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Molecular and morphological characterization of meristems  

in cauliflower: 

Effects of high ambient temperature on switch to generative stage 

Abstract  

Flowering time is the most important developmental trait for most crops, including Brassica crops 

(Brassica oleracea ssp. Botrytis). It determines where the crops can be cultivated and ensures high 

agricultural productivity. In many early cauliflower varieties, hot temperature causes a delay in the 

switch from vegetative to generative meristem and thus a delay in curd formation and harvest which 

causes economic losses during the cauliflower production. Base on the knowledge from the model 

plant A. thaliana and Brassica rapa, the expression of 4 reference genes (EFŬ1, YLS8, 18sRNA and 

Actin) and 17 flowering time candidate genes ( AP1-a, AP1-c, FUL-a, FUL-b, FUL-c, FUL-d, FH, TFL1-

1, CAL, REM1, UFO, CCE1, NSN1-1, NSN1-2, NSN1-3, Cry2-1 and Cry2-2)  were measured to 

molecularly indicate the phase shifts in cauliflower meristem and changes in gene expression during 

curd formation and flowering under the plants exposed to high ambient temperature (day/night: 

27/22°C) at 5
th
, 6

th
 and 7

th
 week  when still in vegetative stage. Primers could be designed using the 

sequence of reference genome chiifu (AA). A stable reference gene Actin was identified and a set of 

genes with expression correlating to cauliflower meristem developmental stages was defined (AP1, 

REM1, TFL1-1, FH, NSN1, CAL and FUL family). This set of flowering time candidate genes was 

monitored for expression for several weeks (week 5 to 20) after control and high temperature 

treatment and 24hr before and after high temperature switch. The results showed that the expressions 

of CAL and Cry2 were influenced by high ambient temperatures at week 6 after sowing, which causes 

a delay of the switch from vegetative to generative meristem of cauliflower. At the same time the 

related morphology traits, leaf number, stem thickness, curd weight and curd diameter are also 

observed to find the correlation between these trait and the timing of meristem stage switches. 

 

 

Key words: Brassica oleracea ssp. Botrytis, flowering time, meristem switch, curd formation, 

temperature swap, gene expression 
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1. In troduction   

1.1 Brassicaceae 

Brassicaceae family (Cruciferae or mustard family) is one of the largest families in the angiosperm 

plant kingdom which comprises 338 genera and 3700 species in some 10 poorly defined tribes 

(Sadowski & Kole,2011). Several species of  great scientific, economic and agronomic importance 

are included, such as model species (e.g., Arabidopsis), as well as many widely cultivated species 

(e.g. cabbage, cauliflower, turnip, radish, etc.). Brassicaceae viz. Arabidopsis (Arabidopsis 

thaliana) and Brassica species as the well-known model plants have revolutionized out knowledge 

in almost every field of modern plant biology. The genus Brassica is a monophyletic group which is 

evolutionarily closely related to model crucifer plant Arabidopsis thaliana, and is reported to have 

diverged almost for 14.5-20.4 million years (Naser et al.,2012).  

The well-known plant from the family Brassicaceae viz. Arabidopsis lacks its economic value but it 

is a model for molecular biology and genetics because of the small genome size, short generation 

time, also the ease of genetic approaches to study development, physiology, and gene function 

coupled with simple transformation methods.  

The genus Arabidopsis has nine species and a further eight subspecies which is based on 

morphological and molecular phylogenies (Koch et al.,2008). The Arabidopsis species Arabidopsis 

thaliana (2n=10) is currently used in almost every discipline of biological experiment. In fact, after 

Drosophila melanogaster and Caenorhabditis elegans, A.thaliana was the first plant, and the third 

multicellular organism to be completely sequenced (Naser et al.,2012). The completely sequenced 

genome of A. thaliana paved the way to be a better understanding of every aspect in plant biology 

and presents the way to study gene function in crop plants.  

Cultivated Brassicas are represented by six interrelated species, each with considerable 

morphological variation as the result of local selection and breeding. The three diploid species are 

Brassica rapa (2n=20, genome AA), B.nigra (2n=16, genome BB) and B.oleracea (2n=18, genome 

CC). From the cytogenetical relationships of the Brassica species it is evident that there are three 

amphidiploid derivatives, Brassica juncea (2n=36, genome AABB, brown mustard), B.carinata 

(2n=34, genome BBCC), B.napus (2n=38, genome AACC, oilseed rape), derived by hybridization 

and polyploidization of two of the diploid species (Ashraf & McNeilly,2004). The genetic 

relationship between species in the Brassicaceae family is described by well-known triangle of U 

(Figure1). 
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Cultivar groups Capitata Acephal Alboglabra Botrytis Gemmifera Gongylodes Italica 

Examples cabbage kale
Chinese 

broccoli
cauliflower

brussels 

sprouts
kohlrabi broccoli

Phenotypes

 

 

Figure1. Cytogenetic relationships between the diploid and 

amphidiploid Brassica species. Adapted from U (1935). 

 

 

The phylogenetic relationships within Brassicaceae, and of genome structure, gene expression are 

studied in recent years. Comparison between A. thaliana and related species have been used to 

study genetic control of flowering and leaf form in several Brassicaceae species. (Schranz et 

al.,2007). Preliminary comparisons between Brassica species and A. thaliana have indicated that 

the small genome of A. thaliana is syntenic to the three sub-genomes of diploid Brassica species 

(Lagercrantz,1998). So the relative knowledge, which has already been found in A.thaliana could 

be applied in Brassicasô.  

1.1.1 Brassica oleracea ssp. Botrytis  (Cauliflower)  

Brassica oleracea in its natural form is called Wild Cabbage which is a tall biennial plant growing 

up to two meters. The wild cabbage is domesticated into a range of cole vegetables (Smyth,1995). 

Brassica oleracea is a diploid species with many subspecies covering a wide range of commercial 

important vegetable crop forms, also be called cultivar groups, such as broccoli, cauliflower, 

cabbage, kale, brussels sprouts, savoy and Chinese kale (Table 1) (O'neill & Bancroft,2000; 

Bonnema et al.,2011). B.oleracea is tolerant to salt, lime and became established as an important 

human food crop plant. All of the B.oleracea vegetables are powerhouses of nutrition and contain 

good quantities of many essential vitamins and minerals. 

