction ages.  Consequently, the results from the pot-

based glasshouse trial appear to reflect the differences between BoFLC2 and boflc2 

genotypes most reliably.   
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E. Conclusions 

Having previously established the contribution of BoFLC2 functionality to reproductive 

behaviour in segregating populations, this chapter reinforces the role of BoFLC2 as a key 

determinant of flowering time by demonstrating a significant relationship between genotype 

and curding/flowering time in unrelated parent lines.  A clear distinction in curding and 

flowering was seen between BoFLC2 and boflc2 lines in controlled, glasshouse conditions, 

but this was obscured by poor plant growth in less controlled trials.  Romanesco forms and 

„bunchy‟ leaf arrangements were identified as the physiological basis of anomalous flowering 

time classifications by pre-breeders.  Despite considerable genetic variation between parent 

lines and diverse flowering behaviour, the BoFLC2 allele stands out as a critical determinant 

of flowering time.  Understanding the contribution of this gene to flowering time in our 

inbred parent lines is necessary for proper interpretation of gene expression results in the 

following chapter. 
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Chapter V 

EXPRESSION DYNAMICS OF FLOWERING TIME  

CANDIDATE GENES 

 

A. Introduction 

In the preceding chapters, it was proposed that functionality of the BoFLC2 gene was a 

significant determinant of both annual/biennial flowering behaviour in Brassica oleracea, 

and also of flowering time variation within the annual brassica cultivars.  The identification 

of this strong genetic association with flowering time could potentially be helpful in 

accelerating commercial breeding programmes, whether as the target of genetic modification 

or as a marker for flowering time.  However, while knowledge of the BoFLC2 genotype 

allows broad predictions to be made concerning the timing of curd initiation and flowering, 

temperature fluctuations and seasonal variation during brassica seed crop production often 

affect the transition to reproductive development in unpredictable ways.  A better 

understanding of the molecular basis of reproductive variability could potentially alleviate 

this problem by enabling the development of new ways of modelling, monitoring and 

managing progress towards flowering in a production environment.   

 

The molecular basis of reproductive variability has been intensively studied in Arabidopsis, 

and a detailed model of flowering pathways has emerged (see Figure 2 for an overview).  

FLC plays a critical role in Arabidopsis autonomous and vernalisation pathways which 

„enable‟ flowering to occur.  It  represses flowering by downregulating floral integrator 

genes, the most notable of which is FT (Michaels et al. 2005).  Prolonged exposure to cold 

temperatures induces the expression of genes such as VIN3, which is involved in structural 

changes to FLC chromatin that inhibit its expression, enabling flowering to occur (Sung & 

Amasino 2004b).  The transcriptional dynamics of such flowering genes in response to both 

vernalisation and photoperiod treatments have been investigated thoroughly in both rapid-

cycling and winter-annual Arabidopsis varieties under laboratory conditions and recently, 
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Aikawa et al. (2010) examined the expression of flowering genes (including FLC) over a 

two-year period in a population of perennial Arabidopsis halleri plants grown outdoors under 

fluctuating natural environmental conditions, showing that that seasonal trends of 

temperature were detected at the level of FLC regulation. 

 

However, there has been comparatively little research into the influence of variable 

environmental conditions on gene expression in brassica crop species.  Only a small number 

of flowering genes have been identified, and their transcriptional responses to environmental 

signals have been tested under a very limited range of conditions.  Consequently, there 

remains much to be understood about the molecular regulation of flowering in brassica, in 

terms of both the identity of the genes involved, and in terms of defining transcriptional 

responses to environmental variability that lead to altered curd initiation and flowering time.  

The following brief review of the recent history of research on brassica flowering gene 

regulation summarises the present state of affairs.   

 

Most research relating to the molecular regulation of brassica curd initiation research has 

focussed on members of the FLC family.  Tadege et al. (2001) were the first to report a 

conserved role for FLC genes in brassica with the finding that 35S-driven expression of each 

of the five B. napus FLC sequences in transformed Arabidopsis delayed flowering.  BnFLC 

mRNA transcript levels in three-week-old B. napus shoot tips were observed to be correlated 

with late flowering behaviour and responsiveness to vernalisation, and the BnFLC transcript 

levels of all five genes were substantially reduced following ten weeks of vernalisation at 5°C 

when two weeks old.  Each of the five B. napus genes were expressed differentially in 

Arabidopsis leaf, apex and stem tissue, but were not expressed at all in root tissue.   

 

Subsequent research by Li et al. (2005) and Kim et al. (2007) demonstrated a correlation 

between vernalisation, FLC expression and flowering in B. rapa ssp. pekinensis.  Seeds 

vernalised at 1-2°C reduced BrpFLC expression and went on to flower faster; this effect was 

reduced in less-responsive anti-bolting varieties (Li et al. 2005) and overall BrpFLC 

expression was lower in early-flowering cultivars (Kim et al. 2007).  Zhao et al. (2010b) 

recently identified BrFLC2 as a candidate gene for a vernalisation response QTL in pak choi 

(B. rapa), showing that it was downregulated by vernalisation of seedlings of both late- and 

early-flowering cultivars, with this effect diminished when vernalisation was applied to older 

plants.   
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Lin et al. (2005) isolated two FLC homologues designated BoFLC3-2 and BoFLC4-1 

(equivalent to the BoFLC2 gene which formed the subject of the Chapter III) in three cabbage 

(B. oleracea var. capitata) varieties with a range of flowering habits.  BoFLC3 transcript was 

not detected in any unvernalised tissues at any stage of growth.  BoFLC4 transcript levels 

were low in unvernalised seedling apices, increasing with plant age to similar levels for all 

three flowering types.  Vernalisation at 4°C for 2-6 weeks of eight-week-old plants 

downregulated BoFLC4 in apex and leaf tissue, with the effect more rapid and responsive in 

the earlier-flowering variety; sequence data indicates that the later-flowering cabbage carried 

functional BoFLC2, but no data were provided as to which allele the relatively early-

flowering variety possessed.  In contrast to both Arabidopsis and B. rapa, vernalisation of 

cabbage seed had no effect on flowering time or BoFLC4 expression.  Okazaki et al. (2007) 

found no difference in expression levels of BoFLC2 between unvernalised boflc2 broccoli 

and unvernalised BoFLC2 cabbage leaves and apices, and also reported strong expression of 

BoFLC3 in both varieties; however, no investigation of BoFLC response to vernalisation 

treatments was made.   

 

Apart from members of the BoFLC family, the brassica flowering genes to have received the 

most attention in terms of molecular characterisation are those relating to curd proliferation, 

developmental arrest and flower initiation (e.g. Anthony, James & Jordan 1996; Carr & Irish 

1997; Duclos & Björkman 2008).  Upstream of these MIGs, the only other gene whose 

expression has been studied is BoFT which was isolated from a late-flowering cabbage (Lin 

et al. 2005).  In contrast to AtFT, which is principally expressed in cotyledons and leaves 

(Abe et al. 2005), expression of BoFT was high in apices of young seedlings before 

decreasing with plant age.  Although it was upregulated by vernalisation at eight weeks of 

age in shoot apices, it was unaffected by seed vernalisation, in contrast to AtFT.  Expression 

in leaves was unaffected by vernalisation.  Homologues of several other important genes 

further upstream in the Arabidopsis vernalisation pathway, such as VIN3, remain unidentified 

in brassica crops.   

 

These findings indicate that although the basic regulation and apparent function of FLC and 

FT are broadly conserved in members of the Brassicaceae, there is considerable variability in 

the details of expression responses to vernalisation, even between closely-related members.  

As such, it is reasonable to suggest that there are significant differences in flowering gene 

expression behaviour between cabbage and cauliflower, given the wide differences in 
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flowering behaviour between these members of the B. oleracea complex.  The two crops are 

grown for completely different organs – one vegetative, and the other reproductive.  As a 

result, breeding of the two sub-species has involved selection for late flowering and bolting-

resistance in „biennial‟ plants such as cabbage and more modest vernalisation requirements in 

members of „annual‟ B. oleracea such as cauliflower.  Furthermore, the wide differences in 

flowering time within the cauliflower group (for example, between BoFLC2 and boflc2 

strains), also suggest differences in gene regulation within the B. oleracea crops grown as 

annuals.  

 

Although BoFLC2, BoFLC3 and BoFT have been isolated in cabbage and the expression 

response of cabbage BoFLC2 and BoFT to vernalisation have been studied with a limited 

degree of resolution (Lin et al. 2005), a detailed investigation of BoFLC and BoFT expression 

dynamics has never been undertaken in cauliflower.  Such an investigation carried out in a 

range of cauliflower flowering types would help to establish the role of these genes in 

flowering time variability and would lay the foundations for practical methods of predicting 

flowering time based on gene expression data.  It would also offer the opportunity to study 

the molecular basis of features such as juvenility that are not well-represented in Arabidopsis 

or other members of the Brassicaceae such as B. rapa.  In B. oleracea, strains with both long 

and short juvenile phases exist, with most commercial cauliflower and broccoli cultivars 

selected for a longer juvenile phase to help reduce losses from premature inflorescence 

initiation (buttoning) in response to low field temperatures encountered after transplanting in 

the field (Friend 1985).   

 

Of particular interest are questions relating to the timing, location and overall level of gene 

expression between different flowering types, especially between BoFLC2 and boflc2 lines.  

The responsiveness of gene expression changes to different vernalisation treatments is also 

worthy of investigation.  Furthermore, previous studies of gene expression dynamics in B. 

oleracea have been „low-resolution‟, with semi-quantitative RNA gel-blotting or gel-based 

RT-PCR methods used to measure mRNA transcript levels at infrequent time points.  A RT-

qPCR approach would allow high-resolution profiling of expression dynamics in response to 

different vernalisation treatments to be generated, thereby enabling changes that occur over a 

short space of time to be determined. 
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In this chapter, four gene expression studies are reported, and a picture of the molecular 

regulation of curd induction by vernalisation is developed.  Key flowering genes BoFLC2, 

BoFLC3 and BoFT are isolated, and their transcriptional response to vernalisation is 

investigated.  Furthermore, a homologue of VIN3, the important repressor of Arabidopsis 

FLC, is isolated and characterised for the first time in a brassica crop species.  In the first 

experiment, the effects of vernalisation length on gene expression in shoot apex and leaf 

tissue are investigated in a late-flowering variety.  In the second experiment, the effect of 

plant age when vernalised is studied, and in the third, vernalisation temperature effects are 

examined in late- and early-flowering varieties.  Finally, these different vernalisation 

treatments are examined in a range of flowering types with differing BoFLC2 functionality.  

By evaluating the transcriptional responses of these key flowering genes to multiple 

vernalisation treatments in highly-controlled conditions, the groundwork is laid for analysis 

of gene expression under „noisy‟, natural environments in Chapter VII. 
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B. Materials & Methods 

1. Gene Isolation & Expression Analysis 

BoFLC2 and BoFLC3 primers were designed directly from existing National Center for 

Biotechnology Information (NCBI) reference sequences <http://www.ncbi.nlm.nih.gov>.  FT 

primers were designed from the Arabidopsis FT sequence, and subsequently refined with 

reference to our BoFT sequence.  The BLAST programme was used to identify similar 

sequences to Arabidopsis VIN3 cDNA on the Biological Sciences Research Council 

(BBSRC) Brassica Database <http://www.brassica.bbsrc.ac.uk>.  A 581 bp B. rapa sequence 

with 80% homology to the A. thaliana sequence was identified.  The Arabidopsis and 

brassica sequences were aligned, and primers were designed in conserved regions, with 

subsequent refinements based on our BoVIN3 sequence.  Several genes known to be 

expressed constitutively were also selected for use as „housekeeping genes‟ in RT-qPCR.  

The BLAST programme was used to identify NCBI B. oleracea sequences with homology to 

Arabidopsis genes ACTIN, UBIQUITIN and HISTONE1 and primers were designed in 

conserved regions.  Gene fragments from cauliflower shoot apices and young leaf cDNA 

were amplified, ligated into plasmids, cloned and sequenced.  Plasmids containing fragments 

of the gene of interest were serially diluted for use as a standard curve in the RT-qPCR, 

except in the case of BoVIN3, where standard curves were made by serially diluting cDNA 

fragments.  Primer details are listed in Table 8.  The final primer combinations used for all 

subsequent RT-qPCRs are shown in Table 9. 

 

Table 8.  Forward and reverse primers used for gene isolation and RT-qPCR.  Reference sequence 

refers to the sequence used to design the primers (GenBank accession number and reference).   

 

PRIMER  SEQUENCE REFERENCE SEQUENCE 

BoACT Primers   
BoACT-1F 5'- ATGGCTGAGGCTGATGACATTC -3' AF044573 (Yu, Parthasarathy & Nasrallah 1998) 
BoACT-2F 5'- GAGATTCAGGTGTCCAGAGG -3' AF044573 (Yu, Parthasarathy & Nasrallah 1998) 
BoACT-1R 5'- CCCTGAGACAGCTTAGAAGC -3' AF044573 (Yu, Parthasarathy & Nasrallah 1998) 
BoACT-2R 5'- GGCTGGAACAAGACCTCTGG -3' AF044573 (Yu, Parthasarathy & Nasrallah 1998) 
BoACT-LLF 5'- CCGAGAGAGGTTACATGTTCACCAC -3' Dr. Li Li (Pers. Comm; 2005) 
BoACT-LLR 5'- GCTGTGATCTCTTTGCTCATACGGTC -3' Dr. Li Li (Pers. Comm; 2005) 
BoHIS Primers   
BoHIS-1F 5'- GCCCTTACGCTATAGCAAAGC -3' BH008415 (Katari et al. 2001) 
BoHIS-1R 5'- AGGCTCTGATCTTCACGAGC -3' BH008415 (Katari et al. 2001) 
BoFLC2 Primers   
FLC41-5'F 5'- CAAATTAGGGCACAAAGGGT -3' AY306124 (Lin et al. 2005) 
FLC41-3'R 5'- CACAAGTTTTGGACTTTAAGG -3' AY306124 (Lin et al. 2005) 
FLC41-E3F 5'- CGAAGTATGGTTCACACCATGAGC -3' AY306124 (Lin et al. 2005) 

(continued overleaf) 
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PRIMER  SEQUENCE REFERENCE SEQUENCE 

FLC41-E4R 5'- CGGAGAGGGCAGTCTCAAGGTGGTT -3' AY306124 (Lin et al. 2005) 
BoFLC3 Primers   
FLC32-5'F 5'- CAAATTAGGGCACAGGGACC -3' AY306125 (Lin et al. 2005) 
FLC32-3'R 5'- TCAGCCCCGTCTAAAGGTGG -3' AY306125 (Lin et al. 2005) 
FLC32-E1F 5'- CCTCCTCCGGAAAGCTCTACAGC -3' AY306125 (Lin et al. 2005) 
FLC32-E4R 5'- TGTCCACGCTTACACCAACGAC -3' AY306125 (Lin et al. 2005) 
BoFT Primers   
AtFT-F1a-seq 5'- TCAACACAGAGAAACCACCTG -3' AF152096  (Kardailsky et al. 1999) 
AtFT-F2a-seq 5'- GAGAAACCACCTGTTTGTTCAAG -3' AF152096  (Kardailsky et al. 1999) 
AtFT-R3a-seq 5'- CATCACCGTTCGTTACTCG -3' AF152096  (Kardailsky et al. 1999) 
AtFT-F3b-qPCR 5'- GCCAAAGAGAGGTGACTAATGG -3' AF152096  (Kardailsky et al. 1999) 
AtFT-F4b-qPCR 5'- TTGGATCTAAGGCCTTCTCAGG -3' AF152096  (Kardailsky et al. 1999) 
AtFT-R1b-qPCR 5'- CCAACCAATGGAGATATTCTCGG -3' AF152096  (Kardailsky et al. 1999) 
AtFT-F5c-qPCR 5'- GATATCCCTGCTACAACTGG -3' Primer from (Tseng et al. 2004) 
AtFT-R2c-qPCR 5'- AAACTCGCGAGTGTTGAAGTTC -3' Primer from (Yamaguchi et al. 2005) 
BoFT-F3b-qPCR 5'- GCCAAAGAGAGGTGACAAATGG -3' Appendix I 
BoFT-R1b-qPCR 5'- CCAACCAATGGAGATATTCTCGT -3' Appendix I 
BoUBQ Primers   
BoUBQ-1F 5'- CACCATCGACAATGTCAAGG -3' BH677406 (Ayele et al. 2005) 
BoUBQ-2F 5'- CCCTTCATCTTGTGTTGAGG -3' BH677406 (Ayele et al. 2005) 
BoUBQ-2R 5'- GCCAACGCCATCAAAGAAGG -3' BH677406 (Ayele et al. 2005) 
BoUBQ-3R 5'- CCTGCAGTTCACAGCCCTCG -3' BH677406 (Ayele et al. 2005) 
BoVIN3 Primers   
VR-BoVIN3-F1 5'- CTTTTCCCTTTGCAGGTGTC -3' ES5935031 (The Brassica Database) 
VR-BoVIN3-F2 5'- GGTGTCGTGTGCACTGAGTT -3' ES5935031 (The Brassica Database) 
VR-BoVIN3-R1 5'- AAGCTTCTTCTGGCTGCTTG -3' ES5935031 (The Brassica Database) 
VR-BoVIN3-R2 5'- CGGCTCCACGAGTTTAAAAG -3' ES5935031 (The Brassica Database) 
AtVIN3-F2 5'- AGATAATGAATGCATTGAG -3' NM_125121 (Unpublished) 
AtVIN3-F3 5'- AAGCTGCTTCGCTCTCAAAG -3' NM_125121 (Unpublished) 
AtVIN3-R3 5'- CAATCCCATACCTATCTTGC -3' NM_125121 (Unpublished) 
AtVIN3-R4 5'- CTTGCAGGGTGTTACAAGCA -3' NM_125121 (Unpublished) 
AtVIN3-R5 5'- CCCAGCTTCATCTCCATCAT -3' NM_125121 (Unpublished) 
AtVIN3-R6 5'- AGAGCTTCCATTGCCTGAGA -3' NM_125121 (Unpublished) 
AtVIN3-R7 5'- TGCGGCATTATTGATCTCAG -3' NM_125121 (Unpublished) 
BoVIN3-F4 5'- TAGTGATCTTCTCGGATGCTG -3' Appendix III 
BoVIN3-F5 5'- GCGCTCGGAAGTGAAGATAC -3' Appendix III 
BoVIN3-R8 5'- GCCTCATCCATGAGTTCCAA -3' Appendix III 

 

Table 9.  Primer combinations and annealing temperatures used in RT-qPCRs. 

 

GENE  PRIMERS Tm (°C) 

BoACT BoACT-2F/BoACT-LLR 60 
BoFLC2 FLC41-E3F/FLC41-E4R 58 
BoFLC3 FLC32-E1F/FLC32-E4R 58 
BoFT AtFT-F3b-qPCR/ BoFT-R1b-qPCR 58 
BoHIS BoHIS-1F/BoHIS-1R 58 
BoUBQ BoUBQ-1F/ BoUBQ-2R 60 
BoVIN3 BoVIN3-F4/ BoVIN3-R8 56 

 

BoVIN3 was initially isolated as part of a series of devernalisation studies, of which the 

experiment in Chapter VI was a part (see also Rajandran 2008).  These studies were 

Table 8.  (continued)  
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conducted prior to the experiments in this chapter.  The isolation of BoVIN3 was undertaken 

with the assistance of an honours student; see Rajandran (2008) for supplementary details. 

 

2. Vernalisation Experiments 

In the first three vernalisation experiments described here (a-c), seeds were sown directly into 

2 L pots containing general purpose potting mix topped with a thin layer of seed raising mix.  

All plants were grown in controlled environment growth cabinets under a mixture of 36 W 

cool white fluorescent lamps and 60 W incandescent lamps with an output of 100 µM m
-2

 s
-1

 

as part of a 16 hour photoperiod regime. 

 

a.  Experiment 1:  vernalisation duration 

Seeds of cauliflower parent line 1 (a romanesco BoFLC2 variety classed as „late‟ flowering) 

were sown every 14 days, over the course of 16 weeks and grown in 22°C growth cabinets.  

As plants reached ten weeks of age, 5-6 replicates were transferred to 5°C growth cabinets for 

two, four and six week vernalisation treatments, while 5-6 replicates remained in non-

vernalising conditions.  At the conclusion of the six week vernalisation treatment, leaf and 

shoot apex samples were harvested for RNA extraction from three replicates of unvernalised 

plants aged 2, 4, 6, 10, 12, 14 and 16 weeks, and from the 12-, 14- and 16-week-old plants 

that had received two, four and six weeks of vernalisation, respectively.  Three replicates of 

both vernalised and unvernalised 16-week-old plants and two replicates of each of the 12- 

and 14-week-old vernalised and unvernalised plants were transferred to a glasshouse 

environment for weekly observations of curd development. 

 

b.  Experiment 2:  plant age when vernalised 

Parent line 1 cauliflower seeds were sown every week and grown at in 22°C growth cabinets.  

In the 11
th

 week, three replicates of plants aged one to ten weeks were transferred to 5°C 

growth cabinets, while three replicates of plants aged one to ten weeks remained at 22°C.  In 

the 13
th

 week, three replicates of plants aged one to 12 weeks were transferred to 5°C growth 

cabinets, while three replicates of plants aged one to 12 weeks remained at 22°C.  In the 14
th

 

week, leaf and apex tissue of three replicates of unvernalised plants (UV; aged 1-13 weeks), 

three replicates of plants that had been vernalised for one week (1V; aged 2-13 weeks) and 

three replicates of plants that had been vernalised for three weeks (3V; aged 4-13 weeks) 
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were harvested for RNA extraction.  Because plant growth largely ceased at 5°C, expression 

data was plotted against „plant physiological age‟, where time spent at 5°C was disregarded 

(for example, a five-week-old plant that had been vernalised for three weeks when two weeks 

of age was considered to have a physiological age of two weeks).  Plants harvested at a 

physiological age of one week did not possess any true leaves, so samples comprising 

cotyledon/apex tissue were harvested instead, as with Lin et al. (2005). 

 

c.  Experiment 3:  vernalisation temperature 

Supplies of line 1 seeds became unexpectedly unavailable, preventing its physiological and 

molecular responses to vernalisation from being fully characterised.  Line 51 (a „late‟-

flowering BoFLC2 variety) was duly selected as a replacement.  Line 40 (an „early‟-

flowering boflc2 variety) plants were also grown to allow comparison of gene expression 

behaviour between early- and late-flowering varieties.  Every 14 days, over the course of 16 

weeks, seeds from these two varieties were sown and raised in 22°C growth cabinets.  As 

plants reached ten weeks of age, three replicates from each line were transferred to 5°C, 10°C 

and 15°C growth cabinets for two, four and six week vernalisation treatments, while three 

replicates remained in non-vernalising conditions.  At the conclusion of the six week 

vernalisation treatment, leaf and shoot apex samples were harvested for RNA extraction from 

three replicates of unvernalised plants aged 2, 4, 6, 10, 12, 14 and 16 weeks, and from the 12-

, 14- and 16-week-old plants that had received two, four and six weeks of vernalisation, 

respectively.   

 

d.  Experiment 4:  effects of vernalisation on visible curd formation & gene expression in 

late- & early-flowering genotypes 

Plants from eight different cauliflower parent lines were sown into trays with 25 mm cells 

containing general purpose potting mix (line details provided in Table 10).  Seedlings were 

raised in 22°C controlled environment growth cabinets, and after three weeks, were 

transferred to 2 L pots containing general purpose potting mix, and randomly allocated 

between two identical controlled environment cabinets maintained at a constant 22°C.  Plants 

ranging from three to ten weeks of age were transferred to 5°C, 10°C and 15°C growth 

cabinets for periods ranging from 2-35 days.  These treatments, and the notation used to 

describe each treatment, are summarised in Table 11.   
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At the conclusion of each treatment, leaf and shoot apex tissue was harvested from three 

replicates (excluding the control) and four replicates from every vernalisation treatment were 

returned to UV conditions for observation of flowering behaviour.  Due to space constraints, 

sowings were staggered so that treatments 3-UV, 3-35V, 6-UV and 6-35V were planted 10 

weeks after the main planting of treatments 10-UV, 10-2V, 10-7V, 10-21V, 10-35V10, 10-

35V15 and 15-UV.  UV controls were planted 16 weeks after the main planting.  Scoring of 

leaf number and curd formation lasted 33 weeks for the treatments in the main planting, 32 

weeks for the controls, and 38 weeks for the 3-UV, 3-35V, 6-UV and 6-35V treatments.  

Growing degree-days (GDD) were calculated using a heuristic, standard formula (e.g. 

McMaster & Wilhelm 1997), modified to allow for the fact that both UV and V temperatures 

were constant (i.e. with no day/night or max/min temperature):   

 

 TDAILY – TBASE 

 

Where TDAILY = growth cabinet temperature for a 24 hr period and TBASE = base temperature at 

which cauliflower growth had been observed to cease; in this case, 4°C.  In some situations, 

the „plant physiological age‟ concept, as described previously, was employed. 

  

Table 10. Cauliflower inbred, homozygous parent lines used in Experiment 4.  Flowering class 

refers to the categories designated by Rijk Zwaan breeders.  „BoFLC2 alleles‟ indicates whether the line was 

homozygous for the functional BoFLC2 allele or the mutant boflc2 allele, as determined by genotyping in 

Chapter III.    

 

CAULIFLOWER LINE  FLOWERING CLASS BoFLC2 ALLELES 

2 Very Late BoFLC2 
12 Very Late BoFLC2 
17 Late boflc2 
24 Late BoFLC2 
40 Early boflc2 
48 Med Early boflc2 
50 Med Late boflc2 
51 Late BoFLC2 

  



Chapter V                                                Expression Dynamics of Flowering Time Candidate Genes 

99 
 

Table 11. Summary of Experiment 4 vernalisation treatments.  Four plants were maintained in non-

vernalising conditions (22°C) for the duration of the experiment, serving as unvernalised controls.  For all other 

treatments, the initial digit in the treatment name indicates the age (weeks) at which plants were vernalised and 

the following digits indicate the duration (days) of the vernalisation treatment (or „UV‟ if plants were 

unvernalised).  Vernalisation temperature was 5°C in all treatments except two; for these 10°C and 15°C 

treatments, the vernalisation temperature is also included in the treatment name.   

 

TREATMENT  AGE WHEN VERN. VERN. TEMP AGE WHEN SAMPLED 

UV (control) N/A N/A N/A 
3-UV N/A N/A 3 weeks 
3-35V 3 weeks 5°C 8 weeks 
6-UV N/A N/A 6 weeks 
6-35V 6 weeks 5°C 11 weeks 
10-UV N/A N/A 10 weeks 
10-2V 10 weeks 5°C 10 weeks and 2 days 
10-7V 10 weeks 5°C 11 weeks 
10-21V 10 weeks 5°C 13 weeks 
10-35V 10 weeks 5°C 15 weeks 
10-35V10 10 weeks 10°C 15 weeks 
10-35V15 10 weeks 15°C 15 weeks 
15-UV N/A N/A 15 weeks 
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C. Results 

1. Flowering Gene Isolation 

At the time of gene isolation, no sequence information for BoFT was available on NCBI.  

Subsequent to isolation and sequencing, several B. oleracea FT sequences with 98% 

homology to the BoFT described here were added (e.g. HM030997, HM030998).  An 

alignment of the translated sequences of these genes, along with Arabidopsis FT and TSF is 

presented in Figure 26, and the annotated gDNA sequence of BoFT is included in Appendix 

I.  An 831 bp contig of BoVIN3 cDNA was constructed from BoVIN3 PCR sequences.  The 

277 amino acids encoded by this cDNA showed the highest sequence similarity to the 

uncharacterised translated B. rapa sequence that was used when designing primers.  The 

putative B. oleracea VIN3 polypeptide also showed a high degree of similarity to the VIN3 

protein NP_200548, with both containing the containing the DUF1423 conserved domain.  A 

67 bp intron corresponding to intron 3 in the Arabidopsis sequence was also sequenced (not 

shown).  Figure 27 shows an alignment of BoVIN3, AtVIN3 and BrVIN3 translated sequences, 

and the partial cDNA sequence of BoVIN3 is included in Appendix III.  Figure 28 is a 

schematic diagram of Arabidopsis VIN3 gene structure, including the location of primers that 

were used for the isolation of the B. oleracea homologue.  Sequences of BoFLC and 

reference genes had already been published (see Table 8 for references) and are not presented 

here. 

 

                     *        20         *        40         *        60         *        80         *       100       

BoFT      : MSVNNRDPLVVGGVIGDVLEQFTRSIDLRVTYGQREVTNGLDIRPSQILNKPRVEIGGDDLRNFYTLVMVDPDVPSPSNPHLREYLHWLVTDIPATTGTN : 100 

FT-like_1 : MSLNNRDPLVVGGVIGDVLEQFTRSIDLRVTYGQREVTNGLDIRPSQILNKPRVEIGGDDLRNFYTLVMVVPDVPSPSNPHLREYLHWLVTDIPATTGTN : 100 

FT-like_2 : MSLSRRDPLVVGGVIGDVLERFTRSIDLRVTYGQREVTNGLDIRPSQILNKPRVEIGGEDLRNFYTLVMVDPDVPSPSNPHLREYLHWLVTDIPATTGTN : 100 

AtTSF     : MSLSRRDPLVVGSVVGDVLDPFTRLVSLKVTYGHREVTNGLDLRPSQVLNKPIVEIGGDDFRNFYTLVMVDPDVPSPSNPHQREYLHWLVTDIPATTGNA : 100 

AtFT      : MSINIRDPLIVSRVVGDVLDPFNRSITLKVTYGQREVTNGLDLRPSQVQNKPRVEIGGEDLRNFYTLVMVDPDVPSPSNPHLREYLHWLVTDIPATTGTT : 100 

                                                                                              

                     *       120         *       140         *       160         *            

BoFT      : FGNEIVSYENPRPTSGIHRIVLVLFRQLGRQTVYEPGWRPQFNTREFAALYNLGLPAAAVYFNCQRDNGCGGRRS : 175 

FT-like_1 : FGNEIVSYENPRPTSGIHRIVLVLFRQLGRQTVYEPGWRPQFNTREFAALYNLGLPAAAVYFNCQRDNGCGGRRS : 175 

FT-like_2 : FGNEIVSYENPRLTSGIHRIVLVLFRQLGRQTVYEPGWRPQFNTREFAALYNLGLPAAAVYFNCQRENGCGGRRT : 175 

AtTSF     : FGNEVVCYESPRPPSGIHRIVLVLFRQLGRQTVYAPGWRQQFNTREFAEIYNLGLPVAASYFNCQRENGCGGRRT : 175 

AtFT      : FGNEIVCYENPSPTAGIHRVVFILFRQLGRQTVYAPGWRQNFNTREFAEIYNLGLPVAAVFYNCQRESGCGGRRL : 175 

 

 

Fig. 26.  Alignment of FT translated sequences.  BoFT denotes the sequence generated in this study.  