Table 1. Seven major cultivars groups of B.oleracea 

 

Brassica oleracea ssp. Botrytis (Cauliflower) is a short caulescent plant with shoot tips composed 

of young leaves and leaf primordia situated around an apical dome which is separated by 

expanding internodes. The shoot tip components of the cauliflower are large, and easy to be 

detached, measured and analysed following environmental changes. The growerôs cauliflower 
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consists of a large immature inflorescence (the curd) (Dixon,2007). The curd is now generally 

considered to be an early, arrested stage of indeterminate inflorescence development, as its 

formation precedes floral initiation (Anthony et al.,1996). The inflorescence is a raceme, and 

flowering starts from the bottom to the top of the inflorescence. During the development of the 

reproductive structures, the inflorescence begins to elongate from the outer flowers of the curd and 

can be as large as 60 to 75 cm. When the temperature is greater than 20°C, it will stimulate seed 

stalk elongation and form yellower flowers with 4 petals, 4 sepals, 6 stamens, one pistil contains 

two carpels with 10 to 15 ovules inside each carpel. After fertilization of the ovules, seeds form 

inside a pod is called a silique (Rosales). According to the morphology, the growth phases of 

cauliflower can be divided into five stages, between vegetative growth and flowering: (1) the 

vegetative stage; (2) initiation of inflorescence resulting in formation of secondary meristems in 

axils of bracts; (3) curd development by the reiteration of meristems, each new meristem gives rise 

to a higher order; (4) curd maturity with no flower initials; (5) floral differentiation and elongation in 

some of the inflorescence branches. (Anthony et al.,1996). Among the many Brassica species,  

the seedling has to pass through a juvenile phase during which it cannot be induced to flower (Guo 

et al.,2004). Cauliflower plants go through a juvenile stage during which curd initiation does not 

occur, and cannot be initiated. The end of the juvenile period depends on the variety. At the 

completion of this stage, the plant has reached a mature vegetative phase when curd initiation can 

occur, or be induced. (North Willamette Research & Extension Center,2004). More information is 

needed with regard to the above environmental and juvenile period factors on actual inflorescence 

initiation and development (Guo et al.,2004). Reproductive development determines the value of 

the crop, the key steps in this phase of growth remain physiologically and genetically poorly 

understood (Denise & Thomas,2008). To reduce uncertainties in harvest time predictability and 

market availabilities, it is necessary to control the timing of floral transition and curd formation 

during the breeding effort (Jung & Mu¨ller,2009).  

1.2 Flowering  Time  

One of the most important traits for both wild and cultivated plants is flowering time which is also 

the most important developmental trait for the production of Brassica crops (Yuan et al.,2009). 

Phenotypic flowering time is mostly measured as days after sowing (DAS) until the day on which 

first flowering appeared on 50% of plants (Liu,2001). It is a complex trait that is mainly regulated 

by the genotype and by environmental factors  such as photoperiod, nitrogen level, ambient 

temperature and light. Temperature in considered to be one of the major factors (Nowbuth & 

Pearson, 1998). Change in the flowering time can lead to large reductions in the yield and quality 

of the harvested products. Therefore, understanding the mechanism of flowering control is 

important in agronomic practice. In this study we do not consider flowering time, when the first 

flower opens, but we use the term molecular flowering time, or molecular switch from vegetative to 

generative meristem. This can be seen by cytological observation of the meristem. This can be 

measured also by the transcription levels of the flowering time genes in Arabidopsis. 
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1.2.1 Flower time in Arabidopsis  

Flowering time in Arabidopsis has become a model for understanding complex trait genetics in 

plants. Many genes involved in the regulation of flowering-time have been identified from 

Arabidopsis. Geneticists have identified ~180 genes which implicated in flowering time control in 

the model plant species Arabidopsis thaliana (Fornara et al.,2010). These genes evolve an 

elaborate genetic network.  The flowering time genes function on four major promotion pathways: 

photoperiod, vernalization, autonomous, and gibberellin (Figure 2).   

Figure 2. Pathways controlling flowering time in Arabidopsis (Corbesier & Coupland,2006; Henderson & 

Dean,2004). 

 

Molecular studies have conclusively show that CRYPTOCHROME2 (CRY2), FRIGIDA (FRI), 

FLOWERING LOCUS C (FLC), FLOWERING LOCUS (FLM), PHYTOCHROME A (PHYA) all 

harbor natural polymorphisms that alter flowering time in  Arabidopsis. During that, FLC involved in 

the convergence of autonomous and vernalization pathways, encodes a MADS-box transcription 

factor that acts as a repressor of the floral transition in a dosage-dependent manner (Rouse et 

al.,2002). And FLC may also influence the ambient temperature pathway by physically interacting 

with the SHORT VEGETATIVE PHASE (SVP) which is the floral repressor gene under different 

ambient temperature (Lee et al.,2007). In another study, alternatively splicing was found in 

Arabidopsis that influenced the flowering time. A normal-length FLC transcript with nonsense 

mutation as well as an alternatively spliced transcript lacking exon 6 was found in the early 

flowering Van-0 A.thaliana accessions (Werner et al.,2005).   

A number of key findings have emerged in some studies, the sequential action of floral meristem 

identity genes (switch the fate of meristem from vegetative to floral) and organ identity genes 
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(direct the formation of the various flower parts) were involved in flowering in A.thaliana. Therefore, 

flowering time control genes can be expected to interact with floral meristem identity genes. And 

the floral meristem identity genes are themselves capable of influencing flowering time (Levy & 

Dean,1998). For example, the overexpression of LFY and AP1 causes early formation of 

determinate floral meristems (Yaron & Caroline,1998). Ap1 has been identified as playing a role in 

inflorescence phase switch in Arabidopsis which encodes a putative transcription factor that acts 

locally to specify the identity of the floral meristem and to determine sepal and petal development. 

RNA tissue in situ hybridization studies show that AP1 RNA accumulates uniformly throughout 

young floral primordia, but is absent from the inflorescence meristem (Gustafson-Brown C et 

al.,1994). On the molecular level, AP1 was used to identify the flowering in Arabidopsis leaf 

primordia. 

     1.2.2 Flower time in Brassica oleracea ssp. Botrytis  (Caulifl ower).  

It is an annual or biannual plant that reproduces by seed. Typically, flower bud development in 

cauliflower in arrested. Instead, the inflorescence meristem continuously generates replicas of 

itself in a spiral on its flanks. Each new meristem can in turn produce more, in a closely packed, 

geometric cluster of undifferentiated racemose inflorescence meristems (ñcurdò) (Smyth,1995).  

Curd as an inflorescence is the edible part of the cauliflower plant and the phase transition from 

the vegetative to the generative phase is of crucial importance. There are three distinguished 

developmental phases between germination of seed and harvest of the curd (Lagercrantz,1998). 

Time on which plants resume growth after transplanting affects the duration of the juvenile phase 

most. The juvenile stage in the stage is which the plantlets are not affected by temperature 

fluctuations (vernalization or high temperatures). Variability in time of curd initiation within a 

cauliflower crop appears to be mainly due to a variation in time on which the juvenile phase ended. 

The end of the juvenile phase is another important phase transition in relation to curd induction, as 

during the juvenile phase the plant is insensitive to curd inducing conditions, such as the ambient 

temperature. The end of the juvenile phase can be characterized best by the number of initiated 

leaves.       

In several cauliflower cultivars, like cv. Delira and cv. Elgon, time of curd initiation after the end of 

the juvenile phase depends among others on temperature; higher temperature delays curd 

initiation and increases the final number of leaves. The starting point of the temperature-sensitive 

phase is uncertain. The existence of a juvenile phase has been reported for cauliflower and the 

end of this phase is characterised by a physiological switch, which makes plants sensitive to 

environmental signals (Uptmoor et al.,2011). Several studies have tried to elucidate the genetic 

control of developmental arrest in B. oleracea by identifying and characterizing homologues of the 

Arabidopsis floral homeotic genes (Duclos,2008).  The main flowering regulators and their 

response to environmental signals have been identified in Arabidopsis thaliana and homologues of 

flowering genes have been mapped in many crop species. 

http://en.wikipedia.org/wiki/Annual_plant
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The range of variation in flowering time can be large, with a significant amount of this diversity 

arising from heritable genetic variation. This is exploited by breeders to breed spring, summer and 

autumn cauliflowers. Varieties differ in the length of time they may remain in a mature vegetative 

phase before curds are initiated and may also differ in the time required to produce harvestable 

curds after initiation has occurred (North Willamette Research & Extension Center,2004). High 

temperatures during the development of cauliflower may be considered as a situation of 

environmental stress which influence curd initiation. Some varieties are not sensitive for high 

temperature during vegetative stage. 

However, some varieties will respond to a high temperature period during vegetative phase by 

delay switch to generative meristem and initiating curds. This characteristic can cause harvest 

scheduling problems. However, the genetic background resulting in flowering time variability in B. 

oleracea is currently not completely understood, so that assigning genotype differences to known 

genes remains difficult (Uptmoor,2011). The flowering time in cauliflower corresponds to 

developmental characteristics of apices meristems. Some studies have tried to elucidate the 

genetic control of B. oleracea meristem development by identifying several genes expression 

during the curd proliferation and flower initiation. Duclos and Bjo¨rkman (2007) proposed that 

some genes in B. oleracea, the expression pattern was arrested which is maintained by altered 

expression of the genes at different meristem developmental stages by varying the temperature 

regime.  The meristem identity genes LEAFY (LFY), APETALA 2 (AP2),UNUSUAL FLORAL 

ORGANS (UFO), and the MADS-box genes APETALA 1 (AP1), CAULIFLOWER (CAL), and 

FRUITFULL (FUL), as well as the floral repressor TERMINAL FLOWER 1 (TFL1),  and two other 

curd associated genes CAULIFLOWER CURD EXPRESSION 1 (CCE1) and REPRODUCTIVE 

MERISTEM 1 (BoREM1) were examined at different developmental stages. The reproductive 

stage was determined by dissection and measurement of the apical meristem. AP1-a and AP1-c 

transcripts increased at the inflorescence meristem stage. CAL and REM1 had their maximum 

expression at the inflorescence meristem. However CAL expression declined significantly in 

reproductive meristem. LFY reached its maximum expression in the initial stage of reproductive 

development, the vegetative to reproductive transition. UFO was expressed at very low levels at all 

developmental stages. CCE1 transcript levels were equally high in inflorescence meristem and 

floral primordium. All four FUL paralogues were expressed at all stages. FUL-b, FUL-c, and FUL-d 

had maximum expression at the inflorescence meristem stage. 

We harness this gene expression knowledge to identify potential meristem identity genes that play 

roles in specific pathways. The pathway responsible for meristem development in B. oleracea.  

1.3 Gene expression profili ng using qRT-PCR 

The mRNA molecule as the link between DNA and proteins is of central interest in bioscience. 

Reverse transcription PCR (RT-PCR) represents a sensitive and powerful tool for analysing RNA 

(Leslie A. Pray,2008). ñDue to its outstanding accuracy, broad dynamic range, and sensitivity, 
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QPCR has become the most emerging method for quantification of mRNA transcription levels in 

recent years. Moreover, QPCR is fast, easy to use, and highly reproducible, requiring a minimal 

amount of RNA, no post-PCR handling, and it avoids the use of radioactivityò (Aleksandar et al., 

2004). The initial step in RT-PCR is the production of a single-strand complementary DNA copy 

(cDNA) of the RNA through the action of the retroviral enzyme, reverse transcriptase. An 

oligonucleotide primer is required to initiate cDNA synthesis. The primer anneals to the RNA, and 

the cDNA is extended toward the 5ô end of the mRNA through the RNA-dependent DNA 

polymerase activity of reverse transcriptase (Freeman et al., 1999). To compare the different RNA 

transcription levels the CT values were compared directly. The CT is defined as the number of 

cycles needed for the fluorescence signal to reach a specific threshold level of detection and is 

inversely correlated with the amount of template nucleic acid present in the reaction (Aleksandar et 

al., 2004).  

1.4 Scope of thesis and research  goals 

This Masterôs thesis puts forward a program for studying Brassica oleracea ssp. Botrytis 

(Cauliflower) flowering time in two different cultivars (temperature sensitive cultivar Lindurian and 

insensitive cultivar Fremont), with the aim to understand the mechanism of how the high ambient 

temperature affects timing of cauliflower meristem switch and curd formation.  