FT-like 1 and FT-like 2 (HM030997 and HM030998) are two similar sequences isolated in B. oleracea.  AtTSF 

and AtFT (NM_118156 and AF152096) are provided for comparison. 
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                  *        20         *        40         *        60         *        80         *       100       

BrVIN3 : -------------TLVLGLKCCAFPFAGVVCTEFPKKKGLSVSERRELIHALSKQPEEASELLNSWSRDEIMKIICAEMGKERKYTGLNKPKLIENLLNL :  87 

BoVIN3 : --------------CGPRRRHGSFFISTCRVHEFPKKKGLSVSERRELIHALSKQPEEASELLNSWSRDEIMKIICAEMGKERKYTGLAKPKLIENLLNL :  86 

AtVIN3 : MQAASLSKIWRFDGNVGPENMDSSSFEDNECIETCKPNVLNVSERRELIHALSNQPEEASELLNSWSRNEIMKIICAEMGKERKYTGLNKPKLIENLLNL : 100 

                                                                                                                    

                  *       120         *       140         *       160         *       180         *       200       

BrVIN3 : VSRPLGETSCLDRKSSRRKRQKTTTSYIICCENLACRAALGSEDTFCRRCSCCVCQNFDDNKDPSLWIACEGCGLSCHLECAFKEDGYGIGCND------ : 181 

BoVIN3 : VSRPLGETSCPNRKSSR-KKQKTTTSYIICCENLACRAALGSEDTFCRRCSCCVCQNFDENKDPSLWIACEGCGLSCHLECALKQDGYGIGYNDGS--FH : 183 

AtVIN3 : VSRPLGETSCSDRRNSR-KKEKKMIGYIICCENLACRAALGCDDTFCRRCSCCICQKFDDNKDPSLWLTCDACGSSCHLECGLKQDRYGIGSDDLDGRFY : 199 

                                                                                                                    

                  *       220         *       240         *       260         *       280         *       300       

BrVIN3 : ------------------DVRGLDGRFHCV---------------------------------------------------------------------- : 193 

BoVIN3 : CVFCGKDSDLLGCWRKQVKVAKETGRVDVLCYRVSLGQKLLRGTRRYQNLLELMDEAVKKLEGDMGPLVSWDMKMAREIVNRLASGSQVQKLCL------ : 277 

AtVIN3 : CAYCGKDNDLLGCWRKQVKVAKETRRVDVLCYRLSLGQKLLRGTTKYRNLLELMDEAVKKLEGDVGPLSGWAMKMARGIVNRLSSGVHVQKLCSQAMEAL : 299 

                                                                                                                    

                                                                                                                    

 

Fig. 27.  Alignment of VIN3 translated sequences.  BrVIN3 denotes the uncharacterised B. rapa 

sequence ES5935031, BoVIN3 is the sequence isolated in this study, and AtVIN3 is partial Arabidopsis sequence 

NP_200548.  

 

 

Fig. 28.  Gene structure of Arabidopsis VIN3.  The location of primers that were designed from 

Arabidopsis sequence NM_125121 are displayed.  Gene structure is based on TAIR sequence AT5G57380 

<http://www.arabidopsis.org>. 

 

2. Vernalisation Experiments 

a. Experiment 1:  vernalisation duration 

A direct relationship between vernalisation duration and curd initiation/development was 

observed, with longer periods of vernalisation associated with faster curding and curd 

development upon return to glasshouse conditions (Figure 29).  Cauliflowers that had been 

exposed to two weeks of vernalisation at 5°C when ten weeks of age did not initiate curds for 

six weeks after being moved into the glasshouse (i.e. an average physiological age of 16 

weeks).  By contrast, plants that received four weeks of vernalisation initiated curds at an 

average physiological age of 14 weeks, and those that received six weeks of vernalisation 

formed curds at an average physiological age of just 11 weeks (one week after being returned 

to glasshouse conditions).  Unvernalised plants did not form curds during the 19-week post-

vernalisation period.  Differences in age at visible curd formation between all three 
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PROMOTER/5’UTR E1

AtVIN3

AtVIN3-F3 AtVIN3-F2

AtVIN3-R3

AtVIN3-R6
AtVIN3-R5

AtVIN3-R4

AtVIN3-R7

180 bp



Chapter V                                                Expression Dynamics of Flowering Time Candidate Genes 

102 
 

vernalisation treatments were statistically significant (P<0.05).  Corresponding differences in 

curd development were also noted; at a physiological age of 16 weeks, curds that had been 

exposed to six weeks of vernalisation were in full flower; those that had received four weeks 

of vernalisation were only just elongating; plants that had been vernalised for two weeks had 

very small curds (Figure 30). 

 

 

Fig. 29.  Average physiological age of cauliflower plants at visible curd formation.  2V, 4V and 6V 

denote two, four and six week vernalisation treatments.  2V and 4V figures represent the average of two 

replicates, while 6V figures represent the average of three replicates.  Unvernalised plants did not flower. 

  

0

5

10

15

20

2V 4V 6V

P
la

n
t 

P
h

ys
io

lo
gi

ca
l A

ge
 a

t 
V

is
ib

le
 C

u
rd

 
Fo

rm
at

io
n



Chapter V                                                Expression Dynamics of Flowering Time Candidate Genes 

103 
 

     

  

 

Transcript levels of both BoFLC2 and BoFLC3 were dramatically reduced by two weeks of 

vernalisation (Figure 31).  Continued vernalisation reduced expression further still, but 

subsequent reductions in transcript were small compared to the initial decrease.  BoFLC2 was 

expressed at a much lower overall level than BoFLC3.  In apices, BoFLC2 and BoFLC3 

expression increased slowly, but steadily throughout early plant growth, up until ten weeks of 

age.  This gradual increase was less evident in leaf tissue.  A sharp reduction in BoFLC3 

transcript of 16-week-old unvernalised plants was noted in leaves, but not apices.  Apart from 

these two minor differences, expression of the two BoFLC genes was similar in shoot apex 

and leaf tissue.  BoFT was upregulated by vernalisation.  In leaf tissue, the initial 

upregulation after two weeks of vernalisation was small, with the response increasing 

Fig. 30.  Effect of vernalisation 

duration on curd development six weeks after 

transfer from vernalising conditions to the 

glasshouse (a physiological age of 16 weeks).  

Part (a) shows the very small curd visible in 

plants that had been vernalised for two weeks.  

Part (b) shows a plant vernalised for four weeks 

with a curd in the early stages of elongation.  

Part (c) shows an unvernalised plant (UV) 

compared to two plants that had been vernalised 

for six weeks. 

a. b. 

c. 

UV 6V 6V 
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substantially in proportion to the length of vernalisation treatment.  In apex tissue, the 

upregulation response to vernalisation length was more uniform.  Leaf BoVIN3 was 

upregulated by two and four weeks of vernalisation in some replicates, but there was 

considerable variation in this response and increases were not statistically significant 

(P>0.05).  Apex BoVIN3 was similarly upregulated by vernalisation with the effect 

decreasing with longer periods of vernalisation but once again, this was not statistically 

significant (P>0.05). 
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Fig. 31.  Average BoFLC2, BoFLC3, BoFT and BoVIN3 expression in shoot apex and leaf tissue 

of BoFLC2 parent line 1 following vernalisation at ten weeks of age.  The timing of vernalisation is indicated 

by a dashed line.  Bars represent the standard error of the mean (n=3). 
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b. Experiment 2:  plant age when vernalised 

Transcript levels of both BoFLC2 and BoFLC3 were reduced by vernalisation independently 

of plant age (Figure 32).  As in the previous experiment, the degree of downregulation was 

proportional to the length of vernalisation.  BoFLC2 expression rose steadily throughout plant 

growth, whereas BoFLC3 expression was largely static throughout the course of this 

experiment.  During the first two weeks of growth, BoFT expression was relatively high in 

unvernalised plants, and BoFT transcript levels were lower in vernalised one- and two-week-

old seedlings than in unvernalised one- and two-week-old seedlings.  By the third week of 

growth, BoFT expression in unvernalised plants was very low, with expression upregulated in 

vernalised plants proportionally to the length of vernalisation.  A substantial increase in the 

level of BoFT upregulation by three weeks of vernalisation was seen in plants vernalised at 

four weeks of age, and after this point, the degree of BoFT upregulation was generally 

independent of plant age at vernalisation, apart from a sharp decrease in the level of BoFT 

upregulation by three weeks of vernalisation in plants vernalised at eight weeks of age.  

BoVIN3 expression gradually increased with plant age in unvernalised plants.  Vernalisation 

upregulated BoVIN3 mRNA transcript relative to levels in unvernalised plants, regardless of 

plant age at vernalisation.  There was little difference in uprgulated BoVIN3 expression levels 

between plants vernalised for one and three weeks. 
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Fig. 32.  Average BoFLC2, BoFLC3, BoFT and BoVIN3 expression in apical tissue of cauliflower 

line 1 plants vernalised at different ages for different durations.  UV (red) denotes unvernalised plants, 1V 

(green) denotes one week of vernalisation and 2-3V (blue) indicates two to three weeks of vernalisation.  Bars 

represent the standard error of the mean (n=3).   

 

c. Experiment 3:  vernalisation temperature   

BoFLC3 was downregulated by vernalisation in both apex and leaf tissue of late-flowering 

line 51 (Figure 33).  Longer, colder chilling temperatures induced greater downregulation.  

Vernalisation temperatures of 15°C and 10°C had little effect on average BoFT expression in 

apex tissue.  Vernalisation at 5°C was associated with a larger increase in BoFT expression, 

but this was not statistically significant (P>0.05).  Similarly, vernalisation at 5°C was the only 

treatment to result in upregulation of BoFT in leaf tissue.  In line 40 apex tissue, BoFLC3 was 

downregulated by vernalisation, with colder vernalisation temperatures amplifying this effect.  

BoFT expression in unvernalised line 40 apices was higher in plants exposed to 5°C and 15°C 
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vernalisation treatments than in those that were not vernalised.  In this case, the milder of the 

two vernalisation treatments was associated with greater BoFT upregulation.  

 

 

 

 

 

Fig. 33. BoFLC3 and BoFT expression in line 51 leaf and shoot apex tissue and line 40 shoot apex tissue 

following vernalisation at 5°C, 10°C and 15°C at ten weeks of age.  Leaf expression profiles for line 51 are 

averages of three replicates; all other profiles are based on one replicate only.  The timing of vernalisation 

treatment is indicated by a dashed line.  Bars represent the standard error of the mean. 
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d. Experiment 4:  effects of vernalisation on flowering and gene expression in late- & 

early-flowering genotypes 

In vernalised plants that had subsequently been returned to 22°C cabinets, numerous 

instances of floral reversion were noted, where inflorescence organs had reverted to 

vegetative growth.  The severity of these symptoms ranged from mild cases where bracts 

subtending the floral stalks of the curds were visible throughout the curd structure (Figure 

34a) to more extreme cases where curd development ceased completely, and normal 

vegetative growth resumed (Figure 34b).  Given the capacity of these post-vernalisation 22°C 

conditions to induce floral reversion, it is also possible that devernalisation may have 

significantly delayed curd induction in some cases.  In particular, line 17, which normally 

develops a tightly-bunched „head‟ of leaves prior to curd formation, was observed to persist 

in this phase of growth for a much longer period of time than usual prior to curd induction 

(e.g. Figures 34c and d), and in many cases, the precise point at which curds „became visible‟ 

was difficult to distinguish (Figure 34e).  The common occurrence of such a gradual 

transition from leaf, to bract, to curd production made leaf number an inappropriate measure 

of plant growth stage, necessitating the use of GDDs as a means of comparing between 

treatments.  Furthermore, a large proportion of cauliflower curds became diseased, showing 

symptoms of fungal infection (Figure 34f).  Affected curds usually failed to proceed to 

anthesis, or if bolting and flowering did occur, it was significantly delayed.  Consequently, 

data relating to flowering time was disregarded, and observations of reproductive 

development were restricted to visible curd formation. 
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Fig. 34.  Curd irregularities observed after transfer of plants from vernalising conditions to 22°C.  

Part (a) shows bracts protruding through the curd of a line 12 plant, 12 weeks after return to 22°C following 35 

days of vernalisation at 5°C.  Part (b) shows an example of inflorescence reversion in a line 50 plant, 14 weeks 

after return to 22°C following 21 days weeks of vernalisation at 5°C.  Part (c) depicts the excessive „bracty‟ 

growth observed prior to curd induction in many line 17 plants (17 weeks after return to 22°C following two 

days of vernalisation at 5°C).  Part (d) shows a second example of the prolonged „bunchy head‟ phase of a line 

17 plant, 18 weeks after return to 22°C following 35 days of vernalisation at 15°C.  Part (e) shows the 

difficulties of precisely determining the date of visible curd formation in line 17 plants – a „head‟ has been 

formed, but no obvious curd tissue is present (eight weeks after return to 22°C following 21 days at 5°C), and 

part (f) shows the fate of most curds after return to UV conditions. 

a. b. 

c. d. 

e. f. 
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Figure 35a shows that none of the unvernalised BoFLC2 cauliflowers had initiated curds by 

the end of the 32 week (576 GDD) observation period except for  one of the four line 24 

replicates, which eventually initiated a curd after 29 weeks (522 GDD).  None of the BoFLC2 

plants exposed to 5°C for two, 7 or 21 days when ten weeks of age formed curds during the 

observation period.  A number of BoFLC2 plants formed curds shortly after the most 

„extreme‟ vernalisation treatment (35 days at 5°C when ten weeks old), including all four line 

12 replicates and several plants from lines 2 and 24.  By contrast, 69% of the unvernalised 

boflc2 plants eventually formed curds, with plants in the earliest line (40) forming curds as 

young as 12 weeks of age (216 GDD).  None of the UV boflc2 plants from line 17 produced 

curds.  Vernalisation of boflc2 lines at 5°C substantially increased the percentage of plants to 

initiate curds (81% in 10-2V and 10-21V and 75% in 10-7V and 10-35V).  The uniformity of 

early curd induction was also increased, with longer vernalisation lengths amplifying this 

effect.  Thirty-five and 21 day vernalisation treatments decreased the number of GDDs 

required for earliest visible curd formation in the boflc2 lines.  All of these vernalisation 

treatments except for the 7 day treatment were associated with curd initiation in at least one 

replicate from line 17; however, plants from this line were always slower and less likely to 

curd than plants from the other three boflc2 lines. 

 

Figure 35b shows that decreasing the temperature of 35 day vernalisation treatments of ten-

week-old plants corresponded with decreases in the number of GDDs required for earliest 

curd formation in the BoFLC2 parent lines (522, 343, 246 and 221 GDDs for UV, 10-35V15, 

10-35V10, and 10-35V, respectively).  Furthermore, the total percentage of initiated curds 

was higher in plants vernalised at a lower temperature (44%, 19% and 6% in the 5°C, 10°C 

and 15°C/UV treatments, respectively).  Interestingly, 35 days of vernalisation at these milder 

temperatures was associated with a higher proportion of curding plants, than observed in 

plants exposed to colder, but shorter vernalisation treatments.  In boflc2 lines, plants that 

received milder vernalisation treatments were slightly slower to initiate their earliest curds, 

but the chief difference between the vernalisation temperature treatments was the total 

percentage of plants to initiate curds; 100% of the 10°C-treated plants and 94% of the 15°C-

treated plants initiated curds, compared to 75% following the 5°C vernalisation treatment.  

This may be largely explained by the fact that in the 10°C and 15°C treatments, 4/4 and 3/4 

line 17 replicates formed curds, respectively, compared to only 1/4 line 17 plants forming 

curds in the 5°C treatment.   
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No BoFLC2 plants exposed to 5°C at three weeks of age went on to form curds (Figure 35c), 

and only one plant (line 24) initiated a curd after vernalisation at six weeks of age (i.e. no 

difference to the unvernalised control).  As noted, the same vernalisation treatment applied to 

older plants (ten weeks old) resulted in a substantial number of curding plants.  In boflc2 

lines, three-week-old plants exposed to 35 days of vernalisation at 5°C produced curds more 

uniformly and rapidly than the UV plants, but the total number of plants with curds was not 

substantially larger.  A lengthy period between vernalisation treatment and the beginning of 

visible curd formation was noted.  No line 17 plants produced curds.  Plants vernalised at six 

weeks of age responded to their vernalisation treatment more rapidly than those vernalised 

when three weeks old, flowering earlier, but with less uniformity and with fewer plants 

eventually forming curds.  Plants vernalised when ten weeks old immediately began to 

initiate curds. 
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Fig. 35.   (Previous page). Percentage of curds initiated following vernalisation treatments.  Part 

(a) and (b) show the effect of vernalisation length and temperature, respectively, on visible curd induction, and 

(c) shows the effect of plant age at vernalisation on curd induction.  Eight different flowering types were 

evaluated; four BoFLC2 lines, and four boflc2 lines.  Percentage values shown here represent the % of plants 

with curds in each of these combined two groups (data for individual lines not shown).  Each of the four lines in 

the BoFLC2 and boflc2 groups had four replicates, meaning that these percentage values relate to the % of a 

group of 16 samples.  Data is plotted against GDD to account for differences in plant development arising from 

different vernalisation treatments.  The dotted lines represent the point at which vernalisation treatments were 

applied.  In the case of (c), the yellow line represents the point at which three-week-old plants were vernalised, 

the green line indicates where the six-week-old plants were vernalised, and the blue line shows where the ten-

week-old plants were vernalised.  

 

Many of the gene expression patterns observed in these eight cauliflower parent lines were 

similar to those observed in the previous experiments described in this chapter.  Furthermore, 

transcript profiles of all flowering candidate genes were highly uniform within the group of 

four functional BoFLC2 parent lines, and also within the group of four mutant boflc2 parent 

lines.  In both BoFLC2 and boflc2 lines, leaf mRNA transcript levels of BoFLC2 and 

BoFLC3 were reduced by 35 days of vernalisation when ten weeks of age, with colder 

vernalisation associated with greater downregulation (Figure 36).  The degree of 

downregulation was, once again, proportional to the length of vernalisation.  Two days of 

vernalisation was sufficient to induce downregulation of both BoFLC2 and BoFLC3 in both 

genotypes, but this was not statistically significant (P>0.05).  Although the general patterns 

of expression in response to these vernalisation treatments were similar between BoFLC2 and 

boflc2 genotypes, the overall transcript levels of boflc2 in the four mutant parent lines were 

approximately five times lower than those of BoFLC2 in the functional parent lines; for 

example, mean boflc2 expression levels in unvernalised mutant plants were similar to mean 

BoFLC2 expression levels in functional plants that had been exposed to 35 days of 

vernalisation at 5°C.  The overall mean transcript levels of BoFLC3 in the BoFLC2 genotypes 

were slightly lower than those in the boflc2 genotypes.   

 

Initial BoFT mRNA levels in leaves of most boflc2 parent lines were relatively high during 

early plant development (i.e. at three weeks of age), before gradually decreasing as the plant 

matured.  Vernalisation at ten weeks of age elicited a characteristic upregulation of BoFT, 

with the effect amplified by longer vernalisation treatments (Figure 36).  In all boflc2 lines, 

the 5°C treatment induced the most extreme upregulation, followed by the 10°C treatment.  
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Vernalisation at 15°C had little effect on mean BoFT expression in boflc2 lines.  The BoFT 

response to vernalisation was much weaker in BoFLC2 parent lines, with vernalisation at 5°C 

failing to even raise transcript levels above the naturally higher levels seen during early plant 

growth.  Milder vernalisation temperatures did not stimulate any detectable increase in mean 

BoFT expression in BoFLC2 plants.  Overall mean BoFT transcript levels were 

approximately ten times lower in BoFLC2 parent lines than in boflc2 parent lines. 

 

There were relatively minor differences in BoVIN3 expression level and profile between 

BoFLC2 and boflc2 parent lines (Figure 36).  Expression in leaves was initially high during 

early growth of both BoFLC2 and boflc2 plants.  Unexpectedly, vernalisation at 5°C for as 

little as two days was sufficient to elicit upregulation in both genotypes (significant only in 

BoFLC2 lines; P=0.014).  Vernalisation durations of 7 and 21 days at 5°C produced a slight 

increase in BoVIN3 expression, and a chilling for 35 days at 5°C resulted in a substantial 

upregulation in both BoFLC2 and boflc2 genotypes.  This effect was slightly diminished by 

milder vernalisation temperatures, but differences between the 5°C, 10°C and 15°C 

treatments were not statistically significant (P>0.05). 

 

Figure 37 shows that the age at which plants were vernalised had little effect on BoFLC2 and 

BoFLC3 expression in either BoFLC2 or boflc2 genotypes.  Once again, overall boflc2 

transcript levels were several orders of magnitude lower than BoFLC2 levels.  In all BoFLC2 

genotypes except line 12, 5°C vernalisation treatments elicited a greater upregulation of 

BoFT when applied to older plants.  However, these changes in transcript level are very small 

compared to the upregulation observed in boflc2 varieties.  Vernalisation of three-week- and 

ten-week-old plants resulted in upregulation of BoFT to roughly similar levels; however, 

unusually, vernalisation of six-week-old plants consistently failed to upregulate BoFT in any 

of the boflc2 parent lines.  In both BoFLC2 and boflc2 parent lines, BoVIN3 responsiveness to 

vernalisation increased with age. 
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Fig. 36.  Average BoFLC2, BoFLC3, BoFT and BoVIN3 expression in BoFLC2 and boflc2 parent 

line leaves following vernalisation at ten weeks of age.  Each series represents the average expression of the 

four different parent lines (one replicate per line) within the BoFLC2 or boflc2 genotype.  The timing of 

vernalisation treatment is indicated by a dashed line.  Bars represent the standard error of the mean.  
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Fig. 37.  Average candidate gene expression in BoFLC2 and boflc2 parent line leaves following 

vernalisation at three, six and ten weeks of age.  Each series represents the average expression of the four 

different parent lines (one replicate per line) within the BoFLC2 or boflc2 genotype.  Expression data is plotted 

against Plant Physiological Age, in order to account for the lack of growth at vernalising temperatures.  Bars 

represent the standard error of the mean.  
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D. Discussion 

In this study, several important flowering time genes were isolated and characterised in 

cauliflower.  It was shown for the first time that the basic downregulation of BoFLC2 and 

BoFLC3 is conserved in cauliflower.  BoFT, a downstream integrator of flowering, was 

characterised in cauliflower for the first time, and was found to be upregulated in response to 

vernalisation, and a homologue of the epigenetic repressor of FLC, VIN3 was isolated for the 

first time in a brassica crop species, and shown to be upregulated by vernalisation.   

 

In contrast to studies in cabbage, only minor differences in gene expression behaviour were 

noted between apex and leaf tissue, showing that BoFT is expressed in apices as well as in 

remote leaf tissues, and that BoFLC and BoVIN3 expression is not restricted to dividing 

apical meristem cells.  In both of these tissues, vernalisation effects on BoFLC2, BoFLC3 and 

BoFT expression were amplified with increased vernalisation length and decreased 

vernalisation temperature.  Vernalisation for 2-21 days weeks elicited a small upregulation of 

leaf BoVIN3, but vernalisation of 35 days was required for a more substantial upregulation.  

The level to which BoFLC2 and BoFLC3 mRNA apex transcript levels were reduced by 

vernalisation was independent of plant age, but BoFT was less responsive to vernalisation at 

very young ages suggesting the involvement of upstream genes other than BoFLC in 

regulating juvenility length.  

 

As discussed in the introduction of this chapter, previous authors had reported that brassica 

varieties with different flowering behaviour also carried FLC alleles with different overall 

expression levels prior to vernalisation (Tadege et al. 2001; Kim et al. 2007).  Others had 

reported differential FLC responsiveness to vernalisation in different flowering types (Li et 

al. 2005; Lin et al. 2005).  In this study, no fundamental differences in vernalisation-mediated 

expression dynamics were observed between late-flowering BoFLC2 and boflc2 cauliflowers.  

Rather, the primary differences seen between the two flowering classes were related to the 

overall transcript level of BoFLC2, which was approximately five times higher in functional 

lines than in boflc2 lines, and BoFT, which was approximately ten times lower in BoFLC2 

than in boflc2 plants.  The lower levels of BoFT expression and the associated reduction in 

vernalisation responsiveness are probably due to repression by the functional BoFLC2.  

These findings have potential practical applications, with the possibility that relative 
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expression levels of BoFLC2 and/or BoFT could be used to predict curd induction in seed 

production environments. 

 

Curd formation and flowering time data collected for experiment 1 indicated that increasing 

vernalisation length had the expected effect of hastening visible curd formation and flowering 

in parent line 1.  In experiment 4, boflc2 plants were capable of producing curds without any 

vernalisation; and yet, a vernalisation response was evident, with all vernalisation length 

treatments increasing the percentage of plants with reproductive structures.  Curd induction in 

BoFLC2 lines was unaffected by 5°C vernalisation treatments shorter than 35 days.  Okazaki 

(2007) described brassicas grown as annuals, such as cauliflower and broccoli, as „non-

vernalising‟ types, however these results show that even the earliest-flowering cauliflower 

varieties exhibit a response to low temperatures by increasing apex growth and forming 

flower buds more rapidly (c.f. Wurr et al. 1995).  Fellows, Reader & Wurr (1997) showed 

that milder vernalisation temperatures ranging from 5°C up to 15°C were more effective at 

inducing curd formation in calabrese broccoli, and this is broadly consistent with the curd 

induction response to temperature observed in these boflc2 lines.  By contrast, colder 

vernalisation temperatures resulted in a larger percentage of curded plants in BoFLC2 lines.  

A vernalisation response was also noted in boflc2 lines when vernalised at a young age, in 

contrast to BoFLC2 lines which were largely unaffected by vernalisation treatments applied 

at an age of less than ten weeks (as is the case in other functional BoFLC2 brassicas, such as 

cabbage).  The high incidence of floral reversion observed in plants returned to 22°C raises 

the possibility that devernalisation may also have influenced flowering time; further studies 

where post-vernalisation behaviour is observed would be better conducted in cooler 

glasshouse conditions.  Many of the phenotypic differences between vernalisation treatments 

and between flowering types were strongly linked to gene expression behaviour, as discussed 

below.   

 

Initial experiments showed that expression profiles were mostly similar between young leaf 

and shoot apex tissue, both in terms of overall level of expression, and in terms of expression 

changes associated with developmental stage (Figures 31 and 33).  Because of this, 

expression data was only generated for one tissue type for some experiments.  Lin et al. 

(2005) observed strong BoFLC2 expression increases and BoFT decreases with plant age, and 

these trends were also observed in most of these experiments; Figures 31, 32 and 36 show, to 

varying degrees, a general trend of upregulation of BoFLC2 throughout early development, 
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and decreasing BoFT transcript levels throughout the earliest weeks of seedling development 

in both leaf and apex tissue.  These early changes in gene expression may be associated with 

the transition from juvenility to maturity; it is possible that BoFLC2 must be expressed at a 

certain threshold level before it is capable of being downregulated by vernalisation, although 

the mechanism for such behaviour is unknown.  Average BoVIN3 expression in plant apices 

increased gradually with plant age during early growth (Figures 31 and 32), but this was not 

the case in young leaves (Figure 36).  Given the gradual upregulation of BoFLC2 in 

unvernalised plant tissue, and the expected antagonistic role of BoVIN3, the natural increase 

of BoVIN3 in unvernalised apices is unexpected, but it is possible that the level at which 

BoVIN3 is expressed in unvernalised tissue is insufficient to upregulate BoFLC.   

 

This study supports the idea that the function of BoVIN3 is conserved in cauliflower.  The 

VIN3 homologue isolated here was consistently upregulated in response to vernalisation in all 

plant tissues, with no significant differences observed between early- and late-flowering 

parent lines.  This suggests that expression response of this BoVIN3 allele to vernalisation is 

not a major contributing factor to variability in vernalisation responsiveness or flowering time 

in the cauliflower lines investigated.  In contrast to the Arabidopsis model, in which 

prolonged cold temperatures (approx. 20 days at 2-4°C) are required to induce expression (or 

more accurately, relieve the repression; Kim, Zografos & Sung 2010) of VIN3, results from 

this study show that BoVIN3 is significantly upregulated by as little as two days of 

vernalisation (Figure 36) and that there is little difference between expression levels in plants 

vernalised for two, 7 and 21 days.  In experiment 4, BoVIN3 expression in leaves increased 

substantially after 35 days of vernalisation.  It is possible that the upregulation of BoVIN3 

observed following shorter vernalisation treatments (i.e. those less than 35 days) is 

insufficient to elicit stable downregulation of BoFLC, accounting for the lack of curd 

initiation in BoFLC2 plants.   

 

Lin et al. (2005) raised the possibility that BoVIN3 may be involved in the differential 

response of seed as opposed to plant vernalisation in cabbage, suggesting that BoVIN3 may 

only be upregulated during vernalisation of mature cabbages, but not in vernalised seedlings.  

Figure 32 shows that BoVIN3 transcription was upregulated by vernalisation, regardless of 

plant age.  This may indicate that BoVIN3 responsiveness is not a key determinant of 

juvenility length in cauliflower, but because no curd induction data was able to be obtained 

for this experiment, it is not possible to be conclusive about this.  Furthermore, subsequent 
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results shown in Figure 37 clearly indicate that the degree of BoVIN3 upregulation in 

response to vernalisation increases with plant age in both BoFLC2 and boflc2 parent lines.  

This is consistent with curd induction data, where curds were initiated most rapidly in plants 

vernalised at an older age.  Consequently, BoVIN3 responsiveness to vernalisation at different 

plant ages remains a possible contributor to juvenility length, but does not appear to be 

responsible for variability in juvenility between the BoFLC2 and boflc2 lines investigated 

here. 

 

The downregulation of cauliflower BoFLC genes in response to vernalisation is consistent 

with the behaviour of this gene family in other members of the Brassicaceae.  The response 

of both BoFLC2 and BoFLC3 to vernalisation occurred very rapidly, with two days at 5°C 

sufficient to induce downregulation.  Colder temperatures and longer vernalisation treatments 

amplified this effect.  Although this expression response was very similar in both BoFLC2 

and boflc2 varieties, the overall level of BoFLC2 transcript was much higher than that of the 

premature termination codon (PTC)-carrying boflc2, probably due to nonsense-mediated 

decay (NMD) of the boflc2 mRNA.  While NMD commonly acts to degrade mRNA 

harbouring PTCs leading to reduced levels of transcript (Chang, Imam & Wilkinson 2007), 

transcription of genes carrying PTCs is still possible, with other pre-translational suppression 

or post-translational mechanisms capable of regulating the expression of the gene.  Okazaki 

et al. (2007) suggest that this is the case in BoFLC2-GC. 

 

Other authors have reported similar strong correlations between overall FLC expression 

levels and flowering time in both B. rapa (Kim et al. 2007) and B. napus (Tadege et al. 2001) 

and it is possible that such differences in expression have a similar basis to those observed 

here.  Despite the lower overall expression level, the pattern of boflc2 expression response to 

vernalisation was similar to that seen in BoFLC2 plants.  This is in direct contrast to findings 

in cabbage, where BoFLC2 transcript levels were similar between a range of flowering types 

prior to vernalisation, with the point of difference between varieties lying in the degree of 

reduction of BoFLC2 expression following vernalisation (Lin et al. 2005).  Although boflc2 

responsiveness to vernalisation is retained, this allele possesses a mutation which affects the 

post-transcriptional behaviour of the gene, meaning that downregulation and vernalisation 

responses are likely to be without direct effect.  Nonetheless, residual responses are useful in 

that they are likely to be indicative of the behaviour of genes in upstream regulatory 

pathways.  



Chapter V                                                Expression Dynamics of Flowering Time Candidate Genes 

 

122 
 

Whereas Lin et al. (2005) found that BoFLC3 transcript levels were too low to detect using a 

probe of 3‟-UTR of BoFLC3, this study showed that BoFLC3 is strongly expressed in 

cauliflower, at levels far greater than that of BoFLC2, and is also regulated by vernalisation 

in a similar manner to BoFLC2.  Therefore, it seems probable that BoFLC3 could play at least 

a minor role in contributing to the differences in age at visible curd formation observed 

between the different vernalisation treatments in boflc2 parent lines.  Furthermore, recent 

studies have shown that in species with expanded flowering gene families, transcriptional 

cross-regulation between different members of the same family may occur (e.g. Hecht et al. 

2011); these results suggest that there is no such cross-regulation between BoFLC3 and 

BoFLC2, with BoFLC3 regulation entirely independent of BoFLC2 expression and 

functionality.  