The morphological characterization of cauliflower is measured to understand the influence of high 

temperature during the cauliflower growing process. According to that purpose, various types of 

characteristics are measured in the greenhouse or field, such as leaf number, stem thickness, curd 

weight and curd diameter while the collected phenotypic data will be used for statistical data 

analysis methods to find the correlation between leaf number and stem thickness, curd weight and 

curd diameter.  Another aim is to assess the high ambient temperature delay cauliflower meristem 

switch by observing the meristem transition under the stereomicroscope. 

The main aim in this study is to identify genes associated with cauliflower meristem developmental 

stage identity with a candidate gene approach. Simultaneously, the changes in candidate genes 

expression which are influenced by high ambient temperature treatment are researched in 

different treatment groups and different time points.  
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2. Materials and methods  

2.1 Plant materials  

Two hybrid Brassica oleracea ssp. Botrytis (cauliflower) cv. Fremont and cv. Lindurian which are 

usually planted in early spring and later summer were used in this study. The main difference between 

these two cultivars is that Fremont (Monsanto) is not sensitive to ambient temperature changes (read 

periods of high temperature) while Lindurian (Syngenta) is, as high temperature lead to unpredictable 

and delayed harvest time. 

2.2 Growth conditions  

In order to investigate the temperature sensitivity, we measured a set of phenotypic traits on 

cauliflower plants cultivated under two different environment growth conditions, both field and 

greenhouse. For the field experiment, plants growing under the natural environment conditions. In 

contrast to the field experiment, growth conditions in greenhouse were manual controlled which 

allowed to expose plants to well defined temperature increase during a period of 7 days. 

2.2.1 Field experiment  

To investigate the flowering time variation, plants were grown in the open field (sandy clay), under 

natural environmental conditions, with planting data of 3 week old plants in the field at April 19
th
, April 

26
th
, May 3

rd
, May 10

th
, May 17

th
, May 24

th
, May 31

th
, Jun 7

th
 and Jun 14

th
, 2012 in Wageningen, the 

Netherlands (51
Ǔ
59ǋ11ǋǋN latitude, 05

Ǔ
39ǋ52ǋǋE longitude). First 72 seeds of each cultivar were sown into 

the seeding soil in the greenhouse (day/night: 21/16°C) for one week and then we transplanted 65 

best looking seedlings into the press pots. One week later, we moved the two weeks old plants to 

outside to adapt to the natural environment conditions. After that, three weeks old plants, a total of 45 

Fremont and 45 Lindurian best looking seedlings were planted in one block (Appendix 1) and there 

were 9 times repetitions (9 blocks) in the field experiment (Appendix 2). In order to be able to 

measure the effect of natural ambient temperature in different meristem developmental stages, in 

each repetition, the cauliflower were sown and transplanted one week later than the previous block 

(see Table 2 for sowing dates). Therefore, natural ambient temperature fluctuations will occur in the 

different cauliflower growth stages in different blocks. 

2.2.2 Greenhouse experiment  

Temperature swap experiments were conducted in the greenhouse, where temperature was increased 

for 7 days, either at week 5 after sowing or at week 6 after sowing. During the greenhouse 

experiments, two different ambient temperature greenhouse rooms (control room and high 
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temperature room) were applied. In greenhouse ambient temperature swap experiments, when plants 

in control room (day/night: 21/16°C) reached the appropriate stage for heat treatment, they were 

placed in a high ambient temperature room for one week at day/night temperature of 27/22°C and 

then swapped back to the control ambient temperature environmental conditions. The swap was 

always done from 12.00 oôclock till the next day 12.00 oôclock. 

This greenhouse experiment 1: started at February, 2012. It was a test experiment to find when 

the ambient temperature sensitive cultivar Lindurian was more sensitive to the high ambient 

temperature, meaning when high temperature treatments result in a delayed meristem switch did. 

Three hundred seeds of Lindurian were sown in the seeding soil in modular trays on February 27
th
 

2012. Plants were grown in control greenhouse room under the day/night temperature of 21/16°C. 

After two weeks, 250 best looking seedling were transplanted into 17cm pots followed by continued 

growing in the greenhouse. When the seedlings were five weeks old, we transferred 72 plants to high 

ambient temperature greenhouse room (day/night: 27/22°C). One week later, swap 64, 6 weeks old 

plants were transferred from control room to high ambient temperature room, and 5 weeks high 

temperature treatment plants were put back to the control temperature greenhouse room. Next week, 

did the similar thing, swapped 56, 7 weeks plants and put back 6 weeks high temperature treatment 

plants. And then, after one week heat temperature treatment the 7 weeks old plants, decreased the 

high ambient temperature greenhouse room (day/night: 27/22°C) to control temperature (day/night: 

21/16°C).  Three high ambient temperature treatment groups were completed and the plants 

continued growing in the greenhouse under the  day/night temperature of 21/16°C.  

For the greenhouse temperature swap experiment 2: two different cultivars were used 

(Brassica oleracea ssp. Botrytis cv. Fremont and cv. Lindurian). Three hundred seeds of Lindurian and 

Fremont were sown in the seeding soil in modular trays on June 12
th
 2012. Trays were placed in a 

greenhouse at day/night temperature of 21/16°C. After two weeks, 250 best looking seedlings for each 

cultivar were transplanted into 17cm pots (the soil in the pot is ñLentse potgrondò) followed by growing 

in the greenhouse. There were two tables in each greenhouse room and one cultivar was placed on 

one table. Plants were growing under the control ambient temperature greenhouse conditions 

(day/night: 21/16°C) and subsets were used for heat treatment. By previous studies, there was an 

indication of the period that the Lindurian cultivar was more sensitive to the ambient temperature when 

the plants were 5 and 6 weeks old. When the plants growing to 5 weeks old (after sown 5 weeks), 

increased the ambient temperature of one greenhouse room from 21/16°C (day/night) to 27/22°C 

(day/ night) as the high ambient temperature room. After the 5 weeks old plants growing under high 

temperature for one week, swapped the 5 weeks high temperature treatment plants from high 

temperature room (day/night: 27/22°C) to the control room (day/night: 21/16°C). At the same time, the 

6 weeks old plants (after sown 6 weeks) were replaced to high temperature room. One week later, 

switched the high ambient temperature to the control temperature. Per temperature treatment group 

(control, 5
th
 weeks and 6

th
 weeks) 70 plants were used for each cultivar (Fremont and Lindurian). 

Plants in control group were maintained in the control greenhouse (day/night: 21/16°C) all the time.  
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2.3 Phenotypes measurements  

A total of five phenotypic traits (leaf number, stem thickness, curd weight, curd diameter and apical 

meristem) were investigated in the field, while 3 traits were measured in greenhouse (Leaf number, 

stem thickness and apical meristem).  

2.3.1 Leaf number measurement  

In the greenhouse temperature swap experiment, the numbers of leaves were counted twice a week 

(Tuesday and Thursday at 12.30pm) in control, 5
th
 weeks and 6

th
 weeks high temperature treatment 

groups for each cultivar. Every time we randomly choose 5 plants from one cultivar in each group. In 

the field experiment, 5 consecutive plants in one line for each cultivar were chose to count the leaf 

number once a week (Friday). Leaf number was counted starting from the first true leaf at the bottom 

of the plant, until the leaf size was less than 15mm at the top (Figure 3).  

 

  Figure 3. Minimum measurement size of the leaf number 

 

 

2.3.2 Stem thickness measurement  

Measure the thickness of the stem (mm) in greenhouse temperature swap experiment twice one week 

(Tuesday and Thursday at 12.30pm). ñVernier Caliperò was used to measure a portion of the stem 

above the cotyledon and below the first true leaf of the plant (Figure 4). Measurements were 

conducted to the nearest 0±1 mm. 

  

 

Figure 4. Plants stem thickness measuring position 

  

2.3.3 Curd weight and curd diameter  measurement  

Cauliflower curds in the field from each block were harvested start from July 26
th
 2012 to 06-09-

September 6
th
 2012. Initial time, 15 weeks old curds (15 weeks after sowing) were harvested from 

block 1, 2, 3 and 4. But as we saw that the curds were harvested too late which caused they were 

much older than the normal ones in the supermarket, so we decided to harvest curds two weeks 

earlier (Table 2). 13 weeks old curds (13 weeks after sowing) were harvested from block 5, 6, 7, 8 and 

9. Each cultivar (Lindurian and Fremont) in each block, 4 (repeat) x 5 (individual plant) were harvested 
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one time, removed all leaves and then measured out the curd weight (g) and curd diameter (mm). 

Measurement of curd diameter was at the widest point of the curd (Figure 5).  

Table 2. Cauliflower sowing and harvest time in nine blocks in the field 

Block Curd old (weeks) Sowing Time Harvest Time 

1 15 19-4-2012 26-7-2012 

2 15 26-4-2012 02-8-2012 

3 15 3-5-2012 09-8-2012 

4 15 10-5-2012 16-8-2012 

5 13 17-5-2012 09-8-2012 

6 13 24-5-2012 16-8-2012 

7 13 31-5-2012 23-8-2012 

8 13 7-6-2012 30-8-2012 

9 13 14-6-2012 06-9-2012 

 

 

Figure 5. Measuring the diameter of the longest as the curd diameter 

 

 

2.3.4 Apical  meristem observation  

The developmental stage of the apical meristem was identified by stereomicroscope twice a week 

(Tuesday and Thursday at 13.30pm) in the greenhouse experiment and once (Friday at 15.30pm) in 

the field experiment. Under the stereomicroscope, we used forceps and solution planer moving out the 

leaves around the meristem until the apical meristem was exposed and made pictures for the 

cauliflower apical meristem under 2.5 times objective lens to identify the plant growth stage. For each 

cultivar, one meristem was observed for each greenhouse treatment group and field block. 

Simultaneously, three meristems were harvested and frozen in liquid nitrogen to provide start 

materials for later gene expression research. Different from greenhouse experiment, one more plant of 

each cultivar was leaved in the field as the harvested marker. 

2.4 RNA isolation, quality control and cDNA synthesis  

Total RNA was extracted using the TRIZOL reagent (Invitrogen) starting with frozen cauliflower 

meristem enriched material. In the previous part of the experiment, each RNA sample was isolated 

from a single cauliflower meristem. While, in ñexpression profile of gene before and after temperature 

swapò experiment, three meristems which used for RNA isolation were harvested for each cultivar in 

each treatment at the same time point in greenhouse. Genomic DNA contaminations were effectively 
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removed using RNase-free DNase I treatment (Invitrogen, Carlsbad, CA, USA) according to 

manufacturerôs instructions, since melting curve gave single peak and genomic amplification was 

larger than RNA/cDNA amplification(different exons primers). The concentration and quality of the 

cleaned RNA was measured using the nucleic acid analytic apparatus K6000 (Bio Photometer, 

Eppendorf, Germany) by 260/280 nm absorption ratio 1.9~2.1. RNA concentration and purity were 

quantified with Nanodrop measurements and the quality of the total RNA was checked on a 1.5% 

RNase free agarose gel. 

All RNA samples were diluted with nuclease free water (Qiagen) to 100ng/µl in a total volume of 10µl 

to use for cDNA synthesis. cDNA synthesis was performed with iScriptTM kit (BIO-RAD) according to 

supplierôs instructions and a final volume of 20ul per cDNA sample was obtained. cDNA working 

dilutions were made at 1:20 with RNA free MQ water. 

2.5 Primer design 

Specific primer pairs were designed for 4 reference genes (EFŬ1, YLS8, 18S and Actin) (Table 3) and 

17 candidate genes (AP1-a, AP1-c, FUL-a, FUL-b, FUL-c, FUL-d, FH, TFL1-1, CAL, REM1, UFO, 

CCE1, NSN1-1, NSN1-2, NSN1-3, CRY2-1 and CRY2-2) (Table 4). The full cDNA sequences of the 

genes were retrieved from Arabidopsis thaliana (L.) Heynh and blasted against B. rapa gene 

sequences. If for one gene, several orthologous genes were in B.rapa, sequence comparisons were 

done by DNASTAR, Lasergene 9.1 (Lasergene, Madison, Wisconsin, USA), found the specific 

sequence regions among the orthologous genes. Base on the specific sequence in conserved regions, 

orthologous specific primers were designed using Primer3Plus website. A total set of 23 primer pairs 

with Tm 60 ±2 °C , free of dimer structures and with amplified product length no longer than 200bp 

were designed. Primer specificity and DNA contamination which caused by human operation during 

primer dilution process were visualised by separating PCR products from cDNA and DNA on 1.5% 

agarose gel and when only a single band was observed, the band was purified to be template for 

preparing the standard curves (which takes into account primer efficiency) using qRTïPCR 

(Ramakers et al.,2003). 