 

BoFLC2 and BoFLC3 were downregulated by vernalisation in both BoFLC2 and boflc2 

parent lines, regardless of plant age.  In this regard, BoFLC vernalisation responsiveness is 

more closely aligned to that of seed-vernalisation-responsive members of the Brassicaceae, 

such as A. thaliana, B. rapa and B. napus, than the more closely-related cabbage, whose 

BoFLC expression is unaffected by vernalisation at young ages (Lin et al. 2005).  This 

suggests that the differences in curd initiation recorded for the vernalisation treatments at 

different plant ages are not primarily due to differences in BoFLC2 or BoFLC3 transcription. 

 

The upregulation of BoFT in response to vernalisation is consistent with the behaviour of the 

upstream genes investigated in this study; that is, BoFT increases proportionally and in 

response to downregulation of BoFLC, which in turn follows upregulation of BoVIN3.  

Cauliflower BoFT was upregulated in both leaves and apices, unlike cabbage BoFT, which 

was unaffected by vernalisation in leaf tissue (Lin et al. 2005).  The overall level of BoFT 

expression was approximately tenfold lower in BoFLC2 parent lines, reflecting strong 

suppression by BoFLC2.  In experiment 4, average BoFT transcript levels were low in 

unvernalised 15-week-old plants and in plants vernalised at 15°C; nonetheless, many of these 

plants went on to produce curds, suggesting that increases in BoFT expression occurred 

subsequent to this time point.  Average BoFT expression in late-flowering parent lines was 

not upregulated by vernalisation of three-week-old plants; when vernalisation was applied to 

older plants, mild upregulation was observed.  This suggests that some factor, other than 

BoFLC, is contributing to cauliflower juvenility.  The BoFT expression profile is broadly 

similar to the BoVIN3 profile, but since BoVIN3 is likely to act directly upon the BoFLC gene 
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(which is itself upregulated independently of plant age), some other molecular factor must be 

at work in preventing BoFT upregulation in young plants.  It is also possible that delayed 

BoFT responsiveness is mediated by a transcriptional activator, as opposed to putative 

negative regulators such as BoFLC and BoVIN3.  Recent studies in Arabidopsis have 

indicated that proteins such as CO and GI are both directly involved in the activation of FT 

(Tiwari et al. 2010; Sawa & Kays 2011).  Therefore, it is possible that a homologue of one of 

these genes, or activity of any of the DNA-binding proteins and protein complexes associated 

with their recruitment could potentially control the responsiveness of BoFT to vernalisation in 

the Brassica species.  

 

Information that is potentially useful from a practical perspective may be derived from 

observations of the absolute values involved in the BoFLC2 and BoFT expression profiles of 

late- and early-flowering plants in experiment 4.  For example, vernalisation at 5°C of ten-

week-old BoFLC2 plants for 35 days reduced average BoFLC2 expression in leaves to 0.80% 

ACT and upregulated average leaf BoFT expression to 0.089% ACT.  This treatment was the 

only vernalisation treatment sufficient to induce curd formation in a substantial number of 

BoFLC2 plants (44%).  Many boflc2 plants produced curds even without any vernalisation 

(69%), and in unvernalised 15-week-old plants, BoFT transcript levels were 0.078% ACT; 

similar to that seen in vernalised BoFLC2 lines.  These findings suggest the possibility that 

expression levels of around 0.80% ACT for BoFLC2 and around 0.078-0.089% ACT for 

BoFT represent approximate thresholds that must be reached before curd initiation can occur. 

 

In order to account for differences in pre-vernalisation expression levels, the downregulation 

of BoFLC2 and upregulation of BoFT may also be expressed as a percentage; for example, 

transcript levels of leaf BoFLC2 at ten weeks of age in lines 2, 12, 24 and 51 decreased in 

response to 35 days of vernalisation at 5°C by 79%, 78%, 87% and 81%, respectively.  This 

treatment resulted in upregulation of leaf BoFT by 48%, 35%, 57% and 42% for lines 2, 12, 

24 and 51, respectively (compared to the 90-99% BoFT transcript increases observed in 

leaves of boflc2 lines).  This is consistent with results from experiment 1 which showed 

plants vernalised for two weeks exhibited a 73% downregulation of leaf BoFLC2 and a 60% 

upregulation of leaf BoFT, and eventually formed curds, but that induction was slow 

compared to plants that had been vernalised for longer.  Naturally, detailed modelling of 

expression and flowering behaviour in multiple flowering types would be required in order to 

construct a robust model that could be used to predict flowering time in production 
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environments.  Although such an effort is beyond the scope of this study, some initial 

investigations into the potential for BoFLC2 and BoFT to be used as flowering time 

predictors in cauliflower are made in the Chapter VII.   
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E. Conclusion 

By studying genes at multiple locations throughout the flowering pathway, this study 

represents the first attempt to gain a broader view on the molecular regulation of the 

cauliflower flowering pathway.  As a first attempt, it should therefore be recognised that a 

considerable amount of work remains to fully elucidate the cauliflower flowering pathway.  

In particular, the polyploid nature of this species means that there are likely to be multiple 

additional undiscovered genes even within the families of those genes investigated here 

which also make interact with one another and make significant contributions to the floral 

transition. 

 

While the functionality of the BoFLC2 gene appears to be the chief genetic factor influencing 

curd induction and flowering time in the cauliflower inbred parent lines studied here, it is 

clear that there is much of practical value to be learnt from studies of flowering gene 

expression.  With the use of RT-qPCR techniques to generate high-resolution expression 

profiles, this research has shown for the first time that the basic downregulation response of 

the genes BoFLC2 and BoFLC3 to vernalisation is conserved in cauliflower, and the 

upstream regulator BoFT is upregulated by vernalisation.  Furthermore, the isolation and 

characterisation of BoVIN3 represents the first record of this key gene in a brassica crop 

species, with transcription data indicating a conserved function, and a role in the vernalisation 

pathway.  Curd formation behaviour was consistent with the expected function of these 

genes.  These findings have potential applications, with the possibility that relative expression 

levels of BoFLC2 and/or BoFT could be used to predict curd induction in seed production 

environments. 
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Chapter VI 

DEVERNALISATION, GENE EXPRESSION & 

FLOWERING TIME 

 

A. Introduction 

Asynchronous flowering between parent lines is one of the most serious problems facing 

cauliflower breeders and producers of hybrid seed crops.  One factor that may contribute to 

asynchronous or uneven flowering in these crops is annulment of the vernalisation effect by a 

phenomenon commonly referred to as „devernalisation‟ (Purvis & Gregory 1952).  This 

concept is well-known, with anecdotal evidence from members of the seed industry 

suggesting that it may be responsible for significant lost production in some brassica 

genotypes, especially Kohlrabi.  In order to prevent crop failure as a consequence of 

devernalisation, the seed industry has been forced to avoid growing crops in warmer and drier 

areas – including glasshouse-based systems – that are normally conducive to high-yielding 

and high-quality seed crops.  As a result, the available land and planting window is more 

limited for brassica seed production than almost any other vegetable seed crop (A. Baelde 

2011, pers. comm. 18 April).  Despite being a recognised, serious problem, the physiological 

and molecular mechanisms of devernalisation remain poorly understood, as do practical 

methods for its prevention and correction. 

 

Devernalisation is characterised by the failure of plants to proceed to the reproductive phase 

after an extended period of „relative cold‟ that is normally sufficient for floral initiation 

(Wiebe, Habegger & Liebig 1992).  As noted earlier, numerous autonomous and 

environmental factors besides vernalisation combine to influence the transition from 

vegetative to reproductive development.  For example, a plant which has received 

vernalisation of a duration and intensity normally sufficient to induce reproductive 

development may not flower if it is physiologically immature when vernalised, or if it has not 
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experienced the necessary photoperiodic stimuli (e.g. Booij & Struik 1990; Ramin & 

Atherton 1994).   

 

However, the term „devernalisation‟ is typically reserved for situations where a delay or 

failure to progress to the generative phase is specifically attributed to a loss or reduction of 

the vernalisation impetus in plants that are otherwise competent to flower (Wiebe, Habegger 

& Liebig 1992).  Furthermore, this term is most commonly applied when the reversal of the 

vernalised condition is suspected to be principally due to high post-vernalisation 

temperatures; although inhibited flowering due to inadequate irradiance and light quality 

during vernalisation, or post-vernalisation exposure to environmental conditions opposite to 

those that induce flowering (such as short day conditions) is also sometimes described as 

„devernalisation‟ (Engelen-Eigles 1996; Thomas & Vince-Prue 1997). 

 

Previous reviewers have suggested that the minimum temperature capable of inducing partial 

devernalisation of cauliflower plants is within the 20 to 25°C range, depending on the cultivar 

(Friend 1985; Wurr et al. 1993; Erwin 2007).  Researchers have employed temperatures of 

30°C (Dahanayake & Galwey 1998) to 37°C (Yu et al. 2010) in order to specifically assess 

devernalising effects on brassica. Other studies have shown that the devernalisation effect, in 

terms of delayed flowering, is more pronounced when hot temperatures occur during, 

(Gultormsen 1981; Saito & Saito 2003) or immediately following (Michaels & Amasino 

2000; Erwin 2007) an extended period of vernalisation, suggesting that a „stabilisation‟ 

period is needed following vernalisation in order to maintain the vernalised state (Erwin 

2007).    

 

Antivernalisation and floral reversion are two phenomena closely related to devernalisation.  

Antivernalisation describes the delay or prevention of flower induction and floral 

development in plants exposed to high temperatures prior to vernalisation.  In some Brassica 

cultivars, antivernalisation (such as would occur during unseasonably warm autumn days) 

may be a significant cause of delayed flowering; for example, Dahanayake & Galwey (1998) 

found that primed B. napus var. annua seeds, exposed to 30°C for just two days prior to eight 

weeks of vernalisation at 4°C, exhibited significantly delayed flowering time compared to 

plants that were not antivernalised.  The precise nature of the connection between 

antivernalisation and devernalisation remains unclear. 
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Whereas devernalisation refers to the prevention of floral initiation by a reversal of the 

vernalised condition, floral reversion describes a return to vegetative growth following a 

period of reproductive development (Okamuro et al. 1996).  Tooke et al. (2005) identify two 

distinct types of floral reversion; inflorescence reversion, where vegetative growth occurs 

after, or during and within inflorescence development; and flower reversion in which the 

flower organs are themselves altered or replaced with vegetative structures.  Reversion of 

„committed‟ inflorescence meristems has been observed in cauliflower following exposure to 

high temperatures following the transition from the vegetative to reproductive phase 

(Anthony, James & Jordan 1996). 

 

Growing understanding of the molecular pathways controlling vernalisation-responsive 

flowering in Arabidopsis provides the potential to understand the above phenomena more 

fully.  In Arabidopsis, prolonged cold temperatures (approx. 20 days at 2-4°C) induce the 

expression (or more accurately, relieves the repression; Kim, Zografos & Sung 2010) of 

VIN3, which encodes a PLANT HOMEODOMAIN (PHD)-finger-containing protein (Sung 

& Amasino 2004b).  This protein is thought to be involved in the de-acetylation of Histone 

H3 in the chromatin of flowering inhibitor FLC, increasing its positive charge and 

encouraging high-affinity binding to the DNA backbone, thereby condensing DNA structure, 

preventing FLC transcription and allowing expression of the floral promoter and integrator 

genes such as FT and SOC1, and meristem identity genes such as AP1 which participates in, 

and whose expression seems to indicate, floral determination (Carr & Irish 1997; Hempel et 

al. 1997; Sung & Amasino 2004a).  The initial establishment of a hypoacetylated 

environment by VIN3 also creates favourable conditions necessary for the constitutively 

expressed VRN1 and VRN2 genes (Gendall et al. 2001; Levy et al. 2002) to methylate FLC 

Histone H3.  Although VIN3 expression is transient, with mRNA decreasing to undetectable 

levels within three days of return to warmer temperatures, the methylation regulated by VRN1 

and VRN2 is a structural change which is propagated through mitotic cell divisions in the 

absence of the inducing cold signal, accounting, at least partially, for epigenetic „memory‟ of 

the vernalised state (Gendall et al. 2001; Levy et al. 2002; Amasino 2004; Bastow et al. 2004; 

Sung & Amasino 2004a).  This mechanism provides a framework for understanding why 

devernalisation is not usually observed in Arabidopsis, and suggests that aspects of the 

process have altered functionality in species such as Brassica where devernalisation is 

common.    
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Given its role in the epigenetic suppression of FLC, VIN3 is a likely candidate for 

involvement in the devernalisation and floral reversion phenomena observed in cauliflower.  

In the previous chapter, the isolation of a VIN3 orthologue in cauliflower was described, with 

expression data supporting the idea that its vernalisation-regulated role in BoFLC repression 

is conserved.  Questions remain as to whether partial induction of BoVIN3 results in partial 

repression of BoFLC that is mitotically stable, or whether VIN3 must be fully expressed 

before orthologous VRN genes can suppress BoFLC in an epigenetic fashion.  Furthermore, 

the question of how long or cold a vernalisation treatment must be before VIN3 is fully 

upregulated and vernalisation is saturated requires attention.  Analysis of VIN3 expression in 

B. oleracea plants exposed to devernalising conditions would allow such questions to be 

addressed.  As the most „upstream‟ gene currently known in the Arabidopsis vernalisation 

pathway, VIN3 seems likely to be central to the mechanism of devernalisation. 

 

Because VIN3 is expressed exclusively at relatively low temperatures, expression analysis of 

BoFLC, the next gene downstream, would provide further valuable information about the 

molecular effects of a post-vernalisation return to hot conditions.  We have shown that 

BoFLC2 and BoFLC3 are downregulated by cold temperatures in cauliflower, and according 

to the Arabidopsis model, expression of genes in the FLC family would be expected to 

remain low upon return to warm conditions.  It would be interesting to observe whether this 

is so in B. oleracea, as stable repression of BoFLC upon return to high temperatures would 

seem to preclude the possibility of any literal „devernalisation‟ involving a reversal of the key 

genes in the vernalisation floral inductive pathway (although it is possible that the 

devernalisation process affects elements of homologous FLC-independent pathways (c.f. 

Michaels & Amasino 2001; Schönrock et al. 2006).  Increases in FLC transcript abundance in 

response to warm conditions post-vernalisation have never been reported in either 

Arabidopsis or Brassica.  BoFLC upregulation after a short period of vernalisation would not 

be at variance with current opinion; however, increases in expression following long periods 

of continuous vernalisation would indicate that repression of BoFLC is unstable, and may 

underpin the process of devernalisation.  We would expect expression profiles of integrator 

genes such as BoFT to be inversely related to BoFLC expression.  

 

Two cauliflower homologues of the Arabidopsis meristem identity gene (MIG) AP1 have 

already been isolated: BoAP1-a (Anthony, James & Jordan 1996) and BoAP1-c (Smith 1999).  

A third non-functional gene designated BoAP1-b (Lowman & Purugganan 1999) has also 
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been reported.  BoAP1-a is thought to play the most important role in specifying the 

conversion of reiterating curd meristems to floral primordial and subsequent flowering 

(Anthony, James & Jordan 1996).  The expression of BoAP1-a was examined by Anthony, 

James & Jordan (1996), who found that BoAP1-a expression was greatly reduced in the 

vegetative shoots of reverted cauliflowers that had been exposed to high temperatures.  

Similarly, Kop et al. (2003) identified a temperature-BoAP1-a interaction that affected bract 

development.  Although the authors note that most cauliflower plants are characterised by 

recessive Boap1-a alleles that do not suppress bracting, expression analysis of this gene could 

be helpful in validating the aforementioned upstream regulatory processes.  

 

Exposure of cauliflower plants to devernalising conditions, examination of the physiological 

response, and analysis of the expression of these various genes throughout the vernalisation 

pathway would clarify which aspects of the process are primarily impacted by 

devernalisation.  The ability to determine the point in the pathway at which the vernalised 

state is reversed would inform practical methods for predicting, preventing or correcting the 

disorder.       
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B. Materials & Methods 

1. Experimental Design, Plant Growth Conditions & Scoring 

Seeds from parent line 50 (homozygous for the boflc2 mutant allele) were sown into 56 2 L 

pots containing general purpose potting mix topped with a thin layer of seed raising mix.  

Once established, plants were thinned to one plant/pot.  Plants were grown in 22°C controlled 

environment growth cabinets under a mixture of 36 W cool white fluorescent lamps and 60 

W incandescent lamps with an output of 100 µM m
-2

 s
-1

 as part of a 16 hour photoperiod 

regime. 

 

When the plants were seven weeks old, they were given one of six different treatments (six 

replicates per treatment); (a) two days of vernalisation at 5°C followed by three weeks at a 

„devernalising‟ temperature of 32°C (treatment 2D); (b) two days of vernalisation at 5°C 

followed by three weeks at an „optimal‟ temperature of 22°C (treatment 2O); (c) seven days 

at 5°C followed by three weeks at 32°C (treatment 7D); (d) seven days at 5°C followed by 

three weeks at 22°C (treatment 7O); (e) 28 days at 5°C followed by three weeks at 32°C 

(treatment 28D) and (f) 28 days at 5°C followed by three weeks at 22°C (treatment 28O).   

 

At the end of treatments 2D and 2O, plants were 10 weeks and 2 days old.  At the end of 

treatments 7D and 7O, plants were 11 weeks old.  At the end of treatments 28D and 28O, 

plants were 14 weeks old.  However, during the period spent at 5°C, plant growth was slowed 

or stopped.  This made it unrealistic to compare treatments as though they were different 

ages.  Instead, the time spent at 5°C was disregarded, and the „physiological age‟ of the plants 

in each treatment was assumed to be 10 weeks.  Accordingly, six plants that were aged seven 

weeks were maintained at 22°C (unvernalised or UV) for three further weeks (that is, until 

they were 10 weeks old) to act as controls.  All treatments are summarised in Table 12. 
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Table 12. Summary of vernalisation/post-vernalisation treatments.  The collective name for 

treatments with a common vernalisation duration are listed in the „treatment‟ column.  Specific treatments are 

denoted by an abbreviation comprising the vernalisation duration and a D for devernalising post-vernalisation 

temperatures of 32°C, or an O for „optimal‟ post-vernalising temperatures of 22°C.  Treatments were applied to 

seven week old plants.  In addition, unvernalised control plants (UV) were maintained at 22°C at seven weeks of 

age for a further three weeks.  

 

TREATMENT  ABBREVIATION 5°C VERN DURATION POST-VERN TREAT (3 WEEKS) 

2V 2D 2 days 32°C 
 2O 2 days 22°C 
7V 7D 7 days 32°C 
 7O 7 days 22°C 
28V 28D 28 days 32°C 
 28O 28 days 22°C 
Unvernalised UV N/A N/A 

 

At the conclusion of these treatments, leaf and apex tissue from two out of the six replicates 

from each treatment, and also from the 10 week old controls, was harvested for RNA 

extraction and analysis of gene expression as detailed below.  The remaining four plants from 

each treatment (and 10 week old controls) were removed from growth cabinets and placed in 

glasshouse conditions where temperatures averaged between 14.5°C and 19.3°C (absolute 

minimum = 9°C and absolute maximum = 26°C) with photoperiods extended to 18 hours by 

400 W high-pressure sodium lamps).  Curd developmental stage was recorded each week 

according to the Curd Development Key (Figure 3) and throughout the experiment 

leaf/cicatrix numbers were noted.  Because treatments differed in duration, timing of sowing 

was staggered so that the different treatments began on different dates.  This allowed all 

treatments to conclude on the same date, thereby ensuring that all plants experienced the 

same post-treatment growth conditions. 

 

In addition to harvesting plant tissues at the conclusion of each of the treatment and control 

periods, two additional replicates of leaf and apex material were harvested from UV plants 

aged 3, 5, 7 and 14 weeks.  Furthermore, two additional replicates that had received two, 

seven or 28 days of vernalisation were immediately harvested with no subsequent period of 

growth in warmer conditions, devernalising or otherwise.   

 

Tissue Harvest, RNA Extraction, RT-PCR and qPCR were performed according to the 

method described in Chapter II.  RT-qPCR primer details and annealing temperatures for 

BoVIN3, BoFLC2, BoFLC3, BoFT and constitutive gene BoACT are listed in Chapter V.   



Chapter VI                                                       Devernalisation, Gene Expression & Flowering Time 

133 
 

2. BoAP1 Isolation 

Several primers were designed in order to amplify BoAP1-a and BoAP1-c.  Primer details are 

shown in Table 13. 

 

Table 13. Primers used in BoAP1 isolation.     

 

PRIMER  SEQUENCE REFERENCE SEQUENCE 

1.  BoAP1-F1 5'-CTTTCCAATTGGTTCATACCAA-3' Z37968 (Anthony, James & Jordan 1995) 
2.  BoAP1-F2 5'-CTCTTCTTGTAGTTTCTTAATGG-3' Z37968 (Anthony, James & Jordan 1995) 
3.  BoAP1-R 5'-CATTTGCCGAACTATATAATGG-3' Z37968 (Anthony, James & Jordan 1995) 
4.  BoAP1-a-F 5'-CTTGTTTTGTTTGGTTCTCTTAG-3' AJ505845 (Kop 2002) 
5.  BoAP1-a-R 5'-ACTTGCTAATTATAAGAACATGG-3' AJ505845 (Kop 2002) 
6.  BoAP1-c-F 5'-GGCTCTTTTAGAAGAAATAATAG-3' AJ505846 (Kop 2002) 
7.  BoAP1-c-R1 5'-TAGCCAAAATATACTATGCGTC-3' AJ505846 (Kop 2002) 
8.  BoAP1-c-R2 5'-CCTTGCCAAAATATATTAATTGG-3' AJ505846 (Kop 2002) 

 

Five primer combinations were used to amplify BoAP1 fragments; (a) primers 1 and 3; (b) 

primers 2 and 3; (c) primers 4 and 5; (d) primers 6 and 7 and (e) primers 6 and 8.  These 

combinations were tested on cDNA from several different sources including small 

cauliflower curds, mature cauliflower curds and cauliflower flowers.  PCR denaturation was 

for 3 min at 94°C, followed by 35 cycles of denaturing, annealing and extension at 94°C for 

30 sec, 50°C, 56°C and 58°C for 1 min and 72°C for 1 min, respectively, with a final 

elongation step of 72°C for 10 min.  PCR products were cleaned and were then sequenced by 

the Australian Genome Research Facility Ltd. (AGRF). 

 

Subsequently, primer combination (d) was used in a PCR on gDNA extracted from parent 

lines 36, 40 and 51 (denaturation at 94°C followed by 35 cycles of denaturing, annealing and 

extension at 94°C for 45 sec, 50°C for 45 min and 72°C for 3 min, respectively, with a final 

elongation step of 72°C for 10 min).  The products from these PCRs were cloned with 

plasmid vectors, and sequenced by AGRF. 
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C. Results 

1. Vernalisation & Post-Vernalisation Temperature Effects on Reproductive 

Development 

As observed in previous vernalisation experiments (Chapter V), the average physiological 

age at which curds became evident decreased as vernalisation length increased (Figure 38); 

however, none of the differences in physiological age at curd appearance were statistically 

significant except in those plants vernalised for 28 days (P<0.0001).  These 28D and 28O 

plants produced visible curds just one week after vernalisation (a physiological age of eight 

weeks, compared to plants in other treatments which did not form curds for up to 12 weeks 

after vernalisation (up to 19.5 weeks, phys. age).  On average, 2D plants were slightly slower 

to form curds than 2O plants, but again, the difference was not statistically significant.  There 

was no difference in physiological age of curd appearance between 7D and 7O treatments, 

nor was there any difference between 28D and 28O treatments.   

 

 

Fig. 38.  Physiological age of cauliflowers when curds became visible.  Physiological age refers to 

plant age in weeks, not counting weeks spent at 5°C.  UV denotes unvernalised plants; 2V, 7V and 28V denote 

vernalisation duration in days; and Opt and Dev denotes optimal (22°C) or devernalising (32°C) post-

vernalisation conditions, respectively.  Bars represent the standard error of the mean (n=4). 

 

Leaf number was used as an alternative method of quantifying the physiological age of the 

plants at visible curd formation – plants with fewer leaves were taken to be of a younger 

physiological age.  The same general trend as above was observed, the only notable variation 

being that the 2D plants had an average of 20.25 leaves at curd formation, which was 

significantly different (P=0.041) from the 2O plants, which had an average of 24 leaves.  If 
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taken at face value, this would suggest that the 2D plants formed curds at a younger 

physiological age than the 2O plants.     

 

Although the post-devernalisation temperature conditions did not significantly affect the time 

until curd appearance (except for the plants vernalised for two days, when leaf number was 

used to quantify plant age), there were notable differences in curd morphology between the 

optimal and devernalising treatments, particularly between 28D and 28O treatments.  Plants 

vernalised for 28 days and then grown in devernalising conditions produced curds with 

protrusions of numerous small bracts, and in some cases, the normal curd inflorescence 

meristems appeared to have reverted to vegetative apical buds.  Upon removal from 

devernalising conditions, these bracty „vegetative‟ buds within the curd structure 

recapitulated the earlier developmental process, giving rise to small, but otherwise normal 

curds, which in turn, elongated and flowered.  By contrast, 28O plants produced curds that 

appeared „normal‟, except for the fact that, shortly after curd formation, they began to 

produce distinct flower buds without any noticeable prior elongation of peduncles.  These 

differences are shown in Figure 39.  These morphological differences were not evident to the 

same degree in 2D/2O and 7D/7O treatments. 
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28D curd at conclusion of vern/post-vern treatment:  
small curd with bract-like growth 

28O curd at conclusion of vern/post-vern treatment:  
large curd with distinct flower buds 

28D curd one week after treatment:  apical buds 
appear vegetative 

28O curd one week after treatment:  elongation of 
early-order branches bearing distinct flower buds 

28D curd two weeks after treatment:  apical buds 
appear vegetative, minimal elongation of branches 

28O curd two weeks after treatment:  elongation of 
later-order branches with fully-formed flower buds 

28D curd three weeks after treatment:  ‘vegetative’ 
buds open to reveal miniature curds 

28O curd three weeks after treatment:  several 
flower buds fully opened (corresponds to stage 5) 

TREATMENT 28D TREATMENT 28O 
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Fig. 39   (Previous page) Effect of post-vernalisation temperature on curd morphology.  Both 

28D (left column) and 28O (right column) plants had formed curds during the post-vernalisation stage of their 

treatment.  By the end of this treatment, 28O curds had formed distinct flower buds, and within three weeks of 

treatment, curds were in the initial stages of flowering.  In contrast, 28D plants had started to form „vegetative‟ 

structures within the curd by the end of the treatment.  Over the ensuing two weeks, curds expanded and the 

„vegetative‟ apical buds developed.  Three weeks after the treatment, the „vegetative‟ structures opened to reveal 

compact masses of apical buds which appeared as a typical, but very small individual cauliflower curds.  These 

eventually elongated and flowered in the normal manner of cauliflower curds. 

 

In addition to the morphological differences between treatments 28O and 28D described 

above, the rate of growth was notably different between these two treatments, with the 28O 

curds growing much more rapidly (Figure 40).  The growth rate of 2D and 7D plants was also 

reduced compared to 2O and 7O treatments, however the differences were not so great as 

observed between 28D and 28O.   

 

 

Fig. 40.  Effect of post-vernalisation temperature on curd growth rate.  Both plants were exposed 

to 28 days of vernalisation at 5°C when seven weeks old.  The plant on the left (28O) was then grown for three 

weeks at an „optimal‟ temperature (22°C), while the plant on the right was subjected to three weeks of 

„devernalisation‟ at 32°C.  In both treatments, curds were first observed one week after being returned to warm 

conditions (two weeks before this photograph was taken).  The plants grown in optimal conditions produced 

much larger curds than those grown at devernalising conditions.  Also note the reduced epicuticular wax and 

curled leaf margins in the 28D plant. 
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This slower curd growth and development is reflected in flowering time data (Figure 41), 

where significant (P=0.042) differences were recorded in the average physiological age at 

anthesis between 28D and 28O plants; despite forming curds at the same age, the average 

physiological age of flowering in 28D plants was 18 weeks, compared to 15.5 weeks in 28O.  

In 2D/2O and 7D/7O treatments, flowering time was also consistently slower in devernalised 

plants, but these differences were not statistically significant.  Generally speaking, treatments 

with longer vernalisation durations flowered faster, although 2D plants were slower to flower 

than plants that did not receive any vernalisation (not statistically significant).   

 

Fig. 41.  Physiological age of cauliflowers at anthesis (stage 6).  Physiological age refers to the 

plant‟s age (in weeks), not counting weeks spent at 5°C.  UV denotes unvernalised plants; 2, 7 and 28 figures 

indicate the number of days of vernalisation; and D and O suffixes denote devernalising (32°C) or optimal 

(22°C) post-vernalisation conditions, respectively.  Different letters above bars indicate significant (P<0.05) 

differences between treatments (LSD = 2.40).  Bars represent the standard error of the mean (n=4). 

 

2. Vernalisation & Post-Vernalisation Temperature Effects on  

Flowering Gene Expression 

BoFLC2 expression in young leaves of parent line 50 was downregulated by seven and 28 

days of vernalisation when plants were seven weeks old, but this was only significant in the 

28V treatment (P=0.003; Figure 42).  Two days of vernalisation were unexpectedly 

associated with a slight, but statistically significant (P=0.049) increase in BoFLC2 transcript.  

Subsequent return of 2V plants to optimal conditions resulted in little BoFLC2 expression 

change, and expression in plants returned to devernalising conditions was slightly lowered.  

In 7V and 28V treatments, the vernalisation-induced downregulation of BoFLC2 was not 

stable, and gene expression returned to pre-vernalisation levels or higher once plants were 

returned to optimal conditions or exposed to devernalising temperatures.  The average 

expression level of BoFLC2 in 7V plants increased more when returned to optimal 
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temperatures than when exposed to devernalising conditions.  By contrast, average 

expression of leaf BoFLC2 in 28D plants was higher than that of 28O plants, although when 

the two replicates which comprised this point were examined individually, it was noted that 

this was only the case in one replicate.  Post-vernalisation upregulation was highest, relative 

to expression levels immediately following vernalisation, in those plants vernalised for 28 

days. 

 

Figure 42 shows that BoFLC3 expression profiles in young leaves were very similar to 

BoFLC2 expression profiles.  All three vernalisation treatments were associated with 

reductions in mRNA transcript levels, although the downregulation induced by the 2V 

treatment was not significant (P=0.166).  Once again, the degree of downregulation was 

dependent on the length of vernalisation, and once again, the vernalisation-induced 

downregulation of BoFLC3 was not stable; regardless of vernalisation duration, gene 

expression generally returned to pre-vernalisation levels or higher once plants were returned 

to optimal conditions or exposed to devernalising conditions.  The increase in expression 

upon return to warm conditions was relatively larger in plants with a lower level of 

expression immediately subsequent to vernalisation.  The average expression of BoFLC3 was 

consistently higher in plants exposed to optimal conditions than those exposed to 

devernalising conditions, and the difference between these two treatments diminished with 

increasing vernalisation length; however, none of the differences in expression between 

plants exposed to 22°C and 32°C were statistically significant.  As reported in the previous 

chapter, the overall level of expression was much higher in BoFLC3 than in the mutant 

BoFLC2. 

 

BoFT expression levels were not notably different to expression levels in unvernalised plants 

following 2V or 7V vernalisation treatments (Figure 42).  In contrast, BoFT was significantly 

(P=0.005) upregulated after 28 days of vernalisation.  In 2V and 7V vernalisation treatments, 

exposure to warm post-vernalisation temperatures was associated with moderate increases in 

BoFT expression, but there was no significant difference in expression between 32°C and 

22°C treatments.  The most striking feature of the BoFT expression profile was the 

upregulation of BoFT in both 28D and 28O plants post-vernalisation, relative to expression 

levels immediately following vernalisation, which was particularly dramatic in the 28D 

plants. 
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BoVIN3 expression data was more variable than that of other genes examined in this study 

(Figure 42).  As in Figure 36, initial expression levels were high in one replicate, but this was 

not the case in the second replicate.  No significant increases in transcript levels were 

measured immediately following any of the vernalisation treatments.  In both 7V and 28V 

treatments, plants exposed to devernalising conditions had higher levels of BoVIN3 transcript 

than those returned to optimal conditions, but again, there was considerable variability and 

this difference was not statistically significant. 
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Fig. 42. BoFLC2, BoFLC3, BoFT and BoVIN3 expression profiles for different vernalisation and post-

vernalisation temperature treatments.  Timing of vernalisation is indicated by a dashed line.  Data points 

represent the average of two samples.  Note the tenfold difference in scale between the 28V treatment and other 

vernalisation treatments in BoFT profiles.  Bars represent the standard error of the mean (n=2).    
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3. BoAP1 Isolation & Sequencing 

Isolation of BoAP1 genes was complicated by the presence of multiple very similar genes, 

and in the limited timeframe available for this work, suitable qPCR primers were not able to 

be successfully designed.    