Among the 17 candidate genes, we choose gene Cry2 to test in cauliflower vegetative meristems 

around the temperature SWAP before and 24hr after. Base on the Arabidopsis results (Appendix 3), 

temperature increase during the vegetative stage, accelerates flowering. RNA sequence data of RNA 

isolated from the vegetative meristem before and 24hr after the temperature swap showed a set of 

genes that was differentially expressed or differentially spliced, even a set of genes that was 

differentially spliced and expressed. Some genes, like FLM, a MADs box transcription factor involved 

in flowering time regulation, is further analysed. Cry2 as a gene that was differentially spliced and 

expressed will be checked in cauliflower meristem materials.  
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Table 3. Primers for candidate reference genes and melting peaks cause after qRT-PCT  
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                Table 4. Primers for candidate genes and melting peaks cause after qRT-PCR 
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2.6 Quantitative real  time PCR 

qRTïPCR reactions were performed in 96 position carousel (Light Cycler) with the Light Cycler-RNA 

amplification kit SYBR Green I (Roche, Mannheim, Germany). A final volume of 10ul per reaction 

contained 2ul of cDNA1:20 dilution; 5ul of SYBR Green Supermix; 2.4ul of RNA free MQ water; 0.3ul of 

Forward Primer at 10uM and 0.3ul Reverse Primer at 10uM. The thermal cycling consisted of 95°C for 

2 min and 40 cycles of 95°C for 20s, 55°C for 20s and 72°C for 20s (Appendix 4). After the PCR a 

melting curve was generated to check the specificity of the amplification. Data analysis was performed 

with the Rotor-gene 6 ver. 6.1 software (Applied Biosystems). All the cycle threshold (Ct) values from 

one gene were determined at the same threshold fluorescence value of 0.2. Two technical replications 

were made per sample and two biological replications for each time point in greenhouse experiment 1 

and 2. In order to avoid misinterpretation of experimental results and erroneous analyses, stable 

reference gene was applied in each sample every time. 

2.7 Data analysis  

2.7.1 Phenotypic data analysis  

Phenotypic data collected (leaf number and stem thickness, curd weight and curd diameter) were 

statistically analysed by analysis of variance and correlation.  

2.7.1.1 Comparison of leaf number and stem thickness 

The Paired Samples T Test in IBM SPSS Statisitcs program version 19
th
 edition was  performed to 

evaluate block (natural environmental) effect in the field or group (temperature swap) effect in the 

greenhouse as a response of leaf number and stem thickness traits. The difference between two 

cultivars can also been analysed by this method. It computed the difference between the two variables 

for each case, and tested to see if the average difference was significantly different from zero. 

In SPSS output table (Table 5), the significance level of whole entire the Paired Samples T Test  was 

fixed at 95% (P-2tailed= 0.05) which was the criterion the average difference between two variables 

was significantly or not.  
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Table 5. Example for the paired sample T test analysing Lindurian stem thickness in greenhouse experiment 

1
Pairs: Different treatment blocks in field  or groups in greenhouse, 

2
t:T value, 

3
df: Degrees of freedom, 

4
Sig: 2-

tailed significance value. 

¶ If the significance value is less than 0.05, there is a significant difference 

 = Traits influenced by treatment/ No different between two cultivars 

¶ If the significance value is greater than 0.05, there is no significant difference 

= Traits not influenced by treatment/ No different between two cultivars 

2.7.1.2 Correlation analysis 

GenStat program version 15
th
 edition was used to analyse the correlation between leaf number and 

stem thickness, curd weight and curd diameter.  The significance level of correlation analysis was 

fixed at 95% (0.05-2tailed) and 90% (0.1-2tailed).   

¶ If the significance value is less than 0.05, there is a significant correlation between the two 

variables.  

¶ If the significance value is greater than 0.05 and less than 0.1, there is correlation between the 

two variables, but less significant than 0.05 level. 

¶ If the significance value is greater than 0.1, there is not significant correlation between the two 

variables. 

2.7.1.3 Distribution pattern of curd weigh and curd diameter analysis 

Additionally, to check the distribution pattern of the observed values and normality of the data, Box 

plots were calculated using the GenStat program 15
th
 edition. All the observed and collected data of 

cure weight and curd diameter traits were analysed separately. 

 Paired Differences 

t
2
 Df

3
 

Sig.(2-

tailed)
 4
 Mean Std.Deviation 

Std.Error 

Mean 

95% Confidence 

Interval of the 

Difference 

Lower Upper 

Pair
1
 1 

Control-

Five 

-.27692 3.16153 .87685 -2.18742 1.63357 -.316 12 .758 

Pair  2  

Control-

Six 

.51538 3.18299 .88280 -1.40808 2.43884 .584 12 .570 

Pair  3  

Five-Six 

.79231 1.77457 .49218 -.28005 1.86467 1.610 12 .133 
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2.7.2 Real time  PCR analysis 

The cauliflower meristem samples were divided into four strategic groups (different cultivars, 

developmental stages and different ambient temperature treatments) for analysis of reference gene 

stabilities and other candidate genes expression. 

2.7.2.1 Reference gene stabilities analysis 

The normalised data were imported and analysed by one stability analysis program for reference 

genes, geNorm ver. 3.4 (Vandesompele et al.,2002) for ranking the reference genes. 

geNorm determines the gene stability measure (M) value for each gene, based on the average pair-

wise variation for a particular gene with all the other tested genes. Thus, genes can be ranked 

according to their expression stability through the stepwise exclusion of the least stable gene. The 

genes with an M value were arbitrarily suggested to be lower than 1.5; genes with the lowest M values 

have the most stable expression.  