 

Primer combination (d) was the only combination that amplified a product fit for sequencing.  

The fragment sequence was identical to AJ505846 (Kop 2002).  A PCR on genomic DNA 

was performed in order to identify the intron location in this sequence so that appropriate 

qPCR primers could be designed.  Sequences were messy, indicating multiple products.  In 

an attempt to isolate the PCR products, they were cloned in a plasmid vector and sequenced.  

The sequenced insert bore no significant similarity to any AP1 genes; using the BLAST 

programme, the cloned products were found to show up to 93% homology with Brassica 

rapa subsp. pekinensis chloroplast sequence DQ231548.  
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D. Discussion 

1. Vernalisation & Post-Vernalisation Temperature Effects on Reproductive 

Development 

It is well-established that the timing of visible curd formation is directly related to 

vernalisation length in many cauliflower cultivars and the findings in both this chapter and 

the previous chapter are consistent with this principle.  Unvernalised plants (grown at 22°C 

before transfer to 14.5°C – 19.3°C glasshouse conditions) eventually flowered, indicating that 

the vernalisation response seen in boflc2 parent line 50 is non-obligate.  This facultative 

response indicates that other genes (possibly including BoFLC3) are responding to, and being 

regulated by vernalisation, or alternatively, that ambient glasshouse temperatures are 

sufficient to induce vernalisation.  Two days of vernalisation at 5°C were insufficient to 

promote significantly faster curding; plants vernalised for seven days were observed to curd 

slightly faster, but 28 days of vernalisation were needed before a statistically significant 

hastening of visible curd formation was measured.   

 

The only vernalisation length treatment in which physiological age at visible curd formation 

was affected by post-vernalisation temperature was the 2V treatment, with devernalised 

plants slightly slower to form curds than those grown in „optimal‟ conditions.  This is 

possibly because these plants had received the least vernalisation, and were therefore more 

prone to devernalising effects than plants from the other treatments.  The continuous gradient 

of heteroblastic leaf morphologies present, particularly in the 2V and 7V treatments, made it 

difficult to accurately count leaf number.  As such, the leaf number method of determining 

physiological plant age was deemed misleading.  The faster curd formation observed in 2D 

plants should therefore be regarded with circumspection.   

 

Differences in the ontogenetic degree of development at the point of curd arrest between 28D 

and 28O treatments were noted.  28D plants exhibited bract-like vegetative structures 

subtending the floral stalks of the curds, and 28O had well-developed, distinct floral buds.  

Plants exposed to shorter vernalisation treatments did not display noticeable differences in 

curd morphology in response to post-vernalisation temperature.  It is likely that this is 

because 28V plants formed curds just one week after the vernalisation treatment, meaning 

that the developing curd was exposed to two weeks of 22°C or 32°C before transfer to 
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glasshouse conditions, whereas the 2V and 7V plants had not formed visible curds at the time 

of post-vernalisation treatment.   

 

The developmental stage of curd arrest has been shown to be temperature-dependent in some 

cauliflower varieties (Fujime 1983; Fujime & Okuda 1996; Duclos & Björkman 2008), with 

hotter temperatures resulting in earlier stages of curd arrest.  For example, Fujime & Okuda 

(1996) noted that when young „Snow Queen‟ cauliflower cultivars were exposed to 

temperatures above 30°C, bracty curds showing signs of floral reversion were produced; 

temperatures of 20
 
– 25°C resulted in normal curds arrested at the inflorescence meristem 

stage; temperatures below 15°C caused „ricy‟ curds with mature floral buds.  Clearly, parent 

line 50 is strongly influenced by temperature during curd development, with 32°C inducing 

floral reversion, and supposedly „optimal‟ conditions of 22°C evidently sub-optimal for this 

particular cultivar, which is a boflc2 mutant and is probably adapted to warmer climates.  

Besides differences in the stage of development at curd arrest, the rate of growth, in terms of 

curd size, was much slower in devernalised plants than in optimal plants, especially in the 

28O and 28D treatments.  The effect was probably less noticeable in 2V and 7V plants 

because curds were not produced until they were transferred to glasshouse conditions.   

 

Once again, flowering generally occurred at a younger physiological age in plants that had 

been vernalised for longer.  Although there was very little difference in physiological age at 

visible curd formation between plants grown in the two post-vernalisation conditions, 

devernalised plants consistently flowered when they were physiologically older than plants 

grown at optimal temperatures.  This suggests that in parent line 50, an important effect of 

hot post-vernalisation temperatures is slowed curd growth and development, as distinct from 

delayed curd initiation.  Both the susceptibility of different brassica genotypes to 

devernalisation and their sensitivity to post-vernalisation temperature effects on the 

ontogenetic stage of curd arrest may be a significant source of flowering time variation 

between parent lines in seed crops.  

 

In this experiment, 28D plants flowered on average 2.5 days later than 28O plants.  This 

contrasts with the shorter vernalisation treatments, where 7D plants flowered only 0.75 days 

later than 7O, and 2D plants actually flowered earlier than 2O, by two days.  It is suspected 

that the larger difference between 28D and 28O treatments is primarily due to the fact that the 

developing curd was exposed to hot temperatures, leading to delayed growth and floral 
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reversion.  In the other treatments, the smaller difference between treatments D and O are 

more likely to be due to „true‟ devernalisation, with the 2V treatment more susceptible to 

devernalisation than the 7V treatment.  Although the difference was not statistically 

significant, the average physiological age at flowering was greater in 2D plants than in UV 

plants, suggesting that hot post-vernalisation temperatures in plants that have received only 

short periods of vernalisation may result in slower flowering than if the plant was never 

vernalised at all. 

 

In order to assess whether these differences in curd growth and development are due 

specifically to vernalisation, or whether general stress factors associated with high 

temperatures are involved, the expression of genes throughout the floral induction pathway 

are now considered. 

 

2. Expression of Genes in the Vernalisation Pathway 

This experiment was conducted before the contribution of BoFLC2 functionality to 

cauliflower flowering time had been established.  Parent line 50 was selected for examination 

to complement concurrent brassica research, but in retrospect, the selection of a boflc2 line 

was unfortunate because the expression behaviour of boflc2 is unlikely to be directly 

contributing to flowering behaviour.  Although designated by Rijk Zwaan breeders as a 

„medium late‟-flowering line, these results indicate that curding occurs in the absence of 

vernalisation, meaning that there was less opportunity to test whether vernalisation length 

reduced the propensity for devernalisation. 

  

Two days of vernalisation did not significantly affect the expression of either of BoFLC2 or 

BoFLC3, but more sustained periods of vernalisation had the effect of downregulating both 

genes, with the degree of downregulation proportional to the length of vernalisation.  A novel 

finding of this study was that the vernalisation-induced repression of both BoFLC genes was 

unstable, returning to pre-vernalisation levels or higher upon return to warmer conditions, 

regardless of vernalisation duration.  This is in contrast to the Arabidopsis model, in which 

FLC is stably downregulated.  In recent years, several authors have provided examples of 

unstable FLC downregulation in other members of the Brassicaceae: for example, Lin (2005) 

found that the downregulation of functional BoFLC4-1 in transgenic Arabidopsis by seed 

vernalisation was unstable and incomplete.  In white mustard (Sinapis alba; also known as 
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Brassica hirta (Primard et al. 1988)), SaFLC in two-week-old seedlings was unstably 

downregulated by one week of vernalisation at 7°C, with stable downregulation produced by 

longer vernalisation (D‟Aloia, Tocquin & Périlleux 2008).  Wang et al. (2009) described an 

FLC orthologue (PEP1) whose vernalised, downregulated state was not stable in Arabis 

alpina, where uninterrupted cold exposure is required for the cold-promoted transition to 

flowering to occur.  However, this study identifies the first known example of unstable 

downregulation of FLC in a member of B. oleracea. 

 

Bernier, Kinet & Sachs (1981) have noted that the physiological manifestations of 

devernalisation are most evident when the heat treatment is applied immediately after cold 

treatment, but that this effect declines with increased duration of vernalisation.  Hence, whilst 

a return to pre-vernalisation BoFLC expression might have at least been consistent with the 

expected physiological effects of devernalisation following the 2V treatment, it is surprising 

to find that 28 days of vernalisation at 5°C did not affect a stable repression of BoFLC.  It 

would be interesting to see whether BoFLC repression is stable in plants that are gradually 

returned to warm conditions.   

 

BoFLC3 expression was consistently higher in plants returned to optimal temperatures than in 

those returned to devernalising temperatures, and BoFLC2 was higher in all optimal post-

vernalisation treatments except in the 28V plants.  However, these differences were not 

statistically significant, with considerable variation within the two replicates.  We had 

initially expected devernalised plants to exhibit higher levels of both BoFLC transcripts, but 

the gene expression findings are consistent with the minimal differences observed in age at 

visible curd formation between optimal and devernalised plants.   

 

Given the status of FLC downregulation as a molecular marker of the vernalised state 

(Michaels & Amasino 2000), the discovery that BoFLC is upregulated in plants exposed to 

warm temperatures following vernalisation is important in that it potentially localises the 

genes regulated by the devernalisation process upstream of BoFLC, as opposed to alternatives 

downstream (for example, at the BoFT promoter).  Although the homologue boflc2 was non-

functional in this particular line, its expression profile would be expected to reflect upstream 

processes, even if it is not itself playing a role in the vernalisation pathway.  Furthermore, the 

almost identical behaviour of BoFLC3 is consistent with an upstream process resulting in 

reversal of the vernalised state in response to high temperatures.  Nonetheless, it would be 
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valuable to observe whether the same degree of BoFLC2 instability is present in functional 

lines.  In order to fully understand the role of this gene in devernalisation, further studies of 

vernalisation treatments of the effect of devernalisation on both BoFLC2 and boflc2 lines 

would be necessary.  Stable repression of functional BoFLC2 associated with reduced 

devernalisation sensitivity would support the idea that maintenance of the vernalised state 

(i.e. by VRN1 and VRN2) is dependent on functionality of the BoFLC2 gene, providing a 

target for plant breeders seeking to develop varieties suitable for warmer, drier production 

conditions.   

 

Based on our current knowledge of the behaviour of the genes upstream of FLC, it appears 

possible that the instability of BoFLC3 and (despite its non-functionality) BoFLC2 in this 

particular cauliflower parent line may possibly be due to incomplete or reversed methylation 

by VRN1/VRN2, raising the question of whether this mechanism may underpin the process of 

devernalisation in general.  For example, Gendall et al. (2001) and Levy et al. (2002) both 

reported that FLC returned to pre-vernalisation levels when returned to warm conditions in 

vrn1 and vrn2 Arabidopsis mutants, and Trap-Gentil et al. (2011) recently showed that 

devernalisation increased DNA methylation levels in the SAM of Beta vulgaris.  The 

mechanisms of epigenetic silencing are currently receiving a great deal of attention, and 

studies published at the time of writing have provided evidence that the epigenetic silencing 

and stable repression of AtFLC depends on COLD ASSISTED INTRONIC NONCODING 

RNA (COLDAIR), an antisense transcript encoded at the FLC locus, that, along with PcG 

protein complexes, is involved in FLC chromatin remodelling (Heo & Sung 2011).  A similar 

antisense transcript called COOLAIR (Swiezewski et al. 2009) is also proposed to play an 

important role in the epigenetic downregulation of FLC. 

 

There was little change in BoFT expression after two days or one week of vernalisation.  

After four weeks of vernalisation, BoFT had increased significantly (P=0.005), reflecting the 

younger curding and flowering age in 28V plants.  After return to warm conditions, increases 

in BoFT expression proportional to vernalisation length were noted in all plants; there was no 

reversal of BoFT expression, such as was observed in the BoFLC genes.  Plants that were 

returned to optimal conditions always evinced greater upregulation than those returned to 

devernalising conditions.  The difference in BoFT expression between the two post-

vernalisation treatments increased as the vernalisation length increased.  These findings are 

consistent with the observed physiological behaviour (most notably, later curding and 
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flowering in 28D as opposed to 28O plants) and with the expectation that longer vernalisation 

durations would assuage the effects of devernalisation.   

 

Unlike other gene expression studies contained in this thesis, which typically show an inverse 

relationship between BoFLC and BoFT, these findings reinforce that BoFT is regulated by 

temperature via other genes besides BoFLC.  A prolonged period of vernalisation clearly 

promotes reproductive development, despite the non-functionality of boflc2, causing BoFT to 

be upregulated.  This may be via other BoFLC genes not investigated here, elements of the 

autonomous induction process or an unknown BoFLC-independent pathway that is 

vernalisation-responsive.  Furthermore, it is possible that an interaction between temperature 

and photoperiod may influence BoFT expression through genes such as CO; for example, 

increases in responsiveness to LD photoperiods have been observed when LDs immediately 

follow vernalisation, with sub-optimal vernalisation treatments capable of inducing flowering 

if they occur when the photoperiod is lengthening, as in Spring (D‟Aloia, Tocquin & 

Périlleux 2008). 

 

Vernalisation for two or seven days had little effect on BoVIN3 expression.  This is in 

contrast to results from the previous chapter which showed that even short vernalisation 

treatments were capable of upregulating BoVIN3 in ten-week-old plants.  Given the evidence 

that BoVIN3 responsiveness to vernalisation increases with plant age, it is possible that one 

reason for the absence of upregulation seen here was that the plants were just seven weeks of 

age.  The 28V treatment increased BoVIN3 expression in one replicate, consistent with the 

strong downregulation of BoFLC observed in this treatment.  Differences between optimal 

and devernalising treatments were unclear due to high variability.  As it seems that BoFLC is 

of less consequence to flowering time in this parent line, it also seems that the importance of 

BoVIN3 is reduced in this line.  Subsequent studies could be improved by defining the 

conditions and genotypes in which the devernalisation effect is strongest before attempting to 

analyse gene expression.  For example, the use of BoFLC2 parent lines known to be 

susceptible to devernalisation and floral reversion (such as lines 4, 12 and 46: see Chapter 

VII), the application of a broader range of vernalisation treatments, and greater replication to 

allow for variability in gene expression would enable a more definitive assessment of both 

the molecular basis of devernalisation, and physiological aspects, such as the effect of 

vernalisation length on the capacity of plants to be devernalised. 
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3. BoAP1-c Isolation 

The role of BoAP1 in curd development remains of considerable practical interest, with the 

possibility that this gene could be used as an indicator of bolting in those varieties with curds 

that remain arrested for extended periods.  It may also serve as an early indicator for floral 

reversion or devernalisaion.  For example, Anthony, James & Jordan (1996) reported that 

BoAP1 is responsive to post-vernalisation temperatures, with expression decreasing in 

devernalising conditions (the opposite of what occurs in Arabidopsis).  Smith & King (2000) 

have suggested that the differences in developmental stage at curd arrest between heading 

brassicas  are due primarily to the combination of BoCAL-a and BoAP1-a alleles, with 

temperature effects also influencing curd arrest stage.  Kop et al. (2003) proposed that 

BoAP1-a allele may have a role in bract suppression and reversion, and Carr & Irish (1997) 

note that AP1 expression is strongly associated with floral determination, indicating that the 

Boap1-a allele present in many cauliflower varieties may serve to undermine floral 

commitment and the capacity for maintenance of floral identity.  More recently, the 

importance of the allelic combination of these two genes in determining developmental stage 

of arrest has been questioned, following evidence that other genetic mechanisms contribute 

more to this process (Labate, Robertson & Bjorkman 2004; Labate et al. 2006; Duclos & 

Björkman 2008).  Investigation of the expression of members of the BoAP1 gene family in 

response to a broad range of vernalising/devernalising conditions in parallel with evaluation 

of other key genes in the brassica flowering pathway would help to clarify its role in floral 

determination and curd arrest.   
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E. Conclusion 

Cultivation of vernalisation-responsive brassicas (including cauliflower) as annual seed crops 

in warm or dry areas exposes growers to the risk of unexpected high temperatures during the 

floral induction phase which may lead to uneven or delayed flowering and poor seed yields.  

Warmer environments associated with possible climate change also threaten to exacerbate 

this problem in growing environments that are currently marginal.  By establishing the 

expression patterns of key flowering genes in response to temperatures shown to delay 

flowering, this study has confirmed the potential for mRNA transcript levels to serve as 

indicators of reproductive status. 

 

BoFLC2 has been shown to make a strong contribution to flowering time (Chapter III), and 

this is reflected in the expression dynamics of functional alleles (Chapter V).  In this study, 

unstable downregulation of FLC has been demonstrated for the first time in B. oleracea, 

indicating that the expression of both BoFLC3 and the non-functional boflc2 is affected by 

warm post-vernalisation temperatures, and that it is potentially the basis of devernalisation 

problems encountered in the production of seed crops.  The finding that BoFT expression 

continues to rise in warm post-vernalisation environments reinforces the idea that other genes 

besides BoFLC are involved in its regulation.  Differences in BoFT expression between 28D 

and 28O treatments are likely to be due the influence of temperature-regulated genes not 

investigated here. 
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Chapter VII 

USING GENE EXPRESSION TO PREDICT FLOWERING TIME 

 

A. Introduction 

In the previous chapters, several key genes in the cauliflower flowering pathway were 

identified and characterised.  This information has the potential to form the basis of genetic 

neural networks that may be used to model flowering behaviour in brassica crops.  For 

example, Welch, Roe & Dong (2003) studied flowering time in a range of A. thaliana strains 

with loss-of-function mutations at key flowering network loci in an early attempt to convert 

the existing detailed knowledge of the qualitative aspects of genetic flowering networks into 

quantitative modelling tools that could be used to predict the overall integrated effects of 

these networks on flowering time.  More recently, attempts have been made to develop 

genetically-informed, computational phenology models in agriculturally-significant crops 

such as soybean and pea (Messina et al. 2006; Wenden et al. 2009).  It is expected that such 

models, which bridge the laboratory and field by integrating both genetic and environmental 

data, will become increasingly effective tools for predicting the timing of key biological 

events.  Such crop models, however, are a long-term goal requiring detailed understanding of 

the genetic and molecular processes being modelled.  A more immediate application for 

knowledge of the regulation of genes involved in cauliflower flowering pathways concerns 

the use of expression data as a means of predicting floral initiation in production 

environments in a way that would improve hybrid seed producers‟ ability to apply 

management strategies in a timely manner.   

 

Although the molecular basis of vernalisation-dependent flowering time regulation in 

Arabidopsis has been intensively studied under controlled conditions, comparatively little is 

known about flowering gene expression control in complex natural environments.  Recently, 

it has been shown that gene regulation in a fluctuating environment is substantially different 

to that observed in the homogenous and controlled environment of the laboratory (Richards et 
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al. 2009).  Subsequent to the work described in this chapter, Aikawa et al. (2010) reported 

results from a two-year census of the seasonal expression of FLC in an perennial population 

of Arabidopsis halleri grown outdoors, finding that seasonal trends of temperature were 

detected at the level of FLC regulation.  FLC was slowly downregulated throughout autumn 

and winter before being gradually upregulated in spring and summer.  Fluctuations in 

temperature throughout these seasons had little effect on expression, suggesting the 

involvement of a „buffering‟ mechanism in FLC regulation that allows seasonal cues to be 

extracted from the background noise of fluctuating temperatures. 

 

Apart from the study of FLC expression in Arabidopsis (Aikawa et al. 2010), there are very 

few reports of the measurement of seasonal/temporal changes in gene expression under 

natural conditions.  Certainly, there does not appear to be any published research into the 

seasonal expression of flowering genes in field crops.  Consequently, it is important that this 

issue is addressed in cauliflower if the goal of using gene expression to predict flowering in 

dynamic and complex production environments is to be realised.  Although interest in the 

development of genetically-informed models of progression towards flowering has increased 

in recent years (Uptmoor et al. 2008; Wilczek et al. 2009), the concept of using gene 

expression data to generate real-time feedback as to a plant‟s developmental status is highly 

novel.  In this chapter, the first steps are taken towards understanding flowering gene 

expression throughout the growth and development of cauliflowers exposed to natural, 

fluctuating temperature conditions.  This understanding will be essential to determine 

whether the correlations between gene expression and reproductive state seen in the previous 

chapters are also valid under field conditions, and will be used in an initial evaluation of the 

feasibility of using gene expression data to predict curd induction and flowering in a 

production environment.    
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B. Materials & Methods 

The following experiments were conducted in the first and second years of this project in 

order to take advantage of existing plant material and field trials.  In each of the experiments, 

tissue harvest, RNA extraction, RT-PCR and qPCR were performed according to the methods 

described in Chapter II.  RT-qPCR primer details and annealing temperatures for BoFLC2, 

BoFLC3, BoFT, BoVIN3 and reference gene BoACT are listed in Chapter V.  All gene 

expression data presented in this chapter are based on one biological replicate only, and the 

fine details of the expression profiles should therefore be interpreted with care; nonetheless, 

the presence of internal replicates (i.e. multiple data points collected within a time series, or 

multiple lines from the same genotype) permits confident interpretation of general trends.  All 

pot-grown plants were fertilised with Hoagland‟s solution (Hoagland & Broyer 1936) as 

required. 

 

1. Pot-Based Outdoors Trial 

Fifty seedlings of parent line 51 (BoFLC2) and 50 seedlings of parent line 48 (boflc2) were 

raised by Hills Transplants (Devonport, Tasmania) in a vermiculite-based seed raising mix.  

In order to facilitate normal plant growth and development and to synchronise flowering 

between the two lines, the earlier-flowering line 48 was sown later than the late-flowering 

line 51.  Line 51 seeds were sown on the 22
nd

 of February 2007 and seedlings were 

transplanted into 0.5 L and 4.5 L pots containing general purpose potting mix on the 4
th

 of 

April and 2
nd

 of May, respectively.  Line 48 seeds were sown on the 7
th

 of March, and 

seedlings were potted into 0.5 L and 4.5 L pots on the 27
th

 of April and 30
th

 of May, 

respectively.  Plants were grown on outdoor terraces at the Horticultural Research Centre 

(Sandy Bay, Tasmania).  Average maximum and minimum temperatures for the months 

during which the plants were grown are shown in Figure 43.  Plants were fertilised with 

additional slow-release Osmocote 5-6 month, 11:4.8:14.9 (Scotts Australia, Baulkham Hills, 

NSW).  Observations of plant development and harvesting of leaf and apex samples for RNA 

extraction were conducted every fourteen days.   
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Fig. 43.  Average 2007 maximum and minimum temperatures for the months April – November 

at the Horticultural Research Centre, Sandy Bay Tasmania. 

 

2. Pot-Based Glasshouse Trial 

Seeds from 25 different parent lines (Table 14) were sown into seed raising mix (Grow Better 

Garden Products Pty Ltd, Bayswater VIC), and 11 seedlings from each line were transplanted 

into 4.5 L pots containing general purpose potting mix when 37 days old.  Plants were grown 

under glasshouse conditions, where, during the 91 weeks for which this trial was conducted, 

temperatures ranged from a minimum of 4.9°C in winter months, to a maximum of 43.7°C in 

the summertime.  When aged 41 days, tissue was harvested from three replicates for RNA 

extraction; at this sample point, plants were too small to yield sufficient apical tissue for RNA 

extraction, so apex tissue was combined with young leaf tissue (c.f. Lin et al. 2005) based on 

previous observations that the genes being investigated were expressed similarly in shoot 

apices and young leaves.  Parent lines 1 and 49 germinated poorly, meaning that there were 

insufficient replicates to allow RNA extraction at this sample point.  When plants were 49 

days old, five of the eight replicates were subjected to a mild vernalisation treatment at 7°C 

for 12 hours per night for three weeks.  The developmental stage of plants was recorded on a 

weekly basis, and when visible curds were first observed, leaf and apical tissue was harvested 

for RNA extraction. 

 

Table 14. Cauliflower parent lines in the pot-based glasshouse trial. 

 

FLOWERING CLASS LINES 

Early 10, 32, 38, 40, 54 
Med Early 6, 23, 36, 47, 48 
Med Late 21, 41, 44, 49, 52 
Late 1, 13, 17, 46, 51 
Very Late 2, 4, 7, 11, 12 
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3. Field Trial 

Fifteen cauliflower lines with flowering behaviour ranging from Early to Very Late, were 

raised by Hills Transplants (Devonport, Tasmania) in a vermiculite-based seed raising mix.  

Time of sowing was varied according to flowering behaviour in an attempt to achieve 

uniform curd initiation and flowering between lines; later-flowering lines were sown in mid-

summer, and earlier-flowering lines were sown at the end of summer (details shown in Table 

15). Seedlings were transplanted into field conditions when aged between 41 and 51 days.   

 

Table 15. Cauliflower parent lines used in the Forthside field trial.  

 

LINE FLOWERING CLASS DATE SOWN DATE TRANSPLANTED 

1 Late 5
th

 Feb 07 18
th

 Mar 07 
2 Very Late 29

th
 Jan 07 11

th
 Mar 07 

3 Very Late 29
th

 Jan 07 11
th

 Mar 07 
7 Very Late 29

th
 Jan 07 11

th
 Mar 07 

9 Late 5
th

 Feb 07 18
th

 Mar 07 
21 Med-Late 12

th
 Feb 07 1

st
 Apr 07 

25 Late 5
th

 Feb 07 18
th

 Mar 07 
35 Early 26

th
 Feb 07 18

th
 Apr 07 

36 Med-Early 19
th

 Feb 07 8
th

 Apr 07 
37 Early 26

th
 Feb 07 18

th
 Apr 07 

38 Early 26
th

 Feb 07 18
th

 Apr 07 
41 Med-Late 12

th
 Feb 07 1

st
 Apr 07 

44 Med-Late 12
th

 Feb 07 1
st

 Apr 07 
47 Med-Early 19

th
 Feb 07 8

th
 Apr 07 

48 Med-Early 19
th

 Feb 07 8
th

 Apr 07 

 

The field site at the Forthside Vegetable Research Station, Northern Tasmania (41°12‟15”S, 

146°15‟42”E, WGS84; climatic data shown in Figure 44) was sprayed with Roundup CT 

(450 g/L Glyphosate; 3 L/ha), and Mycrobor (21% boron; 10 kg/ha) and sodium molybdite 

(400 g/ha) were applied.  The site was ploughed and fertilised with 1 ton/ha of Bejo 

proprietary fertiliser (3:5:14 + trace elements) and 1.6 m wide raised beds were formed with 

two rows per bed, each 800 mm apart.  Prior to planting, the site was sprayed with Goal (240 

g/L oxyfluorfen; 3 L/ha), Stomp440 (440 g/L pendimethalin; 2 L/ha) and Roundup CT (450 

g/L Glyphosate; 2.5 L/ha).  Experimental plots were arranged in a randomised complete 

block design, and plants were transplanted by hand into the basalt-derived red ferrosol soil at 

a spacing of approximately 450 mm.  There were three replicates of each parent line, with 

approximately ten plants per replicate.  Leaf and apex tissue was harvested for RNA 

extraction on the 13
th

 of June.  Observations of curd initiation and development were made 

every 7-11 days from the 31
st
 of October until the 10

th
 of December.  Both curding and 
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flowering time were expressed as the average number of days from the 13
th

 of June sampling 

date. 

 

 

Fig. 44.  Long-term mean monthly minimum and maximum temperature and rainfall data for 

Forthside Research Station weather station (Australian Bureau of Meteorology 2011). 
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C. Results 

1. Pot-Based Outdoors Trial 

Staggering the sowing time of late-flowering parent line 51 and early-flowering line 48 

successfully synchronised the transition from vegetative to reproductive growth in the two 

lines, with both forming visible curds around the 3
rd

 of August, and with subsequent 

reproductive development occurring at a similar rate.  Comparison of changes in gene 

expression dynamics throughout plant growth between two different parent lines that are 

developing at a similar rate, and under the same environmental conditions, made it possible to 

attribute such changes to the reproductive transition, rather than to differing and unrelated 

external factors, with greater confidence. 

 

Levels of BoFLC2 mRNA in apices of the late flowering line 51 were initially high during 

early vegetative growth in late autumn (Figure 45).  BoFLC2 expression was rapidly 

downregulated throughout early winter, reaching minimum values by the 23
rd

 of June, nearly 

a month before a swollen apical bud was detected.  Expression remained low throughout 

early curd development, eventually rising slightly in curds with distinct floral buds.  It has 

been previously established that the level of BoFLC2 expression is usually much lower in 

boflc2 lines than in BoFLC2 lines (see Chapter V).  Consistent with this, boflc2 expression 

was greatly diminished in the non-functional line 48, but the same basic profile was recorded, 

albeit with more pronounced upregulation as curds elongated and flowered during the spring 

months. 

 

Figure 45 shows that initial BoFT expression levels in line 51 were very low throughout May, 

June and July.  A consistent, but slight upregulation representing a thirteenfold increase in 

mRNA levels between the 19
th

 of April and the 20
th

 of July may be seen when the data is 

viewed at a smaller scale, but it is not until the 3
rd

 of August, when visible curds were first 

detected, that upregulation of BoFT accelerates substantially.  However, these changes in 

BoFT expression are minor compared to the dramatic upregulation which occurs during curd 

expansion, and the subsequent upregulation associated with the development of floral buds 

throughout spring.  The main BoFT upregulation occurred nearly a month after the BoFT-

inhibitor BoFLC2 bottomed out.  In the younger, early-flowering parent line 48, a similar 

profile was generated, with a dramatic increase in BoFT expression also observed 
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immediately following curd formation, before mRNA levels taper off during later curd 

development.  The absolute level of BoFT mRNA is much higher in the boflc2 line, reflecting 

its lack of suppression by a functional BoFLC2 gene, but because of a significant elapse of 

time between line 48 and line 51 RT-qPCRs and the fact that only one replicate was 

processed, this finding should be treated circumspectly.   

 

BoFLC3 expression in parent 51 generally decreased throughout winter, and was low when 

curds were first observed (Figure 45).  During curd elongation in spring, it increased slightly.  

In line 48, a similar profile was evident; initial BoFLC3 expression levels were slightly 

higher than in parent 51 (c.f. differences in BoFLC3 expression between BoFLC2 and boflc2 

lines in Figure 36).  BoVIN3 expression in line 51 generally increased throughout 

autumn/winter before a peak on the 20
th

 of July, when „fat‟ apices were first noted.  After this 

point, BoVIN3 expression trended downwards.  In the boflc2 line, BoVIN3 expression was 

highly erratic from week to week, and there does not appear to be any connection between 

the stage of reproductive development and BoVIN3 expression. 
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Fig. 45. Expression of BoFLC2, BoFT, BoFLC3 and BoVIN3 throughout autumn, winter and spring in 

apical tissue of parent lines 51 (BoFLC2; left) and 48 (boflc2; right).  Inset: detail of BoFT expression 

between 19th April and 16th August.  Values are based on one replicate only.  The developmental stage of 

both parent lines is shown above each main graph, where V = vegetative, F = fat, expanded apex without any 

discernable curd structure, and 0-4 = developmental stages according to Figure 3. 
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2. Pot-Based Glasshouse Trial 

The curd initiation behaviour observed in the 25 lines grown in the pot-based glasshouse trial 

was consistent with the data displayed in Figure 22; boflc2 lines produced curds the earliest, 

followed by BoFLC2 romanesco varieties, boflc2 „bunchy‟ lines and BoFLC2 genotypes 

(Figure 46a).  There was no significant difference in the number of days to curd formation 

between the five vernalised plants and the three unvernalised plants across the 25 lines 

(P=0.625), possibly because of the relative mildness and short duration of the vernalisation 

treatment relative to the cool night temperatures experienced in the glasshouse.  

Consequently, the two treatments were disregarded, and curding data for the five vernalised 

plants and three unvernalised plants were pooled to generate values that were the average of 

eight replicates.   

 

A clear difference in BoFLC2 transcript level during vegetative growth can once again be 

seen between BoFLC2 and boflc2 lines (Figure 46b).  Because the BoFLC2 mutation causes a 

loss of gene function, the relationship between BoFLC2 expression and timing of 

reproductive development is disrupted in boflc2 lines.  Therefore, any correlation between 

boflc2 expression and curding time is unlikely to be meaningful.  When non-functional boflc2 

lines were disregarded and lines with functional BoFLC2 were considered separately, a 

moderate, statistically significant correlation (r=0.557, P= 0.047) was seen between BoFLC2 

expression at the fixed vegetative stage, and the number of days until visible curd formation.  

For example, lines 2, 4 and 7 have the highest level of BoFLC2 expression at this point, and 

are also among the slowest plants to form curds.  Lines 51 and 46 are the two non-romanesco 

BoFLC2 lines with the lowest level of BoFLC2 expression, and are also the earliest-curding, 

non-romanesco BoFLC2 parent lines.  These results suggest that a single measurement of 

BoFLC2 mRNA transcript prior to curd induction could potentially be used to predict time 

until curd formation.  There was no correlation between pre-curding BoFLC3 expression and 

the number of days until curd initiation.  There were many late-curding lines that had very 

low pre-curding BoFT expression, and a number of early-curding parents that had high pre-

curding BoFT expression.  However, there were also a number of lines where this 

relationship is not maintained, and no significant correlation (r=-0.324, P=0.066) between 

pre-curding BoFT expression and the number of days from sowing until visible curd 

formation was found across the 25 lines.  
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The intention in measuring the level of gene expression at the point of curd formation was to 

identify molecular variation between parent lines and to establish whether there were key 

differences in the regulation and behaviour of flowering time genes between early- and late-

flowering genotypes during the reproductive transition.  Figure 46c shows that of the three 

genes investigated, the greatest expression variability between lines at curd formation is in 

BoFLC2, consistent with the emerging hypothesis that this gene is the single most important 

source of variation in cauliflower flowering time.  It is noteworthy that two of the parents 

with the highest level of BoFLC2 expression at visible curd formation – lines 4 and 12 – were 

also lines that reverted to vegetative growth (Figure 47a) following the formation of a small 

curd with numerous vegetative structures.  It is possible that increased BoFLC2 expression in 

these lines was associated with reversion (as noted previously in Chapter VI, Figure 42).  

Furthermore, BoFLC2 expression in lines 2, 7 and 11 was also high, possibly reflecting the 

fact that these lines never actually formed curds (Figure 47b).  However, the level of BoFLC2 

expression seems somewhat incongruous in several of the parent lines; for example, BoFLC2 

expression of the romanesco line 44 appears to be relatively high considering the fact that it 

was amongst the earliest-curding BoFLC2 lines, and parent line 46 also exhibited floral 

reversion similar to lines 4 and 12, and yet, BoFLC2 expression is relatively low in this line. 

 

BoFLC3 and BoFT expression was fairly uniform between the lines at the point of curd 

initiation, excepting the high level of BoFT expression at the point of curd initiation in parent 

lines 54 and 10.  Throughout all experiments in this thesis, these two lines are consistently 

among the fastest-flowering, and it is possible that the maintenance of BoFT upregulation 

post-curd induction is somehow involved in the rapid transition to flowering exhibited by 

these two lines.  There are several lines with lower BoFT expression at visible curd formation 

than those lines which never formed curds.  It is possible that BoFT transcript would have 

decreased immediately prior to curding in these lines, but measurement ceased before this 

could be confirmed. 
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Fig. 46.  Average number of days to curding in cauliflower parent lines grown at under 

glasshouse conditions (a), and relative BoFLC2, BoFLC3 and BoFT expression in leaves at (b) a fixed time 

point during the vegetative phase (41 days old) and (c) at visible curd formation.  Values for the average 

number of days to curding are counted from sowing and are the average of up to eight plants, with dead or 

missing plants excluded from the analysis.  Plants that had not curded by the end of the observation period were 

assigned a maximum score of 637 days.  For the expression data, only one replicate is shown.  For those lines 

that never formed curds, the second tissue sample for RNA isolation was harvested at day 637, when apices 

were still vegetative.  Red and blue columns denote mutant (boflc2) and functional (BoFLC2) parent lines, 

respectively.  Columns with thick stripes represent romanesco parent lines, and columns with thin stripes denote 

boflc2 lines that formed a tightly-bunched „head‟ of leaves prior to curd formation.  The flowering class of each 

parent line (as described in Table 2) is shown beneath the line number, where class 1 = Early; 2 = Med Early; 3 

= Late Early; 4 = Late; 5 = Very Late.  Bars represent the standard error of the mean. 

0

100

200

300

400

500

600

700

54    
1

10    
1

36    
2

6    
2

40    
1

48    
2

32    
1

47    
2

38    
1

52    
3

41    
3

21    
3

23    
2

44    
3

1    
4

17    
4

49    
3

13    
4

51    
4

46    
4

12    
5

4    
5

2    
5

7    
5

11    
5

0

0.5

1

1.5

2

2.5

3

3.5

47    
2

54    
1

13    
4

17    
4

40    
1

48    
2

36    
2

32    
1

10    
1

6      
2

52    
3

41     
3

51     
4

38    
1

44    
3

46     
4

12     
5

11    
5

21    
3

23    
2

2    
5

4     
5

7     
5

0

10

20

30

40

50

51     
4

2     
5

54     
1

17     
4

11     
5

46     
4

38     
1

44     
3

52     
3

12     
5

47      
2

23      
2

10     
1

7     
5

48     
2

13     
4

4      
5

32     
1

41     
3

21     
3

40     
1

36     
2

6      
2

0

0.5

1

1.5

2

12     
5

47     
2

11     
5

46     
4

2     
5

7     
5

13     
4

40     
1

36     
2

51     
4

4     
5

48     
2

32     
1

23     
2

21     
3

44     
3

6     
2

41     
3

38     
1

17     
4

54     
1

52     
3

10     
1

0

0.5

1

1.5

2

2.5

3

3.5

10     
1

54     
1

32     
1

52      
3

17      
4

47     
2

41     
3

6     
2

48     
2

13     
4

38      
1

36     
2

51       
4

46       
4

23      
2

49      
3

21      
3

1        
4

7        
5

44        
3

2       
5

11       
5

4      
5

12       
5

0

10

20

30

40

50

51     
4

17     
4

10     
1

54     
1

41    
3

38      
1

46     
4

23        
2

21      
3

49       
3

47      
2

52      
3

2      
5

6     
2

36      
2

13      
4

32     
1

11      
5

44      
3

48      
2

7      
5

4       
5

1       
4

12       
5

0

0.5

1

1.5

2

41      
3

51       
4

7       
5

36     
2

2       
5

38      
1

11       
5

21      
3

4       
5

12        
5

13      
4

6       
2

44      
3

32        
1

23      
2

47       
2

49      
3

52       
3

48       
2

17       
4

46       
4

1       
4

54       
1

10       
1

boflc2 boflc2 Bunchy 

BoFLC2  BoFLC2 Roma 

BoFLC2 BoFLC3 BoFT 

R
el

at
iv

e 
Tr

an
sc

ri
p

t 
Le

ve
l (

%
 A

C
T)

 

Class 
Line No. 

Class 
Line No. 

Class 
Line No. 

A
ve

ra
ge

 N
o

. D
ay

s 
to

 C
u

rd
in

g 

b. 

a. 

BoFLC2 BoFLC3 BoFT c. 



Chapter VII                                                          Using Gene Expression to Predict Flowering Time 

163 
 

     

Fig. 47. Floral reversion in a glasshouse-grown line 4 plant (a) and vegetative line 11 plants grown in a 

glasshouse for over 80 weeks (b). 

 

3. Field Trial 

Although attempts were made to synchronise reproductive development to some degree by 

staggering the sowing and transplanting of cauliflower parent lines at the Forthside trial site, 

differences in both curding and flowering time between lines were noted (Figure 48a and 

47b).  Parent lines 37 and 41 had already formed curds by the first observation date, and 

because observations were infrequent during the period when parent lines 1, 9, 21 and 25 

began to form curds, the figures presented for these lines are approximate only (Figure 48a).  

Despite the fact that they formed the earliest curds under warmer glasshouse conditions, curd 

formation was normally slowest in the boflc2 lines from the earliest two flowering classes 

(e.g. lines 35, 36, 37, 47 and 48) under field conditions.  Although some delay in curding due 

to slower accumulation of the necessary GDD was expected when these lines were grown in 

a colder environment, it seems likely that the drastically delayed curding in this trial is 

primarily because these varieties are adapted to warm, or even tropical environments, and 

were grossly unsuited, in terms of whole-plant biology, to the cold field conditions, leading to 

ill-health and suppressed growth and development.  BoFLC2 lines were better-suited to the 

growing conditions, and of these lines, parents 2, 3 and 7 were the slowest to form curds.  

The romanesco varieties 1, 21 and 44, along with parent line 25, formed curds much more 

rapidly.   

 

Flowering behaviour was closely related to curd formation, with boflc2 lines 25, 26, 38 and 

48 slowest to flower due to poor growth (Figure 48b).  The early-curding line 41 was also 

early-flowering in this environment, but the curds of early-curding line 37 were susceptible to 

b. a. 
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fungal infection, resulting in many plant deaths, and generally delaying flowering time.  Once 

again, BoFLC2 lines 2, 3 and 7 were later to flower than the romanesco lines.  These were in 

turn later than line 25, which was slow to progress from the curd stage to the flowering stage.   

The shoot apex gene expression data displayed in Figure 48c are based on one replicate only.  

Additional replicates were also processed, revealing very similar relative expression, but 

different apparent absolute levels of expression.  Where gene expression for a parent line 

differed between replicates, this was invariably consistent with differences in the stage of 

development of the individual harvested plants.  Consequently, only one replicate is 

presented for the sake of clarity.   

 

Consistent with previous findings that BoFLC2 expression is greatly reduced in boflc2 lines, 

measurement of apex BoFLC2 mRNA transcript levels on the 13
th

 of June revealed that 

BoFLC2 was, in a majority of cases, substantially higher in BoFLC2 parent lines than in 

boflc2 parent lines (Figure 48c).  BoFLC2 lines 2, 3 and 7 had the highest levels of BoFLC2 

expression, consistent with the fact that they were the slowest curding and flowering BoFLC2 

plants.  Romanesco lines 1, 21 and 44 were clustered together as the group of lines with the 

second-highest level of BoFLC2 expression, once again consistent with their curding and 

flowering behaviour.  BoFLC2 expression levels in line 25 plants were similar to those 

measured in boflc2 lines, and were notably lower than the typical expression levels measured 

in other BoFLC2 lines, consistent with line 25 being the earliest-flowering parent line 

investigated in this study.  Within the BoFLC2 parent lines, there was a strong positive 

correlation between BoFLC2 expression on the 13
th

 of June and both the average number of 

days to curding (r=0.892, P=0.003) and the average number of days to flowering (r=0.880, 

P=0.004).  These results provide strong evidence in support of the idea that BoFLC2 

expression in vegetative plants is a reliable indicator of curding and flowering time in 

BoFLC2 parent lines. 

 

By contrast, BoFLC3 expression in apices prior to the transition from vegetative to 

reproductive development bears no discernable relation to either curding or flowering time 

across the range of parent lines (Figure 48c), with no strong or significant correlation.  

Although some early-curding and flowering lines (e.g. lines 25 and 37) had low levels of 

BoFLC3 expression, and some late-curding and flowering lines (e.g. lines 36, 35 and 33) had 

relatively high levels of BoFLC3 expression, there were many parent lines whose BoFLC3 

expression appeared to be inconsistent with the observed flowering time, and the status of 
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BoFLC3 as a putative contributor to the vernalisation/flowering time response, supporting the 

idea that BoFLC2 the chief regulator of this process in cauliflower. 

 

BoFT expression levels in apices on the 13
th

 of June sampling date were consistent with 

subsequent reproductive behaviour.  A moderate negative correlation was found between 

BoFT expression and both curding time (r=-0.514, P=0.025) and flowering time (r=-4.40, 

P=0.05) across both BoFLC2 and boflc2 genotypes.  Of the eight lines with the lowest level 

of BoFT expression, seven (2, 3, 7, 35, 36, 38 and 47) were represented in the eight most late-

curding lines (Figure 48c).  The four individual harvested plants representing the four lines 

with the highest level of BoFT expression (37, 41, 44 and 48) each had a small „buttoned‟ 

curd, possibly accounting for the discrepancies between the expression data and the observed 

average curding/flowering time of that group of plants as a whole (e.g. parent line 48).  

Romanesco lines 1 and 21, which had the next-highest BoFT mRNA transcript levels formed 

curds very shortly afterwards.  Therefore, notwithstanding some unexpected results (such as 

the early-flowering line having a relatively low level of BoFT mRNA), it seems that BoFT 

expression, like BoFLC2 expression, appears to be useful for predicting flowering time of 

cauliflower plants in a production environment.  Unlike BoFLC2 however, BoFT may 

potentially be used as an indication of curding and flowering time for both BoFLC2 and 

boflc2 varieties.   
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Fig. 48. Average number of days to curding (a) and anthesis (b) in cauliflower parent lines grown at the 

Forthside field site and relative BoFLC2, BoFLC3 and BoFT expression in apical tissue at a fixed time 

point (c).  Values for the average number of days to both curding and anthesis are counted from the 13
th

 of June 

and are the average of up to 30 plants (three replicates with 10 duplicates in each replicate), with dead or 

missing plants excluded from the analysis.  Plants that had not curded or flowered by the end of the observation 

period were assigned a maximum score of 180 days.  Gene expression data was collected on the 13
th

 of June.  

Only one replicate is shown here.  Red and blue columns denote mutant (boflc2) and functional (BoFLC2) 

parent lines, respectively.  Columns with thick stripes represent romanesco parent lines, and columns with thin 

stripes denote boflc2 lines that formed a tightly-bunched „head‟ of leaves prior to curd formation.  The flowering 

class of each parent line (as described in Table 2) is shown beneath the line number, where class 1 = Early; 2 = 

Med Early; 3 = Late Early; 4 = Late; 5 = Very Late.  Bars represent the standard error of the mean.   
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D. Discussion 

The problem of asynchronous flowering between parent lines in cauliflower hybrid seed 

crops could potentially benefit from a reliable method of predicting curd initiation and 

flowering.  Even with thorough knowledge of a cultivar‟s reproductive physiology, seasonal 

variability and vagaries of the local environment often result in unexpected flowering 

behaviour.  Having isolated several key flowering genes for the first time in cauliflower, and 

having demonstrated both conserved and unique aspects of their behaviour, there exists an 

opportunity to apply knowledge of flowering gene regulation in a practical manner that may 

be used to accurately predict upcoming reproductive transitions and provide growers with 

early warning of delayed or premature flowering.  Specifically, the measurement of mRNA 

levels of BoFLC2 and BoFT during vegetative growth, and the timely analysis of this data 

could provide real-time feedback as to the plant‟s developmental status.   

 

The three experiments in this chapter were conducted prior to identification of the previously-

described BoFLC2 mutation, and before the full importance of the functionality of BoFLC2 

to flowering time was understood.  Consequently, the boflc2 lines grown in these experiments 

were selected purely for their early-flowering behaviour, without any knowledge of their 

BoFLC2 genotype.  As a result, the boflc2 expression of these mutant lines is not especially 

informative in terms of using BoFLC2 expression to predict flowering time.  However, the 

use of these non-functional lines emphasises that the primary source of flowering-related 

molecular variation between late- and early-flowering parent lines is BoFLC2 functionality, 

with no major differences in expression of other genes between boflc2 and BoFLC2 parent 

lines (apart from the reduction in BoFT mRNA levels, which is likely to be a direct result of 

the BoFLC2 mutation, and potentially indicates both a general and vernalisation-dependent 

component to BoFLC2 repression of BoFT). 

 

The data in this chapter show that many of the molecular responses to vernalisation observed 

in controlled-environment experiments are also present in „real-world‟ plant growth 

environments.  For example, it was shown that „natural‟ vernalising temperatures are capable 

of downregulating BoFLC2 and upregulating BoFT.  All previous experiments have involved 

„artificial‟ vernalisation treatments, where plants grown in warm growth cabinets were 

abruptly transferred to vernalising temperatures to elicit changes in the expression of BoFLC2 

and BoFT.  In Figure 45, BoFLC2 is shown to be downregulated by cool autumn 
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temperatures over the space of several months.  BoFT is also upregulated slowly throughout 

autumn.  A dramatic and sudden increase in BoFT mRNA levels is evident as curds form and 

develop, despite there being no „sudden‟ vernalisation.  BoVIN3 also increases slowly in the 

BoFLC2 line, with expression peaking at a point just prior to curd initiation.  These long-term 

gene expression studies provide the first realistic profile of gene expression under natural 

conditions in cauliflower, and are an essential link between controlled-environment 

experiments and „real-world‟ application.  Importantly, they also indicate robust regulation of 

the long-term control of BoFLC and BoFT in both lines, with episodic warm temperatures 

throughout the autumn and winter months seeming to have little influence on the overall 

direction of gene regulation.  This suggests that the epigenetic memory of winter in these two 

lines is sufficiently long to buffer against short-term temperature fluctuations (c.f. Aikawa et 

al. 2010).  It would be informative to observe whether this is also the case in the parent line 

utilised in the previous chapter, where downregulation of BoFLC2 was not stable upon 

exposure to warm temperatures. 

 

Figure 45 also shows that gene expression may be used to predict curd and floral 

development.  For example, downregulation of BoFLC2 occurs over a month prior to curd 

initiation.  By assaying this gene in seed crop parent lines throughout early growth, it could 

be determined whether this critical downregulation had occurred, and whether a plant is 

competent to flower in this respect.  Figure 45 also indicates, somewhat counter-intuitively, 

that both BoFLC2 and BoFLC3 expression increases slightly as curds break and progress to 

flowering.  This could potentially be useful in cultivars where curds remain at the arrested 

stage for extended periods of time.  However, given that this figure is based on just one 

replicate, further investigation is necessary to validate this behaviour.  Furthermore, it is 

certainly possible that gradual upregulation of BoFLC2 in both lines during bolting, and the 

gradual downregulation of BoFT during bolting of the boflc2 parent, is simply a seasonal 

response to warmer spring temperature, rather than an important component of the bolting 

process.  Indeed, recent research by Aikawa et al. (2010) described the cyclic nature of FLC 

expression in perennial A. halleri plants grown outdoors over two seasons.  Thus, while it 

appears that the memory of winter in these two lines is sufficiently long to buffer short-term 

temperature fluctuations as noted above, it also appears that the epigenetic memory of past 

temperatures is short enough to enable responses to a seasonal trend.  Evaluation over 

multiple seasons would be necessary to verify this.  Genes further downstream that are 

known to confer inflorescence identity such as BoAP1 and BoFH (LFY) could potentially be 
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more useful and relevant for the purpose of predicting bolting and flowering, and would be 

worthy subjects of future research in this area.  The extreme upregulation of BoFT did not 

appear until curds had already formed, making it an unsuitable indicator of curding time; 

however, the slight upregulation seen prior to curd initiation has potential to indicate the 

onset of curding. 

 

Results from the pot-based glasshouse trial (Figure 46) revealed a positive correlation 

between BoFLC2 expression at a fixed time point and curd initiation timing across a range of 

BoFLC2 parent lines.  Similarly, results from the field-based trial (Figure 48) showed that 

BoFLC2 expression at a fixed time point was correlated with both curding and flowering time 

across BoFLC2 parent lines.  In the field trial especially, a clear relationship between 

BoFLC2 expression and flowering time was evident, with the flowering time of BoFLC2 

lines arranged into three groups (late-flowering lines 2, 3, 7; romanesco lines 1, 21 and 44; 

and the early-flowering line 25) corresponding to three distinct groups of BoFLC2 

expression.  However, because of the disrupted relationship between BoFLC2 expression and 

flowering in boflc2 plants, this gene cannot be used to predict flowering within the boflc2 

parent lines.  BoFT expression, by contrast, was negatively correlated with both curding and 

flowering time across the full range of BoFLC2 and boflc2 parent lines, suggesting potential 

as an early molecular indicator of flowering across all cauliflower types.  This correlation is 

maintained despite the development of several parent lines being limited by environmental 

constraints.    

 

While these findings dovetail to support the basic principle that curd initiation and flowering 

time could be predicted with timely analysis of flowering gene expression, a more detailed 

study carried out in multiple growth environments, with a larger number of expression 

replicates, and potentially with the inclusion of floral markers such as BoAP1 would be 

needed to validate this theory and gauge its practical potential.  Although this project 

commenced with the field work described in this chapter, the focus was ultimately turned to 

the development of our understanding of the molecular aspects of cauliflower vernalisation in 

more controlled environments as a foundation for subsequent work that others may now 

undertake, rather than attempting to commence more comprehensive field trials without the 

basic understanding of the molecular processes involved.  The commercial adoption of a 

fully-developed flowering time molecular assay would not only depend on the reliability of 

predictions made using this system, but would also require a cost-benefit analysis to 
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determine whether the benefits of improved prediction (i.e. potentially increased management 

capacity and higher seed yields) outweigh the costs associated with sampling and processing 

a sufficient number of replicates and time points throughout the season to enable accurate and 

reliable prediction.  
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E. Conclusions 

At the broadest level, BoFLC2 genotype indicates whether or not a cauliflower plant will be 

early- or late-flowering, assuming temperature conditions that do not adversely affect plant 

health and normal plant growth.  It has previously been shown BoFLC2 expression is reduced 

in cauliflowers in response to artificial vernalisation, and that it is lower in plants that are 

approaching curd induction.  The results from this chapter show that within those plants that 

have functional BoFLC2, it is possible to predict when curds will form and when flowering 

will occur based on the level of BoFLC2 expression at a single time point during vegetative 

growth of naturally-vernalised plants.  Furthermore, there is a moderate correlation between 

BoFT expression during vegetative growth and curding/flowering in field-grown cauliflowers 

that indicates potential for this gene to serve as a reproductive indicator of both BoFLC2 and 

boflc2 lines.  There exists considerable commercial interest in being able to predict curd 

induction and flowering in new environments, or in situations where environmental 

conditions have varied from the norm.  An understanding of the genetic and molecular 

regulation of the flowering process, combined with techniques for rapid assessment of 

expression patterns may provide the answer to a problem that has plagued the hybrid seed 

production industry. 
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Chapter VIII 

GENERAL DISCUSSION 

 

A. Summary of Main Outcomes 

Management of the flowering process is critical to commercial hybrid vegetable seed 

production.  Coincident flowering between parent lines is needed to ensure pollen transfer 

from pollen donor inbred parent lines to male sterile genetic lines in order to produce hybrid 

seed.  Asynchronous flowering between parent lines, or incomplete bolting of one or both 

lines is often responsible for yield reductions or even total crop failures (Verdial et al. 2001).  

Prediction of flowering times for different parent lines under different environments and crop 

management conditions is currently based on extensive planting date x location trials.  

Models have been developed to predict curd initiation in cauliflower based on field 

observations of temperature response and, to an extent, juvenility length (Wurr et al. 1993), 

but such models naturally have their limitations, and commercial hybrid seed parent lines do 

not always conform to these models (C. Spurr 2007, pers. comm).   

 

The primary goal of this research, as broadly defined in the first chapter, was to address this 

lack of ability to efficiently and reliably predict the requirements for, and timing of 

reproductive development in cauliflower by investigating and clarifying the environmental 

control of the flowering process at the molecular level in crop species of the Brassica genus.  

This was achieved through an integrated physiological and molecular approach. 

 

A key aspect of this study was the identification of the flowering inhibitor BoFLC2 as a 

critical determinant of flowering time (Chapter III).  For the first time, a functional BoFLC2 

allele was identified in annual B. oleracea cultivars (Figure 7), and a mutated boflc2 allele 

was recorded in a biennial B. oleracea cultivar.  Allelic variation in this gene was strongly 

associated with curd formation, curd growth rate and flowering time in a diverse range of 

unrelated B. oleracea inbred parent lines, indicating that it is an important contributing factor 
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to the annual/biennial flowering habit (Chapter IV).  The importance of BoFLC2 

functionality to flowering time within the annual brassica sub-group was demonstrated by 

analysis of a segregating population derived from a cross between two closely-related 

cauliflowers (Figures 9-12).  The  BoFLC2 gene explained approximately 65% of the genetic 

variance in this population, and behaved in a dosage-dependent, incompletely dominant 

manner, contrasting with previous reports by Okazaki et al. (2007). 

 

Having established the fundamental importance of the BoFLC2 gene to cauliflower flowering 

time, the vernalisation-based regulation of BoFLC2 and several other flowering time 

candidate genes was investigated in the leaves and shoot apices of a range of cauliflower 

parent lines (Chapter V).  Results revealed for the first time that the basic downregulation 

response of BoFLC2 and BoFLC3 to vernalisation is conserved in cauliflower, and that the 

upstream regulator BoFT is upregulated by vernalisation (e.g. Figure 31).  The isolation of a 

novel B. oleracea gene whose sequence and transcriptional dynamics suggest that it is 

homologous to the Arabidopsis FLC-regulator VIN3 was also reported.  BoFLC genes were 

downregulated by vernalisation regardless of plant age, but BoFT was less responsive to 

vernalisation at very young ages, suggesting the involvement of upstream genes other than 

BoFLC in regulating juvenility length (Figure 32).  Several differences in the expression of 

these genes between cauliflower and cabbage were described, but no fundamental sources of 

genetic variation for factors such as vernalisation responsiveness or length of juvenile period 

were identified between BoFLC2 and boflc2 cauliflowers.  Rather, the primary differences 

seen between the two flowering classes were related to the overall transcript level of BoFLC2 

and BoFT genes (Figure 36).     

 

High temperatures which coincide with the temperature-sensitive phase of cauliflower 

development may cause devernalisation or floral reversion, problems known to contribute to 

asynchronous flowering in cauliflower seed crops (Chapter VI).  Consequently, growers are 

forced to avoid warm and dry areas that would otherwise be conducive to high-yielding crops 

(Björkman & Pearson 1998).  In contrast to findings in Arabidopsis, this research shows that 

downregulation of cauliflower BoFLC is unstable under some circumstances, with expression 

returning to pre-vernalisation levels after return to warm conditions (Figure 42).  Such 

expression behaviour may be directly related to devernalisation problems encountered in the 

production of hybrid cauliflower seed.  BoFT, by contrast, was stably upregulated, which 

may suggest involvement of a BoFLC-independent process.   
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In the final research chapter of this thesis (Chapter VII), evidence was provided to support the 

idea that the transcript levels of flowering genes may have potential as a molecular assay to 

predict flowering time in commercial seed crops.  „Natural‟ outdoor vernalising temperatures 

reduced BoFLC2 expression and upregulated BoFT in a range of cauliflower parent lines 

(Figure 45), and a moderate correlation was found between the expression of both of these 

genes during vegetative growth, and curding/flowering time (Figures 46 and 48). 

 

B. Applications 

Investigation of the molecular mechanisms governing flowering is, in one sense, a form of 

basic, explanatory research carried out to advance understanding of a fundamental process.  

However, the knowledge and understanding gained from this research clearly has numerous 

direct and practical applications, given the commercial significance of cauliflower, and the 

essential importance of flowering to both its natural and agricultural reproduction.  In 

particular, results from this research project may find application in three areas: QTL-based 

approaches to predicting flowering, plant breeding, and expression-based prediction of 

developmental changes.   

 

1. QTL-Based Approaches to Predicting Flowering 

In recent decades, researchers in the field of theoretical production ecology have expended 

considerable energy developing crop growth models which may be used to predict the growth 

and performance of cultivars under varying environmental conditions (Yin et al. 2000).  

These models enable plant breeders to test hypotheses and conduct „virtual experiments‟ that 

would otherwise take years in field conditions (Fourcaud et al. 2008).  Several attempts have 

been made to incorporate QTL inputs into such models in order to predict environmental 

effects on complex plant traits that interact strongly with the environment and are influenced 

by multiple genes.  Flowering time is one such complex trait.  In a study of QTL-based 

prediction of flowering time, Yin et al. (2005) identified multiple flowering time QTLs in 

glasshouse-grown spring barley (Hordeum vulgare L.).  QTL data were incorporated into an 

ecophysiological model of flowering time, and this model was employed to predict flowering 

time in a number of different field environments with a moderate degree of success.   
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In this thesis, BoFLC2 was characterised and identified as a key contributor to cauliflower 

flowering time, representing an important first step in defining the genes that are responsible 

for major variation in both the timing of B. oleracea reproductive development, and plant 

responsiveness to the environmental signals which regulate it.  By beginning to define the 

physiological and genetic basis of flowering time variation and vernalisation-response 

variation, the potential to use QTL-based approaches for the development of cultivars that are 

„best fits‟ for a particular environment is improved.  However, the results presented here, 

particularly those from Chapter III, indicate that other genetic factors make significant 

contributions to flowering time variability and vernalisation responsiveness in cauliflower.  

The next step towards the development of an effective QTL-based system of predicting 

flowering time is to define and comprehensively characterise these genetic factors.  One 

recent attempt to do so was made by Uptmoor et al. (2011), who combined an 

ecophysiological model of flowering time with QTL-based model parameters in order to 

predict flowering time in a B. oleracea population.  These authors found that flowering time 

variability across genotypes was primarily due to differences in vernalisation responsiveness, 

but given the absence of functional BoFLC2 in the population studied, the scope for 

application of this model to a broader range of B. oleracea flowering types is likely to be 

limited.   

 

The „natural‟ population of unrelated B. oleracea inbred parent lines used in this study was 

extremely diverse in terms of flowering time.  This potentially makes the collections of both 

cauliflower and cabbage accessions very useful for the identification of flowering time QTLs 

using an association mapping approach (also known as linkage disequilibrium [LD] 

mapping).  Such an approach has several key advantages over the use of specially-designed 

segregating populations derived from controlled crossing of two parental lines.  For example, 

in mapping populations derived from a cross between two parents, only QTLs for which 

parents differ will be identified, whereas in genetically diverse collections of unrelated 

genotypes, evaluation of the numerous alleles available enables greater breadth of QTL 

identification (Zhao et al. 2007).  In general, the mapping resolution possible with an 

association mapping approach that relies on historic recombination events is greater than that 

possible with small, typical F1-derived mapping populations where the amount of 

recombination that can occur is meiotically limited (Flint-Garcia, Thornsberry & Buckler 

2003).  However, in this study, the number of accessions available was relatively small, 

possibly placing a limit on its suitability for fine-mapping and identifying the specific genes 
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responsible for QTLs.  The cost and time required to establish segregating populations is an 

additional factor leading to greater interest in association mapping in plants, and as marker 

identification technology develops, genome-wide association mapping is likely to become an 

increasingly important tool in crop breeding programmes (Cowling & Balázsa 2010).  

Recently, Zhao et al. (2010a) developed a B. rapa core collection for association mapping 

studies and used this approach to map BrFLC flowering time candidate genes.  

 

2. Plant Breeding 

The development of novel cauliflower cultivars that flower predictably under the local 

environments for which they are bred is an important goal of plant breeding efforts.  Marker-

assisted selection (MAS) is proving to be an increasingly useful means of achieving such 

goals (see Collard et al. 2005 for a review).  Molecular markers may be used to rapidly screen 

plant populations for polymorphisms, and the locations of these markers may then be used to 

construct linkage maps based on recombination frequencies.  Such linkage maps may then be 

used to identify chromosomal regions which contain QTLs associated with phenotypic traits.  