2.7.2.2 Expression profile analysis 

All the data were an average from two corresponding biological replications (RNA isolated from one 

meristem, two individual meristem were harvested at the same time point in each treatment group as 

two corresponding biological replications) done in each experiment. Amplification cycle (Ct) which is 

analysed with the BioRad CFX software (version 3.0) in gene expression model is the point at which 

fluorescence increased above a fluorescence threshold above the background fluorescence (Duclos & 

Bjo¨rkman, 2007). Data or mean Ct values obtained from qRTïPCR were used for expression profile 

analysis, and fold change relative to the expression of the candidate genes and reference genes is 

calculated using normalized expression (ȹȹ(Ct)) method with default threshold values using CFX 

Manager Software (www.bio-rad.com/genomics/pcrsupport).  

Kenneth J. Livak and Thomas D. Schmittgen (2001) proposed that the calculate method for 

Normalized expression (ȹȹ(Ct)). The example of how to calculate the fold change in expression of the 

target gene relative to the reference gene at various sample groups were studied (Table 6). Group x is 

any experimental group samples ant Group 1 represents the 1xexpression of the target gene 

normalized to reference gene.  A value that is very different from one suggests a calculation error or a 

very high degree of experimental variation. In this study the default value of efficiency (E) used in the 

gene expression calculation is 100%. 100% efficiency in this software is equivalent to an efficiency of 

2 (perfect doubling with every cycle).  

ȹȹ(Ct) formula: 

ȹȹ(Ct)= (CT,Target - CT,Reference) Group N x - (CT,Target - CT,Reference) Group 1. 

 

 

 

http://www.bio-rad.com/genomics/pcrsupport
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       Table 6. Sample of data analysis using the 2 
ïȹȹ(Ct)

 method.  

 

Normalized Expression (ȹȹ(Ct)) Formula: 

Normalized fold Expression = E ȹȹ(Ct) = 2 ïȹȹ(Ct) 

¶ E= Efficiency of primer and probe set. This efficiency is calculated with the formula 

(%Efficiency*0.01) +1, where 100% efficiency=2 (the default value). 

 

 

  

Sample Group( 3 repeat  

in 1 group) 

Gene Ct Value Mean 

Ct 

2 
ïȹȹ(Ct)

 Mean Fold Change in gene 

expression 

1 

1 

Target 22.3 

21.9 

1.023 

1.02 2 Target 22.0 0.786 

3 Target 21.5 1.243 

4 

2 

Target 19.8 1.845 

2.00 5 Target 20.2 2.019 

6 Target 20.0 2.149 

1 

1 

Reference 22.9 

22.5 

- - 

2 Reference 22.3 - - 

3 Reference 22.4 - - 

4 

2 

Reference 21.2 - - 

5 Reference 21.7 - - 

6 Reference 21.7 - - 

2ï((20.0 -21.7) - (21.9 -22.5))  
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3. Results  

3.1 Phenotype  

In this study, five traits (leaf number, stem thickness, curd weight, curd diameter and apical meristem) 

were observed in the field and greenhouse. In addition to the analysis the characteristics of the 

individual traits, we also tried to find the correlation between them.  

3.1.1 Leaf number  

For this experiment, the numbers of leaves were measured in the field and  greenhouse experimental 

conditions. Main aim was to see whether the number of leaves at the switch form vegetative to 

generative meristem differed between cultivars and environments /treatments.  

In the field, the sowing time of the seeds in each block was different leaves were accounted each 

week, however, during the whole field experiment, only leaf numbers of 9 weeks old plants were 

counted in all nine blocks. For block 1, we started monitoring meristems stage and leaf number at 

week 9 (after sown 9 weeks) and expected (based on Greenhouse experiment 1) that plants would be 

in vegetative stage. However, plants were already in generative stage, so we needed to monitor 

meristem stage and leaf number at earlier time points for remaining blocks. The lowest average count 

was 6.6 leaves measured on 5
th
 weeks in Block 8. The highest number is average 24.6 on 9

th
 weeks in 

Block 9.Use the SPASS software analysis the 9 weeks old cauliflower leaf number found that there 

were no significant differences between Fremont and Lindurian cultivar.  

In Figure 6 and Figure 7, results are presented of the number of leaves and meristem switch moment.  

Fremont and Lindurian meristem switched at the same week in Block 5, 7 and 8. In Block 5, 

meristems switched at week 7 and number of leaves are 9.8. In Block 7, Fremont is 14.2 leaves which 

week meristem switch and Lindurian is 13.4. In Block 8, Fremont and Lindurian switched between 

week 7 and week 8, the range of leaf number from 11.4 to 15.0 in Fremont and 11.8 to 15.4 in 

Lindurian. The meristem switched at different week for these two cultivars in Block 9. For Fremont, 

meristem switched between week 6 and week7, the leaf number between 9.4 and 13.6. For Lindurian, 

switch time was the same with Block 8, between week 7 and week 8. In both two cultivars, the blocks 

without exact switch time (Fremont Block 1, 2, 3, 4, 6 and Lindurian Block 2, 3, 4) is because when we 

started counting the leaf number in the field, the meristem already switched in these blocks.                                                                                                        
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Figure 6. Fremont leaf number for nine blocks in the field, counted at defined weeks after sowing 

Figure  7. Lindurian leaf number for nine blocks in the field, counted at defined weeks after sowing 

 

In Figure 8 and Figure 9, results are presented of the number of leaves in the greenhouse 

temperature swap experiment and marked the leaf number at meristem switch moment in three 

temperature treatment groups. With the growth of plants, the number of leaves in Lindurian and 

Fremont groups (control, 5
th
 weeks and 6

th
 week high temperature treatment groups) kept increasing, 

ranging from 9 to around 60. After comparison the data collection at same time point, Lindurian had 

more leaves are than Fremont during the plant growth process in both control and high temperature 

treatment of 5
th
 and 6

th
 week groups. 