Knowledge of the physical location of a QTL makes it possible to identify the actual genes 

that contribute to the specification of a trait.  Once high-resolution QTL maps have been 

constructed and markers have been validated in multiple populations grown under multiple 

environments, they may be used to select plants for use in breeding programmes.  An MAS 

approach saves time by minimising the need for field trials that would normally need to be 

conducted at specific times of year in specific locations.  Furthermore, genotypes may be 

selected at seedling stage, and multiple genes may be selected at once.  MAS also eliminates 

the possibility of inaccurate phenotypic evaluation associated with environmental influences.   

 

The CAPS marker developed in this study for the key regulator of floral transition, BoFLC2, 

has been validated in several populations.  It has the advantage of being a „functional‟ marker 

that is completely linked with trait locus alleles (Andersen & Lübberstedt 2003).  

Furthermore, the contribution of this gene to flowering time appears to be large in the 

populations examined in this study.  Because of these qualities, this marker could be usefully 

employed by brassica breeders who wish to screen germplasm or segregating populations for 

favourable cauliflower and cabbage genotypes without the need for time-consuming trials 

under multiple growth conditions to visually assess flowering phenotype and vernalisation 

responsiveness.  Similarly, this marker could be used for quality control of seed lots, as 
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demonstrated by the identification of unexpected genotypes in the inbred parent lines studied 

in Chapter III.  The number of crosses required for doubled haploid (DH) breeding 

programmes could be also be minimised by using this marker to select parent lines with 

suitable combinations of alleles.   

 

It is necessary to moderate and balance comments on the helpfulness of molecular markers in 

plant breeding by noting that many complex traits show strong genotype x environment 

(GxE) effects.  Such traits tend to have „unstable‟ QTLs that are detectable in one 

environment, but not another, complicating the design of useful markers (Crossa 2012).  For 

such traits with large GxE, association studies carried out across a range of environments are 

a necessary part of the plant breeding process.  In the case of BoFLC2, substantial differences 

in reproductive behaviour were observed between glasshouse- and field-grown parent lines.  

This was particularly the case in boflc2 lines, which formed curds later than expected when 

grown outdoors.  Nonetheless, we suggest that these differences in flowering behaviour 

between growth environments do not diminish the suitability of this gene as a marker of 

flowering time for three reasons.  First, the observed differences in curd initiation time 

between environments are thought to be overwhelmingly due to the poor growth of the boflc2 

tropical-adapted varieties, which were drastically unfit in terms of whole-plant biology for 

the growth conditions imposed, rather than due to any interaction of the boflc2 gene in 

particular with the environment.  Secondly, the effect of BoFLC2 allele on flowering time 

within trials was obvious despite the considerable diversity and genetic „background noise‟ of 

the unrelated parent lines used in this study.  Thirdly, the biological function of FLC in both 

Arabidopsis (Michaels & Amasino 1999; Sheldon et al. 1999) and brassica (Tadege et al. 

2001; Lin et al. 2005) is well-established.  Gene expression behaviour reported in this study 

also supports the established view of FLC as a key regulator of flowering time; therefore, the 

„functional‟ CAPS marker described here is potentially very useful as an indicator of 

flowering time. 

 

In some cases, direct modification or transformation of BoFLC2 could be made to alter 

timing of floral induction without significant negative pleiotropic effects on yield or general 

fitness.  For example, (Kim et al. 2007) reported a substantial delay in Chinese cabbage (B. 

rapa ssp. pekinensis) floral induction by over-expression of FLC.  In B. oleracea cultivars 

where delayed curd induction or flowering is sought (e.g. in certain hybrid seed production 
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situations or in production of cauliflowers for the fresh market, where early bolting can spoil 

the product), such an approach may find a similar application.   

 

3. Expression-Based Prediction of Flowering Time 

The concept of collecting flowering gene expression data in commercial seed crops to enable 

the prediction and management of flowering time is highly novel.  In this study, the 

expression response to vernalisation was characterised in several genes exposed to multiple 

controlled vernalisation and devernalisation treatments.  The basic patterns observed in 

controlled vernalisation experiments were maintained under natural vernalisation conditions, 

and moderate to strong correlations were found between expression levels and curd induction 

and flowering time in a field environment.  These findings represent a small first step towards 

the practical adoption of a molecular method of predicting flowering in „real-time‟ and 

although results are promising, expectations should be balanced with the realisation that 

much work remains to validate the usefulness of this method of predicting flowering time.  

Identification of a correlation between expression and flowering time is one matter; it is 

another matter altogether to be sufficiently confident of the robustness and meaning of gene 

expression data to rely upon it to execute a management strategy that could potentially 

compromise crop yields if inappropriately performed.  Furthermore, the practical usefulness 

of such a method of predicting flowering time is also uncertain; in many cases, an agronomist 

who is moderately experienced with cauliflower seed crops could estimate curd induction or 

flowering with a greater level of accuracy than could be achieved through the use of gene 

expression analysis.  This technique would potentially be more useful in cabbage crops, 

where vernalisation requirements are greater and are less likely to be satisfied, and where 

flowering time is often more difficult to accurately predict.   

 

C. Future Research 

Although this research represents a solid contribution to the foundational knowledge of 

flowering time regulation in brassica crops, there is ample scope for future development and 

extension of this work.  For example, a more extensive effort to identify additional flowering 

time QTLs in the F2 cauliflower populations described in Chapter III would be beneficial.  

Previous authors have identified a number of flowering time QTLs in other brassica 

populations including B. napus (e.g. Osborn et al. 1997; Long et al. 2007; Mei et al. 2009; 
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Wang et al. 2011a) and B. rapa (e.g. Osborn et al. 1997; Lou et al. 2007; Zhao et al. 2010b), 

with QTLs mapping to regions homologous to Arabidopsis genes such as CO, FLC, FY and 

FRI.  B. oleracea flowering time QTLs have been identified in crosses between cabbage and 

broccoli (Kennard et al. 1994; Carmago & Osborn 1996; Okazaki et al. 2007) and Chinese 

kale x calabrese (Bohuon et al. 1998; Rae, Howell & Kearsey 1999).  Similarly, it would be 

desirable to map QTLs in the closely-related cauliflower x cauliflower crosses utilised in this 

project.  Detailed flowering time data exists for these populations (especially the CD 

population), and despite being a relatively „close‟ cross (i.e. between two members of the 

same cultivar), a wide range of flowering behaviour was observed, making it a suitable 

population for further investigation.  While the BoFLC2 genotype was found to explain up to 

65% of the genetic variance in the CD population, identification of QTLs associated with the 

remaining variance would be highly valuable.  In this study, a candidate gene approach was 

adopted in order to identify polymorphisms in specific Arabidopsis flowering gene 

homologues.  Very few polymorphisms were identified using this method, and greater 

success would be possible in future studies with use of high-throughput marker identification 

techniques (such as Amplified Fragment Length Polymorphism, or AFLP).  The generation 

of a high-resolution linkage map using such high-throughput techniques would enable fine-

mapping of the QTLs associated with flowering time variation (although the size of the 

population would limit map density), possibly enabling these QTLs to be targeted in 

cauliflower breeding programmes, incorporated into flowering time models, and potentially 

leading to the identification of the genes responsible for these traits.  It would also be 

interesting to assess the expression of such genes in order to fully characterise and describe 

their molecular identities, in the same way that BoFLC2 was characterised here.   

 

Extension of the BoFLC2 results reported here to cabbage would also be revealing.  In this 

thesis, a mutant boflc2 allele was reported in a cabbage variety for the first time.  It would be 

highly interesting to determine whether progeny resulting from inbreeding of this line 

segregate, and what affect BoFLC2 allele combination has on flowering time.   

 

It has been clearly shown that the basic vernalisation response of BoFLC, BoFT and BoVIN3 

is conserved in cauliflower.  When expression of these genes was evaluated in field 

conditions, mRNA levels were found to be correlated with both curd initiation and flowering 

time.  If this research is to be applied in a production environment, it is essential that a more 

thorough study be carried out to assess the robustness of this method for predicting 
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reproductive events.  This would involve a consistent system for the measurement of gene 

expression and flowering time in a range of different BoFLC2 parent lines grown under 

multiple outdoor environments.  B. oleracea homologues have been identified for numerous 

Arabidopsis meristem identity genes including LFY (BoFH), AP1, AP3, CAL, FUL, and TFL1 

(Anthony, James & Jordan 1993; Carr & Irish 1997; Mimida et al. 1999; Kop 2002).  Given 

their relevance to the later-stage aspects of reproductive development, incorporation of such 

floral markers would be likely to be valuable in expression-based predictions of bolting and 

flowering.  In particular, AP1 is well-recognised as a reporter gene for identifying the floral 

meristem (Mandel & Yanofsky 1995).  As such, the isolation and characterisation of this 

gene should be seen as a priority for future research into molecular assays for the prediction 

of the timing of the transition from curding to flowering.  In B. oleracea cultivars such as 

cabbage, where the growing season is longer and greater potential for variability in flowering 

time exists, this technique for predicting flowering time would be especially useful, and 

subsequent research would benefit from assessment of the potential to use flowering gene 

expression to predict flowering time in cabbage seed crops. 

 

The subject of devernalisation has only been very briefly investigated here, and much 

remains to be discovered about the molecular processes responsible for this phenomenon.  

Principally, it would be interesting define the temperatures and conditions where 

devernalisation is known to occur in order to determine whether or not BoFLC2 expression in 

functional BoFLC2 parent lines is stably downregulated in such conditions.  Preliminary 

results indicate that changes in BoFLC2 and BoFT expression may be reversed during the 

transition from winter to spring in both BoFLC2 and boflc2 cauliflowers grown outdoors 

(Chapter VII).  Although a more detailed study is needed, this appears to suggest that even in 

BoFLC2 parent lines, the downregulation of BoFLC2 is not completely stable.  Therefore, 

further experimentation in both controlled and natural conditions is needed to specifically 

define the length of the epigenetic memory of downregulation of this gene (i.e. how long a 

plant must be vernalised before the molecular effects are maintained even in the absence of 

the stimulus), and to determine if this corresponds to the plant‟s physiological susceptibility 

to devernalisation (i.e. how long the plant must be vernalised before return to warm 

conditions results in symptoms of devernalisation.   

 

The ability to predict flowering time is of relatively little use if flowering time cannot be 

manipulated.  Therefore, further research is needed to investigate practical methods of 
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delaying or promoting curd induction and flowering in brassica crops.  The research reported 

in this thesis was complemented by agronomic trials which have already begun to address 

this issue by trialling the use of pre-planting artificial vernalisation and plant growth 

regulators as a means of manipulating flowering time in cauliflower.  Preliminary results 

from field trials examining flowering responses to the application of GA biosynthesis 

inhibitors and exogenous GA3 have confirmed that Paclobutrazol, a GA biosynthesis 

inhibitor, can significantly delay flowering in cauliflower (c.f. Guo et al. 2004).  GA3 applied 

during early curd development promoted curd break and early flowering, but reduced flower 

quality and seed yield, suggesting limited commercial value.  Given that gibberellins are 

expected to promote flowering via regulation of genes such as LFY, SOC1 and FT in 

Arabidopsis (Blázquez et al. 1998; Moon et al. 2003; Mutasa-Göttgens & Hedden 2009), 

expression analyses of these genes would potentially be useful in assessing the affects of such 

treatments.   

 

D. Concluding Remarks 

Cultivated members of the B. oleracea species are highly domesticated, with their use in 

hybrid seed production systems requiring intensive management, particularly with regard to 

flowering time.  By extending the molecular model proposed for the control of flowering in 

Arabidopsis to these closely-related crop species, the potential of molecular tools to be 

applied by brassica breeders and growers of high-value hybrid seed crops seeking to predict 

or modify flowering time has been demonstrated.  Our verification of the fundamental 

importance of BoFLC2 to flowering time variability and vernalisation responsiveness is of 

particular relevance.  Much work remains to be done at the fundamental level in order to add 

depth and clarity to these findings, and at the applied level, considerable research and 

validation is required to develop our understanding to a level where molecular tools can be 

used to form the basis of new strategies for the control of brassica flowering and to improve 

the efficiency of current management practices. 
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Appendix I 

ANNOTATED BoFT gDNA SEQUENCE 

Regions of cDNA are based on RNA extracted from an uncharacterised late-flowering 

cauliflower.  Intron sequences are based on the consensus sequence of gDNA from 

cauliflower parent lines A and B (see Chapter III).  Note that the reverse primer BoFT-R1b-

qPCR (purple) spans intron 2.   
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Appendix II 

SEQUENCES AND ALIGNMENTS OF FLOWERING TIME 

CANDIDATE GENE PCR PRODUCTS IN  

PARENT LINES A, B, C, AND D 

Of the 49 PCRs listed in Table 7 of Chapter III, 25 yielded fragments that were able to be 

sequenced.  Five of these sequences were illegible, and of the remaining 20 sequences, four 

have already been shown in Chapter III (PCRs 25, 23, 33 and 46).  BoFLC5 sequences 13-15 

are not shown here, as 13 and 14 are identical to reference sequence AM231519, and 15 

differs only in one SNP (an A in the reference sequence becomes a T in the PCR fragment).  

CCE1 (PCR 14) is also not shown here because it is identical to reference sequence 

AF227978.  The remaining 12 sequences, which are presented here, either differ from their 

corresponding reference sequence or between the four parent lines. 

 

                      *        20         *        40         *        60         *        80         *       100        

Parents_BD : --------------------------------------------------------------GAAGGAATGGTTTGTTGAAAAAAGCCTTTGAGCTCTCA :   38 

AY345237   : GGGCAAAACTCAGATGAAGCGAATAGAGAATGCAACAAGCAGACAAGTGACTTTCTCTAAGCGAAGGAATGGTTTGCTGAAAAAAGCCTTTGAGCTCTCA :  100 

                                                                                                                         

                      *       120         *       140         *       160         *       180         *       200        

Parents_BD : GTGCTTTGTGATGCTGAAGTTTCTCTGATCATCTTCTCTCCTAAGGCAAAACTTTATGAATTCGCCAGCTCCAAGTACGTTCTCCTTTTTATACTATATA :  138 

AY345237   : GTTCTTTGTGATGCTGAAGTTTCTCTGATCATCTTCTCTCCTAAGGCAAAACTTTATGAATTTGCCAGCTCCAA-------------------------- :  174 

                                                                                                                         

                      *       220         *       240         *       260         *       280         *       300        

Parents_BD : TATATAAATCGTCTACAGATAAAAGAGATAAATTTTTTTGTTTATATACCTTGGTTTATATATGGATCTGTTGGCGGTTTACTGAATCATATCTCTTTGA :  238 

AY345237   : ---------------------------------------------------------------------------------------------------- :    - 

                                                                                                                         

                      *       320         *       340         *       360         *       380         *       400        

Parents_BD : CGTTTGCTTAGAGAGAGTGTTAACTGTTAAGTGAGTTTCTTGGTTTCTACAATTGTGTCTATTATTAAAGTAAAACCAAGTACATCATCTTATTTATTTC :  338 

AY345237   : ---------------------------------------------------------------------------------------------------- :    - 

                                                                                                                         

                      *       420         *       440         *       460         *       480         *       500        

Parents_BD : TTGTTAACTACTACATCATCTTGTTTAATCCTATTAGATGTCTCTTTCTCATATTTAGTTTATGAGTTATGATAAACGTTAAAACACAAAAGAATTCTCT :  438 

AY345237   : ---------------------------------------------------------------------------------------------------- :    - 

                                                                                                                         

                      *       520         *       540         *       560         *       580         *       600        

Parents_BD : GGCAAGTACTTTGCACTTGTTATATGTATGTATGTACAATTGATCATCTTGGATTGTTTTAGAGATCATAATCACACACTGGACAACTCCTTGAGTTTTG :  538 

AY345237   : ---------------------------------------------------------------------------------------------------- :    - 

                                                                                                                         

                      *       620         *       640         *       660         *       680         *       700        

Parents_BD : TATTAAACTCTTTCTTGGTTCGTTCAAAAATGATATTTATGTTGCAATTAGCATTCTTTTGTTTTGACATGATACACAATCTGGTTGAACCAATCTGCCT :  638 

AY345237   : ---------------------------------------------------------------------------------------------------- :    - 

                                                                                                                         

                      *       720         *       740         *       760         *       780         *       800        

Parents_BD : TGTCATTGCTTAAAAAAATTATAGATTGCTCTAACTGATAATTGGGAACTTTTTTTTATATCAGTCCTGAAAGATAAATCAGGCACGTTTTATTTCATGC :  738 

AY345237   : ---------------------------------------------------------------------------------------------------- :    - 

                                                                                                                         

 

                      *       820         *       840         *       860         *       880         *       900        

Parents_BD : TCATTCCTAATATCGTTCAGTTAAATTGCATGTTTTGTTCCTACTGTTTCTCTACCTAATTTTTTGCTGTGAAACTCAAACCAGAATCTAAATGTAGATT :  838 

AY345237   : ---------------------------------------------------------------------------------------------------- :    - 
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                      *       920         *       940         *       960         *       980         *      1000        

Parents_BD : GTTTTGAGAATTAGAAAGAACTTATCTTATACTGTTGGGTAGAAGGGAAACCAAATGTACTTTTGATGAATCATTACATCTGTAAATAGAAAAGGCCAGC :  938 

AY345237   : ---------------------------------------------------------------------------------------------------- :    - 

                                                                                                                         

                      *      1020         *      1040         *      1060         *      1080         *      1100        

Parents_BD : TTTGATCAGATGTTTCACACGATTTGTTGTACTTCTTTCTCTCTC------TGAAATGTTTCAATGTTTTAACAGTATGCAAGATACCATAGATCGTTAT : 1032 

AY345237   : ---------------------------------------------------------------------------TATGCAAGATACCATAGATCGTTAT :  199 

                                                                                                                         

                      *      1120         *      1140         *      1160         *      1180         *      1200        

Parents_BD : CTGAGGCATACCAAGGATCGTGTCAGCACCAA-CCTGTT-CTGAAGAAAATTTGCAGGTTAATTATGATATTGTGTGCTAACTTTTAATACAAAAATAAA : 1130 

AY345237   : CTGAGGCATACCAAGGATCGTGTCAGCACCAAACCTGTTTCTGAAGAAAATTTGCAG------------------------------------------- :  256 

                                                                                                                         

                      *      1220         *      1240         *      1260         *      1280         *      1300        

Parents_BD : TTGGCATAAGAAAAAGTATCATACACTGTCTGTATATAATCTCAACGTCACATATTAGTACTCAGTGTCACTTTTCTCAAGCTACATATTAAAGATAATC : 1230 

AY345237   : ---------------------------------------------------------------------------------------------------- :    - 

                                                                                                                         

                      *      1320         *      1340         *      1360         *      1380         *      1400        

Parents_BD : ACATGCAATAACATTTTGTGATTTAACCTACAGCATTTGAAACATGAGGCAGCAAACATGATGAAGAAAATTGAACAACTCGAAGCTTCCAAACGGTTGG : 1330 

AY345237   : ---------------------------------CATTTGAAACATGAAGCAGCAAACATGATGAAGAAAATTGAACAACTTGAAGCTTCCAAACG----- :  318 

                                                                                                                         

                      *      1420         *      1440         *      1460         *      1480         *      1500        

Parents_BD : TGATCCAATACAACACAAATCATAGACTTGAATTATTGTATATACATCATATAGTAGGAGTTTGATCATATTAAGTCTTTTCTTATTATAATTAGTAAAC : 1430 

AY345237   : -----------------------------------------------------------------------------------------------TAAAC :  323 

                                                                                                                         

                      *      1520         *      1540         *      1560         *      1580         *      1600        

Parents_BD : TCTTGGGAGAAGGCATAGGATCATGTTCGATAGAGGAGCTGCAGCAAATTGAGCAACAACTTGAGAAAAGTGTCAAATGTATCCGAGCTAGAAAGGTATA : 1530 

AY345237   : TCTTGGGAGAAGGCATAGGATCATGTTCGATAGAGGAGCTGCAGCAAATTGAGCAACAACTTGAGAAAAGTGTCAAATGTATCCGAGCAAGAAAG----- :  418 

                                                                                                                         

                      *      1620         *      1640         *      1660         *      1680         *      1700        

Parents_BD : TATATCGTCCCCACATTATGATTTTTATTGAAGCACTCATAATTCTAACTTAGTTACTCGTTTCTTTTAGACTCAAGTGTTTAAGGAACAAATTGAGCAG : 1630 

AY345237   : ----------------------------------------------------------------------ACTCAAGTGTTTAAGGTACAAATTGAGCAG :  448 

                                                                                                                         

                      *      1720         *      1740         *      1760         *      1780         *      1800        

Parents_BD : CTCAAGCAAAAGGTAATGAGACGCAAGTGGTGGAATACTCCAACTTGATAATCTTCTTGTGCTTGCTTTTTACTATTGGAATAAACTTTGCAGGAGAAAG : 1730 

AY345237   : CTCAAGCAAAAG---------------------------------------------------------------------------------GAGAAAG :  467 

                                                                                                                         

                      *      1820         *      1840         *      1860         *      1880         *      1900        

Parents_BD : CTCTAGCTGCAGAAAACAAGAAGCTCGCTGAAAAGGTACAATATATTCTATAAACGAATATATCCTATGGTTCTCTAGTTAGGGTTGCACTTGCACATTT : 1830 

AY345237   : CTCTAGCTGCAGAAAACAAGAAGCTCACTGAAAAG----------------------------------------------------------------- :  502 

                                                                                                                         

                      *      1920         *      1940         *      1960         *      1980         *      2000        

Parents_BD : TCTTCTTAAAACGAATATCCCATATGGTTCTCAAGGTACGATTACACTTGCACACCGTTTCTTTTATTCTCTTATGATAGTTAAAAGTTAGGCTCTTTTT : 1930 

AY345237   : ---------------------------------------------------------------------------------------------------- :    - 

                                                                                                                         

                      *      2020         *      2040         *      2060         *      2080         *      2100        

Parents_BD : TTTAGGGTTATTCGATCGTCGTGACTCATGACCTTGATCGTCTATGTGTTTGTTCTATCTTATTTGCATCTATTAGTCTTGTGTCTA------------- : 2017 

AY345237   : ---------------------------------------------------------------------------------------------TGGGGAT :  509 

                                             

                      *      2120            

Parents_BD : ------------------------ :    - 

AY345237   : CTCATGAAATCGAAGTCTGGTCGA :  533 

 

PCR 1:  AGL20  Sequences of parents A and C were illegible.  B and D sequences are identical, and 

are aligned against the reference sequence AY345237 (cDNA) so that polymorphisms and intron 

sequences/locations may be seen.  Note that a portion of the sequence near the end of intron 1 (position 1046; 

highlighted yellow), is missing due to insufficient overlap between forward and reverse sequences.  A second 

portion of the sequence near the end of intron 6 (position 2088; highlighted blue), is missing for a similar reason. 

 

                        *        20         *        40         *        60         *        80         *       100       

Parents_ABCD : --------------------AGAGCAATGGGACGAGCAGAACCATGGCCATAATATGCCTCCGCCTCCACCCCCGCAGCAGCATCAAATCCAGCATCCTT :  80 

AJ505845     : AACGTTCTTAGGGCGCAACAAGAGCAATGGGACGAGCAGAACCATGGCCATAATATGCCTCCGCCTCCACCCCCGCAGCAGCATCAAATCCAGCATCCTT : 100 

                                                                                                                        

                        *       120         *       140         *       160         *       180         *       200       

Parents_ABCD : ACATGCTCTCTCATCAGCCATCTCCTTTTCTCAACATGGGGTAGTTAAAAATTCGTTCCTCTTACTTTCAAGTACATATGTGTTATATATACAAGATAGT : 180 

AJ505845     : ACATGCTCTCTCATCAGCCATCTCCTTTTCTCAACATGGG------------------------------------------------------------ : 140 

                                                                                                                        

                        *       220         *       240         *       260         *       280         *       300       

Parents_ABCD : TAGGTGTTATAAGTCCAGTGAGTTAAGTTGTGTTAGTGATGGTTAGATGTCTAAATTGTGAATTACAAGTACTAAGATTTTTCATGTATATATTAACGTA : 280 

AJ505845     : ---------------------------------------------------------------------------------------------------- :   - 

                                                                                                                        

 

                        *       320         *       340         *       360         *       380         *       400       

Parents_ABCD : TTGATCATCAATCAAATGGTCGTAAAAGAAACAGACTTATATTTTTGGGAAAAGTAGATGGAATGGCTGCTAAAAGTCTAAGAAACCTTTGGGAGCAGGT : 380 

AJ505845     : ---------------------------------------------------------------------------------------------------- :   - 

                                                                                                                        

                        *       420         *       440         *       460         *       480         *       500       

Parents_ABCD : CGTTTTTATTGTTGTTCAAATTAAACTTGAGGTAGTTAGATAAATAAACTATCTTTGATATGGGCCTTTACCAATTTCACTACAAAACATGTGATATTTT : 480 

AJ505845     : ---------------------------------------------------------------------------------------------------- :   - 
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                        *       520         *       540         *       560         *       580         *       600       

Parents_ABCD : CAGCACCTATGTAGATAATTTTGTAAGCTATATCATGTGCATATGAATGTAAATGTAGAGGGCTGTATCAAGAAGAAGATCAAATGGCAATGAGGAGGAA : 580 

AJ505845     : ----------------------------------------------------------AGGGCTGTATCAAGAAGAAGATCAAATGGCAATGAGGAGGAA : 182 

                                                                                                                        

                        *       620         *       640         *       660         *       680         *       700       

Parents_ABCD : CGATCTCGATCTGTCTCTTGAACCCGTTTACAACTGCAACCTTGGCTGCTTTGCCGCATGAAGCAATTCAATAATAATATTTATAATCATCAATAATAAA : 680 

AJ505845     : CGATCTCGATCTGTCTCTTGAACCCGTTTACAACTGCAACCTTGGCTGCTTTGCCGCATGAAGCAATTCAATAATAATATTTATAATCATCAATAATAAA : 282 

                                                                                                                          

                        *       720         *       740         *       760         *       780         *       800       

Parents_ABCD : ACAATATGCGCTACATATATATTTTGGCGAGCCCTTCTTATCCAACTAATTAATATATGTGGGCAAGCTCCATGTTCTTATAATTAGCAAGTTTCTATTT : 780 

AJ505845     : ACAATATGCGCTACATATATATTTTGGCGAGCCCTTCTTATCCAACTAATTAATATATGTGGGCAAGCTCCATGTTCTTATAATTAGCAAGTTTCTATTT : 382 

                                                                                                                        

                        *       820         *       840         *       860         *       880         *       900       

Parents_ABCD: TGTCTCTTTTTATATATTTTTCTCAAGTTCTTTTGCTTCAGTATGTGGCAAAATTGTAATATATTTCAATATCTGAATTTATATTATTGAACCTTCTAAT : 880 

AJ505845     :TGTCTCTTTTTATATATTTTTCTCAAGTTCTTTTGCTTCAGTATGTGGCAAAATTGTAATATATTTCAATATCTGAATTTATATTATTGAACCTTCTAAT : 482 

                                             

                        *       920            

Parents_ABCD : AAATCA------------------ : 886 

AJ505845     : AAATCAGTGTCCAAAGTCAGCAAT : 506 

 

PCR 9:  AP1  Parents A/B/C/D are identical.  Sequence is aligned to reference sequence AJ505845 

(cDNA) to show intron location.  Note that the sequence of primer AP15PF (Smith & King 2000) is not present 

in this reference sequence; to find its relative location, reference sequence Z37968 may be consulted. 

 

                        *        20         *        40         *        60         *        80         *       100       

Parents_ABCD : -------------------------------------GGCACTCATCTTGCTCTTGATGCTCTCTCCCAAGAAGGTACGATAATAGTAAATATCTAATGT :  63 

Z18362       : ACGCCGTCATTTGCTACTCTCCGCCGCAGGTGATTCCGGCACTCATCTTGCTCTTGATGCTCTCTCCCAAGAAG-------------------------- :  74 

                                                                                                                        

                        *       120         *       140         *       160         *       180         *       200       

Parents_ABCD : ATATCTATAACTTTTTTTTTGAAAGCTGTAATATAAATATATTTCCCAACGTTTTATACATGCATTGCTAATCTATTTAACTATGCGAGGCTGTCAACAA : 163 

Z18362       : ---------------------------------------------------------------------------------------------------- :   - 

                                                                                                                        

                        *       220         *       240         *       260         *       280         *       300       

Parents_ABCD : ATATAGATCTATATATGTTCACTTGACTGGTAGATATAGGCTTATGAATCCTTGCATGATTGGTTACTAATATCAGCAACTATATACTTGTATGATATAG : 263 

Z18362       : ---------------------------------------------------------------------------------------------------- :   - 

                                                                                                                        

                        *       320         *       340         *       360         *       380         *       400       

Parents_ABCD : TTTTGGGCAACATTTGTTTTTTGACTGTCAAATGTAACTTCAAATACGTGTATAGTAGAACTATTTGTATAGAGTATGCAATTGCAGTCTGCTTTTTAAA : 363 

Z18362       : ---------------------------------------------------------------------------------------------------- :   - 

                                                                                                                        

                        *       420         *       440         *       460         *       480         *       500       

Parents_ABCD : TTAGACCTGTTGCAAGAAGTACGAGGATTAATTATATATTGTGCAAAATCCAAATACTGAACGTATCTTTTTAATATCTATATAAAATAAAGTTTGCGAT : 463 

Z18362       : ---------------------------------------------------------------------------------------------------- :   - 

                                                                                                                        

                        *       520         *       540         *       560         *       580         *       600       

Parents_ABCD : TGTGACAAAAGTATGTATAGATGACTGGACAGGGTTGTCACAGGAGCCGGTTCAGCACCAAGATCAGACTGATGCGGCGGGGATCAACGGCGGAGGAAGA : 563 

Z18362       : --------------------ATGACTGGACAGGGTTGTCACAGGAGCCGGTTCAGCACCAAGATCAGACTGATGCGGCGGGGATCAACGGCGGAGGAAGA : 154 

                                                                                                                        

                        *       620         *       640         *       660         *       680         *       700       

Parents_ABCD : GGAGGTTATTGGGAAGCAGGGCAGACGACAATAAAAAAGCAACAGCAGAGACGCAGAAAGAAAGCG---------------------------------- : 629 

Z18362       : GGAGGTTATTGGGAAGCAGGGCAGACGACAATAAAAAAGCAACAGCAGAGACGCAGAAAGAA-GCGATTGTACGTCAGTGAAACTGATGATGACGGCAAC : 253 

                                                                                                                        

                        *               

Parents_ABCD : ------------------ :   - 

Z18362       : GAAGGTGAGGATGACGAC : 271 
 

PCR 16:  BoFH  Parents A/B/C/D are identical. Sequence is aligned to reference sequence Z18362 

(cDNA) to show intron locations.    

 

                        *        20         *        40         *        60         *        80         *       100       

Parents_ABCD : -----------------------------------CCGATCCTAGCCGTACGCTAACTTTACATTATCATTTTTATAAAATATATACATTTTGGTGTCGG :  65 

Z18362       : AAAGATCGTGGCGAAAAATGCCCTACCAAG---------------------------------------------------------------------- :  30 

                                                                                                                        

                        *       120         *       140         *       160         *       180         *       200       

Parents_ABCD : ATTGGTAGGGAAACCCCTAGCCATAATCATGGACAGCTGTTTTAAAGCAAGTTTGACAAGTCATGAGTTCAGAGATTTTTCGTTATTATTTTTGTTTTAT : 165 

Z18362       : ---------------------------------------------------------------------------------------------------- :   - 

                                                                                                                        

                        *       220         *       240         *       260         *       280         *       300       

Parents_ABCD : TTTCTTTCGCTATGTCTGGCAAAGATTTATATAGGTTCTGATTTTATGTCTTCACTCGGAATAAATATAGTTAGATTTTTTTTTTTTTTAACATAAATAT : 265 

Z18362       : ---------------------------------------------------------------------------------------------------- :   - 

                                                                                                                         

                        *       320         *       340         *       360         *       380         *       400       

Parents_ABCD : AGTTATATAGTTAGATTTCAATTTAAGGTTTTGTAAGAGTCCCCGTACGACAACGTGTCGAGTTATGGAAACGACACAGTCGTTCTTTTGTTTTTACCTA : 365 

Z18362       : ---------------------------------------------------------------------------------------------------- :   - 
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                        *       420         *       440         *       460         *       480         *       500       

Parents_ABCD : AAACGACACGAGATAGTAAGATACGATGTCCTCATGCATTTTTTTTTTTTGGGCAAATGGCCTCATGCATTTAGATTCAATATCTGCATGTATTTTACAT : 465 

Z18362       : ---------------------------------------------------------------------------------------------------- :   - 

                                                                                                                        

                        *       520         *       540         *       560         *       580         *       600       

Parents_ABCD : ATTTGTTGACCCTTTATTAGAGATATTTGTTGTGTGCTATATGTATTTAGATACAGTCTATTACTCAGTGGGTAATAAAGAGTCTTCTTCCCCATAGTAC : 565 

Z18362       : ---------------------------------------------------------------------------------------------------- :   - 

                                                                                                                        

                        *       620         *       640         *       660         *       680         *       700       

Parents_ABCD : AGAATCCATGAGCTCTGTGCCATTTGCTTGTGCAGACGCACGTTATTAAAAATATGAGGTTTACAGATAACGTGAGCCAATAAAAGTCTAAATTTTTCTC : 665 

Z18362       : ---------------------------------------------------------------------------------------------------- :   - 

                                                                                                                        

                        *       720         *       740         *       760         *       780         *       800       

Parents_ABCD : TCTGAAGATATTACCTCCAATATATATTTAAATTATATATTGGTACTTTTTCTATGCTATTAAAAAAGGTTGTTTTGAATTATTAAGTACTGATTTTTTA : 765 

Z18362       : ---------------------------------------------------------------------------------------------------- :   - 

                                                                                                                        

                        *       820         *       840         *       860         *       880         *       900       

Parents_ABCD : TGTTTTGGAAAAATATGTAAATAGGTGACGAACCAGGTGTTCAGGTACGCTAAGAAATCGGGGGCAAATTACATAAATAAGCCAAAAATGCGACACTACG : 865 

Z18362       : ------------------------GTGACGAACCAGGTGTTCAGGTACGCTAAGAAATCGGGGGCAAATTACATAAATAAGCCAAAAATGCGACACTACG : 106 

                                                                                                                        

                        *       920         *       940         *       960         *       980         *      1000       

Parents_ABCD : TTCATTGTTACGCACTCCATTGCCTCGACGAAGAAGCTTCAAACGCTCTCCGAAGAGCGTTTAAAGAACGCGGTGAGAACGTTGGGTCGTGGCGTCAGGC : 965 

Z18362       : TTCATTGTTACGCACTCCATTGCCTCGACGAAGAAGCTTCAAACGCTCTCCGAAGTGCGTTTAAAGTTCGCGGTGAGAACGTTGGGTCGTGGCGTCAGGC : 206 

                                                                                                        

                        *      1020         *      1040         *      1060          

Parents_ABCD : TTGTTACAAGCCACTTGT------------------------------------------------- : 983 

Z18362       : TTGTTACAAGCCACTTGTGGACATTGCTTGTCGTCATGGCTGGGATATAGACGCCGTTTTTAACGCT : 273    
 

PCR 18:  BoFH  Parents A/B/C/D are identical.  Sequence is aligned to reference sequence Z18362 

(cDNA) to show intron locations.  An unknown length of intron 2 sequence data is missing from the Parents 

ABCD sequence (highlighted in yellow). 

 

                      *        20         *        40         *        60         *        80         *       100       

Parents_AC : ---------------------------------------------------------------------------------------------------- :   - 

Parents_BD : ---------------------------------------------------------------------------------------------------- :   - 

AM231517   : GGCTTTTGATTATGGACAAACCAATAATAGTTGTGACAAGCGAATAGAATATCGATCCACACAACTGATATTGTTTATACAATTCATTAAATGCTAAAAC : 100 

                                                                                                                        

                      *       120         *       140         *       160         *       180         *       200       

Parents_AC : ----------------ATATATATATATATATATATATATATATATATATATAACTTTAGAAGACGTATCTCATTTAACGTGGTTAGTAATATTATACAT :  84 

Parents_BD : ----------------ATATATATATATATATATATATATATATATATATATAACTTTAGAAGACGTATCTCATTTAACGTGGTTAGTAATATTATACAT :  84 

AM231517   : CTATTGCATTTGATGTAAGCATCTACATATATATATATATATATATATATATAACTTTAGAAGACGTATCTCATTTAGCGTGGTTAGTAATATTATACAT : 200 

                                                                                                                        

                      *       220         *       240         *       260         *       280         *       300       

Parents_AC : AAAGTATGAGATTTGTGGTGTGAAGAGTCAGGGCCGGCCCTGAGAGTTTTGAGGCCCAAAACTATTTAGTAAAGGTTTCAAAAATTTGAAGATCTAAAAA : 184 

Parents_BD : AAAGTATGAGATTTGTGGTGTGAAGAGTCAGGGCCGGCCCTGAGAGTTTTGAGGCCCAAAACTATTTAGTAAAGGTTTCAAAAATTTGAAGATCTAAAAA : 184 

AM231517   : AAAGTATGAGATTTGTGGTGTGAAG--------------------------------------------------------------------------- : 225 

                                                                                                                        

                      *       320         *       340         *       360         *       380         *       400       

Parents_AC : AAATTTTTTTTATAAATTAGGGATCTATTTACCTATAAAAGAATTCAAAATTTTTAGGGATCCAAAGCGAATGTTTCATTGGGCTTGGCTCAGGGCCGGC : 284 

Parents_BD : AATTTTTTTTTATAAATTAGGGATCTATTTACCTATAAAAGAATTCAAAATTTTTAGGGATCCAAAGCGAATGTTTCATTGGGCTTGGCTCAGGGCCGGC : 284 

AM231517   : ---------------------------------------------------------------------------------------------------- :   - 

                                                                                                                        

                      *       420         *       440         *       460         *       480         *       500       

Parents_AC : CCTAAGTCTTACCGATCACCAATAGTTGCGACTTGAAGGCTAAATCAAATAATTTTATAAAGTTAACAACTAACTAAATGTTAGCCTAGAGTGCTAAGTG : 384 

Parents_BD : CCTAAGTCTTACCGATCACCAATAGTTGCGACTTGAAGGCTAAATCAAATAATTTTATAAAGTTAACAACTAACTAAATGTTAGCCTAGAGTGCTAAGTG : 384 

AM231517   : ----AGTCTTACCGATCACCAATAGTTGCGACTTGAAGGCTAAATCAAATAATTTTATAAAGTTAACAACTAACTAAACGTTAGCCTAGAGTGCTAAGTG : 321 

                                                                                                                        

                      *       520         *       540         *       560         *       580         *       600       

Parents_AC : TCATCCAATGGAAGTGATTGAAGAGAAAGCAAAGAGTGGAGTCCATCTTTCCACGTTCAAATAAAGCGAGTAAGTGAGTTTAGATTGACAACACTTTGGA : 484 

Parents_BD : TCATCCAATGGAAGTGATTGAAGAGAAAGCAAAGAGTGGAGTCCATCTTTCCACGTTCAAATAAAGCGAGTAAGTGAGTTTAGATTGACAACACTTTGGA : 484 

AM231517   : TCATCCAATGGAAGTGACTGAAGAGAAAGCAAAGAGTGGAGTCCATCTTTCCACGTTCAAATAAAGCGAGGAAGTGGGTTTAGATTGACAACACTTTGGA : 421 

                                                                                                                        

                      *       620         *       640         *       660         *       680         *       700       

Parents_AC : AATGTCTTGTTGTTTTATTGAAAATTATTTTTTCAAACAGTTCTCAAAAAATTTGTTTGGTTTTTAGCGCAGATTGGATATTATATTGGTTTTCGGACAT : 584 

Parents_BD : AATGTCTTGTTGTTTTATTGAAAATTATTTTTTCAAACAGTTCTCAAAAAATTTGTTTGGTTTTTAGCGCAGATTGGATATTATATTGGTTTTCGGACAT : 584 

AM231517   : AATGTGTTGTTGTTTTATTGAAAATTATTTTTTCAAACAGTTCTCGAAAATTTTGTTTGGTTTTTAGGGCAGATTGGATTTTATATTGGTTTTCGGACAT : 521 

                                                                                                                        

                      *       720         *       740         *       760         *       780          

Parents_AC : CGCATTAAGAACCATCCGAGTATATGGACCAGGTCTCA-------------------------------------------- : 622 

Parents_BD : CGCATTAAGAACCATCCGAGTATATGGACCAGGTCTCA-------------------------------------------- : 622 

AM231517   : CGCGTTAAGAACCATCCGAGTATATGGACCAGATCTGATAGAGTACGAGAATTTGATTTTCGGTTTGATTCCAAGTTGGGTT : 603 

 

PCR 22:  BoFLC1 Parents A/B/C/D are identical except for one SNP between A/C and B/D parents 

(highlighted in yellow).  All parents contain numerous differences compared to the reference sequence 

AM231517, including a 179 bp insertion. 

 



 

203 
 

 

                        *        20         *        40         *        60         *        80         *       100       

Parents_ABCD : ---------------ACGTTCAAATAAAGCGAGGAAGTGAGTTTAGATTGACAACACTTTGGAAATGTCTTGTTGTTTTATTGAAAATTATTTTTTTCAA :  85 

AM231517     : GGAGTCCATCTTTCCACGTTCAAATAAAGCGAGGAAGTGGGTTTAGATTGACAACACTTTGGAAATGTGTTGTTGTTTTATTGAAAATTATTTTTT-CAA :  99 

                                                                                                                        

                        *       120         *       140         *       160         *       180         *       200       

Parents_ABCD : ACAGTTCTCAAAAAATTTTGTTTGGTTTTTAGGGCAGATTGGATTTTATATTGGTTTTCGGACATCGCGTTAAGAACCATCCGAGTATATGGACCAGGTC : 185 

AM231517     : ACAGTTCTCGAAAA-TTTTGTTTGGTTTTTAGGGCAGATTGGATTTTATATTGGTTTTCGGACATCGCGTTAAGAACCATCCGAGTATATGGACCAGATC : 198 

                                                                                                                        

                        *       220         *       240         *       260         *       280         *       300       

Parents_ABCD : TGATAGAGTACGAGAATTTGATTTTCGGTTTGATTCCAAGTTGGGTTTTTTGGATACGAATATTCTTGACGAATTATGTTAGATAAATATTAAAAAAATA : 285 

AM231517     : TGATAGAGTACGAGAATTTGATTTTCGGTTTGATTCCAAGTTGGGTTTTTTGGATACGAATATTTTTGACGAATTATATTAGATAAATATTTAAAAAATA : 298 

                                                                                                                        

                        *       320         *       340         *       360         *       380         *       400       

Parents_ABCD : TAATATATTGCAAAACTTTAAGATAAAATTTTAAAAATAATTTCTGAAATACATATGGTACAAATGTACAGTTATTCAACCACAACAGAAACATGAGCTA : 385 

AM231517     : TAATATATTGCAAAACTTTAGGATAAAACTTTAAAAATAATTTTTGAAATATATATGGTACAAATGTACAGTTATGCAATCACAACAGAAACATGAGCTA : 398 

                                                                                                                        

                        *       420         *       440         *       460         *       480         *       500       

Parents_ABCD : TTGATATAGTTGTGATCCAACTATTTTAATACAACTATTAAAATCTTTTATTAATCATTTAGGAAAAATATTATACAAAGAACATGAACATAACTGAAAA : 485 

AM231517     : TTGATATAGTTTTGGTTCAACTATTTTAATACAACTATTAAATTTTTTTATTAACCATTTAAGAAAAATATTATACAAAAAACATAAACATAACTGAAAA : 498 

                                                                                                                        

                        *       520         *       540         *       560         *       580         *       600       

Parents_ABCD : GATACAAATATTAAAATTAAATTTATATAAAAAAAA------ATATACCTAGACGGGTCCGAATCTGGGACCCTAATAGAAAAAAAGGAACCCCTTGCCC : 579 

AM231517     : GACACAAATATTAAAATTAAATTTATAAAAAAAAAACAAAAAATATACCTAGACGGGTCCGAATCTGGGACCCTAATAGAAAAAAAGGAACCCCTTGCCC : 598 

                                                                                                                        

                        *       620         *       640         *       660         *       680         *       700       

Parents_ABCD : GAGGAAAGAAAAGTAGAAGTATATGGACACAAAAATAGAATGAAATAAAAGGAAAAAAGCAAAAAGAAAA------------------------------ : 649 

AM231517     : GAGGAAAGCAAAGTAGAAGTATATGGACACAAAAATAGAATGAAATAAAAGGAAAAAAGCAAAAAGAAAACATAAAACGCTCAGTATCTCCGGCTAGTGG : 698 

                                       

                        *                

Parents_ABCD : ------------------- :   - 

AM231517     : AAACCGGACCTCAAGATCA : 717 

 

PCR 23:  BoFLC1 Parents A/B/C/D are identical.  Numerous SNPs and some multiple base pair 

deletions may be observed when compared to AM231517. 

 

                        *        20         *        40         *        60         *        80         *       100       

Parents_ABCD : ---------------------------------------CCGAAAAAACCGATCCGAATGTCCAAAATAATATACAATATAATTATATGAAATATGAATA :  61 

AM231517     : AACGGATAACCCGAAAAACCGAAAAATCCGAAAAGATATCCGAAAAAACCGATCCGAATGTCCAAAATAATATACAATATAATTATATGAAACATGAATA : 100 

                                                                                                                        

                        *       120         *       140         *       160         *       180         *       200       

Parents_ ABCD: TTTACTTCAAATATTCAATTTAATATTTATTTTGATATGTTATCTAGCAATAAGTATTTAAAATGTGGTTGGACTATACCTGTTGATGTTTTAATAGAAT : 161 

AM231517     : TTTAATTCAAATATTCAATTTCATATTTATTTTGATATGTTATCTAGCAATAAATATTTAAAATATAGTTGAACTATACATGTTGATGTTTTAATAGAAT : 200 

                                                                                                                        

                        *       220         *       240         *       260         *       280         *       300       

Parents_ ABCD: ATATTAAATTAAGTTTTCTCTTGAATTTTCGTACAATACAAATATACAATTTAAACCCATGTAGATAAAGTTAGTGGGATTGATGGTATATTAATAGATC : 261 

AM231517     : ATATTAAATTAAGTTTTCTCTTGGATTTTCGTACAATACAAATATACAATTTAAACCCATGTAGATAAAGTTAGTGGGATTGATGGTATATTAATAGATC : 300 

                                                                                                                        

                        *       320         *       340         *       360         *       380         *       400       

Parents_ ABCD: AACAAGTCTGGTTTAATTATAGGTATGCCAGTGTGCGACTATGGACTAAAATATTTTAGGTATAAATGATTTTCTAGAAGTTTTTCTCCCTTTTATTGAT : 361 

AM231517     : AACAAGTCTGGTTTAATTATAGGTATGCCAGTGTGCGACTATGGACTAAAATATTTTAGGTATAAATGATTTTCTAGAAGTTTTTCTCCCTTTTATTGAT : 400 

                                                                                                                        

                        *       420         *       440         *       460         *       480         *       500       

Parents_ ABCD: TTGTTGCTATAAGATTATCCCAAGCGTTTAGTTTCGCACTCTAGTAGTTACGGCACATGCATATGCTACATTATGTGATTGGATGATAGCTTTTAATCGA : 461 

AM231517     : TTGTTGCTATAAGATTATCCCAAGCGTTTAGTTTCGCACTCTAGTAGTTACGGCACATGCATATGCTACATTATGTAATTGGATGATAGCTTTTAATCGA : 500 

 

                                                                                                                        

                        *       520         *       540         *       560         *       580         *       600       

Parents_ ABCD: ACTTTGTAGCTTTGTTCATTTGAATTGACAACCCACAACATTGTAGCTTTTTTTATGGAAATGGACGATCACACAACCTTGCATCTCGTTGTGTTTCTTG : 561 

AM231517     : ACTTTGTAGCTTTGTTCATTTGAATTGACAACCCACAACATTGTAGCTTTTGTTATGGAAATGTACGATCACACAACCTTGCATCTCGTTGTGTTTCTTG : 600 

                                 

                        *          

Parents_ ABCD: TT----------- : 563 

AM231517     : TTGTGGGCATTGA : 613 

                                 

 

PCR 24:  BoFLC1 Parents A/B/C/D are identical.  Numerous SNPs may be observed when compared to 

AM231517. 

 

 

 

 



 

204 
 

                        *        20         *        40         *        60         *        80         *       100       

Parents_ABCD : ----------------------------------------------------TTAAGACAACGAATCAGAACAGTACACTACAGCTTCAGATATAGAGAA :  48 

AY30612      : AGCAGAAACGGGAACCTACACAACAATCCACAATCGATTTTTTTTATTAAGATTAAGACAACGAATCAGAACAGTACACTACAGCTTCAGATATAGAGAA : 100 

                                                                                                                        

                        *       120         *       140         *       160         *       180         *       200       

Parents_ABCD : ACACTGTGTAAGAAAGATTCACCTGTGAGGCAAAATCTCTCGTATCTGGTTAATGTCCATCACTGTCGGATAAGCCTCGTACCCTGCAAAAAAAATTATT : 148 

AY306125     : ACACTGTGTAAGAAAGATTCACCTGTGAGGCAAAATCTCTCGTATCTGGTTAATGTCCATCACTGTCGGATAAGCCTCGTACCCTGCAAAAAAA-TTATT : 199 

                                                                                                                        

                        *       220         *       240         *       260         *       280         *       300       

Parents_ABCD : TATTTATTTTAACTGAAATTTTCGATTTTTTTTTTTTAAATGAGAATGCCATTATAGAGAAAGTTCTACTTACTGAGTTCAATTGGGATCTCTTTCTCTG : 248 

AY306125     : TATTTATTTTAACTGAAATTTTCGATTTTTTTTTTTAAAATGAGAATGCCATTATAGAGAAAGTTCTACTTACTGAGTTCAATTGGGATCTCTTTCTCTG : 299 

                                                                                                                        

                        *       320         *       340         *       360         *       380         *       400       

Parents_ABCD : CGGCGGTGTTTGATTCATCGGTGGAGCAGAAGACGAGGGAGCTGGATCGGGGTTTGGGACGAAACGCGACGGAGTGCGATCTAGTGATCCGGGGACTCAA : 348 

AY306125     : CGGCGGTGTTTGATTCATCGGTGGAGCAGAAGACGAGGGAGCTGGATCGGGGTTTGGGACGAAACGCGACGGAGTGCGATCTAGTGATCCGGGGACTCAA : 399 

                                                                                                                        

                        *       420         *       440         *       460         *       480         *       500       

Parents_ABCD : CGGTGAAGATAATGACTGGTGAAGAGAAAGAGGTGCGAGATTTCGCGACGGAGCGGTGGTGAAAATGGAGTTGGGGGCAGCCATTGCCGATCGACAGAGA : 448 

AY30612      : CGGTGAAGATAATGACTGGTGAAGAGAAAGAGGTGCGAGATTTCGCGACGGAGCGGTGGTGAAAATGGAGTTGGGGGCAGCCATTGCCGATCGACAGAAA : 499 

                                                                                                                        

                        *       520         *       540         *       560         *       580         *       600       

Parents_ABCD : GAAGAAGAAGAAGGGACGGAGATTTCGAAGGGGAGCGTTTGAGAGAGCTTCAACAACGGAAACAATGGTGGGTGAAATAGGATAACTATATGGGCCTCTA : 548 

AY306125     : GAGGAAGAAGAAGGGACGGAGATTTCGAAGGGGAGCGTTTGAGAGAGCTTCAACAACGGAAACAATGGTGGGTGAAATAGGATAACTATATGGGCCTATA : 599 

                                                                                                                        

                        *       620         *       640         *       660         *       680         *       700       

Parents_ABCD : ATTTGTTGAGCATATAATGGGCTTTTTTATACAAATACTAAGCCCACATAATACAAATACGGCCGTCCCCGCGCTACATGGGCATTTATTTATTAGGCCT : 648 

AY306125     : ATTTGTTGAGCATATAATGGGCTTTTTTATACAAATACTAAGCCCACATAATACAAATACGGCCGTCCCCGCGCTACATGGGCATTTATTTATTAGGCCT : 699 

                                                                                                                        

                        *       720         *       740         *       760         *       780         *       800       

Parents_ABCD : GTTATGGAGTGCCGAGTCCAATCGTGATGTCATCACTGAAGCAAACCAATAAAGAAAAATAGTAGT---------------------------------- : 714 

AY306125     : GTTATGGAGTGCCGAGTCCAATCGTGATGTCATCACTGAAGCAAACCAATAAAGAAAAATAGTAGTACGATGGTATTTAATGCTACACGTGGTCGATGCA : 799 

                                 

                        *          

Parents_ABCD : ------------- :   - 

AY306125     : GTAAATGGCAATG : 812 

 

PCR 31:  BoFLC3-2 Parents A/B/C/D are identical.  There are several ambiguous SNPs in comparison 

with AY306125. 

 

                        *        20         *        40         *        60         *        80         *       100       

Parents_ABCD : AAACGCCACTACGACGACTTGCAAAACCACATGGATTACATCAAGAACGCCATTGGCTCCAGTCTCAAATTCAAAGGCATCATCGCCGAGTCTCCCTCCT : 100 

DQ503574     : AAACGCCACTACGACGACTTGCAAAGCCACATGGATTACATCAAGAACGCCATTGACTCCAGTCTCAAGAGCAAAGGCATCACCGCCGAGTCTCCCTCCT : 100 

                                                                                                                        

                        *       120         *       140         *       160         *       180         *       200       

Parents_ABCD : CCCGATCGCAGTCTCCACGGAACGATGCTTCCGGAGAAACAGCCACCGCGGTTGCCGCCACACAATCGCCGCCAAAGGAGACTTCTGAGACAGTACCGGA : 200 

DQ503574     : CCCGATCGCAGTCTCCACGAAACGATGCTTCCGGAGAAAC---------GGTTGCTGCCACACAATCGCCGCCA------------------GTAGCGGA : 173 

                                                                                                                        

                        *       220         *       240         *       260         *       280         *       300       

Parents_ABCD : GATTTCGGATAAGGTGGAGCGATTGTGCGAGTTGATGTGCAGCAAAGGCCTGCGTAGATACATGTACTCGAATATCTCTGACCGAGCTAAGCTGATTGAA : 300 

DQ503574     : GA---------AGGTGGAGCGATTGTGCGAGTTGATGTGCAGCAAAGGCCTGCGTAGATACATGTACTCGAATATCTCTGACCGAGCTAAGCTGATTGAA : 264 

                                                                                                                 

                        *       320         *       340         *       360         *       380         *          

Parents_ABCD : GAGCTTCCTGCAGCTCTGAAGCTAGCCAAGGAGCCAGCTAAGTTCGTGTTGGAATGCATTGGCAAGTTTTTCTTACAAGGGCGCAAAGCTTAT : 393 

DQ503574     : GAGCTTCCTGCAGCTCTGAAGCTAGCCAAGGAGCCTGCTAACTTCGTGTTGGAATGCATTGGCAGGTTTTACTTACAAGGGCGCAAAGCTTAT : 357 

 

PCR 38:  BoFRI  Parents A/B/C/D are identical.  There are numerous SNPs and three short (9-18) 

insertions in comparison to DQ503574. 

 

                    *        20         *        40         *        60         *        80         *       100       

Parent_A : ----------------------------------------------------------------CAAGCCAAGAGTTGAGATTGGTGGAGACGACCTAAG :  36 

Parent_B : ----------------------------------------------------------------CAAGCCAAGAGTTGAGATTGGTGGAGACGACCTAAG :  36 

Parent_C : ----------------------------------------------------------------CAAGCCAAGAGTTGAGATTGGTGGAGAAGACCTAAG :  36 

Parent_D : ----------------------------------------------------------------CAAGCCAAGAGTTGAGATTGGTGGAGAAGACCTAAG :  36 

Spurr    : GGGTTACATACGGCCAAAGAGAGGTGACAAATGGGTTGGATATAAGGCCTTCTCAAATTCTCAACAAGCCAAGAGTTGAGATTGGTGGAGACGACCTAAG : 100 

                                                                                                                      

                    *       120         *       140         *       160         *       180         *       200       

Parent_A : GAACTTCTATACTTTGGTTCTTACATTTAAACTCTCTGTTTCTTATTTCTTC---ATTGCTTCATTACTCTTCTTCTTTCATGCAATTTACCTTGGCCAC : 133 

Parent_B : GAACTTCTATACTTTGGTTCTTACATTTAAACTCTCTGTTTCTTATTTCTTC---ATTGCTTCATTACTCTTCTTCTTTCATGCAATTTACCTTGGCCAC : 133 

Parent_C : GAACTTCTATACTTTGGTTCTTACACTTAAACTCTCTGTTTCTTATTTCTTCTTCATTGCTTCATTACTCTTCTTCTTTCATGCAATTTACCTTGGCCAC : 136 

Parent_D : GAACTTCTATACTTTGGTTCTTACACTTAAACTCTCTGTTTCTTATTTCTTCTTCATTGCTTCATTACTCTTCTTCTTTCATGCAATTTACCTTGGCCAC : 136 

Spurr    : GAACTTCTATACTTTG------------------------------------------------------------------------------------ : 116 

                                                                                                                      

                    *       220         *       240         *       260         *       280         *       300       

Parent_A : GCTGACACACAAAGAGACCTTTAGTGAAATCTTTCTCTTGTTCTGTTCTCTTGCGATTTATTGGTTTTACTTCTAGATATACCATAGCAGTAAGTATAAT : 233 

Parent_B : GCTGACACACAAAGAGACCTTTAGTGAAATCTTTCTCTTGTTCTGTTCTCTTGCGATTTATTGGTTTTACTTCTAGATATACCATAGCAGTAAGTATAAT : 233 

Parent_C : GCTGATACACAAAGAGACCTTTAGTGAAATCTTTCTCTCGTTCTGTTCTCTTACGATTTATTGGTTGTACTTCTAGATATACCATAGCAGTAAGTATAAT : 236 

Parent_D : GCTGATACACAAAGAGACCTTTAGTGAAATCTTTCTCTCGTTCTGTTCTCTTACGATTTATTGGTTGTACTTCTAGATATACCATAGCAGTAAGTATAAT : 236 

Spurr    : ---------------------------------------------------------------------------------------------------- :   - 

                                                                                                                      



 

205 
 

                    *       320         *       340         *       360         *       380         *       400       

Parent_A : GCTTTTTTACCTTTTACCATGGAGATGAACCCATGAGCATATTTCACCAAATGCCAAAGTAAATGTAAACAGTTTTATATTCTACCAGACTTCTCTTCTT : 333 

Parent_B : GCTTTTTTACCTTTTACCATGGAGATGAACCCATGAGCATATTTCACCAAATGCCAAAGTAAATGTAAACAGTTTTATATTCTACCAGACTTCTCTTCTT : 333 

Parent_C : GCTTTTTTACCTTTTACCATGAAGATGAACCCATGAGCAT--TTCACCAAATGCCAAAGTCAATGTAAACAGTTTTATATTCTACCAGAATTCTTTTCTT : 334 

Parent_D : GCTTTTTTACCTTTTACCATGAAGATGAACCCATGAGCAT--TTCACCAAATGCCAAAGTCAATGTAAACAGTTTTATATTCTACCAGAATTCTTTTCTT : 334 

Spurr    : ---------------------------------------------------------------------------------------------------- :   - 

                                                                                                                      

                    *       420         *       440         *       460         *       480         *       500       

Parent_A : TCTTGGTCTCTTTTCTAAGTCTCAGATGTTTCTTTTCAGAAACTTTTTTTGCCAAAAGGTTTTCATTTTTTTCCCGAAACTTTTTGCATACTAGTGCTTT : 433 

Parent_B : TCTTGGTCTCTTTTCTAAGTCTCAGATGTTTCTTTTCAGAAACTTTTTTTGCCAAAAGGTTTTCATTTTTTTCCCGAAACTTTTTGCATACTAGTGCTTT : 433 

Parent_C : TCTTGGTCTATTTTCTAAGTCTCAGATGTTTCTTTTCAGAAACTTTTTTTGCCAAAAGGTTTTCATTTTTT-CCCGAAACTTTTTGCATACTAATGCTTT : 433 

Parent_D : TCTTGGTCTATTTTCTAAGTCTCAGATGTTTCTTTTCAGAAACTTTTTTTGCCAAAAGGTTTTCATTTTTT-CCCGAAACTTTTTGCATACTAATGCTTT : 433 

Spurr    : ---------------------------------------------------------------------------------------------------- :   - 

                                                                                                                      

                    *       520         *       540         *       560         *       580         *       600       

Parent_A : TAGTTTGGGTAAGAATCTTGGGGATTTTCTTTGTTCCTTCAATAATTTAGATTAGTAAATTTTATAAGAAATGTTACAATACTCTTAAAAAGGCAAAAGT : 533 

Parent_B : TAGTTTGGGTAAGAATCTTGGGGATTTTCTTTGTTCCTTCAATAATTTAGATTAGTAAATTTTATAAGAAATGTTACAATACTCTTAAAAAGGCAAAAGT : 533 

Parent_C : TAGTTTGGGTAAGAATCTTGGGGATTTTCTTTGTTCCTTCAATAATTTAGATTAGTAAATTTTATAAGAAATGTTACAATACTCTTAAAAAGGCAAAAGT : 533 

Parent_D : TAGTTTGGGTAAGAATCTTGGGGATTTTCTTTGTTCCTTCAATAATTTAGATTAGTAAATTTTATAAGAAATGTTACAATACTCTTAAAAAGGCAAAAGT : 533 

Spurr    : ---------------------------------------------------------------------------------------------------- :   - 

                                                                                                                      

                    *       620         *       640         *       660         *       680         *       700       

Parent_A : ATATGGGTTCGAATGTTTAAAATATAATAATCAAGAAAATGGATGGCCATTTAACAAATATATTGATGAATATTT-GATCTCTCTTGTGGTATTTGATGC : 632 

Parent_B : ATATGGGTTCGAATGTTTAAAATATAATAATCAAGAAAATGGATGGCCATTTAACAAATATATTGATGAATATTT-GATCTCTCTTGTGGTATTTGATGC : 632 

Parent_C : ATATGGGTTCGAATGTTTAAAATATAATAATCAAGAAAATGGATGGCCATTTAACAAATATATTGATGAATATTTTGATCTCTCTTGTGGTATTTGATGC : 633 

Parent_D : ATATGGGTTCGAATGTTTAAAATATAATAATCAAGAAAATGGATGGCCATTTAACAAATATATTGATGAATATTTTGATCTCTCTTGTGGTATTTGATGC : 633 

Spurr    : ---------------------------------------------------------------------------------------------------- :   - 

                                                                                                                      

                    *       720         *       740         *       760         *       780         *       800       

Parent_A : CTGTTGAATAAGTATATTCAAGTTACTCTTTTAAATACACTGCCTATATATATACATGTAGCTACAACCTACCGTTTTTTGGACTAGTAGCTACTACCTA : 732 

Parent_B : CTGTTGAATAAGTATATTCAAGTTACTCTTTTAAATACACTGCCTATATATATACATGTAGCTACAACCTACCGTTTTTTGGACTAGTAGCTACTACCTA : 732 

Parent_C : CTGTTGAATAAGTATATTCAAGTTACTCTTTTAAATACACTGCCTATATAT--ACATGTAGCTAAAACCTACCGTTTTTTGGACTAGTAGCTA---CCTA : 728 

Parent_D : CTGTTGAATAAGTATATTCAAGTTACTCTTTTAAATACACTGCCTATATAT--ACATGTAGCTAAAACCTACCGTTTTTTGGACTAGTAGCTA---CCTA : 728 

Spurr    : ---------------------------------------------------------------------------------------------------- :   - 

                                                                                                                      

                    *       820         *       840         *       860         *       880         *       900       

Parent_A : CCGTTTTCTATTCATTTTTCTTCTTCTTTCCTGTGTTATCTCATTTCTCAAACTTAATTATGCTTTCTTCATCGGTTTGAGACTGATACTTATATATATA : 832 

Parent_B : CCGTTTTCTATTCATTTTTCTTCTTCTTTCCTGTGTTATCTCATTTCTCAAACTTAATTATGCTTTCTTCATCGGTTTGAGACTGATACTTATATATATA : 832 

Parent_C : CGGTTTTCTATTCATTTTTCTTCTTCTTTCCTGTGTTATCTCATTTCTCAAACTTAATTATGCTTTCTTCATCAGTTTGAGACTGATACTTATATATATT : 828 

Parent_D : CGGTTTTCTATTCATTTTTCTTCTTCTTTCCTGTGTTATCTCATTTCTCAAACTTAATTATGCTTTCTTCATCAGTTTGAGACTGATACTTATATATATT : 828 

Spurr    : ---------------------------------------------------------------------------------------------------- :   - 

                                                                                                                      

                    *       920         *       940         *       960         *       980         *      1000       

Parent_A : TATATGTTTTAACCAAAAAAAATCGTCTTATTTGTAACGTATTTTAATGTGATGGGTTACTATTGAAGG------------------------------- : 901 

Parent_B : TATATGTTTTAACCAAAAAAAATCGTCTTATTTGTAACGTATTTTAATGTGATGGGTTACTATTGAAGG------------------------------- : 901 

Parent_C : T----GTTTTTACCAAAAAAAATCGTCTTATTTGTAACGTATTTTAATGTGATGGGTT------------------------------------------ : 882 

Parent_D : T----GTTTTTACCAAAAAAAATCGTCTTATTTGTAACGTATTTTAATGTGATGGGTTA----------------------------------------- : 883 

Spurr    : ---------------------------------------------------------------------GTTATGGTGGATCCAGATGTTCCAAGTCCTA : 147 

                        

                        

Parent_A : ------ :   - 

Parent_B : ------ :   - 

Parent_C : ------ :   - 

Parent_D : ------ :   - 

Spurr    : GCAACC : 153 

 

PCR 42:  BoFT  Unusually, parents A and B are identical to each other, and parents C and D are 

identical to each other, but there are differences between A/B and C/D sequences.  The reference sequence 

“Spurr” is cDNA; this was sequenced by the author, and the full sequence is given in Appendix I.  