Figure 8. Fremont leaf number for three groups in greenhouse, counted at defined weeks after sowing  
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Figure 9. Lindurian leaf number for three groups in greenhouse, counted at defined weeks after sowing 

For Lindurian, from week 6 to week 12, three groups leaf number were measured. The range of the 

numbers was from 11.8 to 39.0 in control group. In 5
th
 and 6

th
 weeks higher temperature treatment 

groups, the leaf number were from 12.3 to 36.0 and 11.3 to 38.0 from week6 to week 12. For Fremont, 

from week 6 to week 9, the numbers of leaves in all three treatment groups were obtained. The range 

numbers are from 11.3 to 22.5 under control condition. 11.0-23.5 and 9.8-25.3 were measured on 5
th
 

and 6
th
 week high temperature treatment groups. The week 10 (W10a) and week 11 (W11a) were not 

measured in Fremont. We analysed whether number of leaves of the three groups of Lindurian and 

Fremont were different. The comparison between the two groups (control--five weeks, control--six 

weeks and five weeks--six weeks) showed that there was no significant difference between the 

different treatment groups in Lindurian or Fremont.  

3.1.2 Stem thickness   

The stem thickness and the leaf number were measured on the same individual plant when meristems 

were harvested to visualize in which stage they were. As can be seen from the measurement data of 

Lindurian (Figure 10) and Fremont (Figure 11), the range of the stem thickness in control group were 

from 8.9 to 10.4 in Lindurian from week 6 to week 12 and from 9.6 to 10.8 in Fremont from week 6 to 

week 11. In 5th and 6th week higher temperature treatment Lindurian groups, the stem thickness was 

from 8.9 to 9.5 and 8.2 to 11.6 from week6 to week 12. For Fremont, from week 6 to week 11, the 

thicknesses of stem in two high treatment groups were obtained. 9.1-10.9 and 8.3-12.1 were 

measured on 5th and 6th week high temperature treatment groups. The week 10 (W10a) and week 11 

(W11a) were not measured in Fremont. The same point in time in the same treatment group, Fremont 

stems are wider than Lindurian stems. With the time of growth of plant growth, stem width increased.  
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Figure 10. Lindurian stem thickness for three groups in greenhouse 

Figure 11. Fremont stem thickness for three groups in greenhouse  

The comparison between the two groups (control--five weeks, control--six weeks and five weeks--six 

weeks) showed that the stem thickness was no significant difference between the different treatment 

groups in Lindurian or Fremont. 

The detail leaf number and stem thickness data for Lindurian and Fremont are presented in Appendix 

5 and Appendix 6.   

In the greenhouse experiment, at the same time point, the leaf number and stem thickness were 

measured for the same individual plant. SPASS software was used to analyse the correlation between 

leaf numbers and stem thickness. Twenty four time point of the twenty four pairs of data in the three 

treatment groups for each cultivar were used for analysis. Derived from the analysis results 

(Appendix 7), there were no significant relation between leaf number and stem thickness in control , 

5
th
 weeks and 6

th
 weeks groups at most time point by seeing the P value of each pair. 

3.1.3 Curd weight and diameter  

To estimate curd weight and diameter variation between different sowing time and different cultivars, 

curd was harvested from the initially at week 15 after sowing for each block. However, the cauliflowers 

in the blocks that were developed quicker and thus the curd was overripe (loose and start rot) at 15 

weeks, which made us decide to harvest week 13 for the later blocks. In order to facilitate the analysis 

of data, based on the curd age, divided the data to two parts and total nine blocks by harvesting time 

(Table 2).  The detail harvesting data for each block is presented in Appendix  8. Using box plots, the 

variation in curd weight and curd diameter in per cultivar was visualized (Figure 12 and Figure 13). 
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Figure 12. Box plots showing the distribution of curd weight in different block in the field  

In block 1, 2, 3 and 4, the curds were 15 weeks old. Block 4 to block 9, the curds were 13 weeks old. 

Whether 15 weeks old curd or 13 weeks old curd, the curd weight of Fremont were larger than 

Lindurian. According to the curd weight distribution in nine blocks, we found that the variation of the 

curd weight in Fremont was large than Lindurian expect in block 5 and block 6.  

Curd diameter of Fremont was larger than Lindurian from block 1 to block 9, besides block 8. In block 

8, when the plants were 13 weeks old, the Lindurian curd diameter was longer than Fremont. However, 

the meristems of these two cultivars were all switched at week 8 in this block. The distribution of the 

curd diameter range was similar in these two cultivars when the curd was 15 weeks old. Analysis the 

13 weeks old curd, the curd diameter range in Lindurian was more than Fremont in block 5 and block 

6.  

 

 

 

 

Figure 13. Box plots showing the distribution of curd diameter in different block in the field  

As can be seen from the data change,  the curd weight and curd diameter gaps between Fremont and 

Lindurian are reduced with the passage of sowing time, which means that Lindurian develops faster 

than Fremont when later sown, while Fremont maybe develop faster at early sown time.  

Correlation analysis was carried out to identify the correlation between curd weight and diameter traits. 

The correlations computed were considered significant using 0.05 significant levels. From results of 
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these correlations (Appendix 9), curd weight showed a correlation with curd diameter with P < 0.05. 

High value of correlation (P < 0.01) was found at some harvest stages. 

3.1.4 Apical meristem observation  

Based on the apical meristem developmental stage, three meristem developmental growing stages 

were separated during the cauliflower growing process (Figure 14), plus curd and flower stage. About 

one week to two weeks between the vegetative stage and generative stage was defined as the 

transition stage, based on the morphology. Cauliflower has a long curd stage, when it is in fact an 

inflorescence with non-developed flower buds. But after curd ripening, the flower bud develops and 

some flower truly open. The lengths of each growing stage was significant different for different 

cultivars.   

Figure 14. Cauliflower growing stages 

3.1.4.1 Meristem transition in greenhouse 

In the temperature swap experiment 1, in the greenhouse (Table 7), the meristems of Lindurian 

plants in control group transited at week 9 to the generative stage, which means 9 weeks after sowing. 

Lindurian meristems of 5
th
 week high temperature treatment group plants switched at week 13, 2.5 

weeks later than control group. 6
th
 week high temperature treatment plants swapped half weeks earlier 

than the 5
th
 week plants. The 7

th
 week high temperature treatment plants were in transition again, half 

week earlier than 6
th
 week swap group. So all temperature swapped Lindurian were delayed in the 

transition from vegetative to generative meristem. 

 

 

Table 7. Greenhouse temperature swaps 

experiment 1, plants sown on December 

21
th

 2011, Lindurian meristem switch 

time. 

 

 






















































































































