 
                    *        20         *        40         *        60         *        80         *       100        

Parent_A : -----------------------------------------------------CCATTGGTTTGTGAACTAGTTCACCTCTTTTATCCACCTTTTTGTTA :   47 

Parent_B : ---------------------------------------------------------------------------------------------------- :    - 

Parent_C : -----------------------------------------------------CCATTGGTTTGTGAACTAGATCACCTCTTTTATCCATCTTTTTGTTA :   47 

Parent_D : -------------------------------------------------------------------ACTAGATCACCTCTTTTATCCATCTTTTTGTTA :   33 

Spurr    : ATGGTGGATCCAGATGTTCCAAGTCCTAGCAACCCGCACCTACGAGAATATCTCCATTG----------------------------------------- :   59 

                                                                                                                       

                    *       120         *       140         *       160         *       180         *       200        

Parent_A : TATCCTCACACAATTTTGCTTTAATTAGATATATATATTTACACAACTAGACATGGAAAAATGATAAATATATTAATTGGAGACTTTAAATTTAGTAATT :  147 

Parent_B : -------------------------------------------------GACATGGAAAAATGATAAATATATTAATTGGAGACTTTAAATTTAGTAATT :   51 

Parent_C : TATCCTCACACAATTTTGCTTTAATTAGATATATATATTTACACAACTAGACATGGAAAAATGATAAATATATTAATTGGAGACTTTAAATTTAGTAATT :  147 

Parent_D : TATCCTCACACAATTTTGCTTTAATTAGATATATATATTTACACAACTAGACATGGAAAAATGATAAATATATTAATTGGAGACTTTAAATTTAGTAATT :  133 

Spurr    : ---------------------------------------------------------------------------------------------------- :    - 

                                                                                                                       

                    *       220         *       240         *       260         *       280         *       300        

Parent_A : CACTGATAACAAAAGTAAAATATTTTACGTTTAATAGACGAGGACTACATGTAGAATCAGCTTTAAGAAAGCGGTTTATCAATTTGTCTCCTAACAAAGC :  247 

Parent_B : CACTGATAACAAAAGTAAAATATTTTACGTTTAATAGACGAGGACTACATGTAGAATCAGCTTTAAGAAAGCGGTTTATCAATTTGTCTCCTAACAAAGC :  151 

Parent_C : CACTGATAACAAAAGTAAATTATTTGACGTTTAATAGACGAGGACTACATGTAGAATCAGCTTTAAGAAAGCGGTTTATCAATTTGTCTCCTAACAAAGC :  247 

Parent_D : CACTGATAACAAAAGTAAATTATTTGACGTTTAATAGACGAGGACTACATGTAGAATCAGCTTTAAGAAAGCGGTTTATCAATTTGTCTCCTAACAAAGC :  233 

Spurr    : ---------------------------------------------------------------------------------------------------- :    - 

                       

 



 

206 
 

                                                                                                 

                    *       320         *       340         *       360         *       380         *       400        

Parent_A : CCAAACACCATAGGCTATACTGAAGAGATTCCAAAAACTTAGCATGCTATATGTATACAATATGTATATATGTTTTCTTAAACAAGCTACACACTAAGCC :  347 

Parent_B : CCAAACACCATAGGCTATACTGAAGAGATTCCAAAAACTTAGCATGCTATATGTATACAATATGTATATATGTTTTCTTAAACAAGCTACACACTAAGCC :  251 

Parent_C : CCAAACACCATAGGCTAAACTGAAGAGATTCCGAAAACTTAGCATGCTATATGTATACAATATGTATATATGTTTTCTTAAACAAGCTACACAATAAGCC :  347 

Parent_D : CCAAACACCATAGGCTAAACTGAAGAGATTCCGAAAACTTAGCATGCTATATGTATACAATATGTATATATGTTTTCTTAAACAAGCTACACAATAAGCC :  333 

Spurr    : ---------------------------------------------------------------------------------------------------- :    - 

                                                                                                                       

                    *       420         *       440         *       460         *       480         *       500        

Parent_A : TATTTGTACAAACATTTCGTTTTCAACTTTT-AAGTTGTTTGTACATTCTTAGCCTGATGACGTACCTTTGTGACTTGAAGTTAGTAGCACCAGGTTTCC :  446 

Parent_B : TATTTGTACAAACATTTCGTTTTCAACTTTTTAAGTTGTTTGTACATTCTTAGCCTGATGACGTACCTTTGTGACTTGAAGTTAGTAGCACCAGGTTTCC :  351 

Parent_C : TATTTGTACAAACATTTCGTTTTCAACTTTA-AAGTTGTTTGTACATTCTTAGCCTGATGACGTAGCTTTGTGACTTGAAGTTAGTAGGACCAGGTATCC :  446 

Parent_D : TATTTGTACAAACATTTCGTTTTCAACTTTA-AAGTTGTTTGTACATTCTTAGCCTGATGACGTAGCTTTGTGACTTGAAGTTAGTAGGACCAGGTATCC :  432 

Spurr    : ---------------------------------------------------------------------------------------------------- :    - 

                                                                                                                       

                    *       520         *       540         *       560         *       580         *       600        

Parent_A : TGTTATATCACAGCCACCTCTTTTTAGTGTCGCTTTATATATTTTTATTTTTATCTACTAGTCTTTTTATCTACTAGTGTTACAAAAAAAATCTACTAGT :  546 

Parent_B : TGTTATATCACAGCCACCTCTTTTTAGTGTCGCTTTATATATTTTTATTTTTATCTACTAGTCTTTTTATCTACTAGTGTTACAAAAAAAATCTACTAGT :  451 

Parent_C : TGTTATATCACAGCCACCTCTTTTTAGTGTCGCTTTATATATTTTTATTTTTATCTACTAGTCTTTTTATCTACTAGTGTTACAAAAAATATCTATTAGT :  546 

Parent_D : TGTTATATCACAGCCACCTCTTTTTAGTGTCGCTTTATATATTTTTATTTTTATCTACTAGTCTTTTTATCTACTAGTGTTACAAAAAATATCTATTAGT :  532 

Spurr    : ---------------------------------------------------------------------------------------------------- :    - 

                                                                                                                       

                    *       620         *       640         *       660         *       680         *       700        

Parent_A : CTCGCTTTAATTAAAGCATTAACCATATTACATATACTATATTGTTAAAGTATGCATGCACCATACCAAACTTTCAATGATGCTCTTTGAATATTCATTG :  646 

Parent_B : CTCGCTTTAATTAAAGCATTAACCATATTACATATACTATATTGTTAAAGTATGCATGCACCATACCAAACTTTCAATGATGCTCTTTGAATATTCATTG :  551 

Parent_C : CTCGCTTTAATTAAAGCATTAACCATATTACATATACTATATTGTTAAAGTATGCATGCACCATACCAAACTTTCAATGATGCTCTTTGAATATTCATTG :  646 

Parent_D : CTCGCTTTAATTAAAGCATTAACCATATTACATATACTATATTGTTAAAGTATGCATGCACCATACCAAACTTTCAATGATGCTCTTTGAATATTCATTG :  632 

Spurr    : ---------------------------------------------------------------------------------------------------- :    - 

                                                                                                                       

                    *       720         *       740         *       760         *       780         *       800        

Parent_A : ATGCATGTTTTGGAGTCACTTACACAGTTACACCGAAAATCTATTGCTTTTACAATCACAATAGAACTATAGATCTCATTAGCACCGACCTATTACGATA :  746 

Parent_B : ATGCATGTTTTGGAGTCACTTACACAGTTACACCGAAAATCTATTGCTTTTACAATCACAATAGAACTATAGATCTCATTAGCACCGACCTATTACGATA :  651 

Parent_C : ATGCATGTTTTGGAGTCACTTACACAGTTACACCGAAGATCTATTGCTTTTACAATCACAATAGAACTATAGATCTCATTAGCACCGACCTATTACGATA :  746 

Parent_D : ATGCATGTTTTGGAGTCACTTACACAGTTACACCGAAGATCTATTGCTTTTACAATCACAATAGAACTATAGATCTCATTAGCACCGACCTATTACGATA :  732 

Spurr    : ---------------------------------------------------------------------------------------------------- :    - 

                                                                                                                       

                    *       820         *       840         *       860         *       880         *       900        

Parent_A : TTAT--CTTTCTTACAATCTTTAGTTTAAGACATTAAGTAGCATTTTAATATGGGTTGGTACAATTTCGTAAAAGGCTATATGGATACTCTCATTACAGG :  844 

Parent_B : TTAT--CTTTCTTACAATCTTTAGTTTAAGACATTAAGTAGCATTTTAATATGGGTTGGTACAATTTCGTAAAAGGCTATATGGATACTCTCATTACAGG :  749 

Parent_C : TTATATCTTTCTTACAATCTTTAGTTT--------AAGTAGCATTTTAATATGGGTTGGTACAATTTCGTAAAAGGCTATATGGATACTCTCATTACAGG :  838 

Parent_D : TTATATCTTTCTTACAATCTTTAGTTT--------AAGTAGCATTTTAATATGGGTTGGTACAATTTCGTAAAAGGCTATATGGATACTCTCATTACAGG :  824 

Spurr    : ---------------------------------------------------------------------------------------------------G :   60 

                                                                                                                       

                    *       920         *       940         *       960         *       980         *      1000        

Parent_A : TTGGTGACTGATATCCCTGCGACAACTGGAACAAACTTTGGTGAGTTTTATTCCATAGATTGATGGCTATATATGCGGTTGATAGAACCAATGTATATAT :  944 

Parent_B : TTGGTGACTGATATCCCTGCGACAACTGGAACAAACTTTGGTGAGTTTTATTCCATAGATTGATGGCTATATATGCGGTTGATAGAACCAATGTATATAT :  849 

Parent_C : TTGGTGACTGATATCCCTGCGACAACTGGAACAAACTTTGGTGAGTTTTATTCCATAGATTGATGGCTATATATGCGGTTGATAGAACCAATGTATATAT :  938 

Parent_D : TTGGTGACTGATATCCCTGCGACAACTGGAACAAACTTTGGTGAGTTTTATTCCATAGATTGATGGCTATATATGCGGTTGATAGAACCAATGTATATAT :  924 

Spurr    : TTGGTGACTGATATCCCTGCGACAACTGGAACAAACTTTG------------------------------------------------------------ :  100 

                                                                                                                       

                    *      1020         *      1040         *      1060         *      1080         *      1100        

Parent_A : ATGTTTGATGGTTGTTTTCGCAGGCAATGAGATTGTGTCTTACGAGAATCCAAGGCCCACCTCGGGAATTCATCGTATCGTGCTGGTGTTGTTCCGGCAG : 1044 

Parent_B : ATGTTTGATGGTTGTTTTCGCAGGCAATGAGATTGTGTCTTACGAGAATCCAAGG--------------------------------------------- :  904 

Parent_C : ATGTTTGATGGTTGTTTTCGCAGGCAATGAGATTGTGTCTTACGAGAATCCAAGGCCCACCTCGGGAATTCATCGTATCGTGCTGGTGTTGTTCCGGCAG : 1038 

Parent_D : ATGTTTGATGGTTGTTTTCGCAGGCAATGAGATTGTGTCTTACGAGAATCCAAGGCCCACCTCGGGAATTCATCGTATCGTGCTGGTGTTGTTCCGGCAG : 1024 

Spurr    : -----------------------GCAATGAGATTGTGTCTTACGAGAATCCAAGGCCCACCTCGGGAATTCATCGTATCGTGCTGGTGTTGTTCCGGCAG :  177 

                                                                                                  

                    *      1120         *      1140         *      1160         *                 

Parent_A : CTCGGGAGGCAAACGGTGTATGAACCAGGG------------------------------------------------- : 1074 

Parent_B : ------------------------------------------------------------------------------- :    - 

Parent_C : CTCGGGAGGCAAACGGTGTATGAACCAGGGT------------------------------------------------ : 1069 

Parent_D : CTCGGGAGGCAAACGGTGTATGAACCAGGG------------------------------------------------- : 1054 

Spurr    : CTCGGGAGGCAAACGGTGTATGAACCAGGGTGGCGCCCACAATTTAACACTCGTGAGTTTGCTGCGCTATACAATCTCG :  256 
 

PCR 43:  BoFT  Parents A and B are identical to each other (except for one ambiguous base where 

parent B differs from all other sequences) and parents C and D are identical to each other.  Again, unusually, the 

main points of difference lie between A/B and C/D sequences.  The reference sequence “Spurr” is cDNA; this 

was sequenced by the author, and the full sequence is given in Appendix I. 

 

                    *        20         *        40         *        60         *        80         *       100        

Parent_A : ---------------------------------------------------------------------------------------------------- :    - 

Parent_B : ---------------------------------------------------------------------------------------------------- :    - 

Parent_C : ---------------------------------------------------------------------------------------------------- :    - 

Parent_D : ---------------------------------------------------------------------------------------------------- :    - 

AB017530 : GGAGAATATGGGAACTAGAGTGATAGAGCCATTAATAGTGGGAAGAGTGGTCGGAGATGTTCTTGATAATTTCACTCCAACAATTAAAATGAACGTGAGT :  100 

                                                                                                                       

                    *       120         *       140         *       160         *       180         *       200        

Parent_A : ----ACAAGAAGCAAGTCTCCAATGGCCATGAGCTTTTCCCTTTAGCTGTCTCCTCCAAGCCTAGGGTTGAGATCCATGATGGTGATCTCAGATCTTTCT :   96 

Parent_B : ----ACAAGAAGCAAGTCTCCAATGGCCATGAGCTTTTCCCTTTAGCTGTCTCCTCCAAGCCTAGGGTTGAGATCCATGATGGTGATCTCAGATCTTTCT :   96 

Parent_C : ---------------------------------------------------------------------------------------------------- :    - 

Parent_D : ---------------------------------------------------------------------------------------------------- :    - 

AB017530 : TACAACAAGAAGCAAGTCTCCAATGGCCATGAGCTTTTCCCTTTAGCTGTCTCCTCCAAGCCTAGGGTTGAGACCCATGATGGTGATCTCAGATCTTTCT :  200 
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                    *       220         *       240         *       260         *       280         *       300        

Parent_A : TCACCCTGGTATGTAAACATATGTTTAAATTATTTTAAAATTATCAATAATGATAGGATTGCTGGTTGTTTAATTCTAATATCTTGTGCCAAAACATATC :  196 

Parent_B : TCACCCTGGTATGTAAACATATGTTTAAATTATTTTAAAATTATCAATAATGATAGGATTGCTGGTTGTTTAATTCTAATATCTTGTGCCAAAACATATC :  196 

Parent_C : ------------------------------------------------------------------------------------------CAAACATATC :   10 

Parent_D : ------------------------------------------------------------------------------ATATCTTGTGCC-AAACATATC :   21 

AB017530 : TCACCCTGGTATGTAAACATATGTTTAAATTATTTTAAAATTATCAATAATGATAGGATTGCTGGTTGTTTAGTTCTAATATCTTGTGCCAAAACATATC :  300 

                                                                                                                       

                    *       320         *       340         *       360         *       380         *       400        

Parent_A : ACTCAGTATCTTTTCATCTCAGAAGTCATTTATTTTCTGACTCCATGAAGAAAAAGAGAGAGAGAGTCTGATCAATA--ATCTTATATATTGTACCTTTT :  294 

Parent_B : ACTCAGTATCTTTTCATCTCAGAAGTCATTTATTTTCTGACTCCATGAAGAAAAAGAGAGAGAGAGTCTGATCAATA--ATCTTATATATTGTACCTTTT :  294 

Parent_C : ACTCGGTATCTTTTCATCTCAGAAGTCATTTATTTTCTGACTCCATGAAGAAAAAGAGAGAGAG--TCTGATCAATA--ATCTTATATATTGTACCTTTT :  106 

Parent_D : ACTCGGTATCTTTTCATCTCAGAAGTCATTTATTTTCTGACTCCATGAAGAAAAAGAGAGAGAGAGTCTGATCAATA--ATCTTATATATTGTACCTTTT :  119 

AB017530 : ACTCGGTATCTTTTCATCTCAGAAGTCATTTATTTTCTGACTCCATGAAGAAAAAGAGAGAGAGAGTCTGATCAATATAATCTTATATATTGTACCTTTT :  400 

                                                                                                                       

                    *       420         *       440         *       460         *       480         *       500        

Parent_A : TGTAAAATAGCATGATGCTGTTATTGTTATGTACTTTTATCATTTTTTTTTTCTTTTCTTCATTGATGGTAATAGTAACTGAATTGCAAAACAGGTGATG :  394 

Parent_B : TGTAAAATAGCATGATGCTGTTATTGTTATGTACTTTTATCATTTTTTTTTTCTTTTCTTCATTGATGGTAATAGTAACTGAATTGCAAAACAGGTGATG :  394 

Parent_C : TGTAAAATAGTATGATGCTGTTAT------GTACTTTTATCATTTTTTTTT-CTTTTCTTCATTGATGGTAATAGTAACTGAACTGCAAAACAGGTGATG :  199 

Parent_D : TGTAAAATAGTATGATGCTGTTAT------GTACTTTTATCATTTTTTTTT-CTTTTCTTCATTGATGGTAATAGTAACTGAACTGCAAAACAGGTGATG :  212 

AB017530 : TGTAAAATAGTATGATGCTGTTAT------GTACTTTTATCATTTTTTTTT-CTTTTCTTCATTGATGGTAATAGTAACTGAATTGCAAAACAGGTGATG :  493 

                                                                                                                       

                    *       520         *       540         *       560         *       580         *       600        

Parent_A : ACAGACCCTGATGTTCCAAATCCTAGTGACCCCTTTCTAAAAGAACGCCTGCATTGGTACGCTCAAATTCTTGTCGTTTCATTTTCAGCCCATATTTCGG :  494 

Parent_B : ACAGACCCTGATGTTCCAAATCCTAGTGACCCCTTTCTAAAAGAACGCCTGCATTGGTACGCTCAAATTCTTGTCGTTTCATTTTCAGCCCATATTTCGG :  494 

Parent_C : ACAGACCCTGATGTTCCAAATCCTAGTGACCCCTTTCTAAAAGAACGCCTGCATTGGTACGCTCAGATTCTTGTCGTTTCATTTTCAGCCCATATTTCGG :  299 

Parent_D : ACAGACCCTGATGTTCCAAATCCTAGTGACCCCTTTCTAAAAGAACGCCTGCATTGGTACGCTCAGATTCTTGTCGTTTCATTTTCAGCCCATATTTCGG :  312 

AB017530 : ACAGACCCTGATGTTCCAAATCCTAGTGACCCCTTTCTAAAAGAACGCCTGCATTGGTACGCTCAGATTCTTGTCGTTTCATTTTCAGCCCATATTTCGG :  593 

                                                                                                                       

                    *       620         *       640         *       660         *       680         *       700        

Parent_A : TCATATGTATTTCATTTGAATTATTAATAACCCTCTCTACATTTTTTTTTTTATAAACTTGAGTTGAGTTGGTCATAGTCTTCCATCACAGCACTAAATA :  594 

Parent_B : TCATATGTATTTCATTTGAATTATTAATAACCCTCTCTACATTTTTTTTTTTATAAACTTGAGTTGAGTTGGTCATAGTCTTCCATCACAGCACTAAATA :  594 

Parent_C : TCATATGTATTTCATTTGAATTATTAATAACCCTCTCTACATTATTTTTTT-ATAAACTTGAGTTGAGTTGGTCATAGTCTTCCATCACAGC--TAAATA :  396 

Parent_D : TCATATGTATTTCATTTGAATTATTAATAACCCTCTCTACATTATTTTTTT-ATAAACTTGAGTTGAGTTGGTCATAGTCTTCCATCACAGC--TAAATA :  409 

AB017530 : TCATATGTATTTCATTTGAATTATTAATAACCCTCTCTACATTATTTTTTT-ATAAACTTGAGTTGAGTTGGTCATAGTCTTCCATCACAGC--TAAATA :  690 

                                                                                                                       

                    *       720         *       740         *       760         *       780         *       800        

Parent_A : ATTGCATGTAAATGTTTCAACAGGCTCGTCATGAACATCCCCGGCACAACAGATGCTACATTTGGTACGGGCTCCTCATGAATTTTGTGGTTTAAAATAC :  694 

Parent_B : ATTGCATGTAAATGTTTCAACAGGCTCGTCATGAACATCCCCGGCACAACAGATGCTACATTTGGTACGGGCTCCTCATGAATTTTGTGGTTTAAAATAC :  694 

Parent_C : ATTGCATGTAAATGTTTCAACAGGCTCGTCATGAACATCCCCGGCACGACAGATGCTACATTTGGTACGGGCTCGTCATGAATTTTGTGGTTTAAAATAC :  496 

Parent_D : ATTGCATGTAAATGTTTCAACAGGCTCGTCATGAACATCCCCGGCACGACAGATGCTACATTTGGTACGGGCTCGTCATGAATTTTGTGGTTTAAAATAC :  509 

AB017530 : ATTGCATGTAAATGTTTCAACAGGCTCGTCATGAACATCCCCGGCACAACAGATGCTACATTTGGTACGGGCTCGTCATGAATTTTGTGGTTTAAAATAC :  790 

                                                                                                                       

                    *       820         *       840         *       860         *       880         *       900        

Parent_A : TTACAATAAAAGATATATCCAAATAAGTATTAAAGATAATTGAACTGAAATTGTAGGAAAAGAGGTGGTGAGCTATGAGCTGCCAAAGCCAAACATAGGG :  794 

Parent_B : TTACAATAAAAGATATATCCAAATAAGTATTAAAGATAATTGAACTGAAATTGTAGGAAAAGAGGTGGTGAGCTATGAGCTGCCAAAGCCAAACATAGGG :  794 

Parent_C : TTACAATAAAAGATATATCCAAATAAGTATTAAAGATAATTGAACTGAAATTGTAGGAAAAGAGGTGGTGAGCTATGAGCTGCCAAAGCCAAACATAGGG :  596 

Parent_D : TTACAATAAAAGATATATCCAAATAAGTATTAAAGATAATTGAACTGAAATTGTAGGAAAAGAGGTGGTGAGCTATGAGCTGCCAAAGCCAAACATAGGG :  609 

AB017530 : TTACAATAAAAGATATATCCAAATAAGTATTAAAGATAATTGAACTGAAATTGTAGGAAAAGAGGTGGTGAGCTATGAGCTGCCAAAGCCAAACATAGGG :  890 

 

                                                                                                                       

                    *       920         *       940         *       960         *       980         *      1000        

Parent_A : ATACACAGGTACGTGTTTGTTCTGTTCAGGCAGAAGCAAAGACGTGTTAAGTTCCCAAGCAATATTATTTCGAGGGATCAGTTCAACACTCGTGAGTTTG :  894 

Parent_B : ATACACAGGTACGTGTTTGTTCTGTTCAGGCAGAAGCAAAGACGTGTTAAGTTCCCAAGCAATATTATTTCGAGGGATCAGTTCAACACTCGTGAGTTTG :  894 

Parent_C : ATACACAGGTACGTGTTTGTTCTGTTCAGGCAGAAGCAAAGACGTGTTAAGTTCCCAAGCAATATTATTTCGAGGGATCAGTTCAACACTCGTGAATTTG :  696 

Parent_D : ATACACAGGTACGTGTTTGTTCTGTTCAGGCAGAAGCAAAGACGTGTTAAGTTCCCAAGCAATATTATTTCGAGGGATCAGTTCAACACTCGTGAATTTG :  709 

AB017530 : ATACACAGGTACGTGTTTGTTCTGTTCAGGCAGAAGCAAAGACGTGTTAAGTTCCCAAGCAATATTATTTCGAGGGATCAGTTCAACACTCGTGAATTTG :  990 

                                                                                                                       

                    *      1020         *      1040         *      1060         *      1080         *      1100        

Parent_A : CGATCGAGAATGATCTTGGTCTCCCTGTCGCGGCTGTCTTCTTCAACGCTCAGAGAGAAACCGCATCTCGCAGACGTTAGTTACGTCTGTGTCCATCAAA :  994 

Parent_B : CGATCGAGAATGATCTTGGTCTCCCTGTCGCGGCTGTCTTCTTCAACGCTCAGAGAGAAACCGCATCTCGCAGACGTTAGTTACGTCTGTGTCCATCAAA :  994 

Parent_C : CGATCGAGAATGATCTTGGTCTCCCTGTCGCGGCTGTCTTCTTCAACGCTCAGAGAGAAACCGCATCTCGCAGACGTTAGTTACGTCTGTGTCCATCAAA :  796 

Parent_D : CGATCGAGAATGATCTTGGTCTCCCTGTCGCGGCTGTCTTCTTCAACGCTCAGAGAGAAACCGCATCTCGCAGACGTTAGTTACGTCTGTGTCCATCAAA :  809 

AB017530 : CGATCGAGAATGATCTTGGTCTCCCTGTCGCGGCTGTCTTCTTCAACGCTCAGAGAGAAACCGCATCTCGCAGACGTTAGTTACGTCTGTGTCCATCAAA : 1090 

                                                                                                                       

                    *      1120         *      1140         *      1160         *      1180         *      1200        

Parent_A : TGCATAAAAATGATAACATGTTTATCTCTGTTCT------------------------------------------------------------------ : 1028 

Parent_B : TGCATAAAAATGATAACATGTTTATCTCTGTTCT------------------------------------------------------------------ : 1028 

Parent_C : TGCATAAAAATGATAACATGTTTATCTCTGTTCT------------------------------------------------------------------ :  830 

Parent_D : TGCATAAAAATGATAACATGTTTATCTCTGTTCT------------------------------------------------------------------ :  843 

AB017530 : TGCATAAAAATGATAACATGTTTATCTCTGTTCTTAATTATCCATGTTTATTTCTGTTCTAAATTCCCGTATTTTTAATAAAATATTGTTCTCGTATATA : 1190 

                          

                    *      1220         *      1240         *         

Parent_A : --------------------------------------------------- :    - 

Parent_B : --------------------------------------------------- :    - 

Parent_C : --------------------------------------------------- :    - 

Parent_D : --------------------------------------------------- :    - 

AB017530 : TATTCATACAAAACCCTTATATATGTCTCGATAGGTCACATCGAGTTAATC : 1241 

PCR 48:  BoTFL1 Parents A and B are identical to each other, but show differences compared to parents 

B and D.  Parents B and D are identical except for one unique region in the C sequence that differs from all 

other lines.  There are multiple differences between AB017530 and all other lines.  
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Appendix III 

BoVIN3 PARTIAL cDNA SEQUENCE 

The following sequence is a contig of three sequenced PCR products using parent line 2 

cDNA as a template; see Rajandran (2008) for additional details. 

 

TGTGGGCCCAGAAGAAGACATGGATCCTTCTTCATTTCAACGTGTCGT :  48 

GTGCACGAGTTTCCTAAAAAGAAGGGTTTGAGTGTAAGCGAGAGAAGA :  96 

GAACTGATCCACGCATTGTCCAAGCAGCCAGAAGAAGCTTCGGAGCTT : 144 

TTAAACTCGTGGAGCCGGGACGAGATAATGAAGATCATATGCGCGGAG : 192 

ATGGGTAAAGAGAGAAAGTACACTGGCCTAGCCAAACCAAAACTCATT : 240 

GAAAACCTACTCAATCTCGTCTCTCGTCCTCTCGGTGAAACCTCGTGT : 288 

CCTAACCGTAAAAGCTCGAGGAAGAAACAGAAAACGACTACTAGTTAC : 336 

ATCATCTGCTGCGAGAATTTAGCTTGTAGAGCAGCGCTCGGAAGTGAA : 384 

GATACCTTTTGTAGAAGATGTTCTTGCTGTGTTTGTCAGAACTTTGAT : 432 

GAGAATAAAGATCCGAGTCTATGGATTGCTTGTGAGGGTTGTGGTTTG : 480 

TCTTGTCATTTGGAGTGTGCTTTGAAGCAAGATGGGTATGGGATTGGG : 528 

TATAATGATGGTAGTTTTCACTGCGTGTTTTGCGGCAAAGATAGTGAT : 576 

CTTCTCGGATGCTGGAGGAAGCAAGTGAAGGTTGCGAAAGAGACTGGG : 624 

CGTGTGGATGTACTTTGTTACCGTGTTTCTCTAGGACAGAAGCTGTTG : 672 

CGAGGTACAAGGAGGTATCAGAATCTGTTGGAACTCATGGATGAGGCG : 720 

GTGAAGAAGCTGGAGGGTGATATGGGTCCGTTAGTGAGTTGGGATATG : 768 

AAGATGGCTCGGGAGATTGTCAATAGACTTGCTTCGGGATCACAAGTT : 816 

CAGAAGCTGTGTCTA--------------------------------- : 831 

 

 

 

 


